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Abstract

Abstract

This Thesis explores the mechanism by which ubiquitous manganese carbonyl
precatalysts are activated, for their application in C-H bond functionalisation reactions.
An additional focus was made to understand the underlying photochemistry of
complexes that were examined via time-resolved infrared techniques. The structural
information provided was crucial in determining key steps in chemical processes. Both
in situ infrared spectroscopy, exploring reactions under catalytic conditions on a second
to hour time scale, and Time-Resolved Multiple Probe Spectroscopy (TRMPS), following

events on a femtosecond to microsecond timescale, were employed herein.

An investigation using TRMPS explored the reactivity of catalytically relevant imine-
derived 5-membered manganacycles. These were activated by excitation with a 355 nm
pump wavelength. This resulted in photodissociation of a CO ligand, mimicking thermal
loss of a CO ligand seen under catalytic conditions. The fundamental behaviour of
photoproducts was established in a range of solvents, before studying the systematic
addition of catalytically relevant compounds. In situ infrared spectroscopy was then
employed to investigate how common manganese carbonyl precatalysts are activated.
For the first time, evidence for how [Mn3(CO)10] functions as a catalyst precursor was
obtained. A novel mechanism of activation for [MnBr(CO)s] was then proposed, which
was light dependant, and not seen in prior studies. The mechanism of action for lesser
used manganese carbonyl precatalysts including [BnMn(CO)s] and [Mn3Br2(CO)s] were

also explored.

Finally, the photochemistry of [Mny(CO)i0] was established on a femtosecond to
microsecond timescale, using TRMPS. Initially, fundamental behaviour was determined.
Then through excitation at selected wavelengths, the proportion of photochemically
induced CO loss, and Mn-Mn bond cleavage could be controlled. The reactivity of
subsequent photoproducts was then explored. [Mn(CO)s]- was observed to recombine
under most conditions, but reactivity towards specific solvents, organohalides, and an
imine ligand was revealed. The reactivity of the CO dissociative photoproduct
[Mn3(CO)s] was then linked back to in situ IR studies probing the activation of

[Mn3(CO)10] under catalytic conditions.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Manganese Carbonyl Catalysed C-H Bond Activation and
Functionalisation Reactions
1.1.1 Early Examples of C-H Bond Activation and Functionalisation

C-H bond functionalisation reactions offer a low cost, highly chemo- and regio-selective
method of achieving chemical transformations. 2! They enable the transformation of
cheap hydrocarbon starting materials into valuable, versatile products. 3! Furthermore,
by eliminating the need for reagent pre-functionalisation, transformations generate less

by-product waste and possess higher atom efficiency than traditional cross-coupling

reactions. 4!
Xy-Ph 10 mol% [Co,(CO)g] N—Ph
-
9y Benzene, 220 °C,
CO (200 atm), 6 hours 0
1 2

Figure 1. [Co2(CO)sg] catalysed insertion of CO into an aldimine. !

Early work by Murahashi demonstrated the ability to insertion a molecule of CO into
aldimine 1, in a reaction catalysed by [Co2(CO)s] (see Figure 1).°! Like many C-H bond
functionalisation reactions, activation and subsequent activation of the ortho C-H bond
was achieved via use of a directing group, in this instance the secondary imine nitrogen
atom. Directing groups offer a simple solution to one of the key issues C-H bond
functionalisation reactions face; the regioselective control over which C-H bond is

activated.

Palladium catalysts are utilised in the majority of directed C—H bond functionalisation
reactions.[®ll’l However, in recent years, the potential of earth abundant first row
transition metals has been widely explored in a variety of transition metal-mediated
reactions, including C—H bond functionalisation reactions. Most commonly, Mn, [
Fe,[19 Cu, 'Y Nj (121 and Co (3 have been employed as successful alternatives to platinum

group metals.
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" |
©: N [NiCp,] Ni
< — .
N O 135°C, 4 hours CEWN_@
3 4

Figure 2. The first reported cyclometallation by Kleiman and Dubeck.!**

The first metallacycle intermediate was illustrated by Kleiman and Dubeck in 1963 (see
Figure 2).11% The 5-membered metallacycle formed is typical of catalytic intermediates
formed in manganese catalysed C—H bond functionalisation reactions. Usually, this is
due to the thermodynamic stability offered through formation of the 5-, or 6-membered
ringed system, in which the arene nt system offers stability to the metal centre. The new
C—M bond formed is more reactive than the pre-existing C—H bond, enabling the

introduction of previously inert functionalities.*°]
1.1.2 C-H Bond Activation Using Manganese (1) Carbonyl Complexes

Evidence of [Mn3(CO)1o] was first provided in 1949 by Hurd and co-workers, where it
was detected via mass spectrometry. ¢! Five years later, in 1954, Brimm and co-workers
isolated the compound, with a yield of 1 %. Since the discovery of manganese carbonyl,
extensive studies have been conducted, covering a vast range of reactions. 1”1 Two
reactions which were pivotal for early studies into C—H bond activation using Manganese
(I) carbonyls, are the reduction of [Mn3(CO)10] with H, to form [HMn(CO)s] 6, and the
subsequent reaction with diazomethane to form [MeMn(CO)s] 7 (see Figure 3). [18L[19]
Methyl manganese pentacarbonyl was the precursor used by Stone and co-workers in
the first reported direct C—H bond activation involving a manganese carbonyl. In this
instance, [MeMn(CO)s] 7 reacted with azobenzene 3 in a similar manner to that with
[NiCp.], activating the C—H bond ortho to the azo directing group.[** 20 This was not the
first time, the 5-membered metallacycle 9 was synthesised. Two years prior, Heck
reported the synthesis of 9, through the reaction of a palladacycle with a manganese

anion. (21
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(a)
CH,N, + [HMn(CO)5] ey [MeMn(CO);5] + N,
5 6 7
(b)
H
[MeMn(CO)s] + CEN”N —_— NN + CH,
\© Light pet ether, Mn(CO),
120°C,
N,, 3 hours
7 3 9

© Q
[NaMn(CO)s] + Nﬂ j jf — > =N
THF, rt, Mn(CO),
f N,, 1 hour

10 9

Figure 3.(a) Synthesis of [MeMn(CO)s] 7(b) The first reported direct
cyclometallation using a manganese (I) carbonyl by Stone and co-workers in 1970.

[20] (¢) Alternative synthesis of 9 reported by Heck in 1968, [21]

In the decades following Stone and co-workers’ initially report, analogous 5-membered
metallacycles were reported using different heteroatom directing groups. These
included N-containing aminol?? azol?3, imidazole?¥ and pyridyl!?®!, O-containing
ketonel?3], aldehyde?® and amidel?”], S-containing thioether??, Se-containing
phosphoselenide 281 and even electron-poor P-containing phosphitel?®! ligands (see
Figure 4). Often these 5-membered metallacycles were then employed in subsequent

functionalisation transformations.30131]
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Me

i, G, T O,
Mn(CO), Mn(CO), Min(CO), M"(CO)“ Mn(CO)4
12 13
RN-R Mn(CO),

S—Me

@f\eo ©:hn\n(CO)4 j Mn(CO), &J C[ 'P(OPh),
Mn(CO), Mn(CO),
16 17 19 20

Figure 4. An array of literature C-H activated 5-membered manganacycle

complexes.

1.1.3 Stoichiometric C-H Functionalisation Transformations involving

Manganese (l) Carbonyl Complexes

The first functionalisation of Cary—Mn bonds , following stoichiometric activation of the
C-H bond, were carried out by Gommans and co-workers.3?) Two reaction pathways
were reported between methyl acrylate and 5-membered manganacycles 21 and 24.
By varying the manganacycle, either an arylated, or annulated product was preferred,
when the reaction was conducted in the presence of a stoichiometric equivalency of

PdCl; catalyst (see Figure 5).

Me Me CO,Me
=0 1 Equiv. PdCl,
Mn(CO), o 3 Equiv. LiCl ‘
A >
OCH, NCMe,
82°C,3h
OMe OMe
21 22 23
1 Equiv. 8 Equiv. 76 %
1 Equiv. PdCI (o) fo)
Me-__O. 2 Me N Me
~ Mn(CO); O 3 Equiv. LiCl ~ 'Mn(CO), —
\)j\ - COZMe
M / \ OCH3 NCMe, M / \ M / \
€™ Ng” "Me 82°C, 3 h €™ g7 "Me €~ g7 "Me
24 22 24 25
1 Equiv. 8 Equiv. 34 % 56 %

Figure 5. Pd-mediated stoichiometric functionalisation of 5-membered

manganacycles reported by Gommmans and co-workers.[3?!

Subsequent studies, including those by Cambie, Depree, and Liebeskind, successfully
conducted Pd-free functionalisation of 5-membered manganacycle Ciyi—Mn bonds,
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using a variety of alkenel?833] acrylatel?334, and alkynel?5293335-401 gybstrates (see
Figure 6). These transformations mirrored the typical reactivity seen in catalytic

transformations, which were conducted decades later. [14142]

Phe s S, Ph
Ph—T=2 P<pn
Mn(CO),
>
N-"ocH, NCMe, OMe
82°C,3h
OMe
26 27 28
1 Equiv. 2 Equiv. 30 %
Phs S, Ph
Ph— = ~
Mn(CO), \)c]: Ph
OCH (0]
3 NCMe, MeO
82°C,3h
OMe
26 22 29
1 Equiv. 2 Equiv. 54 %
Me Ph

Me
1.5 Equiv. Me3NO OH
\'0 l | NCMe, 16 h > ’ Ph
Mn(CO), e 16 h, rt.
Ph Ph
12 30 31

1 Equiv. 2 Equiv. 60 %

Figure 6. Early examples of Pd-free stoichiometric functionalisation of Caryi=Mn

bonds with acrylate,?®34 alkene, and alkyne!®3! substrates.

Liebeskind and co-workers proposed a mechanism by which the reaction with the
manganacycle proceed. Initially, the substrate coordinates to the manganese centre
prior to a migratory insertion of the respective unsaturated ligand, forming a 7-
membered manganacycle motif. Following the formation of the 7-membered
manganacycle, either a reductive elimination or protodemetallation step occurrs,
forming the respective annulated or arylated/alkenylated products.’% A
photochemically activated reaction, between the triphenyl phosphite derived 5-
membered manganacycle 20 and diphenyl acetylene, by Onaka and co-workers,
resulted in evidence for the ligand coordinated complex 32.3¢) Uv light promoted the
photochemical dissociation of one CO ligand, and a single crystal X-ray diffraction

structure of the resultant n-bound diphenyl acetylene complex 32 was obtained. Grigsby

39



Chapter 1: Introduction

and co-workers probed the system further, but were unable to detect the intermediate
complex 32. Instead, they revealed additional products, which likely formed from 32
(see Figure 7). The expected 7-membered manganacycle product 34 was detected,
formed via the insertion of the coordinated alkyne in complex 32. Additionally side
products were detected in which; a CO ligand inserted 33, a second triphenyl phosphite
ligand coordinated 35, or the triphenyl phosphite ligand was alkenylated 36.

O\:;),':)hph

N Mn(CO)s

Ph O
33
PhO OPh
\\P,
Ph OPh \
0, OPh 0.3_oPh _ Mn(CO),
P-oph || - ’CcO
Mn(CO), Benzene Mn-CO Ph Ph
Ph rt., hv, 8h oc | 34
Ph—=——Ph
20 30 32
PhO OPh

1 Equiv. 1 Equiv.

o)

\ I
- 27
5 3
O
(@)
&
3
o
)
-
(<

Figure 7. Products detected from the reaction between 5-membered manganacycle

20 and diphenyl acetylene.[351136]

Assignment of the 7-membered manganacycle was later supported by Suarez and
Tully.3240431 Sy3rez and co-workers were able to successfully synthesise 7-membered
manganacycles, in a moderate yield, inserting internal alkynes into phenylimidazole
derived manganacycle 37. While Tully and co-workers explored the reactivity of the 5-
membered manganacycle 40, isolating the subsequent reductive elimination product

41, which possessed a coordinating [Mn(CO)s’] anion (see Figure 8).

40



Chapter 1: Introduction

Me Ph
Ph - Ph - Me
Mn(co), || - Mn(CO), Mn(CO),
N N toluene, 110 °C, —N —N
Lk 3
Me \) Ar, 4h e NS WP

18 38 39

37

1 Equiv. 2 Equiv. 37 % 37 %

30

1 Equiv. 2 Equiv. 35%

Figure 8. Top: First synthesis of a 7-membered manganacycle 38 and 39 by Suarez
and co-workers.[*3] Bottom: Stoichiometric synthesis of a the resulting reductive

elimination product 41 by Tully and co-workers.!3%40]

Further mechanistic work, looking at the reactivity of 7-membered manganacycles, was
carried out by Yahaya and co-workers (see Figure 9).* A 2-pyrone ring system
containing a 2-pyridyl directing group was chosen as the model substrate, along with
phenyl acetylene. The rational was that the 2-pyrone group would act as a hemilabile
ligand stabilising the 7-membered manganacycle intermediate. Formation of the
respective 5-memebred manganacycle was achieved through either a photochemical or
thermal reaction between [BnMn(CO)s] and the ligand of interest, 42 , activating the
promoted C-H bond. Upon introduction of phenyl acetylene to the system,
experimental 'H/*3C NMR data supported the formation of the respective 7-membered
manganacycle 43. The subsequently reactivity of 43 was then highlighted. Warming up
of the reaction mixture resulted in reductive elimination product 44 forming, while an

excess of phenyl acetylene promoted formation of the alkenylated product 45.
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N

excess

X
@I=Mn(c0)3

-
-
-

Figure 9.Mechanistic work by Yahaya and co-workers probing the reactivity of 7-

membered manganacycles.!*4

1.1.4 Nitrogen Directed C-H Bond Functionalisation Reactions

Kuninobu and co-workers reported the first catalytic C-H bond functionalisation
reaction using a manganese carbonyl catalyst (see Figure 10).14°I The transformation was
initially stoichiometric, activating the ortho C-H bond of 46, and subsequently alkylating
the imidazoline. Through addition of two equivalents of triethylsilane, the precatalyst
loading of [MnBr(CO)s] was reduced from 100 mol% to a loading of 5 mol%. Kuninobu
and co-workers proposed that the silane aided catalyst regeneration, forming
[HMn(CO)s], however this manganese complex was never detected in situ. Additional
manganese complexes were tested as potential precatalysts, only [Mn3(CO)i0] was
found to generate catalytically active species, reflecting many later works in the field.
When a chiral non-racemic imidazoline was employed, asymmetric synthesis of the silyl

ether was achieved, with diastereoselectivity of ¥95% demonstrated.
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Me
Me, ‘N’\>
N/\> 0 5 mol % [MnBr(CO)s] <
<\ * Jj\ + HSIEt, - N
H R Toluene OSiEt;
H 115°C, 24 h
R

46 47 a-f 48 a-f
1 Equiv. 2 Equiv. 2 Equiv. 48-87% yield

2 0 s
R = p-(MeO)CgHy, p-(CF3)CeHa, 0-MeCgHs, O [/)-3— [/)-3-

Figure 10. The first Manganese carbonyl catalysed C-H bond functionalisation

reaction.[*%

Subsequently, Zhou and co-workers explored the alkenylation of phenylpyridines with
terminal alkynes (see Figure 11).[4¢] [MnBr(CO)s] was found to be the optimal precatalyst
(77%), while [Mn2(CO)10], [ReBr(CO)s], and [Rus3(CO)12] showed varying degrees of
success (4-58%). A sub-stoichiometric quantity of dicyclohexylamine (0.1 equiv.) was
used alongside the manganese precatalyst, enhancing the yield of alkenylated product
further. This was rationalised with the hypothesis that the base lowers the activation
energy for the activation of the C-H bond, aiding with the formation of 5-membered

manganacycle.

AN H A
| N \N 1) 5 mol% [MnBr(CO)s] || N »
10 mol% Cy,NH O
H '
X
Et,0 O
o3 80-100°C,6-12h
49 50 a-j 51 a-
R3 = H, Me, OMe, CF,, CO,Me, NO,, F, Cl, Br, | 46-86% yield

Figure 11. Manganese (l) catalysed alkenylation of phenylpyridines reported by

Zhou and co-workers.[46]

Following the initially reported catalytic reactions by Kuninobu and co-workers!*°], along
with Zhou and co-workers[*®l, numerous manganese (I) catalysed C-H bond
functionalisations have been carried out at the position ortho to a directing group.
Indoles are an organic framework which utilise the C2 selectivity of manganese, as
opposed the typical C3 directed activation achieved with palladium-based systems (see

Figure 12).41 Indoles have been successfully coupled with aryl isocyanates(*®]
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alkynes!*®1 ketones®Z, alkenes3>4, alkynyl bromides®®, allenes!®®>7] imines!>8], and

maleimides.[>!

R1
(o] OH HN-R'
N HN-R N R N N R2
74 74

N N N
SO \

53 54 55
o
R R! CO,Et
mo N \ R2 N
N N N
7\ 7\ 7\
—_— —_— —_—
56 57 58

Figure 12. Indole derived products formed via directed manganese (l) catalysed

C-H bond functionalisation reactions.

One example is that reported by Liu and co-workers, who carried out a manganese(l)-
catalysed C-H aminocarbonylation of indoles (see Figure 13).1*8! As with many other
transformations, a 2-pyridyl directing group was used and the reaction was tolerant to
a variety of electronically donating and withdrawing R groups. The reaction was
proposed to proceed via the standard route forming 5- and 7- membered metallacycles.
However, addition of a stoichiometric equivalency of 2,2,6,6-tetramethylpiperidine-N-

oxide reduced the yield by 16% indicating that there is likely to be some radical

involvement.
R Ph R (o]
\©\/\>_H N 10 mol% [MnBr(CO)s] \©\/\>_«
\ >
N ¢, Et,0, 100 °C, 3 h N HN-Ph
2-py o 2-py
1 Equiv. 1 Equiv.
59 60 61

Figure 13. Directed activation at the C2 position, and subsequent

aminocarbonylation reported by Liu and co-workers.!4®
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Alternatively, imine motifs have been used as an N-containing directing groups. These
typically possess a more readily activated ortho C-H bond than their oxygen containing
carbonyl counterpart, due to their less electron withdrawing nature of nitrogen. Both
annulation and alkenylation reactions have been reported with imines (see Figure 14).
The former have been observed between both primary and secondary imines with
alkynes, acrylates, and methylenecyclopropanes, while alkenylation and alkylation

reactions have been demonstrated with alkynes and alkenes, respectively.[60-63]

r‘rOMe

Ph
62 63 64
,\;—Ph o me HN-PMP
N N
| P NR|;I2 | N Ri R3 "'COsz
=
4 \ 4 4 Me z
65 67

OMe

Figure 14. Imine derived products formed via directed manganese (I) catalysed C-H

bond functionalisation reactions.[60763]

He and co-workers reported the [4+2] annulation of N-H imines and alkynes, forming
an isoquinoline motif (see Figure 15).01 Both [Mn(CO)1] and [MnBr(CO)s]
demonstrated similar catalytic activity, with yields of 92% and 87% reported
respectively. This was the first instance of an additive free C—H bond functionalization
reaction using a manganese(l) carbonyl catalyst, with many transformations requiring
the addition of an additive such as HNCy,!*®l, BPh3[®45] or ZnMe,.[®® Furthermore, the
system was tolerant towards internal alkynes, unlike many manganese catalysed
transformations, which only proceeded with terminal alkynes.!*®! Despite these nuances,

the reaction was still proposed to proceed via typical 5-membered and 7-membered
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metallacycle intermediates. Consequently, this reaction was used herein as a model
system for mechanistic study, employing imines, alkynes, and isoquinolines used in the

initial work by He and co-workers.
R1
0.1 mmol [MnBr(CO)s]
) . o
NH
| 0.05 mmol [Mn,(CO)40]

| 10 mL 1,4-dioxane,
O R4 12 hr, =N
=

105 °C, N, R2
RZ

R4
R3
1 mmol. 1.5 mmol. 45-96%

69 70 71

Figure 15. [4+2] annulation of N-H imines and alkynes by C-H/N-H activation.!®%

Xu and Kong explored the ortho- C—H amidation of oximines (72) with dioxazolones (73)
using [MnBr(CO)s] as their precatalyst (see Figure 16).1%71 Uniquely, ionic liquids were
employed as reaction solvents, as opposed to conventional solvents. [Hmim]OAc (1-
hexyl-3-methylimidazolium acetate) was found to be optimal, with a yield of 89%.
Whereas a yield of 66% was the highest reported in a traditional solvent (Et20). This
difference in yield was attributed with the ability for [MnBr(CO)s] to form the novel
complex [MnOAc(CO)s] in the ionic liquid. However, this species was never detected by
Xu and Kong. Unlike other catalytic reactions, a lower catalyst loading of 2.5 mol% was
used, and the authors demonstrated the ability to reuse the Mn-containing ionic liquid.

After 5 repeat reactions, the yield had only decreased by 10%, to 79%.

N,OMe
R2 JZ) /
2.5 mol % [MnBr(CO)s] A
X .OMe 2
Xy N "% » | R
w Nx [Hmim]OAc, 50 °C, 4 Z~NH
R’ H Ph 4h R Ph)§o
72 73 74
1 Equiv. 1.05 Equiv. 71-89 %

Figure 16. Ortho-C—H amidation of oximines 72 with dioxazolones 73 using

[MnBr(CO)s].[67
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1.1.5 Oxygen Directed C-H Bond Functionalisation Reactions

Compared to nitrogen derived directing groups, there are relatively few examples of
manganese catalysed directed C—H bond functionalization reactions incorporating
oxygen into cyclic products. Primary, this is due to the reduced activity of the C-H bond,
and the weakly coordinating nature of oxygen containing directing groups to the
manganese centre. Often additives have been employed to aid with the activation fo

otherwise inert C-H bonds,[®*%% these include BPhs, Me,Zn, and AICIs3 (see Figure 17). [63]

[64] [66] [68]

Sueki and co-workers reported the synthesis of isobenzofuranones 77 from an ester 75
and oxirane 76.1%51 [Mn3(CO)10], [Re2(CO)10] and [Pd(OAc),] were the only transition
metal precatalysts capable of activating the transformation under the reaction
conditions, with [Mn2(CO)10] possessing the highest yield of 74%. A stoichiometric
equivalency of triphenyborane was determined to be necessary in the reaction. The
borane was proposed to aid with C—H bond activation, accelerating the formation of the
proposed 5-membered manganacycle. Other additives which promote CO dissociation,

such as trimethylamine N-oxide, were not explored.

Mechanistic work derived from the reaction between aromatic ketones and aldehydes,
forming an isobenzofuran 79, by Liu and co-workers, revealed two further roles that the
borane plays. Firstly, [PhMn(CO)s] and BrBPh, were detected in situ, indicating that
“transmetalation” can occur between [MnBr(CO)s] and the borane, forming highly
reactive [PhMn(CO)s], promoting C-H bond activation. Furthermore, BrBPh; formed in
situ was proposed to act as a Lewis acid, increasing the nucleophilicity of the aldehyde,

aiding with the C-C bond forming step.
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(0]
OMe o 5 mol % [an(CO)1°]
X o P 1 equiv. BPh; | o
| R\, DCE/Hexane (1:1), /"7
2 TH R 150 °C, 24 h R R2
R3
75 76 77
1 Equiv. 3 Equiv. 24-84 %
2
R? 10 mol % [MnBr(CO)s] R? R
0 1 equiv. BPh % [O]
e A STRRT P I3
Y H R3 DME 120 °C,12 h A G
R1 H R1 R3 R1 3
78 39 79 80
2 Equiv. 1 Equiv. 41-83 %
10 mol % [MnBr(CO)s]
3 Equiv. Me,Zn,
R2 1 Equiv. AICI5, R4
NCO . /i
X 2 Equiv. AgOTf X —
I X (o] |// s | \ /
Py R DCE 90°C,12h e |
R1 R o) R3
81 82 83
2 Equiv. 1 Equiv. 17-711 %

Figure 17. Top: Synthesis of isobenzofuranones 77 from an ester 75 and oxirane
76. !°°] Middle: synthesis of isobenofurans 79 and o-diacylbenzene products 80
from aromatic ketone 78 and aldehyde 39. [*/Bottom: [3+2] cyclization of ketones

81 and isocyanates 82, to form 3-alkylidene phthalimidines 83. [6°]

Dimethylzinc was observed to play a similar role.[®! Evidence was found by Huo and co-
workers which indicated that transmetalation between [MnBr(CO)s] and ZnMe;
generates [MeMn(CO)s] in situ, which is more active than [MnBr(CO)s], promoting initial
C-H bond activation. This was reflected by an increase in yield from 0% to 50% upon
inclusion of 3 equiv. of ZnMe,. Additional inclusion of silver (1) triflate and AICls resulted
in a further increase in yield to 70%. AICl3/AgOTf were proposed to act as a Lewis acid,
increasing the nucleophilicity of the isocyanate, mirroring the role BPhs played in the

prior reaction. [64]

48



Chapter 1: Introduction

1.1.6 Catalytic Manganese (1) C—H Aryl-Coupling

The piano-stool manganese (1) complex [Mn(Cp)(CO)s] was found to be photoactivated
upon irradiation with a blue LED , and competently catalyse the coupling of two aryl
fragments, removing the need for preinstalled directing groups in this transformation
(see Figure 18).1%% Unusually, in this instance [Mn3(CO)10] and [MnBr(CO)s] were
reported to give significantly reduced yields of 44% and 29% respectively. Yu-Feng and
co-workers also demonstrated that the reaction could be carried out in flow and

conducted on a gram scale.
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N,BF, H [MnCp(CO);]
g s e O-0
F,C DMSO, RT,
84 85 Blue LED 86

a) Aryl radical generation

oc_ Cp oc

C
Cp 88 N\ / 90 N\ /P
Min:1CO -S> o - &', N2BFs
VAN /
ocC co -CO % -CO % Ar'
87 88 91
oc_  cp oc_ fp BF,
/ electron transfer
hotoexcitation Mn, ~N,BF, Mn,,
Y % ‘ r/:/ N, >- % co |+ .
blue light r +CO
92 93 94
b) Radical addition and oxidation +BF
ocC Cp 4
\ /
Mn,,
oC
N

Mn,
93 * "co
< H
2 &
94 95
N,BF,
96 94
b) Deprotonation

90
H BF4 _— HBF4
O ]
97 98

96

Figure 18. Photoinduced C-H arylation and proposed mechanism.[®

The reaction also demonstrated a good degree of robustness, activating a variety of
heteroarenes. A proposed mechanism was put forward by Yu-Feng and co-workers. This
involved aryl radical generation 94 from photoexcitation of the photocatalyst 87,
followed by coupling with the arene substrate 85, with re-aromatization to give the

biaryl product 86.
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1.1.7 Manganese Aided Borylation of Aryl Diazonium Salts

Another example of manganese assisted functionalisations are the borylation of
aryldiazonium salts, forming new C-B bonds (see Figure 19). These products themselves
are important in Suzuki Miyaura reactions. Liang and co-workers first reported the
transformation, using [Mn2(CO)10] as their precatalyst.[®®! This work was then built upon
by Firth and co-workers, who optimised reaction conditions, conducted a thorough
substrate scope, and probed the role of [Mn2(CO)10] using time-resolved multiple probe
spectroscopy.l’? Ultimately, [Mn(CO)10] was found to be a photoinitiator, rather than

catalyst, as originally reported by Liang and co-workers.

ON2+ BF, _ [Mn,(CO)4,] (4 mol%) /@zBPi"
+ Bypin, -
R NCMe, rt MeO

99 100 101

1 equiv. 3 equiv.

Figure 19. Manganese initiated borylation of aryl diazonium salts studied by Firth

co-workers and Liang and co-workers.[701[69]

1.1.8 Radical Initiated Polymerisation Reactions

[Mn3(CO)10] has also been reported numerous times as a radical initiator in
polymerisation reactions.[’-76] The first example was reported by Bamford and co-
workers, who used [Mn;(CO)i0] in the presence of carbon tetrachloride as a
photochemical initiator (see Figure 1Figure 20). Photochemically generated [Mn(CO)s]:
was proposed to abstract a halide atom, forming a CCls radical, and subsequently
polymerising methyl acrylate.[’>! Alternatively, fluoro-olefins have been used in the
presence of [Mn3(CO)i0], where addition of the [Mn(CO)s]- radical to the alkene was

reported, rather than abstraction of a fluorine atom.l””!

(0]
17 HZCQ)LOCH OfCH:ﬁ -
3

an(CO)1o + CC|4 e
80°C e ’
102 103 - n
1 equiv. 6 equiv. 104

Figure 20. Polymerisation of methyl acrylate initiated by [Mn2(CO)10].

51



Chapter 1: Introduction
1.1.9 Manganese () Catalysed Hydroarylation Reactions

The dimeric manganese (I) complex [Mn;Br2(CO)s] has been employed in several
instances as a precatalyst in hydroarylation reactions (see Figure 21).381 |n all
instances [Mn;Br,(CO)s] was proven to be significantly more efficient than [Mn2(CO)10]
and monomeric [MnBr(CO)s]. The authors attributed this increased reactivity to the
weakly coordinating manganese-bromide bonds, which readily break to form two
reactive 16 electron [MnBr(CO)4] fragments. In contrast, [MnBr(CO)s] must first lose a
CO ligand to form the 16 electron complex [MnBr(CO)4]. Unlike almost all manganese (l)
carbonyl catalysed reactions, these proceeded under oxygen rich conditions, and were
not requiring of an atmosphere of dinitrogen or argon. This could also be attributed to

the change in precatalyst from [MnBr(CO)s] and [Mn2(CO)10], to [Mn2Br2(CO)s].

R2 H
5 mol% [Mn,Br,(CO)g] A
2~ TOH Ar—B(OH), =Z '
_ Air,90°C, 24 h R!
y Z R? “OH
105 106 107

5 mol% [Mn,Br,(CO)g] --
- 2.5 equiv. KHCO,

=

1 iv. H
Ar—B(OH), Oequiv H0 p R
// OH Toluene:Pentane (v/v 1:4) A H
r

R™ 408 106 90°C, air, 2h 109

OH

5 mol% [Mn,Br,(CO)s]
2 equiv. K,CO3

Ar
X NH; 5 equiv. H,O
M Ar—B(OH quiv. Hy NH,
(OH)2 Et,0, 70 °C, air, 2-40 el

(o)

H O
110 106 111
5 mol% [Mn,Br,(CO)g]
Ph y R 2 equiv. K,CO; R! H (o)
3 equiv. EtOH
N. xB(OH), P N -Ph
)\ﬂ/ Ph RZJ\( Et,0, 120 °C, air, 12 h R® N
o R3 R® Ph
112 113 114

Figure 21. Hydroarylation reactions catalysed by [Mn;Br,(CO)g].[78-8%]

1.1.10 Manganese (I) Catalysed Hydrogenation Reactions

Manganese (I) moieties possessing a [MnBr(CO)s(L)2] structure have also been

synthesised from [MnBr(CO)s], and used in hydrosilation, 2 hydrogenation!®3 and
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hydrogen auto transfer reactions.!®¥ Typically, either phosphorous or nitrogen
coordinating ligands have been used in these transformations and the resulting
complexes are less prone to deactivation, with catalyst loadings of as low as 0.5%
reported.[838>86 However, no examples have been reported where these complexes
have been reported as precatalysts in C-H bond functionalisation reactions. One
example of a [MnBr(CO)s(L)2] complex employed as a catalyst was that by Behera and
co-workers, who used the [MnBr(CO)s(L)2] complex in Figure 22 to selectively carry out
the hydrosilylation of esters to alcohols (see Figure 22).18287 The reaction showed strong
functional group tolerance towards aromatic, aliphatic, electron rich, and electron poor
esters. Additionally, industrially relevant alcohols derived from esters present in palm

and coconut oil were successfully synthesised in high yields.

1 mol% [Mn]
100 °C, neat, 6h

R"SOH  R20H

(o]
PhSiH, )
R
R1lj\0/

115 116 117 118
<Z_> PPh, COco
Mn] = o Mn'
o < S>—PPHy Br CO
119

Figure 22. Hydrosilation with a manganese (I) carbonyl precatalyst.!8?!

Azouzi and co-workers then demonstrated that by incorporating a chiral ligand,
asymmetric hydrogenation of ketones to alcohols could be achieved with enantiomeric
excess of up to 99% (see Figure 23).1838% These chiral alcohol products are important
reagents in the synthesis of many pharmaceutical and agrochemical processes. A series
of chiral bidentate aminophosphine ligands were synthesised, and the ligand depicted
in Figure 23 was found to give the highest yield while retaining a respectable
enantiomeric excess. A mechanism was proposed in which the complexes retain their
three CO ligands and fac geometry, indicating that they could be suitable candidates for

precatalysts in C-H bond functionalisation reactions. (88
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o) 0.5 mol% [MnBr(L)(CO)s] oH
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Figure 23. Asymmetric transfer hydrogenation of ketones promoted by

manganese(l) pre-catalysts.!®3]

The final transformation these [MnBr(CO)s3(L)2] complexes have been reported to
catalyse are hydrogen auto transfer reactions. These provide another method of
forming C-C bonds. Typically, an alcohol is dehydrogenated, forming an in situ aldehyde
or ketone, the C-C bond forms with its coupling partner, and hydrogen reduces the
product, in a redox neutral process. A phosphine free example is depicted in Figure 24,
highlighting a pincer ligand which possessed both soft and hard hemilabile coordination
modes. 84 The reaction by Jana and co-workers demonstrates an unusual example
where both an intermolecular and intramolecular borrowing hydrogen reaction occur,

producing cycloalkanes via a (n+1) annulation of methyl ketones with 1,n-diols).

(o) o)

HO 4 mol% [Mn]
T
HO 2 equiv. t-BuOK, t-AmOH,

140 °C, 36 h, Argon

1 Equiv. 3 Equiv. 88%
122 123 124
H \ =
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[Mn] = oc”I>co
= co
S
—_—
125

Figure 24. Synthesis of (1 + n)-Membered Cycloalkanes from Methyl Ketones and

1,n-Diols.[84

In a final example by Schlagbauer and co-workers, a manganese (I) catalysed hydrogen

auto transfer reaction where primary and secondary alcohols were methylated was
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reported as shown in Figure 25. Here a catalyst loading of 0.1 mol% was used,
significantly lower than loadings used in C-H bond functionalisation reactions, indicating
that these complexes are less prone to deactivation, with the complex reported to be
stable up to a temperature 140 °C.[8! This was surprising as the complex only possessed
two CO ligands, which are usually required to stabilise low oxidation states of
manganese, due to their strong ri- accepting properties. Despite the low catalyst loading,
the catalyst was highly tolerant towards challenging conditions in hydrogenation, such
as C=C double bonds and iodides, and upscale up of the reaction, completing

transformations in under three hours.

OH 0.1 mol% [Mn] OH (0]
1 equiv. t-BuOK
MeOH
Diglyme, 140 °C, 20 h
1 equiv. 63% 10%
126 127 128

i .
Z
NN g
Ph,P—Mn—PPh,
oc” Ly
129

|'[86]

Figure 25. Manganese-Catalysed B-Methylation of Alcohols by Methano

55



Chapter 1: Introduction

1.2 Aims and Objectives

Despite significant advances in the field of manganese carbonyl catalysed C-H bond

functionalisation reactions, relatively little mechanistic work has been conducted. Of the

work that has been carried out, the focus has been on the activation of [MnBr(CO)s],

which has been conducted by Hammarback and co-workers.! The route of activation

for [Mn2(CO)10], a critical precatalyst in C-H bond functionalisation reactions, has never

been explored. Furthermore, the behaviour of many other catalytically relevant

manganese carbonyl complexes have never been probed.

The aims and objectives of the work in this thesis are:

56

Study the reactivity of catalytically relevant 5-membered manganacycles, using

the [4+2] annulation of biaryl imines and alkynes reported by He and co-workers

as a model reaction (Chapter 2).[60]

o

o

Time resolved multiple probe spectroscopy will be used to monitor
distinctive metal carbonyl bands on a picosecond through to
microsecond time scale.

Thermal loss of a CO ligand will be mimicked by photochemical excitation
with a wavelength of 355 nm.

Fundamental behaviour following CO dissociation will be established,
before exploring speciation events upon addition of catalytically relevant

additives.

Investigate the methods of activation for commonly used precatalysts in

manganese carbonyl catalysed C-H bond functionalisation reactions (Chapter 3).

o

o

o

The route of activation for [Mn2(CO)10] will be established using in situ
infrared spectroscopy.

Speciation leading to the activation of [MnBr(CO)s] will be compared to
prior work by Hammarback and co-workers, establishing if the route of
activation is consistent between catalytic systems.[>!l

Activation of [Mn;Br(CO)s] will be explored, comparing precatalyst

behaviour to monomeric [MnBr(CO)s].
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o The model reaction used herein, reported by He and co-workers, will be
optimised further using mechanistic information gathered from the
above points. (60
Explore the photochemistry of [Mn2(CO)i10] using time resolved multiple probe
spectroscopy (Chapter 4).
o The photochemistry of [Mn3(CO)10] when excited at 310, 355, and 400
nm will be established and compared with literature data.
o Ultrafast events between 500 femtoseconds and 25 picoseconds will be
determined.
o Thereactivity between [Mn(CO)s]- and common solvents, organohalides,
and catalytically relevant imines will be investigated.
o The reactivity of [Mn2(CO)s] will be established in common solvents and

the subsequent reactivity toward catalytically relevant imines.
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1.3 Commonly Referred to Compound Numbers

Figure 26 and Figure 27 show the compound numbers which belong to those referenced

thoughout the Thesis.

Organic Ligands
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Figure 26. Commonly referred to compound numbers part 1.
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[MnBr(CO)s] Derived Complexes
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Figure 27. Commonly referred to compounds part 2.
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Chapter 2: Ultrafast Time-Resolved Spectroscopy of
[Mn(1,1-bis(4-methoxyphenyl)methanimine)(CO),]
2.1 Background

Metal carbonyl complexes typically have a high UV-visible extinction coefficient, and
quantum yield for photochemical alteration.®® This has made them ideal candidates for
ultrafast time resolved studies. A pump-probe technique is often employed, where a
UV-Visible pump pulse is used to photochemically alter the compound of interest. Then
at a set delay time after the pump pulse, a probe pulse monitors change. Typically, either
a UV-visible or infrared probe pulse are used. Transient absorption (TA) spectroscopy
uses a UV-visible probe pulse. This enables the probing of sub-picosecond
photochemically induced events such as ligand dissociation and geminate
recombination, as the technique is not limited by vibrational relaxation of excited states.
While time-resolved infrared (TRIR) spectroscopy used an infrared probe pulse and
allows observation of photochemically induced events on a picosecond or slower
timescale. This includes vibrational relaxation, relaxation of excited states and diffusion
limited processes. Metal carbonyl (1800 to 2150 cm) stretching frequencies are
particularly informative in the infrared region for TRIR. Bands are typically sharp, and
highly sensitive to small structural changes occurring at the metal centre, enabling
distinction between chemically similar species. The electronic environment at the metal
centre controls the energy of the vibrational modes. As this changes, the degree of
backbonding into the antibonding orbitals of CO ligands change, weakening or
strengthening the C=0 bond, shifting the stretching frequency to lower or higher
wavenumber respectively. Additionally, the number of metal carbonyl stretching modes

can be easily and accurately predicted though vibrational group theory analysis.

[Cr(CO)4(2,2’-bipyridine)] is a compound that has been intensely probed by both TA and
TRIR. Vichova and co-workers used TA to determine that formation of a !MLCT state
causes dissociation of one of the mutually trans CO ligands.®® Subsequent work by
Farrell and co-workers used TRIR to follow coordination events after CO dissociation.

The photoproduct was determined to be fac-[Cr(CO)s(solvent)], with two broad weak
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bands at 1791 cm™ and high energy band at 1916 cm™® .°Y Additionally, a non-
dissociative 3MLCT state was detected in both the TA and TRIR studies, which relaxed on

a ps timescale.

The method of TRIR used in both this Chapter and Chapter 4 is Time-Resolved Multiple
Probe Spectroscopy (TRMPS), carried out at the ULTRA facility in Harwell Oxfordshire.
The technique enables ps to ms dynamics to be monitored in a single experiment.[®%l
This is achieved by having the pump and probe laser synchronised at different
frequencies, resulting in a pump-probe-probe-probe-...-pump- probe-probe-probe-...
sequence (see Figure 28). Thus, a delay of 50 ns, with a probe repetition rate of 100 kHz,
would result in spectra generated at 50 ns, 10050 ns, 20050 ns, 30050 ns, ..., 990050 ns.
This approach, as opposed to manually acquiring data for each time delay, significantly

reduces the data acquisition time.

Delay between pump
and probe pulses

: 100 kHz probe pulse

’

-------------------------------------

< 1 kHz pump pulse

Figure 28. Schematic of the laser pump-probe delays.

Ytterbium potassium gadolinium tungstate (Yb:KGW) amplifiers are used as the pump
and probe laser sources. The wavelength is then tuned using optical parametric
amplifiers (OPA): 310, 355, or 400 nm for the pump pulses, 1500 to 2300 cm™ for the
probe pulses. The pump wavelength then proceeds through an optical delay line. Pump-
probe delays of < 12.5 ns are achieved via the optical delay line, while longer delays are
generated through a combination of the optical and electronic delay lines. The probe
beam is the split in two. One beam acts as a reference for each probe beam pulse,

accounting for variation in intensity between pulses. The second beam passes through
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the Harrick cell containing the sample. The sample itself is pumped around an
experimental setup composed of a Duran flask containing a sample reservoir, Harrick
cell and peristaltic pump. Continuous flowing of the sample solution, combined with
rastering of the Harrick cell, ensures that a build-up of photoproducts does not occur.
The probe beam is then acquired on the detector and normalised difference spectra
calculated by subtracting a ‘pump off’ spectrum. The schematic for this is depicted in
Figure 29. This results in both positive and negative features in spectra. Negative
(bleach) bands represent the loss of starting complex in an experiment. Positive

(transient) bands represent the formation of new photoproducts.

Lasers Optical D
Parametric containing{

Amplifier reagents Y

'—D—p—p#

100 kHz, 800 nm | Sample
psffs IR-UV : arrick cell connected tg

ml per pulse “ PROBE ] . rastering
Sample

Reference

Arra
beam Y

detector

A
Spectrometer

Figure 29. Laser schematic used in TR™PS.

Several studies have used TRMPS to explore ultrafast processes involving manganese (1)
carbonyl complexes. In one of the earliest examples Hammarback and co-workers
photochemically induced CO loss from [Mn(CO)a(2-phenylpyridine)] 19 by excitation at
355 nm, simulating entry into the catalytic cycle for the alkylation and amidation of 2-
phenylpyridine in the presence of n-butyl acrylate and 1-isocyanatohexane respectively

(see Figure 30 and Figure 31).

When [Mn(CO)a(2-phenylpyridine)] 19 underwent photolysis of a CO ligand in the
presence of n-butyl acrylate, several binding modes were seen. At early pump-probe

delays a o-alkane complex 130 was observed. This underwent a competitive
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rearrangement to form the n!-(0) and the n2- C=C coordinated acrylate complexes 131

and 132. Subsequently, the n?- C=C bound complex underwent a migratory insertion

forming the 7-membered manganacycle 133.3%

"Bu
/N 131
CO CO
A
| co H— C4H8
7 N,' | \\CO Z N
Mln‘ hv 355 nm
co CO -co CO CO

+H,C=CHCO,"Bu
19

132 133

Figure 30. Speciation events reported by Hammarback and co-workers when 19

underwent CO loss in the presence of n-butyl acrylate.

Similar observations were also made when 19 underwent photo-induced CO loss in the
presence of 1-isocyanatohexane. An initial o-alkane complex 134 was observed. This
rearranged to be n!-(0) coordinated, and finally n'-(N) coordinated modes, before
inserting to form 7-membered manganacycle 137. The formation of these complexes
was also supported by kinetic analysis, demonstrating that the rate constant, kobs for the

loss of one complex corresponded to the formation of the next.

CeHiz
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H C¢Hi2NCO &
| | oz | SN ofxc
2N (¢{o) »
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co CO co CO |
co co
+CsH13NCO
19 135

Figure 31. Speciation events reported by Hammarback and co-workers when 19

underwent CO loss in the presence of 1-isocyanatohexane.
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TRIR, specifically TRMPS was also used to directly observe the microscopic reverse of the
concerted metalation deprotonation step in C-H bond activation (see Figure 32).°4 19
was excited at 355 nm again, this time in the presence of acetic acid. As with their prior
study, an initial o-alkane coordination complex 138 was reported at early pump-probe
delays (ca. 5 ps). This underwent rearrangement to a n-(0) coordinated complex 139 in
ca. 50 ps. Over the course of ca. 500 ns, the acidic OH proton of acetic acid formed a
hydrogen bond with the metal coordinated carbon of 2-phenylpyridine. This was
followed by cleavage of the O-H bond and a k>-OAc coordinated acetate ligand to form
the complex 141. The cleavage of the O-H bond and formation of 141 was supported by

a KIE of 5.8 £ 1.0, when deuterated acetic acid was used.

HO.
H
| N co =0 \ﬂ/ J§
ZN, I Cco H—-CH, o co Ol 0 cO
iVIn“‘ . ‘\CO ) ’, l o ) H /Ml R /o
| \CO hv, 355 nm Mn' M"\ 5\ |n\ ¢, ‘\\CO
co €@ co 1 Nco toeo o €O ‘-,/Mln‘\
HOAc '
(o] co co
19 138 139 140 141

Figure 32. Speciation events reported by Hammarback and co-workers when 19
underwent CO loss in the presence of acetic acid, demonstrating the microscopic

reverse of the concerted metalation deprotonation step in C-H bond activation.

Aucott and co-workers also used TRMPS to investigate ultrafast metal-solvent
interactions (see Figure 33). 19 underwent photochemical CO dissociation in an array of
solvents: toluene, methylene chloride, NCMe, n-heptane, THF, 1,4-dioxane, n-Bu;0, and
DMSO. As observed by Hammarback, a kinetically favourable o-C-H coordinated solvent
complex was seen in early pump-probe delays for all solvents except NCMe and toluene.
These coordinated through a n'-(N) and n?-arene coordination mode respectively. The
0-C-H coordinated solvent complexes then proceeded to rearrange to their heteroatom
coordinated counterparts at later pump-probe delays. At early pump-probe delays 3[19]
was also observed with a lifetime, t, of 4.1 + 0.2 ps, red shifted from the ground state

bands of 19 in n-heptane, THF and NCMe.
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Figure 33. Coordination modes of solvents to 19 reported by Aucott and co-

workers. [Mn] = fac-[Mn(2-phenylpyridine)(CO)s].

The nature of photochemical release of CO from trypto-CORM (CO Releasing Molecule)
155, another manganese (I) carbonyl complex, was probed by TRMPS and DFT.
Ultimately, it was established that photolysis of trypto-CORM at 400 nm resulted in the
formation of vibrationally ‘hot’ 3[Mn(tryp)(CO)2(NCMe)] 156. Once in the ground
electronic state (156), coordination of a NCMe ligand was observed by ca. 100 ps. The
relaxation from a triplet to singlet excited state enabled the coordination of solvent. This
formed all-cis-[Mn(tryp)(CO)2(NCMe);] 157, which remained for the duration of the

experiment (see Figure 34).

NCMe
H | hv, 400 nm H NCMe
4, | WCO o | «CO
HN : o’Mln‘co o HN I - “‘;
o)
co o) (o) cO
Trypto-CORM 155 3[156], v> 0
H NCMe
N, | .coO + NCMe H NCMe
I I,Mn\\\ <— I N/,, I ‘\\CO
Mn
HN— Z~0" | Yco HN— 2~0" “co
NCMe
157 3[156], v=10

Figure 34. Mechanism for the photochemically induced loss of CO from trypto-

CORM proposed by Aucott and co-workers. [°°

Thus, TRMPS has been used to investigate several manganese (I) carbonyl complexes and

their respective systems.[?#%I This has enabled the observation of both short and long-
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lived photoproducts, and when combined with structural determination through
carefully designed experiments, such studies have led to a greater understanding of the

mechanistic nuances in these systems.
2.2 Aims and Objectives

The aims of this Chapter are to probe aspects of the mechanistic cycle proposed by He
and co-workers for the [4+2] annulation of primary imines and alkynes forming an
isoquinoline.[® Time resolved multiple probe spectroscopy will be used as the primary
methodology for exploring the system. As with the original synthetic methodology, 1,1-
bis(4-methoxyphenyl)methanimine 178 and diphenyl acetylene were chosen as the
model substrates for the system, along with the terminal alkyne phenyl acetylene. The
5-membered manganacycle derived from 178 enabled a controlled entry into the
catalytic cycle. At room temperature the complex is thermally stable in solution.
However, irradiation at 355 nm should photochemically dissociate a CO ligand,
mimicking the thermal loss of a CO ligand. Which is proposed to occur in the catalyst

pre-activation step.

The fundamental behaviour of the on cycle catalytic species will then be explored
between 1 ps and 100 us in n-heptane, a weakly coordinating solvent, which gives well
defined peaks. Repeat experiments will then be conducted in toluene, a catalytically
relevant solvent reported by He and co-workers.[®% Following this, catalytically relevant
substrates (imines and alkynes) and isoquinoline product will be introduced and
subsequent speciation followed. Finally, the less electronically rich 5-membered
manganacycle 182 will be used to assess the impact of electronics on the observed
processes, to aid with understanding how the electronics of the imine would likely

impact the catalysis.
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2.3 Ground state [Mn(1,1-bis(4-
methoxyphenyl)methanimine)(CO)a]

[Mn(1,1-bis(4-methoxyphenyl)methanimine)(CO)s], 158, is a proposed on cycle
intermediate in the manganese (I)-catalysed [4+2] annulation of NH imines and alkynes
reported by He and co-workers.[®% Previous mechanistic investigations also revealed

5-membered manganacycles to be key reaction intermediates within the catalytic

CYCIE. [30,51,94]

158 possesses four bands in the metal carbonyl region (1850-2150 cm?), which are
associated with various stretching modes. As shown in Figure 35, these are situated at

1940, 1980, 1990, and 2074 cm™ in heptane solution.

0.05

0.04}

0.00¢
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Figure 35. Ground state infrared spectrum of [Mn(1,1-bis(4-

1

methoxyphenyl)methanimine)(CO)4] 158 in heptane between 1850 and 2250 cm™.

The experimentally observed infrared active modes conform with those predicted
though vibrational group theory analysis. 158 can be approximated to fit the pseudo-Cyy

point group, following the assumption that the coordinated C and N atoms possess
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similar mass, bond length and angles. If these requirements were not met, then 158

would belong to the Cs point group.

Table 1. Character table for the C,, point group.

Cov E Ca(2) ov(xz) ov(yz) fqu::teiao;s
A1 +1 +1 +1 +1 z

Az +1 +1 -1 -1

B1 +1 -1 +1 -1 X

B> +1 -1 -1 +1

The Cyy point group is composed of two mirror planes oy(xz), ov(yz), a C2(z) axis, and the
identity E (see Table 1). Application of these symmetry elements to the CO ligands of
158 results in the reducible representation lir(CO) = 4E + 20v(xz) + 20v(yz). Inspection of
the point group table and application of Equation 1 reveals 2A; + B1 + B, to be the
irreducible representation. Following the infrared active modes in Table 1, all of the
stretching modes are predicted to be infrared active- reflecting the recorded infrared

spectrum of 158.

>N X X1 XXR

n=
h

Equation 1. N is the coefficient of a symmetry element, X, the value in the character

table, and Xg the value obtained from the reducible representation.

Prior work by VlI¢ek and co-workers demonstrated that for a metal carbonyl complex
[cis-M(CO)4L;]: the highest intensity band belongs to the B: asymmetric stretch of axial
CO ligands; the lowest energy band being due to the B, asymmetric stretch of equatorial
CO ligands; the highest energy band caused by one of the A; symmetric stretches; and
the remaining band assigned as the final A1 symmetric stretching mode (see Figure
36).°71 This rational was applied, and used in the assignment of metal carbonyl

stretching modes of 158.
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Figure 36. Assigned CO stretching modes of 158 in heptane solution from Figure
35 based on prior work by Vl¢ek and co-workers. °”1 A;, B;, and B, refer to the

assigned IR active mode and XXXX cm™! refers to the peak position in Figure 35.

To photochemically mimic the thermal activation of 158, an electronic transition must
occur which is CO dissociative. A UV-visible spectrum of 158 in toluene solution revealed
a shoulder band at Amax of 339 nm (see Figure 37). Studies by Aucott and co-workers on
the similar complex [Mn(2-phenylpyridine)(CO)s] 19 exhibited a shoulder band
absorbing between 325-425 nm. Computational studies demonstrated that a
component of the lowest energy allowed transition was the HOMO-1 - LUMO MLCT.
This resulted in depopulation of the M-C bonding orbitals of the two mutually trans CO
ligands, causing CO dissociation.®® For the ultrafast time-resolved studies on 158, a
pump wavelength of 355 nm was chosen, enabling comparison to similar literature,

while being close to the Amax.[°%%4-%¢]
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Figure 37. UV-Visible spectrum of 158 [Mn(1,1-bis(4-

methoxyphenyl)methanimine)(CO)4] in toluene.

2.4 Time-Resolved Multiple Probe Spectroscopy (TRMPS)

Photochemical studies on [Mn(1,1-bis(4-methoxyphenyl)methanimine)(CO)s] were
conducted using a pump wavelength of 355 nm, and typically probed between 1850 and
2150 cm™? (expanded to 2300 cm™ where necessary). 158 (2 mmol dm3) in either
anhydrous n-heptane or anhydrous toluene. n-Heptane has fewer solvent interactions
with ground state 158 and photoproducts, resulting in sharper, well-defined bands.
Weaker solvent coordination also enables the coordination and observation of weakly
coordinating catalytically relevant ligands. Toluene gives an insight into the impact of a
more strongly coordinating solvent; and enables comparison to catalytically relevant

conditions.[60!
2.4.1 Solvents: n-Heptane

Initially, experiments were carried out in anhydrous n-heptane. This was to ensure that
there were minimal interactions between the solvent and complexes, resulting in
sharper, deconvoluted bands of photoproducts, to aid with assignment. Furthermore,
by using a very weakly coordinating solvent, displacement of any bound solvent
molecules is easy, allowing the possibility to observe complexes with poorly

coordinating ligands.
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Photolysis of [Mn(1,1-bis(4-methoxyphenyl)methanimine)(CO)s] 158 in heptane
solution at 355 nm was studied via TRMPS, observing events between 1 ps and 998.5 s
post excitation. Following the general procedure for data analysis, as discussed in
experimental Chapter 6.1.9, data are presented in the form of difference spectra.
Consequently, spectra possess both positive and negative features. Positive bands
represent photoproducts formed during an experiment, while the negative bands depict

loss of the ground state complex 158.

0.0071
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Figure 38. TRIR spectra of 158 in heptane solution under an atmosphere of N, at
selected pump-probe delays between 1 and 150 ps. Arrows denote the change in

band intensity.
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Figure 39. Zoomed in spectrum between 1890 and 1960 cm™ of the spectrum in

Figure 38. at 4 ps with fitted data using a Lorentzian peak functions. Black line
depicts experimental data, red line depicts fitted data, and blue lines depict
transient Lorentzian peaks used in the fitted data.

At the earliest pump-probe delay (1 ps), four transient and four bleach bands were
observed (see Figure 38). The four bleach bands indicate loss of the starting complex
158. The three major transient bands sharpen and shift to higher energy over the course
of ca. 150 ps, resulting in stretching frequencies at 1917, 1923, and 2008 cm™. The four
bleach bands and three major transient bands are indicative of photochemical CO loss.
The changes in band shape and position are consistent with that of vibrational cooling
of ‘hot’ photoproducts. Their presence is due to excess energy applied by the excitation
wavelength of 355 nm, compared to that required to dissociate a CO ligand. This results
in photoproducts initially populating vibrational energy levels greater than v = 0. Due to
the anharmonic nature of the vibrational energy well, as relaxation occurs, the energy
associated with A v increases®® causing the observed blue shift over ca. 150 ps as
demonstrated in Figure 40. The fourth lower energy transient band situated at 1905 cm™
was confirmed through the fitting of the spectrum obtained at 4 ps with Lorentzian

peaks for the four transient and bleach bands, which resulted in the fitted data in Figure
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39, confirming the presence of the fourth weaker transient band. This band was

observed to decay with a lifetime, t, of 26.4 + 0.8 ps obtained through the modelling of
an exponential fit (errors reported are the 95% confidence intervals). This was consistent
with the partial recovery of the bleach bands for 158, with a lifetime, t, of (26.7 £ 2.6)
ps, obtained through the same analysis (see Figure 40). This supports the assignment of
the band at 1905 cm™ as 158 in the vibrational energy level greater than v = 0, which
relaxes to ground state 158, accounting for the partial bleach recovery. A likely source
of vibrationally excited 158 was from the partial recombination of the original CO ligand
via geminate recombination (ca. < 1ps) , which still possesses excess energy from the

photon it absorbed, accounting for the population of the v = 1 energy level.
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Figure 40. Left: Kinetics for the loss of the band at 1905 cm™ (Black) and ground
state recovery of 158 at 1990 cm™® (Red). Right: Normalised spectra of the high
energy band for 158 at 2008 cm™! showing the shift in band position as vibrational
relaxation occurs. Purple to blue to green to yellow to red depicts early to long (4-

150 ps) pump-probe delays

In Figure 38 the long-lived transient bands are typical of a tricarbonyl species indicating

that CO dissociation has occurred. The positioning of bands supports a fac-
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[Mn(CAN)(X)(CO)s] geometry, rather than the mer-[Mn(CAN)(X)(CO)s] isomer. [Pl [96]

((CAN) refers to the ligand bis-(4-methoxyphenyl)methanimine). For a facially orientated
set of three metal carbonyl ligands, two broad bands at lower energy caused by
asymmetric stretching of the metal carbonyls and one sharp band at higher energy due
to the symmetric stretch are expected. °1 %6l Whereas the opposite pattern is expected
for the meridional arrangement. 1 %8l Dissociation of one of the mutually trans CO
ligands was expected, due to the mutually destabilising effect, supporting the

assignment of the facial isomer.

The three bands at 1917, 1923, and 2008 cm™ were assigned as the o-coordinated
heptane complex, fac-[Mn(CAN)(CO)s(CsH16)] 159. A long-lived excited state such as
3[158] can be ruled out. Four stretching modes rather than three would be expected,
and it is highly unlikely that 3[158] would still exist after 1 us. Another proposed possible
candidate for the photoproduct was the 16 electron complex fac-[Mn(CAN)(CO)s].
However, in prior work by Aucott and co-workers, instantaneous coordination of solvent
was seen in all instances where analogous [Mn(CO)(ppy)] was photolysed at 355 nm.
98] This included n-heptane.l®®! This is likely due to fac-[Mn(CAN)(CO)3) possessing very
high Lewis acidity. Perutz demonstrated this with [Cr(CO)s] possessing Cr-Xe
interactions when [Cr(CO)s] lost a CO ligand in a xenon matrix.®® Thus, coordination of
the n-heptane ligand is highly likely. This is further supported by the diffusion limited
rate, which is 2.35 X 10 mol* dm3s? at 20 °C in n-heptane, implying that coordination

of other ligand such as H,O is highly unlikely to occur within 1 ps.[1%0

Direct measurement of the extinction coefficients for short-lived species was not
possible. At 150 ps only bleach bands for loss of ground state 158, and transient bands
associated with 159 are present. This enabled an approximation for the concentration
of 159, using the assumption that the concentration of 158 lost equals the concentration
of 159 formed. Beer-Lambert plots were produced for 158 in n-heptane solution (see
Chapter 6.4 Figure 220 to Figure 223), giving extinction coefficients for the four metal

carbonyl stretching modes belonging to 158.
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Table 2. Extinction coefficients for the IR bands of 158 at 1940, 1980, 1990, and

2074 cm™,
Metal carbonyl band of 158/ cm™
1940 1980 1990 2074
Extinction
coefficient € / 0.67+£0.14 0.79+0.11 1.2+0.16 0.22 £0.03

mol* dm pm-?

Using the values of € in Table 2 and the intensity of bleach bands at 150 ps in Figure 38,
the concentration of long-lived photoproduct 159 was approximated to be between 4.5

and 5.8 X10° mmol dm™.
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Figure 41. Top: TRIR spectrum of 158 in heptane solution under an N, atmosphere
at 500 ns. The red square and blue dot denote the major and minor species formed.

Bottom: Ground state FTIR spectrum of 158 in n-heptane.

Over the course of ca. 100 ns, the metal carbonyl bands assigned to n-heptane
coordinated complex 159 depleted. Two sets of bands replaced 159. The minor species
formed with a rate constant, kobs, of 4.8 + 0.67 X 107 s and the transient exhibited a
red shift from 159, with three bands at 1900, 1913, and 2002 cm™. Conversely, the
bands of the major species underwent a blue shift to 1929, 1955, and 2013 cm™ (see

Figure 41). These formed with a rate constant, kobs, of 3.2 + 0.67 X 107 s'1. At later pump-
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probe delays, ca. 1.5 ps, equilibration resulted in loss of the minor species. Depletion of

the minor species occurred with a rate constant, kobs, of 4.1 + 1.1 X 108 st and further
formation of the major species with a rate constant, kobs, of 3.1 + 0.67 X 10° st (see

Figure 42).
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Figure 42. Kinetics for the loss of 159 and formation/ equilibration of 160 and 161.
159 denoted by grey triangles, 160 denoted by red squares and 161 denoted by
blue circles. Dotted lines denote exponential kinetics. Where appropriate a mono

or biexponential fit was applied.

Both newly formed species still exhibited three metal carbonyl bands positioned to
suggest facial tricarbonyl complexes, which would be expected if the poorly
coordinating n-heptane ligand had undergone displacement. An additional band was
observed at 2249 cm™, which was not assigned as a metal carbonyl stretching mode due
to its high energy. The red shift in bands indicates coordination of an electron donating
and/or poorly accepting it ligand. This ligand causes more electron density on the metal
centre, which undergoes n-backbonding into the antibonding orbitals of the carbonyl
ligands. This in turn reduces the bond order of the carbonyl ligands, shifting their
vibrational frequencies to lower energy. Likewise, the blue shift in bands implies
coordination of a less o electron donating/ greater m-accepting ligand than n-heptane.
This results in less m-backbonding to the coordinated carbonyl ligands, shifting their

position to higher energy.
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An initial hypothesis was put forth; the minor species had undergone coordination with

an electron-rich water molecule, whereas the major species had undergone

coordination with a m-accepting dinitrogen molecule.

In order to probe the coordination of OH;, one drop (approx. 5 uL) of water was added
to the system containing 20 mL of anhydrous n-heptane (see Figure 43). Under the
assumption that 5 uL of water was added, a concentration of approx. 2000 ppm of water
was present. The solubility of water in n-heptane is reported to be 82 ppm at 298 K,

meaning that a saturated solution of water in n-heptane was achieved. 0%
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Figure 43. TRIR spectra of 158 in heptane solution with varied quantities of H,0 at
a 500 ns pump-probe delay. Top) anhydrous n-heptane, Middle) saturated water
in n-heptane solution, Bottom) ground state spectrum of 158. Red square denotes

160, and blue circle denotes 161.

In this experiment, the proportion of 160 with respect to 161 (see Table 3) increased
significantly, giving an insight into the nature of 160. An increased intensity of bands
assigned to 160 upon use of a saturated water in n-heptane solution supported the
hypothesis that OH, had coordinated to Mn. 160 was thus proposed to be fac-
[Mn(C~AN)(OH2)(CO)s].
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Further repeats were conducted with varied sparge gasses, to aid with the elucidation
of the structure of 161, and provide further evidence for the coordination of OH; in 160;
>Ny, Ar, and air were used in conjunction with anhydrous n-heptane. The impact of

these sparge gasses is depicted in Figure 44.

Under an argon atmosphere, in which no N; was present, the metal carbonyl and high
energy bands assigned to 161 were no longer detected. Instead, the intensity of the
metal carbonyl stretches associated with 160 increased, due to the removal of
competition with dinitrogen. The n-heptane bound complex 159 was also observed at
the chosen pump-probe delay of 500 ns, being displaced by further water molecules at
later pump-probe delays. This supported they hypothesis that 161 was a dinitrogen

bound fac-tricarbonyl complex.

Further evidence was given when the system was sparged with *°N,. The concentration
of N2 was assumed to be 9.54 mmol dm=3based on literature values for the solubility of
N, in heptane at 25 °C.[1%! This ensured that there was a large excess of N, compared
to the concentration of 159. Using the assumption that the high energy stretching mode
(2249 cm™) belonged to the N=N stretch of bound dinitrogen, a shift in stretching
frequency could be predicted using a basic harmonic oscillator model. Using the reduced

s
{15

2173 cm™. An experimental frequency of 2174 cm™ was seen, further securing our

mass of 1*N and °N, the stretching frequency for >N, was predicted to be 2249 x

assignment of 161 as a fac-[Mn(CAN)(CO)s (N2)]. Unsurprisingly, the metal carbonyl
stretching frequencies remained unchanged when sparging with °N; instead of **N2, no

change in reduced mass for the CO ligand, or electronics in the complex occurred.

Finally, air was used as a sparge gas for the system. Again, this led to formation of the
dinitrogen complex 161. Under an atmosphere of air, the relative intensity of bands
associated with the water bound complex 160 increased. This was likely due to
additional water solubilised into the n-heptane via water vapour in the air. No evidence
was seen to suggest coordination of a dioxygen complex under these conditions. The
isoelectronic properties of N with CO could explain the preferential binding of

dinitrogen over dioxygen.
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Figure 44. TRIR spectra of 158 in heptane solution using various sparge gasses at
a pump-probe delay of 500 ns. Grey triangle denotes 159, Red square denotes 160,

and blue circle denotes 161.
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Table 3. Ratio of 160 to 161 under various conditions.

Sparge gas Additive Ratio of [161]:[160]
Air None 1.8:1
N, None 8.9:1
BN, None 9.4:1
N2 H,0 2.2:1
Argon None 0.0:1

Two binding modes of N exist. End on (n?) acting as a o-donor and m-acceptor, or side
on (n?) where the ligand acts as a t-donor. The coordination mode in our system is highly
likely to be end on coordination. Only a handful of manganese complexes exist with a
coordinated N; ligand, these are depicted below in Figure 45, and all exist in the end-on
coordination mode. The ligand in our system caused a blue shift when displacing o-
coordinated n-heptane, implying that the ligand caused a net decrease in electron
density at the metal centre. This would only be possible in the end on binding mode,
where mn-backbonding into the antibonding orbitals of the dinitrogen ligand can occur.
Finally, literature examples of dinitrogen complexes demonstrate that there is a large
variety in stretching frequencies between (n!) and (n?) bound dinitrogen. Wang and co-
workers reported the synthesis of both (n') and (n?) [Ti(n®-CsHe)(N2)].1% [Ti(n®-CeHe)(
n-N2)] was reported to have a significantly lower stretching frequency at 1655 cm™,
whereas Ti(n®-CsHe)( N*-NN)] possessed a N=N stretching frequency of 1932 cm™. This
further supports the N=N stretch at 2249 cm™ in 161 to be from an end on n!-dinitrogen

coordinated ligand.
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Figure 45. Literature Manganese dinitrogen complexes.!103-107]

Ultimately, upon excitation at 355 nm 158 undergoes photolysis, losing one of the two
mutually trans CO ligands. The vacant coordination site is occupied by a o-coordinated
n-heptane molecule in sub 1 ps to form 159. At later pump-probe delays (ca. 150 ns),
diffusion limited processes are observed; n-heptane is kinetically displaced by water and
dinitrogen, forming 160 and 161 respectively. Equilibration occurs over several
microseconds, thermodynamically preferential dinitrogen displacing water, and 161

remains for the duration of the experiment.

An associative pathway was argued for the conversion of 160 to 161 (see Figure 46).
Kinetic modelling in COPASI by Professor Jason M. Lynam distinguished that direct
conversion between 160 and 161 gave a poor fit to experimental data, indicating that
this was not the mechanistic pathway. Instead, conversion via 159 gave a good fit to
experimental data.[1%! Furthermore, a dissociative pathway cannot be argued as no
evidence exists for the formally 16-electron fac-[Mn(CAN)(CO)s) intermediate. TRIR
studies discussed herein imply a sub-picosecond lifetime for this species, as it is not
detected at early pump-probe delays in any experiments. Instantaneous coordination of
solvent is seen in all experiments involving photolysis of 158. This is likely due to fac-
[Mn(C~AN)(CO)s) possessing very high Lewis acidity. Studies by Cowan and co-workers

and Childs and co-workers demonstrate a number of [Mn(Cp)(CO)z(alkane)] o-
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coordinated alkane complexes.l'°11% The longer chain alkanes including as n-pentane
and n-heptane were shown to be stable for several minutes, before ultimately
undergoing substitution with a CO ligand.'%! Thus, it could be expected that the o-
coordinated n-heptane observed here are similarly stable, and dissociation of the n-

heptane ligand is highly unlikely.

To offer further support with assignments, DFT calculations were also performed by
Professor Jason Lynam to predict the CO stretching modes for the complexes in Figure
46 and values were scaled using a correction factor previously applied to similar
manganese carbonyl complexes.% These values are as follows: 159: 1895, 1915, and

1999 cm; 161: 1999, 1929, and 2017 cm%; 160: 1902, 1911, and 1998 cm™.

MeO.

co
v 1wCO  hy, 355 nm, N,
| Yco >
co +Heptane

.co
OMe
158 159 161
1940, 1980,1990, and 2074 cm"' 1917, 1923, 1929, 1955, 2013, and 2249 cm"'
and 2008 cm™!
-H,0 +H,0

+Heptane|| -Heptane

160
1900 1913, and 2002 cm-!

Figure 46. Summary of events observed by TRMPS following photolysis of 158 in

anhydrous heptane solution at 355 nm under an atmosphere of N».

2.4.2 Solvents: Toluene

Having established speciation events in n-heptane, a similar set of experiments were
conducted in toluene. The intention was to understand how 158 behaves in a
catalytically relevant solvent, prior to adding imine, alkyne and isoquinoline substrates

to the system.

Photolysis of [Mn(1,1-bis(4-methoxyphenyl)methanimine)(CO)4] 158 was carried out in

anhydrous toluene solution under an atmosphere of N (see Figure 47). Similar
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behaviour was seen to that in n-heptane. However, the peaks were broader and less
resolved due to greater solvent-complex interactions in toluene, compared to n-

heptane.

At early pump-probe delays, after relaxation of vibrationally ‘hot’ species (ca. 150 ps); a
broad feature with two bands at 1910 and 1920 cm™?, along with a higher energy band
at 2011 cm' were observed. The early photoproduct was assigned as fac-
[Mn(CAN)(CO)s(Toluene)] 167, with toluene coordination being the most likely
coordination event following ultra-fast CO dissociation. The frequency of the metal
carbonyl stretching modes also possessed similar frequencies to those of fac-
[Mn(C~AN)(CO)s3(C7H16)], further supporting the assignment of the initial photoproduct as
a solvent bound complex. Over the course of ca. 2 us these three transient bands
depleted with a rate constant, kobs, of 1.7 + 0.1X 10° s obtained using an exponential
fit. In their place, two sets of bands grew in. Three blue shifted bands at 1924, 1958, and
2024 cm™ which grew in with a rate constant, kobs, of 1.1 + 0.2 X 108 s were assigned
as fac-[Mn(CAN)(CO)s (n*-N2)] 161. While the three red shifted bands at 1898, 1909, and
2007 cm™, which grew in with a rate constant, kobs, of 2.9 + 1.3 X 10° s were assighed
as fac-[Mn(C~AN)(CO)s (OH2)] 160 mirroring that seen in n-heptane solution. The toluene
bound solvent complex possessed a lifetime 42 times greater than that of n-heptane,

highlighting how weakly n-heptane coordinated to the fac-[Mn(CAN)(CO)s] moiety.
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Figure 47. TRIR spectra of 158 in toluene solution under an N, atmosphere at
selected pump-probe delays. Grey triangle denotes 167, red square denotes 160,

and blue circle denotes 161.

Unlike in n-heptane, at longer pump-probe delays (ca. 40 us), preferential coordination
of water over dinitrogen was observed. Toluene possess a similar solubility of N; at
atmospheric pressure (4.7 mmol dm= of N, in toluene at 300 K(*'1). However the
solubility of water in toluene is significantly greater than that in n-heptane (5.1 mmol
dm3 of water in toluene at 298 K[1°1l), thus the additional water present in toluene shifts
the equilibrium from favouring dinitrogen coordination, to that of water. Decay of the
bands associated with 161 proceeded with a rate constant, kobs, of 1.8 + 0.2 X 10° s%.
The kobs for further growth of 160 was within 95% confidences limits at 2.1 + 0.2 X 10°
s! (see Figure 48 for kinetics and Figure 50 for speciation). Both the concentration of
water and dinitrogen are several orders of magnitude greater than the concentration of
photoproducts in these experiments (4.5 and 5.8 X10™ mmol dm3). Consequently, it is
appropriate to treat the systems as pseudo-first order, and the assumption can be made
that the concentration of water and dinitrogen remain constant for the duration of

experiments.
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For slower processes an artifact can be seen at 10000, 20000, 30000, ... ns. This is due
to the nature of TRMPS. A consequence of ultrafast pump-probe delays is the high
number of data points generated every 10000 ns (e.g., 10000.001 ns, 10000.002 ns, ...,
11000 ns). These data points tend to possess a lot of noise and introduce a systematic

artifact.
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Figure 48. Kinetics for the loss of 167 and formation/ equilibration of 160 and 161.
167 denoted by grey triangles, 160 denoted by red squares and 161 denoted by
blue circles. Dotted lines denote exponential kinetics. Where appropriate a mono

or biexponential fit was applied.
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Figure 49. TRIR spectra of 158 in toluene solution using various sparge gasses at a

pump-probe delay of 500 ns. Red square denotes 160 and blue circle denotes 161.

Similar experiments to those conducted in n-heptane, to elucidate the nature of
speciation, were conducted in toluene (see Figure 49). The results were almost identical
at a 500 ns pump-probe delay. The highest proportion of 161 was observed when *N,
was used as sparge gas. The relative intensity of high energy band (2024 cm™) belonging
161 decreased upon sparging the system with air, and was not present when 158 was
photolysed under an argon atmosphere. Despite toluene taking longer to initially
displace than heptane, the toluene bound complex 167 was not detected at 500 ns,
when argon was used as a sparge gas. Solely the water bound complex 160 was

detected.

160 observed in these experiments is a candidate for an early species formed on route
to forming hydroxy-bridged Mn carbonyl clusters. There are catalyst deactivation

products formed in Mn(l) carbonyl catalysis.>!]
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Figure 50. Summary of events observed by TRMPS following photolysis of 158 in

anhydrous toluene solution at 355 nm under an atmosphere of N,.

2.4.3 Catalytically relevant additives: Alkynes

Having established solvent dependant events in n-heptane and toluene, a variety of
catalytically relevant additives were doped into the studied n-heptane and toluene
systems: diphenyl acetylene, 6-methoxy-1-(4-methoxyphenyl)-3,4-diphenylisoquinoline

and 1,1-bis(4-methoxyphenyl)methanimine, along with further alkynes.

Initially phenyl acetylene was explored. The objective here was to probe the carbon-
carbon bond forming steps proposed by He and co-workers.[®® Following phenyl
acetylene, the internal alkyne diphenyl acetylene used by He and co-workers in their

optimisation, along with dec-5-yne were studied.

Unless stated otherwise approximately 20 mmol dm of additive was introduced to the
system (10 eq. wrt. 158). As established prior, the concentration of photoproduct was
determined to be approximately 5.0 X10° mmol dm3, a 4x10°-fold excess. This allowed
us to treat the system as pseudo first order when carrying out kinetic analysis, as the

concentration of additive remains effectively constant throughout.
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Figure 51. TRIR spectra of 158 in toluene solution with added phenyl acetylene
under an N, atmosphere. 167 denoted by grey triangles, 169 denoted by orange

squares, and 170 denoted by grey squares.

Initially, phenyl acetylene was doped into an anhydrous toluene solution containing 158
under an Ny atmosphere. At early pump-probe delays ca. 50 ps, the bands associated
with 167 were observed, which Indicates that the initial coordination event was still to
toluene. Over the course of ca. 500 ns, water and dinitrogen did not coordinate to form
160 and 161 respectively. Instead, new blue-shifted transient bands were detected at
1917, 1950, and 2017 cm?, the rate constant for their formation being 7.5 + 1.2 x 10’
s! (see Figure 51). These bands depleted with a rate constant, kobs, 0f 3.7 +0.2 X 10° s,
and three new bands with stretching frequencies of 1900, 1908, and 2006 cm™ grew in
with a rate constant, kops, of 3.8 + 0.4X 10° s’. These bands lie within the detector
resolution of + 2 cm™ of the water complex 160. Thus, a definitive assignment cannot be

made at this point.
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Figure 52. TRIR spectra of 158 in phenyl acetylene solution under an N; atmosphere
at various pump-probe delays. 168 denoted by denoted by blue triangles, 169

denoted by orange squares, and 170 denoted by grey squares.

158 was then photolysed in neat phenyl acetylene, establishing the metal carbonyl
stretching frequencies associated with alkyne coordinated complexes (see Figure 52).
This removed the possibility of toluene-bound complexes forming at early pump-probe
delays, forcing initial coordination with phenyl acetylene. Comparison could be made to
the transient species formed when phenyl acetylene was doped into the toluene
solution of 158, being aware that minor shifts in wavenumber were possible due to

changes in solvent interactions with photoproducts.

At very early pump-probe delays of ca. sub 50 ps a band at 2013 cm™ and a broad band
at 1912 cm™ were observed. Over the course of 5 ns the depletion of these bands with
a rate constant, kobs, of 3.1 + 0.3 X 10° s! was seen. In their place, three bands blue
shifted, corresponding to those seen in toluene (ca. 500 ns) positioned at 1915, 1949,
and 2015 cm™ grew in with a rate constant, kobs, of 3.3 + 2.2 X 10° s (see Figure 53).
Then at later pump-probe delays, similar red shifted bands to those seen in toluene,

with stretching frequencies at 1898, 1903, and 2004 cm™ grew in. Application of an
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exponential function gave a rate constant, kobs, of 3.3 £ 0.2 X 10° s for the formation

of this complex, within 95% confidence limits of those seen for phenyl acetylene in

toluene (see Figure 53).
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Figure 53. Kinetics for the loss of 168 and formation of 169. The subsequent
formation of 170 from 169. Dotted lines denote exponential kinetics. Where

appropriate a mono or biexponential fit was applied.
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The bands at 1915, 1949, and 2015 cm™ likely belong to fac-[Mn(C~N)(CO)s (n?-HCCPh)],
as these bands were seen in both neat phenyl acetylene, and toluene solution of phenyl
acetylene. The most probably mode of coordination is n%-bound phenyl acetylene
through the C=C bond. This reflects observation made by Hammarback and co-workers,
who photolysed analogous complexes in the presence of phenyl acetylene (see Figure
54).3% They reported three bands which displayed a distinctive blue shift from the
solvated complex, which are similar to those seen herein. The red shifted bands (1912
and 2013 cm™) seen at very early pump-probe delays in neat phenyl acetylene give an
insight into the coordination modes of the phenyl acetylene ligand. Following
photodissociation of a CO ligand, the vacant coordination site was rapidly occupied,
even in n-heptane solution. Thus, at early pump-probe delays phenyl acetylene is likely
to bind through one of the multiple arene bonds of the phenyl ring, as opposed to the
single n?>-bound alkyne mode. A picosecond rearrangement to the n2-bound alkyne is
then seen. This coordination mode is a greater m-acceptor, explaining the blue shift
observed. The rapidness of this rearrangement also explains why the arene bound mode
of phenyl acetylene was not seen in the toluene solution experiment, as the rate of

phenyl acetylene coordination was less than that of ligand rearrangement.
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Figure 54. 2-phenylpyridine derived solvent and phenyl acetylene complexes

compared to 1,1-bis(4-methoxyphenyl)methanimine derived complexes.!3%°¢]

The concentration of phenyl acetylene was varied between 23 and 464 mmol dm= and
the observed rate constants for the formation of 169 (kiobs) and 170 (kaobs) Were

obtained from exponential fits applied to the data sets (see Table 4).

Table 4. Observed first order rate constants for formation of 169 and 170.

[PhCaH]/  Formation of 169 using the band at  Formation of 170 using the
mol dm3 2008 cm™ kiops / st band at 2006 cm™ kaobs / 51

0.023 2.85+0.46 x 10° 2.35+0.18 x 10°
0.046 4.56 + 0.69 x 10° 2.30+0.68 x 10°
0.116 7.81+2.24 x10° 1.87+£0.23 x 10°
0.232 1.68 +0.22 x 10’ 2.36+0.15x 10°
0.464 3.43 +0.45 x 10’ 2.19+0.17 x 10°

Linear analysis of the plot of [PhC;H] versus kiobs gave a fit of Y = (6.8 + 0.97 X 107)X +
(1.3 + 0.63 x 10°8) with an R? of 0.99 (see Figure 56). Using the gradient of the fit, the
second order rate constant for formation of 169 by the substitution of the toluene ligand

bound in 167 with phenyl acetylene was found to be 6.8 + 0.97 X 10’ mol! dm3 s,
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Further analysis on the logarithmic plot of In([PhC;H]) versus In(kiobs) gave a fit of Y =
(0.83 £ 0.14)X + (17.9 £ 0.3), demonstrating the order with respect to phenyl acetylene

for the conversion of 167 to 169 was 0.83 £ 0.14, approximately first order.

Linear analysis of the plot of [PhC,H] versus kaobs gave a fit of Y = (-9.1 + 18.7 X 10°)X +
(2.3 £ 0.52 X 10°). Using the intercept of the fit, the first order rate constant for the
conversion of 169 to form 170 was found to be 2.3 + 0.52 X 10° s%. Further analysis on
the logarithmic plot of In([PhC;H]) versus In(k2obs) gave a fit of Y = (0.01 £ 0.11)X + (0.7 =
0.25), demonstrating the order with respect to phenyl acetylene for the conversion of

169 to 170 was 0.01 £ 0.11, approximately zero order.

An approximately first order dependency on phenyl acetylene for the conversion of 161
to 169 supports the hypothesis that 169 is fac-[Mn(C*N)(CO)s (n?>-HCCPh)], with phenyl
acetylene substituting out the toluene ligand. An order of zero with respect to phenyl
acetylene for the loss of 169 disagrees with the displacement of phenyl acetylene by a
molecule of water to form 160. Instead, the order of zero implies that an intramolecular
process occurred. It was anticipated that a migratory insertion of the alkyne ligand had
occurred, forming a 7-membered manganacycle. A widely proposed intermediate in
manganese (I) C-H bond transformations. The change in coordination of phenyl
acetylene from n2-HC=CPh, to being incorporated into the metallacycle ring system
explains the red shift in transient bands. Upon undergoing the migratory insertion, the
degree of n-backbonding onto the phenyl acetylene moiety ligand would be significantly
reduced. The tricarbonyl 7-membered manganacycle in Figure 55 is a more likely
candidate that the tetracarbonyl species proposed by He and co-workers.[®% The three
stretching modes are typical of a fac tricarbonyl complex, and bands positions reflect
those observed by Hammarback and co-workers studying the analogous 2-phenyl

pyridine derived manganacycle.3
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Figure 55. Left: proposed 7-membered manganacycle by He and co-workers.[®%
Centre: In situ 7-membered manganacycle detected. Right: 7-membered

manganacycle observed by Hammarback and co-workers.[3%
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Figure 56. Top): Pseudo first order analysis for the conversion of 167 to 169 and

169 to 170 using the rate constants in Table 4. Bottom): Plots of In(kioss) and

In(kzobs) versus In([PhC;H]) to determine the order for the conversion of 167 to 169

and 169 to 170. Data derived from the peak at 2008 cm™, 167 to 169 denoted by

red X and 169 to 170 denoted by black X.
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To offer further support with assignments, DFT calculations were also performed by

Professor Jason Lynam to predict the CO stretching modes for the complexes in Figure
57. and values were scaled using a correction factor previously applied to similar
manganese carbonyl complexes.% These values are as follows; 169: 1913, 1942, and

2006 cm™; 170: 1896, 1920, and 2001 cm™.

N H
toluene /‘\’
hv, 355 nm MeO Min(CO), ”’"Cz MeO M"(CO)s Wigratory

ne ph insertion MeO
H /

158 167 169

OMe

\NH|

Mn(c0)4

Figure 57. Coordination events following the photochemical dissociation of a CO

ligand from 158 in toluene solution in the presence of phenyl acetylene.

A similar set of experiments were performed with diphenyl acetylene, to explore how
an internal alkyne behaves (see Figure 58). The spectra indicate similar behaviour at
early pump-probe delays. Upon photolysis a CO ligand dissociates from 158 and toluene
initially coordinates. These bands depleted with an observed rate constant of 1.7 £ 0.1X
10° s, an order of magnitude slower than that observed in the presence of phenyl
acetylene. Five bands were detected at 1898, 1909, 2008, 1955 and 2025 cm™. The weak
intensity high energy band at 2025 and 1955 cm™ correlated with previously assigned
fac-[Mn(CAN)(CO)s (n*-N2)], while the three remaining bands mirror those of fac-
[Mn(C~N)(CO)s (OH2)].
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Figure 58. TRIR spectra of 158 in toluene solution with diphenyl acetylene additive
under an atmosphere of N, at selected pump-probe delays. 167 denoted by

denoted by grey triangles, 160 denoted by blue circles and 161 by red squares.

To ensure water coordination was outcompeting diphenyl acetylene, a set of
experiments were carried out varying the concentration of diphenyl acetylene. A range

of 25 to 250 mmol dm™ were explored (see Table 5).

Table 5. Observed first order rate constants for loss of 167 with varying

concentrations of Ph,C,.

[Ph2C,]/ mol dm™3 Loss of 167 using the band at 2011 cm™ kzobs / s
0.000 12.3+2.90 x 10°
0.025 8.5+2.99x%x10°
0.050 8.4+23x%x10°
0.075 8.3+2.6x10°
0.124 10.1 +3.0x 10°
0.249 10.6 + 6.8 x 10°

Addition of diphenyl acetylene to a toluene solution of 158 showed no significant impact
upon the rate of loss of the solvent complex. Further analysis on the logarithmic plot of

In([Ph2C2]) versus In(ksobs) gave a fit of Y = (0.08 £ 0.15)X + (13.9 + 0.45), demonstrating
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the order with respect to diphenyl acetylene for the loss of 167 was 0.08 £ 0.15, zero
order (see Figure 59). Thus, both water and dinitrogen were outcompeting diphenyl
acetylene in the substitution of toluene on 167. This likely due to the additional steric

bulk of the second phenyl moiety on diphenyl acetylene added, over phenyl acetylene.
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Figure 59. Top): Pseudo first order analysis for the loss of 167 using the rate
constants in Table 5. Bottom): Plots of In(ksops) versus In([PhC,H]) to determine the
order for the of 167 with respect to [Ph,C;]. Data derived from the peak at 2011
cm’, loss of 167 denoted by black X.

The final alkyne investigated in this study was 5-decyne. This enabled study of a

chemically different internal alkyne, to see if water also inhibited the coordination and
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migratory insertion. 158 in anhydrous toluene solution with 5-decyne doped in, under
a N2 atmosphere, was excited at 335 nm and followed via TRIR (see Figure 60).
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Figure 60. TRIR spectra of 158 in toluene solution with 5-decyne additive under an
atmosphere of N, at selected pump-probe delays. 167 denoted by denoted by grey

triangles and 175 denoted by pink triangle.

At early pump-probe delays, after vibrational relaxation, at ca. 50 ps, the bands
associated with 167 were observed, indicating that the initial coordination event was
expectedly that with toluene. The bands decayed with a rate constant, kobs, of 6.8 £3.9%X
10° s, and three new bands at 1909, 1931, and 2010 cm™ grew in with a rate constant,
kobs, of 8.9 +2.4% 10° s? (see Figure 61). These three transient bands then proceeded to
remain for the duration of the experiment. The transient bands did not correlate to
either fac-[Mn(CAN)(CO)s (n*-N2)], or fac-[Mn(CAN)(CO)s (OH2)], but a blue shift similar
to that seen when phenyl acetylene was doped in occurred. Thus, it was deduced that

175 was fac-[Mn(C~N)(CO)s (n?-C=C(CsHo)2)].
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Figure 61. Kinetics for the loss of 167 and formation of 175. 167 denoted by
denoted by grey triangles and 175 denoted by pink triangle. Dotted lines denote

exponential kinetics. Where appropriate a mono or biexponential fit was applied.

Returning to experiments with diphenyl acetylene, anhydrous n-heptane was used in
lieu of anhydrous toluene because water possesses a significantly reduced solubility in
heptanel®l compared to toluenel®, The hypothesis was that in reducing the
concentration of water, the coordination and subsequent migratory insertion of the

alkyne would be promoted.

Following vibrational relaxation at ca. 50 ps, three sharp transient bands corresponding
to fac-[Mn(CAN)(CO)s(C7H16)] 159 were detected (see Figure 62). The bands associated
with 159 decayed over ca. 50 ns, and three new bands assigned to 176 situated at 1916,
1949, and 2000 grew in. These were slowly replaced by a third species (177) at ca. >100
us, which remained for the duration of the experiment, with bands at 1899, 1908, and
1993 cm™. Neither of these sets of transient bands corresponds to dinitrogen, or water
coordination, hinting at the coordination of diphenyl acetylene. However, a small
amount of fac-[Mn(CAN)(CO)3(OH;)] was detected at long pump-probe delays, as

depicted in Figure 62.
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Figure 62. TRIR spectra of 158 in heptane solution with diphenyl acetylene additive
under an atmosphere of N, at selected pump-probe delays. 167 denoted by
denoted by grey triangles, 176 denoted by denoted by orange squares, 160
denoted by red squares and 177 denoted by pink triangle.

To validate the impact of the alteration in solvent, the order with respect to diphenyl
acetylene was determined. A range of concentrations from 25 to 500 mmol dm3 were
used and the values for 167 to 176 (kaobs) and 176 to 177 (ksobs) Were obtained from the

metal carbonyl stretching mode of 176 at 2000 cm™ (see Table 6).

Table 6. Observed first order rate constants for formation of 176 and 177.

[PhCaH]/ Formation of 176 using the band at  Formation of 177 using the

mol dm3 2000 cm™ kgobs / s band at 2000 cm™ ksops / s
0.0246 0.85+0.27 x 108 2.53+0.31x10°
0.0496 1.50 £ 0.42 x 108 2.73+0.31x10°

0.124 4.17 £+ 0.58 x 108 2.40 £ 0.06 x 10°
0.247 8.19+1.76 x 108 1.39+0.32 x 10°
0.497 17.66 +4.01 x 108 2.25+0.09 x 10°
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Figure 63. Top): Pseudo first order analysis for the conversion of 159 to 176 and
176 to 177 using the rate constants in Table 6. Bottom): Plots of In(k4oss) and
In(ksops) versus In([PhC;H]) to determine the order for the conversion of 159 to 176
and 176 to 177. Data derived from the peak at 2000 cm™, 159 to 176 denoted by
black X and 176 to 177 denoted by red X.

Linear analysis of the plot of [Ph2C3] versus kaobs gave a fit of Y = (3.0 £ 0.89 X 10°)X +

(1.1 +6.00 x 107) with and R? of 0.97. Using the gradient of the fit, the second order rate
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constant for the substitution of n-heptane ligand bound in 159 with diphenyl acetylene,
to form 176 was found to be 3.0 + 0.89 X 10° mol?! dm?3 s. Further analysis on the
logarithmic plot of In([PhC;H]) versus In(kiobs) gave a fit of Y = (0.94 + 0.21)X + (21.8 £
0.47), demonstrating the order with respect to diphenyl acetylene for the conversion of
159 to 176 was 0.94 t 0.47 and supported the argument that diphenyl acetylene
coordinated to the to fac-[Mn(C~N)(CO)3] moiety under more rigorously controlled

anhydrous conditions (see Figure 63).

Linear analysis of the plot of [PhC2H] versus ksobs gave a fit of Y = (-4.4 + 16.2 X 10%)X +
(2.4 £ 0.46 X 10°). Using the intercept of the fit, the first order rate constant for the
conversion of 176 to form 177 was found to be 2.4 + 0.46 X 10° s*. Further analysis on
the logarithmic plot of In([PhC;H]) versus In(kzobs) gave a fit of Y = (-0.05 + 0.12)X + (9.97
1 0.23), demonstrating zero order with respect to diphenyl acetylene for the conversion
of 176 to 177. As with phenyl acetylene, an order of zero supports the occurrence of an
intramolecular process. Again, this was believed to be the migratory insertion the
alkyne, forming a 7-membered manganacycle. The first order rate constants were found
to be within 95% confidence limits of each other for migratory insertion of phenyl and

diphenyl acetylene, despite the addition steric bulk of diphenyl acetylene.

To offer further support with assignments, DFT calculations were also performed by
Professor Jason Lynam to predict the CO stretching modes for the complexes in Figure
64. and values were scaled using a correction factor previously applied to similar
manganese carbonyl complexes.% These values are as follows; 177: 1903, 1916, and

1995 cmt; 176: 1907, 1939, and 2004 cm™.

OMe

H — O N-H  ——
5 + Ph,C, MeO Mn(CO); Migratory
Heptane _\L__Ph insertion

Heptane ph—"=

158 159 176

Figure 64. Coordination events following the photochemical dissociation of a CO

ligand from 158 in n-heptane solution in the presence of diphenyl acetylene.
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2.4.4 Catalytically relevant additives: Imine

The catalytically relevant imine, 1,1-bis(4-methoxyphenyl)methanimine 178 was
introduced to an anhydrous toluene solution of 158 under an atmosphere of Ny, to
assess its involvement with the catalytic intermediate 158 following loss of a CO ligand.
After assessing how 178 interacts with solvent coordination events, 158 will be
photolysed in the presence of both imine 178 and phenyl acetylene, in order to assess
what are the kinetically and thermodynamically favourable products, while determining

how the rate of migratory insertion is impacted.
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Figure 65. TRIR spectra of 158 in toluene solution with imine 178 additive under
an atmosphere of N, at selected pump-probe delays. 167 denoted by denoted by

grey triangles, 179 denoted by dark blue hexagons and 161 denoted by blue circles.

Depletion of initially formed bands belonging to fac-[Mn(CAN)(CO)s(toluene)] 167
occurred by ca. 3 us (see Figure 65). In their place, three highly red shifted bands with
frequencies of 1888, 1907, and 2000 cm grew in with a rate constant, kobs, of 2.5 + 0.2X
10° 5. This reflected the observed rate constant, kobs, of 2.5 + 0.3 X 10° s for the loss

of the toluene complex 167, indicating that the new species formed directly from 167
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(see Figure 66). As the new transient bands did not correspond to those of the water

complex 160, it is likely that the new species is fac-[Mn(C~N)(CO)s3(1,1-bis(4-
methoxyphenyl)methanimine)] 179; coordinated through a lone pair of electrons on the
imine nitrogen. Coordination of this electron rich ligand explains the significant red shift
seen in CO stretching frequencies, as additional electron density donated to the metal
centre reduces the CO bond order. Shortly after formation of 179, very weak bands
belonging to 161 were detected, indicating that N, was kinetically competitive.
However, the weak band at 2025 cm™ had depleted at longer pump-probe delays
suggesting that imine coordination was thermodynamically favourable. To offer further
support with assignments, DFT calculations were also performed by Professor Jason
Lynam to predict the CO stretching modes for the complexes in Figure 65. and values
were scaled using a correction factor previously applied to similar manganese carbonyl

complexes.3% These values for 179 are as follows 159: 1879, 1906, and 1981 cm™.
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Figure 66. Kinetics for the loss of 167 and formation of 177. 167 denoted by
denoted by grey triangles and 179 denoted by dark blue hexagons. Dotted lines
denote exponential kinetics. Where appropriate a mono or biexponential fit was

applied.

106



Chapter 2: Ultrafast Time-Resolved Spectroscopy of [Mn(1,1-bis(4-
methoxyphenyl)methanimine)(CO)4]

Following these observations, 31 mmol dm™ of phenyl acetylene were introduced
alongside the 20 mmol dm of imine to the system, replicating equivalencies seen in the
catalytic system.!®® The aim was to probe whether imine or alkyne ligand coordination
was preferential, and what impact was seen on the rate of alkyne migratory insertion

(see Figure 67).
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Figure 67. TRIR spectra of 158 in toluene solution with imine 178and phenyl
acetylene additives under an atmosphere of N, at selected pump-probe delays. 167
denoted by denoted by grey triangles, 179 denoted by dark blue hexagons and 169

denoted by orange squares.

Initially bands belonging to the toluene complex 167 were observed. At the pump-probe
delay of 500 ns, high energy bands at 2000 and 2017 cm™ corresponding to fac-
[Mn(CAN)(CO)3 (n>-HCCPh)] 169 and fac-[Mn(CAN)(CO)s3(1,1-bis(4-
methoxyphenyl)methanimine)] 179 respectively; multiple broad bands between 1900
and 1920 cm™ caused by overlapping stretching modes; and a band at 1949 cm
belonging to fac-[Mn(CAN)(CO)s (n?-HCCPh)] were observed. Application of a

exponential fit to the band at 2013 belonging to 167 revealed the rate constant constant,
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kobs, of 7.0 + 0.3 X 10° s’ for the decay of the toluene bound complex. This alighed with

the coordination of phenyl acetylene (kobs = 9.7 + 0.3 X 10° s!) (see Figure 68).

Depletion of 169 occurred with a rate constants, kobs, of 3.5 0.2 X 10° s'1. However, the
previously characterised bands at 1900, 1908, and 2006 cm™ belonging to the migratory
insertion product 170 were not detected. Instead, the bands belonging to 179 showed
exponential growth in intensity, possessing a rate constants, kobs, of 3.2 + 0.2 X 10° s},

within 95% of the depletion of 169 (see figure 68).
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Figure 68. Kinetics for the loss of 159 and formation of 179 plus 169, then
subsequent conversion of 169 to 179. 167 denoted by denoted by grey triangle,
169 denoted by orange squares, and 179 denoted by dark blue hexagons. Dotted
lines denote exponential kinetics. Where appropriate a mono or biexponential fit

was applied.

These observations indicate that phenyl acetylene coordination was kinetically
favourable, substituting quicker with toluene. However, coordination of imine 178 was
thermodynamically favourable, displacing the alkyne ligand (see Figure 69). Thus
implying that if a fac-[Mn(C”AN)(X)(CO)s] species is the resting state of catalysis (as often
proposed)® it is likely imine-bound rather than alkyne. This would also explain the
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necessity for excess of alkyne in the original methodology reported by He and co-
workers.[®% Additional alkyne would help sedate the formation of 179 from an alkyne

bound complex, supporting the migratory insertion of the alkyne.

MeO. OMe
wo_ LI
—_—
+Imine $$2 (I;SCO
-Toluene O

+PhC,H
-Toluene +Imine $$2
-PhC,H

169

Figure 69. Summary of events observed by TRMPS following photolysis of 158 in the
presence of imine 178 and phenyl acetylene in anhydrous toluene solution excited

at 355 nm under an atmosphere of N».

2.4.5 Catalytically relevant additives: Isoquinoline

Finally, a set of experiments like those conducted using imine 178 were carried out using
the isoquinoline 6-methoxy-1-(4-methoxyphenyl)-3,4-diphenylisoquinoline 180. The
aim here was to probe product inhibition, and how the isoquinoline impacted speciation

events.

Initially 158 in anhydrous toluene solution under an atmosphere of N> was probed by
TRMPS in the presence of just 180, as a control experiment. Displacement of the initially
bound toluene ligand from 167, to form an isoquinoline bound transient 181 with bands
at 1882, 1893, and 2001 cm™ occurred with a rate constants, kobs, of 7.4 + 3.5 X 107 s,
Growth of the bands attributed to 181 grew in with a rate constants, kobs, of 6.5 + 3.1 X
107 s'1. These bands then persisted for the duration of the experiment (see Figure 70

and Figure 71).
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Figure 70. TRIR spectra of 158 in toluene solution with isoquinoline 180 additive
under an atmosphere of N, at selected pump-probe delays. 167 denoted by

denoted by grey triangles and 181 denoted by pink diamonds.*

*It should be noted that upon coordination of 180, the TRIR spectra became
substantially noisier, this was due to partial absorption of the pump laser pulses (355

nm) by the now bound isoquinoline.

Addition of a stoichiometric equivalency of either imine 178 or phenyl acetylene with
respect to isoquinoline 180 had no statistical significance upon the lifetime of 167, with
values all within 95% confidence limits of eachother . In the presence of imine 178 and
180, 167 decayed with a rate constant, kobs, of 5.8 + 1.5 X 107 s'%. In the presence of 178,
180, and phenyl acetylene, 167 decayed with a rate constant, kobs, of 6.5 + 3.1 X 107 5%
Furthermore, at longer pump-probe delays ca. >100 us, only the three transient bands
at 2882, 1893, and 2001 cm™ were detected. These observations indicate that
coordination of isoquinoline 180 is both kinetically and thermodynamically favourable
over phenyl acetylene and imine 178. This infers that if the catalytic cycle proceeds
through a fac-[Mn(CAN)(X)(CO)s] intermediary species, product inhibition is likely to

occur.
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Figure 71. Kinetics for the loss of 167 and formation of 181. 167 denoted by
denoted by grey triangle, 181 denoted by pink diamonds. Dotted lines denote

exponential kinetics. Where appropriate a mono or biexponential fit was applied.

2.4.6 Manganacycle 182

Figure 72. Structure of 5-membered manganacycle 182.

To compliment the studies carried out on 158, 5-membered manganacycle 182 was
used (see Figure 72). Derived from the imine 1,1-diphenylmethanimine, the removal of
the para methoxy groups compared to 178 decreases the electron density situated on
the aromatic ring of the manganacycle, enabling us to probe the impact this has on

alkyne coordination and subsequent migratory insertion.

182 possesses four bands in the metal carbonyl region, which are associated with

various stretching modes. As shown in Figure 72, these are situated at 1944, 1983, 1991,
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and 2075 cm™ in toluene solution, which are assigned to the B, A1, B1, and A1 CO

stretching modes of 182 respectively. 182 also possesses a Amax of 350 nm so a pump

wavelength of 355 nm was used, as with experiment carried out on 158.
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290 320 350 380 410
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Figure 73. Top: FTIR spectrum of 182 in toluene solution. Bottom: UV/Vis spectrum
of 182 in toluene solution with a Amax of 350 nm.
An initial control was conducted, mirroring experiments using 158, 182 in anhydrous
toluene solution under an atmosphere of N; (see Figure 74). At early pump-probe delays

ca. 100 ps, following the relaxation of vibrational hot photoproducts, a broad band
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between 1904 and 1913 cm™ and a sharper band at 1997 cm™ were detected and
assigned as the initially formed toluene complex fac-[Mn(CAN)(CO)s(Toluene)] 183,
where (CAN) represents the imine 1,1-diphenylmethanimine. Over the course of 2 s,
these bands were replaced by a red shifted set of bands at 1893 to 1904 cm™ and 1993
cm™ which were assigned as fac-[Mn(CAN)(CO)s(OH)] 184. The second minor blue
shifted bands at 1943 and 2013 cm™ were attributed to fac-[Mn(C”AN)(CO)s(n*-N2)] 185,
with the third low energy band masked behind those of the water bound complex. As
with 158, in anhydrous toluene, the initially formed nitrogen complex underwent ligand

substitution with water at long pump-probe delays.
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Figure 74. TRIR spectra of 182 in toluene solution under an N, atmosphere at
selected pump-probe delays. Grey triangle denotes 183, red square denotes 185,

and blue circle denotes 184.

Phenyl acetylene was then introduced into the system, replicating the experiment
conducted with 158 (see Figure 75). Displacement of toluene and coordination of phenyl
acetylene occurred by ca. 300 ns. The rate constant, kobs, for the depletion of 183 was
2.0 £+ 0.8 X 107 s}, and 2.5 + 0.4 X 107 s for the formation of 186, with bands blue
shifted at 1916, 1942, and 2003 cm™. 186 was assigned to be the n?-bound phenyl

113



Chapter 2: Ultrafast Time-Resolved Spectroscopy of [Mn(1,1-bis(4-
methoxyphenyl)methanimine)(CO)4]

acetylene complex fac-[Mn(CAN)(CO)3(n>-HCCPh)]. The rate constant, kobs, for the
migratory insertion of phenyl acetylene was then determined to be 6.1 + 0.4 X 10° s!
following the decay of 186, forming red shifted bands at 1897, 1903 and 1992 cm™
attributed to 187. The complimentary rate constant, kobs, was 5.6 + 0.5 X 10° s* from an

exponential fit applied to the band at 1992 cm™.
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Figure 75. TRIR spectra of 182 in toluene solution with phenyl acetylene additive
under an atmosphere of N, at selected pump-probe delays. 183 denoted by
denoted by grey triangles, 186 denoted by denoted by orange squares, and 187

denoted by grey square.

For comparison, when under the same experimental conditions 158 was found to have
a rate constant, kobs, of 7.5 + 0.1 X 107 and 3.7 + 0.1 X 10° s’ for the coordination and
migratory insertion of phenyl acetylene (see Figure 76). Both of these values are
statistically significant, lying outside of the 95% confidence limits determined for 182.
When the more electron rich 5-membered manganacycle 158 was excited, a faster rate
constant was seen for the solvent bound complex, with the alkyne undergoing a more

rapid displacement. Conversely, the less electron rich 5-membered manganacycle 186
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underwent a migratory insertion of its coordinated alkyne more rapidly, with the rate

constant of the alkyne coordinated complex 186 over 50% less.
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Figure 76. Left) Kinetics for the loss of 183 and formation of 186. Right) Kinetics
for the subsequent formation of 187 from 186. 183 denoted by denoted by grey
triangles, 186 denoted by denoted by orange squares, 187 denoted by grey
squares. Dotted lines denote exponential kinetics. Where appropriate a mono or

biexponential fit was applied.

2.5 Conclusions

Excitation of 158 and 182 at 355 nm successfully initiated photodissociation of one of
the mutually trans CO ligands. This enabled the study of the ultrafast processes involving
[Mn(C~AN)(CO)4] via time-resolved multiple probe spectroscopy. No evidence for the 16
electron complex fac-[Mn(CAN)(CO)s] was seen. Instead, at the shortest pump-probe
delay vibrationally ‘hot” fac-[Mn(C”AN)(CO)s(solvent)] was observed. The solvent bound
complexes proceeded to undergo ligand substitution (ca. 50-500 ns) with more
favourable ligands, including residual water in ‘anhydrous’ solvent and dissolved

dinitrogen- forming one of a handful of manganese dinitrogen complexes. The
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dinitrogen bound complexes persited for the duration of experiments in anhydrous n-
heptane, indicating a degree of stability. This stability could allow the study of

alternative ways to activate dinitrogen.

Addition of catalytically relevant alkynes, imine, or isoquinoline resulted in their
preferential coordination over N, and water in all instances, except for diphenyl
acetylene in toluene solution. Phenyl acetylene displaced the coordinated solvent
ligand, coordinating as n?-HCCPh. In the absence of 178 or 180 the alkyne then
underwent migratory insertion, forming a 7-membered manganacycle. The lifetime of
the n2-HCCPh bound alkyne complex was reduced when the less electron rich
5-membered manganacycle 182 was used, speeding up the rate of migratory insertion.
Isoquinoline 180 was found to be the most thermodynamically favourable ligand
coordinated in the vacant site generated though CO loss, implying that product
inhibition is likely to occur in the system reported by He and co-workers.[% To further
distinguish between the water coordinated complex 160 and the 7-membered
manganacycles formed, experiments could be conducted under an atmosphere of CO.
If the water complex 160 had formed, then re-coordination of a CO ligand would be
expected to ultimately occur. Conversely, if the alkyne has undergone a migratory
insertion reaction to form a new carbon—carbon bond, then re-coordination of a CO

ligand would not be expected.
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Figure 77. fac-[Mn(CAN)(CO)s3(X)] species observed during the TRIR studies

conducted on 158 in toluene solution.

Compared to previous work by Hammarback and co-workers, who investigated the
coordination and migratory insertion of phenyl acetylene to a 2-phenylpyridine derived
manganacycle, phenyl acetylene undergoes substitution with toluene an order of
magnitude faster (3.43 + 0.45 x 107 s! compared to 3.85+ 1.24 x 106 s1).B9% This
highlights the increased reactivity of the system, likely due to the moving of steric bulk
an atom further from the heteroatom directing group. The rate of carbon-carbon bond
formation through migratory insertion proceeded in neat phenyl acetylene with a rate

constant, kobs, Of 3.3 + 0.2 X 10° s, while a rate constant, kobs, of 1.67 + 0.3 X 10° st
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was reported for the 2-phenyl pyridine derived analogue. Again, this highlights the

increased reactivity with the imine ligand.

N, possesses a stronger affinity toward the imine derived tricarbonyl complex fac-
[Mn(C~AN)(CO)s] than the 2-phenyl pyridine derivative. Prior work by Aucott and co-
workers investigating 2-phenyl pyridine derived fac-[Mn(CAN)(CO)s(Solvent)] complexes
only reported formation of fac-[Mn(C~N)(CO)s(H20)], not fac-[Mn(CAN)(CO)s(n*-N,)] in
a range of solvents including n-heptane and toluene. The dinitrogen complex was not
reported in any experiments by Hammarback and co-workers who also worked with the

2-phenyl pyridine derived 5-membered manganacycle 19.
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Chapter 3: The Methods of Activation of Manganese
Carbonyl Precatalysts used in C-H bond functionalisation
reactions
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Figure 78. Examples of reactions catalysed by different manganese carbonyl
precatalysts. Top: [Mn3(CO)10] catalysed reaction reported by and Sueki co-
workers.[®] Middle: [MnBr(CO)s] catalysed reaction reported by Zhou and co-
workers.!%®] Bottom: [Mn,Br,(CO)s] catalysed reaction reported by Yan and co-

workers.!78]

As discussed in detail in Chapter 1, the last decade has seen a rapid evolution in the field
of C-H bond functionalisation reactions catalysed by manganese carbonyl complexes,
examples of the main precatalysts employed in these transformations are depicted in
Figure 78.[1,241,4246,65,78,112,113] Dagpite this, little attention has been given to precatalyst
activation. This is highlighted by numerous publications where a proposed mechanism
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has been given, yet the mechanism for precatalyst activation has been ignored in its
entirety. Instead, the precatalyst is shown to form an on cycle 5-membered
manganacycle directly.!8 Figure 79 highlights an example where the change in oxidation
state was not addressed. [Mn;(CO)10] possesses two manganese centres which are Mn©,
while both [HMn(CO)s] and the 5-membered manganacycle product are Mn'. By having
a greater understanding of the mechanism for pre-catalyst activation, reaction
conditions can be optimised to address key issues in manganese (I) carbonyl catalysed

reactions, such as the requirement for a high catalyst loading.

O‘ H [Mn5(CO)4,] O‘ }Mn(CO)3L]

3 [HMn(CO)s] + CO +

N N

4 \ 4 \
—_— —_—
188 6 190 189

Figure 79. Proposed mechanism of activation for [Mn,(CO)10] by Yu-Feng and co-

workers.[>8]

In the field of manganese carbonyl catalysed C-H functionalisation reactions a clear
focus has been made on the development of synthetic methodologies. Research has
been directed towards investigating what new bonds can be formed, rather than the
underlying mechanisms that lie behind these reactions. This is highlighted by the
overlooking of the route of precatalyst activation entirely, and numerous publications

just proposing a catalytic cycle.[®1152]

Hammarback and co-workers explored the activation of [MnBr(CO)s] 191, using the
alkenylation of 2-phenylpyridine as a model reaction to probe precatalyst activation.>!
Two routes of precatalyst activation were discussed (see Figure 80). Following loss of a
CO ligand and solvent coordination (A), the two routes diverge. The first route involves
substitution of the solvent ligand with 2-phenylpyridine (B), activation of the 2-
phenylpyridine C-H bond through a cyclometallation deprotonation (CMD) step (C-D),
and substitution of a further CO ligand with phenyl acetylene (E). The second route
involves substitution of the initially bound solvent ligand with phenyl acetylene (F), base-
assisted deprotonation of phenyl acetylene to form an alkynyl complex (G), coordination

of 2-phenylpyridene (H), and a proton rearrangement (l), reaching the same final
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complex (E). It was found that direct activation of the C-H bond on 2-phenypyridine was
slow, and that the second proposed route of activation was preferred. However, the

route of activation for [Mn2(CO)10] was not explored.
191 [MnBr(CO)s]

-S,+CO (|+S, -CO
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-PhC,H A ;PV
+S/;hc2H -ppy
N

.S +S |
Br
[ ~N.
Mn(CO), Mn(CO)4
' Br +HNCy,
Ph—=——-H B Br
e -
Mn(CO),
Ph—=—="H
G
‘\: NHCy,
+S
'cyzNH2+Br-
5
Ph—==—Mn(CO),
H
k )
s \
Ph—=—Mn(CO),

|
-CO

Figure 80. To possible routes of activation for [MnBr(CO)s] proposed by
Hammarback and co-workers. Under conditions used by Hammarback and co-

workers the left hand route was found to be favourable.[®!

Further work by Hammarback and co-workers explored the role acids play in
manganese catalysed C-H bond functionalisation reactions.[!'¥ In the presence of
ethanoic acid 2-phenyl pyridine showed enhanced reactivity. This was demonstrated by
the alkenylation of 2-phenyl pyridine with diphenyl acetylene. The reaction between 2-

phenyl pyridine and diphenyl acetylene was unsuccessful in Zhou and co-workers initial
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study, in which 2-phenyl pyridine was only alkenylated successfully by terminal alkynes
(see Chapter 1, Figure 11).1¢l It was hypothesised that ethanoic acid provided the
additional source of “H” to form the desired product, which was previously

unachievable.

Dicyclohexylamine-derived conjugate acids were then tested with a variety of
substrates, including phenyl acetylene, propargyl benzoate, and butyl acrylate. The
proton source had little impact on the alkenylation of 2-phenylpyridine with
phenylacetylene, while a dramatic increase in yield was seen when a conjugate base was
used to aid the reaction with propargyl benzoate. Conversely, conjugate acids had a
negative impact upon the reaction between 2-phenylpyridine and n-butyl acrylate.
Hammarback and co-workers rationalised these observations with two key points.
Firstly, the conjugate base restricted formation of manganese hydroxyl clusters, which
are known to be catalytically inactive. Secondly, the lifetime of the 5-membered

manganacycles were increased. 5%

Herein, the [4+2] annulation of N-H imines and alkynes, forming an isoquinoline product
was employed as a model reaction to probe routes of precatalyst activation (see Figure
81).191 This particular manganese carbonyl catalysed reaction was chosen, as unlike
many transformations, the addition of an additive such as HNCy,!*®!, BPh3®483 or
ZnMe[%®! was not required. Furthermore, this provides a platinum-group metal-free
route towards an isoquinoline motifl*>-1171 which have medicinal applications due to

anti-inflammatory and anti-malarial properties.[118/11]

122



Chapter 3: The Methods of Activation of Manganese Carbonyl Precatalysts used in C-H
bond functionalisation reactions

]
R 0.1 mmol [MnBr(CO)5]
O NH R?
0.05 mmol [an(CO)m]
| | 10 mL 1,4-dioxane,
O R 12 hr, SN
105 °C, N, =
RZ

69 70
1 mmol. 1.5 mmol. 45-96%
Ph 5 mol % RuCl,(p-cymene),
\N,OH 30 mol % KPFg
| | MeOH, 60 °C, 24 hr
Ph Ph
192 30
1 equiv. 2 equiv.
R1O.N H 10 mol % Ni(cod),
| RZ-=—_R3 10 mol % dppf
O O Toluene, 110 °C, 6 hr
194 70 195
2 equiv. 1 equiv.
C6F5 (o}
™ 2.5 mol % Allylpalladium(ll) chloride O
S 10 mol % P(o-tolyl); N
> |
‘)\‘ 110 C4H,CN, 120 °C, 20 hr O O
197 198
1 equiv. 2 equiv.
AN.N 5 mol % (RhCp*Cl,),
I Ph 20 mol % AgNO;
)D I | 1 equiv. Cu(OAc), NZ |
H EfOH, 60°C, 1Zhr > pho N
Ph
Ph
199 30 193

1 equiv. 1.5 equiv.

Figure 81. Top:[4+2] annulation of N-H imines and alkynes by C-H/N-H

activation.[®®) Bottom: alternative routes for synthesis of an isoquinoline motif

Rh(115], Rylt16l, pglil7] and Nil119],

He and co-workers first reported this reaction, which was shown to perform similarly
using [MnBr(CO)s] and [Mn2(CO)10] as a precatalyst, giving yields of 92% and 87%
respectively.l®? Their substrate scope showed that the reaction proceeded with
moderate to high vyields for a range of electron-donating imines (varied R! and R?
groups), however no electron withdrawing imines were reported. A more substantial
substrate scope, changing R® and R* on the alkyne, showed that internal alkynes
generally gave a higher yield than terminal alkynes, unlike many manganese carbonyl
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catalysed reactions, which require the use of a terminal alkyne.™®! Steric bulk at R® and
R* had a moderate impact on yields, with a decrease from 92% to 73% reported when
changing from R = Ph to R = n-Pr. Similarly, a decreased yield of 63% was reported when

a p-methyl benzoate functional group was incorporated.

A limited mechanistic study was also conducted, which revealed aspects of the
mechanism (see Figure 82). First 2-styryl imine 200 was synthesised and probed under
catalytic conditions (A), however cyclisation to form the respective isoquinoline product
201 did not occur. Instead, 200 remained mainly unreacted, with 3,4-
dihydroisoquinoline 202 formed as a minor product. The reaction was then repeated in
the presence of 1.5 equivalents of phenyl acetylene (B). A small amount of the
isoquinoline product 203 was detected, most of 200 was involved in side reactions,
forming 204 and 205. This ruled out reaction progression via an alkenylation and
subsequent cyclisation. The precatalyst [MnBr(CO)s] was then heated in the presence of
imine 178, under similar conditions to those used in catalysis, and formed the 5-
membered manganacycle 158 in 30% vyield (C). 158 reacted stoichiometrically with
diphenyl acetylene to form the respective isoquinoline product 180 (84%) and cis-
stilbene (15%) (D). The yield was similar to that achieved when [MnBr(CO)s] was used as
a precatalyst, indicating that 158 is likely a catalytically relevant intermediate.
Intramolecular, intermolecular, and parallel reactions were then conducted to
determine KIE values (E-G). These were determined to be 1.9, 2.0 and 2.2 respectively,
and from this the conclusion that irreversible C-H bond cleavage might be involved in
the rate-determining step was made. Finally, GC analysis on the headspace of the
catalytic system indicated that H, production occurred, and this was proposed to be part
of the route for catalyst regeneration. Again, as with many other studies, no indication

was given on how [Mn3(CO)10] was activated.
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Figure 82. Mechanistic studies by He and co-workers.[5%

3.2 Aims and Objectives

The aims of the Chapter are to initially probe the various modes of activation for
precatalysts used in manganese (1) catalysed C-H bond functionalisation reactions, then
to optimise the light-dependant functionalisation of imine 178 using the precatalyst
[MnBr(CO)s].
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The [4+2] annulation of primary imines and alkynes, forming an isoquinoline, reported
by He and co-workers has been chosen as the model reaction used to probe
precatalysts.[®% [MnBr(CO)s], [Mn2(CO)10], and [Mn2Br2(CO)s] are precatalysts employed
in the literature. [Mn;(CO)s(1,1-bis(4-methoxyphenyl)methanimine), [BnMn(CO)s],
[Mn(CO)s(NCMe)]*, and [Mn(p-tolylacetylide)(CO)s] are alternative manganese

precatalysts that will be explored.
3.3 Activation of Manganese (l) Precatalysts

Initially, commercially available [MnBr(CO)s] 191 and [Mn2(CO)10] 102 from Insight
Biotechnology and Strem Chemicals UK were used as precatalysts in the [4+2]
annulation of primary imines and alkynes, forming an isoquinoline.l® |n almost all
literature studies, one of these two have been reported as the optimum precatalyst for
manganese (l) catalysed C-H bond functionalisation transformations. Mirroring the
original study by He and co-workers, 1,1-bis(4-methoxyphenyl)methanimine 178 and
diphenyl acetylene 26 were used as the model substrates.®® Thus, the 5-membered
manganacycle 158 was synthesised as an additional catalytically relevant species (see

Figure 83), which was discussed by He and co-workers as an on-cycle intermediate.!

Na/H 2 Equiv. BnClI
[Mny(CO);o] — 219 3 2 Na*[Mn(CO)s]" 3» [BnMn(CO)s]
102 20 °C, N, 20 °C, N, 212
MeO MeO
O O H co
NH = \MI‘\\CO
n
Toluene, 6 hr, O (of0)
O 110 °C, N,
OMe OMe
1 Equiv. 1 Equiv. 76%
178 212 158

Figure 83. Synthetic route to 158.

These complexes were then employed as precatalysts in the model reactions depicted
in Figure 84. The system was excluded from light for the duration of reactions, as

manganese (l) complexes typically possess a large extinction coefficient in the visible
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region of the electromagnetic spectrum and have been shown to undergo light-induced

CO loss.[°®l

MeO O OMe

O NH 0.1 mmol [Mn] - O

10 mL 1,4-dioxane,
It
» o O
O 105°C, Nz, MeO ZNph
OMe hv excluded Ph
1 mmol. 1.5 mmol.
178 30 180

MeO O
O NH 1 mmol [Mn] -
10 mL 1,4-dioxane,
It
O X hr,
O 60 °C, Ny,
OMe

hv excluded

1 mmol. 1.5 mmol.
178 30

Figure 84. Model reactions used to probe precatalyst activation. Top: Catalytic
reaction based on the model reaction used for optimisation by He and co-
workers.!®% Bottom: stoichiometric conditions, when applicable 1 equiv. of imine,
1 equiv. of [Mn] and 1.5 equiv. of alkyne were used. Typically, a temperature of 60

°C was used. However, this was increased to 80 °C when necessary.
3.3.1 [Mn2(CO)10]

The route of activation for [Mnz(CO)i0] was initially explored. This was the most
ambiguous precatalyst, as literature studies often assume that [MnBr(CO)s] and
[Mn2(CO)10] behave analogously, despite possessing different oxidation states. Even
though the metal centres in [Mn3(CO)i] are manganese (0), the active species

generated is presumed to be manganese (l), hence the probing of this precatalyst.

An initial experiment was conducted under the catalytic conditions outlined in Figure 84
and 0.05 mmol of [Mn2(CO)10] was used, due to two manganese centres present on the

precatalyst. In situ IR spectroscopic measurements were made on a Mettler Toledo

127



Chapter 3: The Methods of Activation of Manganese Carbonyl Precatalysts used in C-H
bond functionalisation reactions

ReactIR ic10 with a K6 conduit SiComp (silicon) probe and MCT detector using the

general methodology outlined in Chapter 6.
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Figure 85. IR Spectroscopic changes over time for the reaction of 158 + 26 = 180
under conditions described in Figure 84. [Mn] = [Mn3(CO)10]. [Mn,(CO)10] denoted
by blue square, 158 by black square, 2085 cm™*(216) band by red triangle, and

hydroxy-bridge clusters by brown diamond.

The three bands associated with [Mn3(CO)10] were seen throughout the experiment at
1982, 2014, and 2048 cm™ (see Figure 85). Despite this, a yield of 83% (87% lit. yield of
180%%)) was obtained for this experiment. This indicates that either [Mn2(CO)10] is
reformed during the reaction, or only a small proportion of active catalyst is generated.
As the reaction proceeded, two high energy stretching modes were detected at 2074
and 2085 cm?, along with a broad feature spanning 1870-1965 cm™. The band at 2085
cm™is assigned as an unknown species 216, which will be discussed in greater detail in
this section, and assigned in Chapter 4 based on additional evidence supporting the
assignment of IR bands. The broad feature matches those assigned to manganese
hydroxy and alkyne-bridged clusters reported by Hammarback and co-workers, who
observed their formation under a similar experimental setup.’® Hammarback and co-
workers also reacted [Mn3(CO)10] with water, and were able to synthesise, isolate and
characterise the manganese hydroxy-bridged cluster depicted in Figure 86.5Y This
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included the growing of a single crystal and the crystallographic structure was
determined to match that depicted in Figure 86, supporting the assignment of broad
feature in Figure 85 spanning 1870-1965 cm™. The band at 2074, corresponds with the
high energy A; stretching mode of 158, as discussed in Chapter 2, but a definitive
assignment cannot be made. Due to the weak intensity, bands at 1990, and 1980 cm™
are potentially masked by the low energy band of [Mn2(CO)10] (1982 cm™), while an
argument can be made for a weak band at 1940 cm™, which would fit with the B,

stretching mode of 158.

(CO);Mn——OH

(CO);Mn

Figure 86. Manganese hydroxy-bridged cluster 213 reported by Hammarback and

co-workers.[?t

The reaction was repeated with a stoichiometric quantity of imine 178, alkyne 26 and
[Mn2(CO)10] at 60 °C (see Figure 84). However, [Mn3(CO)10] remained unreacted. Upon
increasing the reaction temperature to 80 °C, and repeating the experiment, the bands
belonging to [Mn3(CO)10] depleted, and formation of the isoquinoline product 180 was
detected via *H NMR and MS aliquots. The formation and depletion of 216 and 158 could
be followed by in situ IR spectroscopy. 216 and 158 were formed on similar timescales,
as depicted in Figure 87. However, biexponential fits struggled to fit the data due to

noise and observed rate constants could not be obtained.
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Figure 87. Kinetics for the formation and loss of 2085 cm™ band and 158. 158

denoted by black square, and 2085 cm™! band by red triangle.

To gain further insight into the activation of [Mn3(CO)i0] in this reaction, the
coordination of an imine molecule was investigated. Precatalyst activation must
proceed through either the Mn-Mn bond, or one of the Mn-CO bonds being broken, as
explored in detail within Chapter 4. Firth and co-workers also demonstrated that
cleavage of the Mn-Mn bond ultimately forms either a fac-[Mn(CO)s(solvent)s]* or
[Mn(CO)s(solvent)]* cation.[’” [Mn(CO)(NCMe)s]*PFs was synthesised as analogue for
fac-[Mn(CO)s(solvent)s]* (see Figure 88). CO-loss in the presence of a ligand is expected
to give the complex [Mn2(CO)q(L)], where L = a 2-electron donor ligand. Peng and Gao
demonstrated that [Mn2(CO)s(pyridine)] could be prepared by chemically inducing
dissociation of a CO ligand from [Mn32(CO)10], with trimethylamine N-oxide, in the
presence of pyridine.['29) This was repeated in the presence of imine 178 to give

[Mn3(CO)q(1,1-bis(4-methoxyphenyl)methanimine)] (see Figure 88).
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[Mn,(CO)4,] NOPFg o IM(CON(NCMe) T PF -
MeNC, 50 °C, 24 hr’ [Mn(CO)s( )s]"PFg
1 equiv. 2 equiv. 20%
102 214 215
0@
,an(CO)g

1 equiv. \,ilé

NH HN
I
[Mn5(CO)40] >
methylene chloride, O O
MeO OMe OMe

rt., 1 hour MeO

1 equiv. 1 equiv. 33%
102 178 216

Figure 88. Top: synthetic route for [Mn(CO)(NCMe)3]*PF¢ 215. Bottom: synthetic
route for [Mn,(CO)q(1,1-bis(4-methoxyphenyl)methanimine)] 216.

The structure of 216 was then confirmed via a single crystal isolated by recrystallisation
from hot n-hexane. The structure demonstrated that one of the mutually trans CO
ligands had dissociated, rather than the terminal CO ligand trans to the second

manganese centre (see Figure 89).

131



Chapter 3: The Methods of Activation of Manganese Carbonyl Precatalysts used in C-H
bond functionalisation reactions

o c
Q% wn
aen
@ o

\_/

; \@——-’.‘.)

Figure 89. Crystallographic structure of the manganese complex [Mn2(CO)q(1,1-

bis(4-methoxyphenyl)methanimine)] 216.

215 and 216 were then employed in the catalytic model reaction shown in Figure 84,
testing their catalytic relevance. The manganese cation 215 was found to be catalytically
inert, not forming isoquinoline 180. Whereas, when 216 was used as the precatalyst, a
yield of 88% was recorded, reflecting observations when [Mn3(CO)10] was used as a
precatalyst. To further support the catalytic significance of 216, the metal carbonyl
stretching modes are positioned at 2084, 2019, 1998, 1980, 1958, and 1929 cm™ in
toluene, providing a potential candidate for the band at 2085 cm™ in Figure 85. This
assignment is supported further in Section 4.4.3 where TRIR studies clearly demonstrate
the reaction between [Mn;(CO)s] and the imine 178 to form 216. Conversely 215 had
bands positioned at 1975 and 2065 cm™, neither of which were observed in the initial

experiment.
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Table 7. Yield of 180 when [Mn;(CO)10], 216, and 215 were used in the model

reaction depicted in Figure 84.

Precatalyst Yield/ %
[Mn2(CO)10] 83
[Mn(CO)(NCMe)s]*PFe 0
[Mn2(CO)s(1,1-bis(4-methoxyphenyl)methanimine)] 88

An experiment was then caried out using 216 as the manganese precatalyst in the model
reaction, in which reaction progress was monitored via in situ IR spectroscopy, as with
[Mn2(CO)10] (see Figure 90). Initially only the precatalyst 216 was observed in solution.
The bands associated with 216 decayed over the course of ca. 30 minutes. In their place
bands associated with 158, [Mn2(CO)10], and finally features due to manganese hydroxy-
bridged grew in intensity. Application of a mono exponential fit to the band at 2085 cm™!
for 216 gave a rate constant kobs of 2.7 + 0.6 X 103 s, while the band at 2074 cm™
associated with 158 grew in with a rate constant kops 0f 2.7 + 0.3 X 103 st indicating that
216 was converting into 158 (see Figure 91). Finally, a mono exponential fit applied to

the [Mn2(C0O)10] band at 2048 cm™® gave a rate constant kobs of 1.9 £ 0.12 X 10351,
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Figure 90. IR spectroscopic changes over time for the reaction of 178+ 216 - 180

under conditions described in Figure 84. [Mn] = 216. [Mn,(CO)10] denoted by blue

square, 158 by black square, 216 band by red triangle, and hydroxy-bridge clusters

by brown diamond.
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Figure 91. Kinetics for the loss of 216 and formation/loss of 158. 216 denoted by

red triangles and 158 denoted by black squares. Dotted lines denote exponential

kinetics. Where appropriate a mono or biexponential fit was applied.
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To further cement the hypothesis that 216 converts into 158, a stoichiometric quantity

(1 mmol dm3) of 216 and imine 178 were heated at 60 °C in the absence of alkyne 26,
preventing further reaction (see Figure 92). Reaction progress was followed via in situ IR
spectroscopy. At 60 °C formation of 158 was not observed, only thermal decomposition
of 216 occurred, forming manganese clusters. Upon heating the reaction mixture to 80
°C, 216 converted directly to 158 over the course of ca. 3 hours and remained for the
duration of the reaction. Exponential fits gave a rate constant kobs of 2.2 +0.2 X 105!

and 2.0 £ 0.1 X 10 s for the loss of 216 and formation of 158 respectively.

1.00- 1.0¢
0.8}
[a]
x O 0.6}
@
0.751 2 0.4}
g
i 0.2}
=) ) 0.0
©0.501 Ay l
I s L 2
% y 1.0¢ L 2 1.5 hours
*
TN 0.8}
J [a]
0.25 ] \‘ 2 ol
: @
1, e ot o b g 04
0.00 %2 0.2}
- 0.0}
00 15 30 45 60 75 9.0 1850 1900 1950 2000 2050 2100 2150
Time/ hours

Wavenumber/ cm™

Figure 92. Left: Kinetics for the loss of 216 and formation 158. Dotted lines denote
exponential kinetics. Where appropriate a mono or biexponential fit was applied.
Arrow denotes when the temperature was increased to 80 °C. Right: IR
spectroscopic changes over time for the reaction of 178+ 216 = 158. 216 denoted
by red triangles, 158 denoted by black squares, and hydroxy-bridge clusters by

brown diamond.

Finally, a 1 mmol dm solution of 216 in 1,4-dioxane was heated at 80 °C in the absence
of imine 178 and alkyne 26, while being followed via in situ IR spectroscopy (see Figure

94). The aim was to assess if further imine is required to active the precatalyst, or if
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heating of 216 results in C-H bond activation of the bound imine molecule. The kinetics
for the loss of 216 no longer abided to an exponential fit. Furthermore, [Mn3(CO)10] was
observed to form prior to the 5-membered manganacycle 158. This implies that 216 was
breaking down, forming [Mn2(CO)10] plus free imine: 158 only formed at later times
when free imine was present. To further cement this argument, a reaction aliquot was
taken from a catalytic reaction, and analysed by 'H nmr spectroscopy (see Figure 93).
This sample had peaks associated with the reduced amine. These peaks were highlighted
further by spiking in a sample of the amine to the aliquot (see Figure 93). This indicates
that free imine is necessary for activation of the precatalyst 216. The liberated imine has
two potential roles. It can be sacrificially reduced to the respective amine, balancing the
overall redox state, as manganese is oxidised to manganese (l). Secondly, the
imine/amine side product can act as a base, aiding the C-H bond activation of the bound

imine ligand.
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Figure 93. 1: Reaction aliquot. 2: Reaction aliquot spiked with 1,1-bis(4-
methoxyphenyl)methanamine. 1,1-bis(4-methoxyphenyl)methanamine denoted by

black arrow.
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Alternatively, the 19-electron [Mn(CO)s3(Solvent)s] radical could be generated in situ (see
Chapter 4), and reacts with 216 to form [Mn(CO)s], and 158 through heterolytic

cleavage of the Mn-Mn bond, and free imine just acts as a base to aid with the CMD

step.
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Figure 94. Left: Kinetics for the loss of 216 and formation 158. Right: IR
spectroscopic changes over time for the reaction of 178+ A = 158. 216 denoted
by red triangles, 158 denoted by black squares, [Mn3(CO)i0] denoted by blue

square, and hydroxy-bridge clusters by brown diamond.

In the [4+2] annulation of biaryl imines and alkynes, to form an isoquinoline product
[Mn2(CO)10] proceeds to be activated via thermal dissociation of a CO ligand at greater
than 80 °C, subsequently imine 178 coordinates to form [Mn3(CO)s(1,1-bis(4-
methoxyphenyl)methanimine)] 216. 216 then requires free imine ligand to undergo C-H
bond activation and form the 5-membered manganacycle 158, that the subsequent
reactivity of which was studied in Chapter 2 as an alkyne coordinates and undergoes a

migratory insertion.
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Figure 95. Route of activation for [Mn3(CQO)10] based on work in Chapter 2 and 3.

3.3.4 [BnMn(CO)s]

H
o [BnMn(CO)s]
Hexane, Ny, 60 °C, 6h — ,IMn(CO),]
o
1 equiv. 1 equiv. 55%
218 212 13

Figure 96. Literature example of [BnMn(CO)s] being used in the synthesis of a 5-

membered manganacycle.!??1!

The route of activation for [BnMn(CO)s] 212 was then explored, as this is a known
precursor to 5-membered manganacycles, such as those discussed in Chapter 2 (see
Figure 96 for an example).[*21 Thus it is expected that [BnMn(CO)s] will undergo rapid

C-H bond activation, making it an appropriate precatalyst.

Initially a stoichiometric reaction between 1 equiv. of [BnMn(CO)s] 212 and 1 equiv. of
imine 178 was conducted following the reaction scheme in Figure 84 (see Figure 97). By

ca. 1.5 hours bands associated with 212 had depleted, and in their place the bands
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attributed to 158 grew in. Using the high energy band of 212 at 2108 cm™, kinetics were

followed for the loss of 212 and a rate constant, kobs of 8.8 + 0.4 X 10 s’ obtained from
the mono exponential fit. Within 95% confidence limits, 158 grew in with a rate
constant, kobs of 8.3 £ 0.4 X 10 s, indicating that 212 converted directly to 158. As 212
was observed to convert directly into 158, and no intermediates were detected, CO
dissociation must be the rate determining state, and CMD occurs rapidly following the
loss of CO and coordination of an imine ligand. At longer times, the degradation of

manganese complexes were observed, with manganese clusters forming.
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Figure 97. Left: Kinetics for the loss of 212 and formation of 158. Dotted lines
denote exponential kinetics. Where appropriate a mono or biexponential fit was
applied. Right: IR spectroscopic changes over time for the reaction of 212 + 178>
158. 212 denoted by green triangles, 158 denoted by black squares, and hydroxy-

bridge clusters by brown diamond.
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The experiment was then repeated with 1 equiv. of imine 178, 1.5 equiv. of alkyne 26,
and 1 equiv. of manganese complex 212 (see Figure 98). The aim was to assess how the
presence of alkyne impacts the formation of 5-membered manganacycle 158. When in
the presence of diphenyl acetylene, the 5-membered manganacycle 158 formed with a
kobs of 2.3 + 0.3 X 10* s, which was approximately four times slower than in the
absence of diphenyl acetylene. 212 was not observed to convert directly into 158 in this
instance. Instead, an intermediate with a band at 2050 cm! was observed after ca. 1
hour, which depleted with a rate kobs of 2.7 + 0.2 X 10* s, corresponding to the
formation of 158. The band at 2050 cm™ is proposed to correspond to the alkyne-bound
complex [BnMn(CO)a(n2-Ph2C;), as this band was only observed in the presence of 26.

Again, at times > 1hour, bands attributed to manganese clusters were observed.
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Figure 98. Left: Kinetics for the loss of 212 and formation of 158 in the presence
of 26. Dotted lines denote exponential kinetics. Where appropriate a mono or
biexponential fit was applied. Right: IR spectroscopic changes over time for the
reaction of 212 + 178> 158. 212 denoted by green triangles, 158 denoted by black

squares, 219 by orange circles, and hydroxy-bridge clusters by brown diamond.
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This indicates that alkyne coordination is competitive with coordination of imine 178, as

seen in ultrafast studies in Chapter 2. The coordination of phenyl acetylene is likely
thermodynamically favourable to coordination of imine 178. But once an imine molecule
coordinates, and undergoes a CMD reaction to form 158, this is an irreversible process,
and 219 cannot be reformed. Also, no evidence for a 5-membered manganacycle with
an alkyne coordinated was seen. Only the bands for the tetracarbonyl complex 158. This
implies that C-H bond activation was not proceeding via formation of an alkynyl

complex when [BnMn(CO)s] was used as a precatalyst, as discussed in Section 3.3.5.
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Figure 99. Route of activation for [BnMn(CO)s] under catalytic conditions.

3.3.5 [Mn(CO)s(p-tolylacetylide)]

Previous work by Hammarback and co-workers highlighted the role alkynyl manganese
complexes play in the activation of C-H bonds (see Figure 100). Activation at the site of
the terminal proton belonging to phenyl acetylene was preferential to C-H bond

activation directly on 2-phenyl pyridine, as depicted in Figure 100.5Y The alkynyl
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complex was then demonstrated to be able to react with 2-phenyl pyridine, activating

the C-H bond and forming a fac-[Mn(C*N)(CO)s(n2-HCCp-tolyl)] complex.
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Ph—==—Mn(CO), Rapid Slow
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H
\
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( |
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Figure 100. Initial modes of C-H bond activation explored by Hammarback and co-

workers.[®1]

The literature manganese (1) complex [Mn(CO)s(p-tolylacetylide)] 223 was synthesised
as shown in Figure 101, and subsequently used as precatalyst in both a stoichiometric
and catalytic reaction. To test whether this is an alternative route of precatalyst

activation in our system, 223 was heated in the presence of imine 178.
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Figure 101. Synthetic route to 223.

1 equiv. of 223 and imine 178 were reacted together stoichiometrically at 60 °C, and the
reaction progress monitored by in situ IR spectroscopy (see Figure 102). Compound 223
was observed to deplete over the course of ca. 20 hours, and in its place two bands at
1914 and 1941 cm™ initially grew in. These bands were masked by manganese clusters
at later times, preventing kinetic analysis for the formation of 224. The bands attributed
to 223 were subtracted from the spectrum at 3 hours, revealing a third band position at
ca. 2020 cm™ for 224. Based on the infrared spectrum indicating a tricarbonyl complex
and the mechanism proposed by Hammerback and co-workers, a structure for 224 was
tentatively proposed as depicted in Figure 103. This complex possesses similar metal
carbonyl stretching frequencies to the analogous complex 169 which was discussed in
Chapter 2. If 169 is the structure proposed in Figure 103, then C-H bond activation
proceeding through an alkynyl complex is a plausible route when terminal alkynes are

use.
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Figure 102. IR spectroscopic changes over time for the reaction of 223 + 178. 223
denoted by blue triangles, 224 denoted by red pentagons, and hydroxy-bridge

clusters by brown diamond.* Bands atributed to 223 subtracted from the spectrum

at 3 hours.
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Figure 103. Structure of 169 and proposed structure for 224.

Based on the observed intermediate in Figure 102, a mechanism for activation of the
ortho C-H bond of 178 was proposed. This mimicked the previously proposed
mechanism by Hammarback and co-workers, in which the proton of the activated C-H
bond is transferred to the alkynyl complex, reforming the respective alkyne.

Subsequently, it is expected that the alkyne will insert via a migratory insertion, forming
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a 7-membered manganacycle, and then undergo a reductive elimination to form the

respective isoquinoline product (see Figure 104). [>1]

-CO H HN CO Proton H
+$$2 V4 rearangement N
—>4©§M —CO ——F4# > - \M co
|| 1,4-dioxane ¢n\ -Co ~ T( )3
Mn(CO)s oc co \ r} = p-tolyl
223 225 226 OMe

MeO

»

Catalytic |

cycle \N‘H
: Mn(CO);
MeO —

H p-tolyl

227

Figure 104. Proposed mechanism for the activation of 223.

3.3.6 [MnBr(CO)s] and [MnBr(1,1-bis(4-
methoxyphenyl)methanimine),(CO)s]

[MnBr(CO)s] 191 was probed as the last major precatalyst. Initially a stoichiometric
guantity of [MnBr(CO)s] and imine 178 were reacted in 1,4-dioxane following the
conditions outlined in Figure 84 (see Figure 105). An almost instantaneous reaction
occurred, with a new species 228 possessing bands at 1914, 1942, and 2026 cm* forming
by the first measurement at 30 seconds. By ca. 6 minutes, complete loss of [MnBr(CO)s]
had occurred, and the bands at 1914, 1942, and 2026 cm™ were observed, along with
four further bands at 1953, 2007, 2050, and 2095 cm™ assigned to 229. These bands
then proceeded to remain for the duration of the reaction. When repeated in the
presence of alkyne 26 no alteration in speciation was observed. Furthermore, when the
experiment was conducted under the catalytic conditions outlined in Figure 84 the
respective isoquinoline product 180 was not detected, despite He and co-workers
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reporting a yield of 92% for the transformation under these exact conditions.®” Instead

228 and 229 were observed as the sole metal carbonyl possessing species for the

duration of the reaction.
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Figure 105. Spectroscopic changes over time for the reaction of 178 + 191. 191
denoted by green diamonds, 228 denoted by yellow circle, and 229 by pink

triangles.

Complex 228 was isolated from the reaction mixture associated with Figure 105 and
single crystals obtained via a recrystallisation from methylene chloride/ n-pentane. The
structure was then determined to be as depicted in Figure 106. To support the in situ
assignment of metal carbonyl stretching modes, a solution phase IR spectrum of 228
was recorded in 1,4-dioxane, giving bands positioned at 1908, 1939, and 2026 cm™. The
coordinated bromine and two N-coordinated imine ligands indicate that C-H bond
activation had not occurred, explaining why the isoquinoline product was not detected.
He and co-workers never reported this complex, instead they reported the reaction of
178 and [MnBr(CO)s] to form the 5-membered manganacycle 158 with a yield of 30%
(see Figure 82D).[60]
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Figure 106. Crystallographic structure of the manganese complex fac-

[MnBr(CO)s(1,1-bis(4-methoxyphenyl)methanimine),] 228.

Attempts were made to crystalise the second reaction component, complex 229,
however a single crystal was never successfully grown, 228 was always isolated as single
crystals. Several experiments were conducted to aid with the elucidation of 229. Initially
a stoichiometric quantity of imine 178 and [MnBr(CO)s] were reacted as in Figure 105,
this time with a reduced temperature of 45 °C (see Figure 107). This resulted in partial
reaction of [MnBr(CO)s], which initially formed 228, before an equilibrium between 228
and 229 was established at ca. 1 hour. Rate constants, kobs, of 1.0 £ 0.6 X 103 s and of
1.6 £ 0.1 X 1073 s were obtained for the initial loss of 228 and formation of 229. The
concentrations of 228, 229, and 191 then remained constant. A further equivalent of
imine was added to the system, and this resulted in rapid depletion of 229 forming
further 228 and consumption of the remaining precatalyst 229. Rate constants, kobs, Of
5.1+0.7 X 103stand of 4.3 +0.3 X 103 s! were obtained respectively for the loss of

229 and formation of 228.
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Figure 107. Kinetic profile for the stoichiometric reaction between 191 and 178 to
form 228 and 229. Arrow depicts when a second equivalent of imine 178 was
introduced into the system. 191 denoted by green diamonds, 228 denoted by

yellow circle, and 229 by pink triangles.

The experiment was then repeated with two equivalents of imine 178 initially in the
system (see Figure 108). Conversion of 191 to 228 was observed, as in prior experiments.
However, subsequent equilibration of 228 with 229 did not occur. Instead, a small
proportion of 229 formed over the course of the reaction. These experiments indicate
that the equilibrium between 228 and 229 is dependent on the concentration of 178.
When one equivalent of 178 is present formation of 229 is favoured, while two

equivalents or greater of 178 drives the formation of 228.
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Figure 108. Kinetic profile for the stoichiometric reaction between 191 and two

equiv. of 178 to form 228 and 229.

LIFDI mass spectrometry spectra gave further evidence for the structure of 229. A mass
ion of 917.90432 m/z was detected, which corresponds to the molecular formula
C36H30N2010Mn2Bry, or [Mn2Bra(1,1-bis(4-methoxyphenyl)methanimine);(CO)s]. From

this formula the strutures in Figure 109 were proposed.

oc,, 0 o Bru,,,,“'gln‘ .CO oc,,“(u;g“u Br,,, ?‘:\ \.L oc,, 0 o Bry,,,, 9: .CO o0cC,, 0 o Bry,,, slo \CO
00T Lo B Eo 00 g e {500 OC7 {g~er [TTC0 L7 g e ¢ Teo
c D
oc,,“';n‘.mBru,,,,:-nZ \CO L,,;g.mBru,,,,“?I: \CO oc,,?g.mBrn,,,,?:\co oc,, Il'n,.n\B"n,,,,l\cl’:I:\L
OCT " SBr™ L5700 7L~ Br™ Lo €0 LB Lol OCT LB Lo TCO
E F G H

Figure 109. Proposed structures for 229 based on LIFDI mass spectrometry data.

NMR experiments gave additional information about the structure of 229. Subtraction
of the peaks associated with 228 from the NMR spectra of 229 (Figure 110) left
distinctive 'H peaks at 8.78, 3.88, and 3.84 ppm for the NH and OMe protons
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respectively. The presence of one NH and two OMe environments indicates there are
two chemically equivalent imine ligands. However, the two aromatic groups of the imine
ligands are chemically inequivalent due to slow exchange at the C=N bond accounting
for the two OMe environemnts. The 3C NMR spectrum supports this assignment, with
one enviroment for the C=N carbon, and two for the OMe carbons at 185.5, 56.0, and
55.9 ppm respectively, along with 8 aromatic carbon environments. This rules out
complexes 229D and 229H in which the two imine ligands are chemically inequivalent.
229E and 229F are also unlikely complexes, as equilibriation between 228 and 229
would involve CO dissociation and association and no further intermediates were

detected when 229 was in solution (see Figure 111).
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Figure 110. Top: *H NMR spectrum of 229. Bottom: *C NMR spectrum of 229. Peaks

associated with 229 indicated by peak picking.
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Finally to distinguish between 229A, 229B, 229C, and 229G the metal carbonyl
stretching modes in Figure 109 were examined. Structures 229A and 229G possess the
point group (Cay), which explains the bands at 1953, 1978, 2007, 2050, and 2095 cm™
(see Figure 111). The Cyy point group is composed of two mirror planes oy(xz) and oy(yz),
a C,, axis of rotation and the identity E. Application of these symmetry elements to 229A
and 229G results in the reducible representation li,(CO) = 8E+20y(xz) and 8E+20(yz).
Inspection of the point group table and application of equation 1 in Chapter 2 reveals
2A1+B1+A2+2B, and 2A1+2B1+A+B, to be the irreducible representations for the CO
ligands of 229A and 229G, respectively. Following the infrared active modes in Table 8,

A1, B1, and B3 stretching modes are predicted to be infrared active.

Conversely, only 3 metal carbonyl stretching modes were predicted for 229B and 229C
which possess Con symmetry. The Con point group is composed of one on mirror planes,
a C,, axis of rotation, centre of inversion, i, and the identity E. Application of these
symmetry elements to 229B and 229C results in the reducible representation Iip(CO) =
8E+20h. Inspection of the point group table and application of equation 1 in Chapter 2
reveals 2Ag+Bg+Au+2By to be the irreducible representations for 229B and 229C.
Following the infrared active modes in Table 9, A, and By stretching modes are predicted

to be infrared active.

Based on the NMR, IR and LIFDI MS data discussed above, the structure of 229 is most
likely either 229A or 229G, with the two structures being indistinguishable for each
other with the data currently available. In order to determine which of these structures

is correct, a single crystal would need to be grown and the structure solved.
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Figure 111. IR spectra of 228 and 229 in toluene. 228 denoted by yellow circle, and
229 by pink triangles.

Table 8. C,, point group table.

ot G ob) aim e

A1 +1 +1 +1 +1 z

Az +1 +1 -1 -1

B1 +1 -1 +1 -1 X

B> +1 -1 -1 +1 Y

Table 9. Cyh point group table.

Cor £ c, i o Llne.ar
functions

Ag +1 +1 +1 +1

Bg +1 -1 +1 -1

Ay +1 +1 -1 -1 z

Bu +1 -1 -1 +1 X, Y
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Table 10. Group theory analysis on candidate complexes for 229.

Complex Point group Irreducible representation IR active modes
229A Cov 2A1+B1+A>+2B> 2A1+B1+2B>
229B Con 2As+Bg+A +2By A+2B,
229C Can 2Ag+Bg+A+2B, A+2B,
229G Cov 2A1+2B1+A2+B> 2A1+2B1+B>

No C-H bond activation had been observed at this point. So, the focus then returned to
the activation of 228. Several experiments were conducted, looking at alternative routes
of promoting C-H bond activation of the bound imine ligands (Figure 112). Expectedly,
228 in the presence of two equivalents of alkyne 26 resulted in no reaction after 16
hours. The first approach to promote C-H bond activation was through the addition of
dicyclohexylamine base, as was employed by Zhou and co-workers.“¢! Addition of HNCy>
successfully promoted activation of the bound imine, with 180 forming quantitively. The
addition of base likely aids the deprotonation of the highlighted proton on the imine
ligand, with [H2NCy:]*Br being favourable to HBr formation. Diphenyl acetylene was
then substituted with phenyl acetylene 230. The intention was to enable an alternative
route of activation through formation of an alkynyl complex, as proposed by
Hammarback and co-workers.>¥ The use of a terminal alkyne resulted in isoquinoline
231 forming quantitively, indicating that precatalyst activation can proceed through an
alkynyl complex. Finally, 228 and 26 were heated as in the initial control, this time while
exposed to ambient laboratory light. Surprisingly the isoquinoline product 180 was
detected. Through use of a “white” LED array, the conversion was increased to being
guantitative. In all the examples where the respective isoquinoline product was formed,
guantitative conversion was seen, rather than formation of one equivalent of
isoquinoline. This indicates that once one imine ligand has undergone functionalisation,
the remaining manganese complex is catalytically active and goes on to functionalise

the remaining imine molecule.
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Figure 112. Stoichiometric reactions probing the activation of 228. 0.1 mmol of
228, 0.2 mmol of alkyne, 0.2 mmol of HNCy, where appropriate, and 10 mL of dry
1,4-dioxane. 6500 K white LED reference the spectrum of light emitted by a

blackbody emitter heated to 6500 K.

3.3.6.1 Effect of Base

The role of HNCy; in the activation of [MnBr(CO)s] was next explored. A catalytic

reaction following conditions in Figure 84, with 10 mol% HNCy, was monitored via in
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situ infrared spectroscopy (see Figure 113). Within ca. 10 minutes, [MnBr(CO)s] had

converted into 228, which proceeded to partially decompose as the reaction progressed.
Between ca. 10 minutes and 2 hours, a band at 1981 cm™ grew in and depleted, assigned
to a new species 232. The formation of 232 correlated with the initial formation of
isoquinoline 180 product, while depletion of 232 occurred as the reaction reached
completion. This indicates that the 232 was likely the resting state of catalysis. Figure
114 also implies that only a small proportion of 228 is activated and enters the catalytic
cycle. An aliquot was taken and submitted for LIFDI mass spectrometry. From this, a
mass-to-charge ratio of 735.17241 and 557.09202 m/z were detected, which
corresponds to a formulae of MnCssH34sNOs and MnCs2H24NOs. Likely structures based

on these formulae are proposed in Figure 114.
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Figure 113. IR spectroscopic changes over time for the model catalytic reaction
using [MnBr(CO)s] as the precatalyst and 20 mol% HNCy, as a co-catalyst. 228

denoted by yellow circles and 232 denoted by green circles.
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Figure 114. Top: Kinetic profile for 228 (yellow circles) and 232 (Green circles) in

Figure 113 Bottom: Proposed structures for the intermediate 232.

3.3.6.2 Effect of Terminal Alkynes

Next, the role terminal alkynes played in the activation of 228 was explored. A catalytic
reaction following conditions in Figure 84 with phenyl acetylene was monitored via in
situ infrared spectroscopy (see Figure 116). Again, initially 228 formed from
[MnBr(CO)s]. 228 was present for the duration of the reaction, with slight degradation,
forming manganese clusters as the reaction progressed. The bands for the
pentacarbonyl alkynyl manganese complex 223 were never observed, nor was a
distinctive resting state of catalysis seen. Aliquots taken from the reaction associated
with Figure 116 revealed an ion with a m/z of 584.0. This mass to charge ratio
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corresponded to a formula of CssH26MnNOs, 233A and 233B were proposed as likely

structures (see Figure 115). DFT calculations by Zhou and co-workers illustrated that for
the 2-phenylpyridine derivative, the alkynyl complex B was thermodynamically
favourable.*®l Combined with the reactivity of [Mn(CO)s(p-tolylacetylide)], this provides
tentative evidence for C-H bond activation proceeding via the formation of an alkynyl

complex when a terminal alkyne is used.

Figure 115. Proposed structures for 233A and 233B.
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Figure 116. IR spectroscopic changes over time for the model catalytic reaction
using [MnBr(CO)s] as the precatalyst and phenyl acetylene alkyne substrate. 228
denoted by yellow circles, 229 denoted by pink triangles, and manganese hydroxy-

bridged clusters by brown diamonds.

3.3.6.3 The Role of Light

Finally, the photochemical activation of [MnBr(CO)s] was investigated. A catalytic
reaction following a modified version of the conditions in Figure 84 where the sample
was irradiated with a 6500 K white LED array and monitored via in situ infrared
spectroscopy (see Figure 117). Rapid formation of 228 was observed at early times. As
in previous experiments, 228 decayed as the reaction progressed. In the place of 228,
the band at 1981 assigned to 232 formed, similarly to when HNCy; additive was
introduced. 232 remained until the reaction reacted completion, at which point the
band also depleted, leaving no obvious metal carbonyl complex. No manganese
hydroxy-bridged clusters were observed. This is possibly due to their photochemical

decomposition in the presence of light.
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Figure 117. IR spectroscopic changes over time for the model catalytic reaction
using [MnBr(CO)s] while being irradiated with a 6500 K white LED array. 228

denoted by yellow circles and 232 denoted by green circles.

To gain further insight into the role light plays in the activation of [MnBr(CO)s] and 228,
1,4-dioxane solutions of 228 were prepared at catalytic concentrations in the presence
of varying equivalents of imine, and irradiated with the white LED array (see Figure 118).
When a 0.1 mol dm™ 1,4-dioxane solution of 228 in a solution phase IR cell was
irradiated with the white LED array, 229 was observed in the first IR spectrum at 10
minutes. The bands associated with 229 then remained for the duration that the sample
was irradiated. After being covered with foil to exclude light and left overnight, the
bands for 229 depleted, and the bands for 228 increased in intensity, indicating
reformation of 228. When the experiment was repeated in the presence of imine ligand
178, the intensity of 229 decreased as the concentration of 178 increased. At a catalytic
equivalency of imine 178 (10 equiv.), 229 was not detected. This is due to the
equilibrium existing between 228 and 229. When the experiment was conducted with
10 equiv. of imine 178, the equilibrium will have been shifted further towards strongly

favouring 228 over 229. Consequently, in the time between irradiation ending and the
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IR spectrum being recorded which takes ca. 2 minutes any photochemically formed 229
had converted back to 228. These findings indicate that irradiation of 228 with the white
LED promotes dissociation of one of the imine ligands, and consequently enables

dimerisation to form 229.
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Figure 118. Left: Spectroscopic changes over time for the irradiation of a 0.1 mmol
dm3 1,4-dioxane solution of 228. Right: IR spectra at time = 40 minutes for the
irradiation of a 0.1 mmol dm™ 1,4-dioxane solution of 228 containing varying
equivalents of imine 178. 228 denoted by yellow circles and 229 denoted by pink

triangles.

To provide further evidence that visible light promotes loss of an imine ligand, the
fluorinated analogue of 228 was synthesised, as outlined in Figure 119. Due to the
addition of a fluorine atom on the aromatic ring of the imine, °F NMR spectroscopy
could be used to follow the reactivity of 234. Ligand exchange experiments were
conducted on 234. As a control experiment, a 0.05 mmol dm3 1,4-dioxane solution of
234 and 1 equivalent complex 228 were left in an amberised J Youngs NMR tube.
Meanwhile an equivalent solution was irradiated with the white LED array in a non-

amberised J Youngs NMR tube.
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Figure 119. Synthetic route to, and crystal structure of 234.
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Figure 120. Top: °F NMR spectrum of imine 239. Middle: °F NMR spectrum of 228
and 234 irradiated with the white LED array for 1 hour. Bottom: °F NMR spectrum

of 228 and 234 excluded from light in an amberised J Youngs NMR tube.

The control experiment in the amberised J Youngs NMR tube only showed peaks
associated with the complex 234. Conversely, the solution which was irradiated showed
two new peaks. These did not correspond to 234, nor was the peak associated with the
free imine 239 present (see Figure 120). This indicated that scrambling of the imine
ligands bound to 228 and 234 had occurred, providing further evidence that visible light
aids with loss of an imine ligand. Loss of an imine ligand provides a vacant coordination

site, which is required for CMD to occur, activating one of C-H bonds of an imine ligand.

Finally, to gain a greater understanding of how the wavelength of light impacted the
reaction, the wavelength of light was controlled. This was achieved through the
application of visible light filters to the LED array, as shown in Figure 121 and results are
displayed in Table 11. Specific UV/ visible light spectra for the filters are shown in
Chapter 6.6. A control experiment with no filter present gave a reduced yield of 10.5%,
due to the reduction in light intensity with the modified LED array. The filter at 412 nm

gave a low yield, likely due to the LED array not producing a high intensity of light at this
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wavelength. > 435 and > 458 nm filters gave the highest yield of 7.5%, which supports
the observation that ambient laboratory light activated the precatalyst. While the filters
at > 495 and > 520 nm gave reduced yields as the filter wavelength moved further away

from the Amax of 228.

Figure 121. Alteration to the LED array for cut-off and windowed filters.

Table 11. The impact of wavelength on yield of 180.

Yield when excluded

Filter A/ nm Type of filter from light/ %
None n/a 105
412 Windowed 11
435 Cut-off 7.5
458 Cut-off 7.5
493 Windowed 1.9
495 Cut-off 0.5
520 Cut-off 0.2
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Figure 122. Proposed reactivity for [MnBr(CO)s], including routes of activation.

3.3.8 [Mn3Br,(CO)s]

Finally, activation of the lesser used precatalyst [Mn;Br;(CO)s] 240 was investigated. Xie
and co-workers used this precatalyst as an alternative to [MnBr(CO)s] in several
studies.l”88081] Control experiments indicated that heating 240 to 105 °C in 1,4-dioxane
resulted in rapid formation of [Mn3(CO)10] within ca. 20 minutes (Figure 123). Heating
of 240 to 105 °C in the presence of imine 178 resulted in formation of 228 as with
[MnBr(CO)s] (Figure 123). From these control experiments, it could be postulated that
240 acts as a source of [MnBr(CO)s] or [Mn2(CO)10] depending on conditions, rather than

possessing its own route of activation and unique reactivity.
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Figure 123. Top: [Mn3Br,(CO)g] heated in the presence of imine 178. Bottom:
[Mn;Br;(CO)s] heated in 1,4-dioxane. 228 denoted by yellow circles, and 102

denoted by blue squares.

3.4 Optimisation of the Reaction Conditions for the [4+2]
Annulation of Primary Imines and Alkynes

Having established the modes of activation for relevant manganese carbonyl
precatalysts, the reaction used for probing the mechanism, the [4+2] annulation of
primary imines and alkynes was optimised further. Reaction aliquots for the
[MnBr(CO)s], [BnMn(CO)s], [Mnz(CO)i0], and [Mn(C~AN)(CO)s] catalysed reaction
revealed that the rection had reached completion by 4 hours (Figure 125). The kinetic
profiles for [Mn»(CO)10] and [Mn(C~AN)(CO)4] use the same conditions as reported by He
and co-workers. However, only [MnBr(CO)s] had a reported kinetic profile for the
formation of isoquinoline 180. This highlights the importance of fully screening potential
precatalysts, as [Mn(C~AN)(CO)4] achieved a comparable yield to [MnBr(CO)s] in 1/12t of
the time. Further screening with [BnMn(CO)s], the precursor to [Mn(C~N)(CO)4], showed

that a comparable catalyst performance could be achieved, while requiring less
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precatalyst functionalisation. Finally, the formation of 180 was followed when
[MnBr(CO)s] was irradiated with the white LED array. Under these conditions, the

reaction reached completion by ca. 3 hours, a significant decrease in time from that

reported by He and co-workers (12 hours).[60
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Figure 124. Updated model reaction.
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Figure 125. Reaction kinetics for the formation of isoquinoline 180 using the
conditions in Figure 124 vyellow square denotes [Mn(CAN)(CO)4], blue square
denotes [BnMn(CO)s], green square denotes [MnBr(CO)s] irradiated with a white
LED array, black squares denote [Mn2(CO)i0],a and red squares denote literature

date for [MnBr(CO)s] precatalyst.[”
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Out of all of the conditions screened, [MnBr(CO)s] gave the highest yield of 95% (entry
L), followed closely by [BAMn(CO)s] (entry C) and [Mn(CAN)(CO)4] (entry F). [MnCI(CO)s]
and [Mnl(CO)s] were subsequently tested as analogues of [MnBr(CO)s], but performed
significantly worse with yields of 0 and 29% respectively. Additon of HNCy;, gave a
similarly high yield of 90% (entry J), while activation of [MnBr(CO)s] with the terminal
alkyne phenyl acetylene gave a lower yield of 82%. Isoquinoline formation was further
inhibited by the irradiation of the reaction mixture with the white LED array, reducing
the yield to 29% (entry I). Several further terminal alkynes were tested (see Table 13). In
each instance a vyield reflecting the literature transformation was recorded in the
absence of light. Upon repeating the reactions while irradiating the reaction solution
with the white LED array a significant decrease in yield was observed. Conversely,
isoquinoline product was only detected for the internal alkynes used when the reaction
was conducted in the presence of light. This highlights the differences in precatalyst
activation. Terminal alkynes proceed through an alkynyl complex, and this species is
likely prone to photodecomposition, hence the reduction in yield when irradiated. In
contrast, irradiation is a necessity for precatalyst activation when an internal alkyne is

used.

Finally, due to the rapid product formation in Figure 125, [BhMn(CO)s] was tested as a
precatalyst in more challenging conditions for manganese (I) catalysed C-H bond
functionalisation reactions. The literature precedent for catalyst loading is 10 mol%
precatalyst when [Mn3(CO)10] or [MnBr(CO)s] are used. When catalyst loading was
dropped from the typical loading of 10 to 1% a yield of 33% was recorded. A reduction
in temperature to 60 °C, still resulted in isoquinoline formation, with a yield of 35%.
These observations indicate that [BnMn(CO)s] is a more readily activated precatalyst,

and less prone to deactivation.
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Table 12. Precatalyst condition scope using the reaction outlined in Figure 124. R?

and R? are Ph unless stated otherwise.

Mol

Entry Precatalyst % Notes yield
0
A [BhMn(CO)s] 1 33
B [BhMn(CO)s] 10 60 °C 35
C [BAMn(CO)s] 10 91
D [Mn2(CO)10] 5 83
E [an(CO)g(l,l-bIS(l'l-- ' 10 38
methoxyphenyl)methanimine)]
F [Mn(C~N)(CO)4] 10 94
. 1-Ethynyl-4-
G [Mn(CO)s(p-tolylacetylide)] 10 methylbenzene 80
H [MnBr(CO)s] 10 Phenyl 82
acetylene
Phenyl
acetylene,
[MnBr(CO)s] 10 White LED 29
array
J [MnBr(CO)s] 10 HNCy: 90
Ambient
K [MnBr(CO)s] 10 laboratory light 8
L [MnBr(CO)s] 1o  WhitelED o
array
M [MnBr(CO)s] 10 0
N [MnBr(1,1-bis(4- 10 White LED 87
methoxyphenyl)methanimine),(CO)s] array
0 [MnBr(l,l-bls.(4-. 10 0
methoxyphenyl)methanimine),(CO)s]
p [MnI(CO)s] 10 White LED
array
Q [MnCI(CO)s] 10 White LED 0
array
R [Mn(CO)3(NCMe)3]+PF6' 10 0

169



Chapter 3: The Methods of Activation of Manganese Carbonyl Precatalysts used in C-H
bond functionalisation reactions

Table 13. Yield when internal and terminal alkynes were used as the alkyne

substrate in Figure 124 and [MnBr(CO)s] as the precatalyst.

Yield when .
. . . Yield when
R groups Lit. Yield/ % €% Irr:;jhlftt:vagth excluded from
array/ % light/ %
Rl=Ph RZ=H 87 29 87
Rl= 3-thienyl RZ=H 45 14 34
Rl=c-Pr RZ=H 56 32 55
Rl=n-Pr R2=n-Pr 73 95 0
Rl= PMP RZ2= PMP 92 95 0
1_ 2
R =p- R=p- 79 79 0

fluorobenzene fluorobenzene

3.5 Conclusions

The mode of activation for a range of precatalysts used in manganese (l) catalysed C-H
bond functionalisation were determined. For the first time, the route of precatalyst
activation for [Mn(CO)10] was observed. In this reaction, initially loss of a CO ligand
occurred, as opposed to cleavage of the Mn—Mn bond. An imine ligand then coordinated
in the vacant coordination site, forming [Mn2(1,1-bis(4-
methoxyphenyl)methanimine)(CO)q] . In the presence of free imine, activation of the
C-H bond activation then occurred, forming the 5-membered manganacycle 158.
[Mn(CO)10] reformed from the [Mn(CO)s]- fragment of [Mny(1,1-bis(4-
methoxyphenyl)methanimine)(CO)q¢]. Potential roles of the imine are that an imine
molecule was sacrificially reduced to the amine as the manganese centre was oxidised
to manganese(l). Alternatively, imine could be reacting to form [Mn(CO)s(L)s] 19-
electron complex, and reacting with 216 to form [Mn(CO)s]" and 158. Following
formation of the 5-membered manganacycle 158, it was assumed that events reported
in Chapter 2 occur. [BnMn(CO)s] was observed to directly form 158, presumably through
a concerted metalation deprotonation (CMD) pathway, with CO loss being rate-
determining. In the presence of alkyne ligands, an intermediate with a n?- coordinated
alkyne was detected prior to formation of 158. [Mn(CO)s(p-tolylacetylide)] reacted with
free imine 178 in a similar manner to 2-phenyl pyridine, activating the C-H bond of the
imine ligand, and protonating the alkynyl complex. Finally, [MnBr(CO)s] was observed to
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undergo activation through a novel route. Under no circumstances was the 5-membered
manganacycle 158 detected. Instead, [MnBr(1,1-bis(4-
methoxyphenyl)methanimine).(CO)s] initially formed under all conditions. This complex
was then found to be catalytically competent when either a terminal alkyne was used,
HNCy; additive was introduced, or the reaction solution was irradiated with a white LED
array. The terminal alkyne likely provided an alternative pathway for activation through
formation of an alkynyl complex. The addition of HNCy; likely aids the deprotonation of
the imine ligand, with [H2NCy,]*Br being favourable to HBr formation. Finally, irradiation
of the reaction solution promoted the dissociation of an imine ligand, creating an
available coordination site for C-H bond activation to proceed via a CMD style

mechanism.
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Chapter 4: Ultrafast Time-Resolved Spectroscopy of
Decacarbonyl Dimanganese(0)

4.1 Background

The photochemistry of decacarbonyldimanganese(0) ([Mn2(CO)i0]) has long been a
topic of great interest due to the suitability of metal carbonyl complexes for time-
resolved spectroscopic studies.[1:1221231 Early works were focused on the determination
and characterisation of the radical photoproduct [Mn(CO)s].. This was due to
applications of [Mn2(CO)1o] such as those reported by Bamford and co-workers, where
it was used as an initiator in the polymerisation of acrylates in the presence carbon
tetrachloride (see Figure 126).[7°1 Here, initiation was proposed to proceed through
halogen atom transfer from carbon tetrachloride to [Mn(CO)s];, forming [MnCI(CO)s] in

the process. 73!

o)
H,Ce ocH O OCH; |
Mn,(CO)4 + CCl, e I ~
80°C gl
1 equiv. 6 equiv. g n
102 103 104

Figure 126. Polymerisation of methyl acrylate initiated by [Mn,(CO)10] reported by

Bamford and co-workers.

The first evidence for [Mn(CO)s]- was reported by Bidinosti and Mclntyre, where several
mass spectrometry experiments established that [Mn(CO)s]- was generated via
pyrolysis, as opposed to [Mn(CO)s]*.[*24! Following this, several attempts to isolate and
observe photochemically generated [Mn(CO)s]- were made in the 1970s using electron
paramagnetic (EPR) spectroscopy. 125} [126], [127] Thege reports of [Mn(CO)s]- were later
disproven, and assigned as [Mn(CO)s(0,)], along with several Mn(ll) complexes.[1281(12]
Observation of [Mn(CO)s]- was not made by EPR spectroscopy until 1981, at which point

other methods had been used to synthesise and characterise the complex. [1301(131]

Transient absorption (TA) spectroscopy provided in situ evidence for the formation of
[Mn(CO)s]. Hughey and co-workers used a broad pump wavelength of 310 nm <A <385
nm to photochemically excite [Mn2(CO)10] (o >0*)*32 in THF and obtained kinetics for
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the recovery of the ground state bleach band at 343 nm.!"33] Recombination of the

ground state bleach band was observed to occur via a second order process with a rate
constate, k = 1.9 X 10° s mol* dm?3 in THF. This supported their hypothesis that the
recombination of [Mn(CO)s]- occurred to form [Mn3(CO)10]. However, they reported no
transient bands assigned for [Mn(CO)s]-. Further TA studies by Waltz and co-workers
revealed [Mn(CO)s]' to have a Amax of 830 nm in THF. 134 This transient band was
reported to decay with a second order rate constant of 9.5 X 10% s mol? dm?3,
consistent with the value reported by Hughey and co-workers, supporting their

assignment.[133]

To establish the infrared stretching modes of [Mn(CO)s]:, matrix isolation was initially
used. Using an argon matrix, Huber and co-workers first reported carbonyl stretching
modes at 2060, 1965 and 1911 cm™ using a CO/Ar matrix. These fit with the predicted
number of stretching modes for a C4y square pyramidal pentacarbonyl complex.*3> This
assignment was later proved incorrect in work conducted by Church and co-workers,
who established the bands for [Mn(CO)s]- to be positioned at 1988 (E) and 1978 (A1).
Here [Mn(CO)s]- was synthesised from [HMn(CO)s] deposited on a solid CO matrix at 20
K via irradiation at A> 375 nm.!"31 Bands for [Mn(*2CO)s] were reported at 1987 cm™ (E)
and 1978 cm™ (Ai1). Further spectroscopic characterisation was conducted in this
instance, with evidence provided in the form of Uv/Vis spectra. A Amax of 798 nm was
reported, which reflected the previously reported solution-phase Amax of 830 nm in
THF.[1331 A further band was observed at A< 340 nm, this was missed in prior solution-
phase Uv/Vis spectra due to the dominant absorption band of ground-state [Mn2(CO)1o]
at 343 nm. Due to the nature of matrix isolation limiting diffusion, kinetic data were not

obtained during this work on [Mn(CO)s], unlike in TA spectroscopic studies.
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Table 14. Literature values for the UV/vis and infrared bands of [Mn(CO)s]-.

UV/ViS Amax A/ UV/VIS Amax B/

Medium IR active bands/ cm™ reference
nm nm

THF 830 n/a n/a [134]
Propan-2-ol 830 n/a n/a [136]
CCla 827 n/a n/a [137]
Cyclohexane n/a n/a 1985 [138]
Propan-2-ol n/a n/a 1985 [138]
Heptane n/a n/a 1988 [139]
NCMe n/a n/a 1985 [140]
CO matrix 798 <340 1987, 1978 (131)
CO/ Ar matrix n/a n/a 2060, 1965, 1911 [135]
Gas phase n/a n/a 2000 [141]

Hughey and co-workers hinted towards a second species forming in their TA
spectroscopy studies.!!33 They postulated that formation of [Mn(CO)sL] occurred, where
L was a coordinating ligand. This was based on recovery of the ground state bleach band
for [Mn3(CO)10] through a slower first order process on a second timescale. A transient
band with a Amax at 490 nm was reported for this complex in THF. Further evidence for a
second photoproduct was obtained via TA spectroscopy. Studies by Yesaka and co-
workers, alongside Rothberg and co-workers both clearly demonstrated an additional
transient band when [Mn2(CO)10] was irradiated in cyclohexane and ethanol solutions at
A< 355 nm (0 > d * and d t > d n*).[**2lvalues for Amax of 500 and 480 nm were
reported respectively. (1431 [144] Both authors proposed the formation of a [Mn2(CO)s(S)]

complex, where S is the relevant solvent ligand coordinated.

Research by Hepp and co-workers, demonstrated that photoexcitation at 355 nm of

[Mn2(CO)10] immobilised in a 3-methylpentane matrix at 77 K resulted in several new
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transient infrared active stretching modes.[***! Free CO was detected and indicated that
20-30 % of [Mn2(C0O)10] had undergoing photochemical dissociation of a CO ligand, as
opposed to Mn—Mn bond cleavage. A new band at approx. 1760 cm™* was also observed,
along with several bands in the typical metal carbonyl region (2055, 2017 and 1986
cmt). Incorporation of *3C labelled CO resulted in a band shift from 1760 cm™ to 1717
cmt, which aided in band assignment as a bridging CO ligand. Warming of the matrix to
298 K resulted in reformation of [Mn2(CO)10], while addition of PPhs prior to warming
resulted in formation of [Mn;(CO)s(PPhs)], aiding in assignment of the new transient
species as [Mny(CO)sq]. Further work by Church and co-workers complimented Hepp’s
study. Church and co-workers conducted kinetic analysis on the solution-phase
recombination of CO with [Mn2(CO)s], to form [Mn2(CO)10], through the use of time-
resolved infrared (TRIR) spectroscopy.3® In heptane, a rate constant, k was reported to
be 1.2 X 10 mol* dm3 s%. Unfortunately, Hughey and co-workers did not report the
rate constant for the “slow” reformation of [Mn;(CO)10], so a comparison cannot be

made.

0=

0O

%
£\

Mn(CO), (OC)4Mn
(a) (b)

(OC),Mr

Mn(CO),

Figure 127. Proposed structures of [Mn;(CO)s] (a) ketonic CO, (b) semibridged
bridged CO.

To elucidate the structure of [Mnz(CO)s], observed by Hepp and co-workers,
experiments using plane-polarised photolysis of matrix isolated [Mn;(CO)10] were
employed to reveal information about the bridging CO ligand.[**¢!  Dunkin and co-
workers were able to differentiate between the two rationalised bridging modes for
[Mn2(CO)s]. One structure included a ketonic bridging CO ligand, while the second was
with a semibridging CO ligand (Figure 127). Their results revealed that the stretching
mode at 1764 cm™ exhibited no dichroism. This observation was satisfied by the semi-
bridged [Mny(CO)o] structure; in which the stretching mode was at 45 ° from the
photoactive transition of [Mn(CO)1o], accounting for the lack of dichroism between

photolsying parallel and perpendicular planes of polarisation.
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Table 15. Literature values for the Uv/vis and infrared bands of [Mn,(CO)s].

IR active bands/ referen

Medium Uv/Vis Amaxa/ nm
cm? ce
THF 490 n/a [134]
EtOH 480 n/a (144]
Cyclohexane 500 n/a [143]
1760, 1986,
3-methyl pentane matrix n/a (145]

2017, 2055
1764, 1977,
Argon matrix n/a [146]
1993, 2037, 2058

1760, 1968,

Heptane 480 1996, 2008, (139]
2022, 2058
1760, 1985,

Cyclohexane n/a (138)
2015, 2052
1745, 1980,

Gas Phase n/a [141]
2014, 2050

Several investigations were also conducted where the photochemical behaviour of
[Mn3(CO)10] was observed in the gas-phase. Research by Seder and co-workers followed
transient complexes formed via irradiation at 193, 248 and 351 nm, mirroring solution-
phase and matrix isolation studies conducted prior.[*411147] Unsurprisingly, similar ratios
of Mn—Mn bond cleavage to Mn—C were observed with the changing excitation
wavelength. The rate of [Mn(CO)s]: recombination was an order of magnitude faster
than solution-phase studies, with the rate constant k = 2.7 X 101° mol* dm3 s, which
was close to the limit for gas-phase radical-radical recombination processes (ca.
1 X 10° mol* dm3 s). Re-coordination of CO to [Mn2(CO)s] was reported with a rate
constant of 2.4 X 10 mol* dm3 s, reflecting rate constants reported in solution-phase
studies. (139 |nterestingly, these gas-phase studies reported several additional transient
bands at ~1850, 1900, and 2048 cm™. Tentatively the authors assigned these to
[Mn(CO)a] and [Mn,(CO)y] where y < 9. The additional loss of CO was justified by excess
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vibrational energy, in which relaxation was greatly reduced, due to fewer collisions
occurring in the gas phase, as opposed to solution-phase. In a separate gas-phase study
by Prinslow and Vaida, which used quadrupole mass spectrometry as their primary
method of detection, fragment ions for [Mn,(CO),]* where 5 <y <9 and [Mn(CO)a4]* were

detected, supporting Seder and co-workers assignment.!148]

Table 16. Bridging ratios of ['Mn(CO)s] to [Mn3(CO)s] at varying excitation

wavelengths.

Bridging ratio of

Excitation
Solvent [Mn(CO)s] : Reference
wavelength/ nm
[Mn2(CO)s]
266 Cyclohexane 0.16:0.84 (137]
337 Cyclohexane 0.30:0.70 (144]
347 Ethanol 0.33:0.67 (137]
355 Cyclohexane 0.49:0.44 (137]
400 Cyclohexane/ Propan-2-ol >0.72:0.28 [149]

Following the aforementioned studies on the photochemistry [Mn2(CO)10], research
focused on the wavelength dependency and the kinetics of ultrafast events. Kobayashi
and co-workers clearly demonstrated the wavelength dependence for the ratio of
homolytic Mn—Mn bond cleavage to Mn—C bond cleavage. This was explored between
excitation wavelengths of 266-355 nm, through the use of TA spectroscopy.*3” A clear
trend for preferential Mn—C bond cleavage (c > d m* and d m > d t*) was observed at a
lower excitation wavelength(266 nm), while Mn—Mn bond cleavage (o >0*) became the
dominant process as excitation wavelength tended towards 355 nm. Their results are
summarised in Table 16, along with other values reported in the literature. By
conducting double-pump TA experiments, several photoproducts from excitation of
[Mn3(CO)s] at 532 nm were also characterised (Figure 128). As with [Mn(CO)10], both
homolytic Mn—Mn bond cleavage and Mn—C bond cleavage were observed, with

[Mn(CO)s]: + [Mn(CO)4] and [Mn3(CO)s] formed respectively.

177



Chapter 4: Ultrafast Time-Resolved Spectroscopy of Decacarbonyl Dimanganese(0)

—[Mn(CO)s]

. 241
Mn,(CO),o] — hv |
[ n21(02 Mol 355 m

L > [MNn,(CO)s]—Y__» [Mn(CO),] + [Mn(CO)4]
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242
243 + 241
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Figure 128. Secondary photoproducts formed via excitation of [Mn,(CO)s] at 532

nm. [137]

Ultra-fast studies (< 250 ps) were conducted using time of flight (TOF) mass
spectrometry, TA and TRIR spectroscopy, exploring speciation when [Mn2(CO)10] was
photolysed with pump wavelengths of 295< A <310 nm. Waldman and co-workers were
able to follow intricate events occurring during the first 10 ps following excitation, via
the use of TA.[*50 Using the transient bands at 310, 460 and 520 nm in ethanol, initially
coherent effects were observed. Breakage of both the Mn—Mn and Mn—C bond occurred
within 500 fs, rotation and possible bridging of a CO ligand in [Mn2(CQO)s] by 2 ps, and
solvent rearrangement by 7 ps. Work by Kim and co-workers also explored this
timeframe for bond cleavage following excitation, in this instance TOF spectrometry was
used to follow speciation.!*>! Formation of [Mn(CO)s]- was followed by the formation of
Mn*, and formation of [Mn3(CO)s] by the detection of Mn;*. An ultrashort lifetime of <85
fs was observed for excited [Mnz(CO)i0] through the detection of [Mn2(CO)io]*.
Formation of Mn;* and Mn* were detected from 20 and 40 fs respectively, with the
difference attributed to impact that the change in reduced mass between Mn—Mn and

Mn—CO has on bond cleavage.

A study into the photodissociation dynamics of [Mn2(CO)1] by Zhang and Harris gave
contradictory results.['3¢ Using TA spectroscopy, they reported dissociation at approx.
2-3 ps after excitation with a 295 nm pump wavelength. Further analysis of their data
revealed an interesting insight into the vibrational relaxation dynamics for both
[Mn(CO)s]: and [Mn3(CO)s] photoproducts. Examination of the band at 582 nm for
[Mn3(CO)s] in cyclohexane revealed biexponential kinetics. Fast decay of 15 ps, followed
by a slow decay of 176 ps was reported. These were attributed to vibrational relaxation
through low frequency stretching modes and CO stretching modes respectively.

Typically, fast vibrational relaxation (< 100 ps) is associated with low frequency
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vibrational modes, while “slow” relaxation (> 100 ps) is typical for CO stretching modes.
A solvent dependency was then demonstrated, following the relaxation of [Mn»(CO)s]
in propan-2-ol solution, faster decay of 10 and 145 ps were reported. Finally, Zhang and
Harris monitored the vibrational relaxation of [Mn(CO)s]- using the absorption at 740-
830 nm. A single exponential decay was observed, with a lifetime of 3-10 ps, indicating
relaxation of [Mn(CO)s]- occurs through low frequency vibrational modes, rather than

CO vibrational modes.

The final study probing the photodissociation and ultra-fast event when [Mn3(CO)10] was
excited at < 310nm was conducted by Owrutsky and Baronavski.[*38! Unlike prior studies
observing subpicosecond events, TRIR spectroscopy was used. This limited pump-probe
delays to a picosecond timescale (1-500 ps), as species are too vibrationally hot at
subpicosecond times. Vibrational coherence was observed prior to the 0 ps and at the
shortest pump-probe delays (<5 ps), evidence for sub-picosecond processes were
observed. Beyond this, vibrational relaxation occurred, resulting in sharpening of
transient bands (<100 ps), along with partial ground state bleach band recovery (50 %)
by 38 ps. Both the possibility of geminate recombination and relaxation of vibrationally
excited [Mn3(CO)10] were discussed as explanations for bleach recovery; but conclusive
evidence was not provided either way. In cyclohexane the band associated with the
semi-bridged CO ligand of [Mn2(CO)s] (1760, 1985, 2015, and 2052 cm?) formed within
31 ps, giving an upper limit to the formation of the bridged bond. Formation of this band
occurred before sharpening of the terminal band of [Mny(CO)s] finished (54 ps),
indicating that formation of the semi-bridged band occurred before vibrational

relaxation was complete.

A follow up publication was written by Owrutski, Baronavski and Steinhurst 6 years
later.[**%! |n this study, similar TRIR spectroscopy experiments were conducted to their
prior work, using a pump-wavelength of 400 nm instead.['38! Again vibrational coherence
was observed prior to the 0 ps pump-probe delay. At early pump-probe delays a new
transient band was observed at low energy (ca. 1977 cm™), no comments were made
about the origin of this band, due to the weak intensity it possessed. Vibrational
relaxation of [Mn(CO)s]- was found to be complete by 58 ps, resulting in a transient band

at 1985 cmin both cyclohexane and propan-2-ol. This value was comparable to their
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previous work, but significantly longer than times reported in TA studies by Zhang and
Harris.!1381 [136] The mono exponential relaxation of [Mn(CO)s]- implied that relaxation
was occurring through either low frequency modes, or CO stretching modes, not both.
As with prior studies exciting at 295 nm, vibrational relaxation was attributed to
relaxation through low frequency vibrational modes, rather than CO stretching modes,
due to the observed timespan.['3¢! Bands for [Mn2(CO)s] were not reported at 400 nm,
this was justified by a branching ratio of > 2.5 for the ratio of [Mn(CO)s] to [Mn2(CO)s],

thus times for vibrational relaxation were not reported.

N," BF, Mn,(CO),] (4 mol% Bpin
/©/ + B,pin, [Mn,(CO)4] ( o) > /©/
MeO NCMe, rt MeO

1 equiv. 3 equiv. 96 %
99 100 101

Figure 129. Manganese initiated borylation of aryl diazonium salts studied by Firth

co-workers. [140]

Recently, work was published Firth and co-workers used ultrafast TRIR spectroscopy to
aid mechanistic insight into the role [Mn2(CO)10] plays in borylation of aryl diazonium
salts (Figure 129).11%91 Time-resolved multiple probe spectroscopy (TRMPS) enabled
probing of events following photo dissociation on a picosecond to microsecond
timescale in a single experiment. 2. 31 As in prior work, excitation of [Mn2(CO)10] at a
pump wavelength of 400 nm resulted in generation of vibrationally relaxed [Mn(CO)s]:
within ca. 100 ps.*! Photolysis of [Mn2(CO)10] was conducted in acetonitrile, which
resulted in [Mn(CO)s]- exhibiting previously unobserved reactivity. Second order
recombination of [Mn(CO)s]:- was observed through bleach band recovery, reflecting
prior studies, although no comparison to rates of recombination was made. A second
previously undetected, long-lived photoproduct formed, possessing a transient band at
2055 cm™ was observed within 8.8 ps. This transient band was attributed to the cationic
complex [Mn(CO)3(NCMe)s]*, with assignment based on a prior synthesis of the complex
from [MnCI(CO)s] (Figure 130).[521 A route for formation of this complex was proposed;
initial CO ligand substitution with NCMe forming the 19-electron complex
[[Mn(CO)3;(NCMe)s], followed by oxidation, reacting with [Mn2(CO)10] to generate
[Mn(CO)3(NCMe)s]*. Formation of [Mn(CO)3;(NCMe)s]* was amplified via addition of
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B2pinz, which was justified by Bypin; acting as an oxidising agent for the 19-electron
complex. A second long-lived photoproduct was observed in the presence of a
diazonium, with a transient band at 2071 cm™. The reaction of [Mn(CO)s]' reducing
PhN;BF4 to form N3, a phenyl radical and [Mn(CO)s(NCMe)]*BF2" was put forward as a

viable explanation for this transient band.

hv + 3 NCMe
A =400 nm -3CO
1/2 [Mny(CO)qql =% == -‘Mn(CO)s] == == [Mn(CO);(NCMe),]
102 241 - f ;‘g"(’)‘e 245

[Mn,(CO)4,]

2[Mn(CO)3(NCMe)s]* [XT
246

Figure 130. Speciation following photochemical excitation of [Mn3(CO)10] in NCMe

solution with a pump wavelength of 400 nm. [140]

4.2 Aims and Objectives

The aims of this Chapter are to probe photochemically induced events following
speciation derived from [Mn3(CO)10]. The reactivity of these photoproducts has been
studied in little detail, and have not been related back to catalytic systems, such as those
seen in C-H bond functionalisation reactions. Events will be followed on a picosecond
to microsecond timescale using TRMPS, as described in Chapter 2.1. A UV pump, IR probe
setup will be used. Pump wavelengths of 310 to 400 nm are used to excited [Mn2(CO)1o],
and a region of 1500 to 2150 cm™ will be probed in the infrared region of the
electromagnetic spectrum. Pump wavelengths of 310 — 400 nm will be chosen, as
literature studies suggest that as the wavelength changes, different electronic

transitions occur. [138]

Once fundamental photochemistry of [Mn2(CO)10] has been established with our setup,
and compared to literature studies, the impact of solvent on speciation will be probed.
Solvents with a variety of coordination modes, and varying degrees of interactions with

[Mn2(CO)10] and subsequent photoproducts will be examined. Toluene, acetonitrile, n-
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heptane, THF, methylene chloride, 1,4-dioxane, acetone, DMSO, styrene, butyl acrylate,

and cyclohexane were chosen.

Finally, the reactivity of the imine 1,1-bis(4-methoxyphenyl)methanimine 178 with
photoproducts will be investigated. This is to look at how different photoproducts react
with 178, providing further evidence for the route of activation of [Mn»(CO)10] and tying

the study back to catalytic work conducted by He and co-workers. (€0

4.3 Ground state [Mn3(CO)10]

[Mn3(CO)10] in solution possesses three bands in the metal carbonyl region (1850-2200
cmt), which are associated with various stretching modes. These are situated at 1983,

2014, and 2046 cm™ in n-heptane solution (Figure 131).

1.0, co
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0.1}
0.0
1900 2000 2100

Wavenumber/ em™

Figure 131. Ground state infrared spectrum of [Mn;(CO)10] in n-heptane between

1850 and 2150 cm™.

The experimentally observed infrared active modes conform with those predicted
though vibrational group theory analysis. [Mn2(CO)10] can be represented by the Dag

point group.
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Table 17. Character table for the Daq point group.

Daa E 255 2, 25¢ G 4C; 4o one
functions

A1 +1 +1 +1 +1 +1 +1 +1

A, +1 +1 +1 +1 +1 -1 -1

B1 +1 -1 +1 -1 +1 +1 -1

B> +1 -1 +1 -1 +1 -1 +1 z

E1  +2 +/2 0 72 -2 0 0 X, y

E> +2 0 -2 0 0 0 0

Es  +2 2 0 +V/2 2 0 0

The Dag point group is composed of four mirror planes ag, a C2, two Cs, and four C,’ axis
of rotation, two Sg and Sg® improper axis of rotation, and the identity E. Application of
these symmetry elements to [Mn2(CO)10] results in the reducible representation Ii,(CO)
= 10E + 2Ca + 2C; + 404 for the CO ligands. Inspection of the point group table and
application of equation 1 in Chapter 2 reveals 2A1 + 2B, + E1 + E; + E3 to be the irreducible
representation. Following the infrared active modes in Table 17, B, and E; stretching
modes are predicted to be infrared active, reflecting the recorded infrared spectrum of

[Mn2(CO)10] (Figure 132).

Lx, / Ly, /

| £O7% | L0772
~— 0C—Mn Mn—CO-&— OC—/Mn Mn—CO
SN SN\
AU A AT
B, 2046 cm™" T E, 2014 cm™

COX CO/
I \CO s ,

Mn—CO—>

/ SN
STT R

B, 1983 cm™"

—> 0C—Mn

Figure 132. Assigned stretching modes of [Mn2(CO)10].
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[Mn2(CO)10] possesses several electronic transitions in the region of 300 to 400 nm, as
depicted in Figure 133. A CO dissociative (o > m*) transition occurs with a band at
approximately 313 nm in n-heptane. While the peak with a Amax of 343 nm due to a (o
>0%*) and shoulder peak at approximately 374 nm caused by a (d m > o*) transition
results in cleavage of the Mn-Mn bond.[137} 1531 Based on the UV-visible spectrum of
[Mn3(CO)10], three pump wavelengths were chosen: 310 nm, which should favour
dissociation of a CO ligand; 355 nm, where Mn-Mn bond and Mn-C cleavage should

occur; and 400 nm, where Mn-Mn bond cleavage should be preferential.

1.00
0.75|
0.50|
0.25|
0.00

280 310 340 370 400 430
Wavelength/ nm

Abs

Figure 133. UV/Visible spectrum of [Mn,(CO)10] in n-heptane. Green arrows depict
experiment pump wavelengths of 310, 355, and 400 nm. The blue arrow depicts an
electronic transition which is CO dissociative and the red arrows depict electronic

transitions which cleave the Mn—Mn bond.

The UV/Visible spectrum of [Mn2(CO)10] was then recorded in a range of ‘typical’
solvents to assess the degree of solvatochromism that occurs. As Figure 134 shows, the
UV/Visible spectra of [Mn2(CO)i10] shows little solvent dependence for the o >o* and
d > o* transitions. Whereas the higher energy o > n* transition shows greater solvent

dependency.
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Figure 134. Solvent dependency of the UV/Vis spectrum for [Mn,(CO)10]. Red line
denotes acetone (solvent cutoff at 330 nm), green line denotes methylene
chloride, purple line denotes DMSO, pink line denoted THF, orange line denotes
1,4-dioxane, blue line denote n-heptane, light green line denotes acetonitrile, and
yellow line denotes toluene. Black dotted lines denote the UV pump wavelengths
of 310, 355, and 400 nm that were used.

4.4 Time-Resolved Multiple Probe Spectroscopy (TRMPS)

Photochemically induced events involving [Mn2(CO)10] were followed via TRMPS, as in
Chapter 2, enabling monitoring between 1 ps and 998.5 us. Following the general
procedure for data analysis, as discussed in experimental Chapter 6.1.9, data are
presented in the form of difference spectra. Consequently, spectra possess both positive
and negative features. Positive bands represent photoproducts formed during an

experiment, while the negative bands depict loss of the ground state [Mn»(CO)1o].

Experiments were carried out in anhydrous n-heptane, toluene, and acetonitrile. n-
heptane has few interactions with ground state [Mnz(CO)10] and photoproducts. This
ensures that peaks are well defined, and coordination of weakly coordinating ligands
can be observed in solution phase samples. Acetonitrile was chosen as a second solvent
due to the highly coordinating nature of the solvent. This enables confident assignment
of solvent bound complexes at early pump-probe delays. However, spectra often
possess broad bleach and transient bands, due to increased complex-solvent
interactions. Finally, toluene was chosen as a third solvent. Toluene is catalytically
relevant in many manganese carbonyl catalysed C-H bond functionalisation reaction.

This includes the [4+2] annulation of primary imines and alkynes, which was used as a
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basis for studies in Chapter 2 and 3.1 Ca. 6 mg of [Mn2(CO)10] was dissolved in 10 mL
of anhydrous solution, resulting in a concentration of approximately 1.56 mmol dm-3 for
ground state [Mn2(CO)10] in all experiments. All experiments were carried out under a

positive atmosphere of N, gas, to ensure that the experimental system was oxygen-free.
4.4.1 Ultrafast Photochemically Induced Events

Initially, ultrafast studies (0.5-1000 ps) on [Mn3(CO)10] were conducted in n-heptane
using a 310, 355, and 400 nm pump wavelength. n-heptane was chosen as the solvent
because bands are sharp and well defined due to the limited solvent-complex
interactions. This aids with determination of transient speciation, as bands are broader
at these early pump probe delays due to the occupation of vibrationally excited states.
At 400 nm, where predominantly Mn-Mn bond cleavage was expected, additional
experiments were conducted in both perfluoro(methylcyclohexane) and
acetonitrile.['37 Experiments in perfluoro(methylcyclohexane) and acetonitrile enable
the probing of how a highly non-interactive and interactive solvent impact the lifetime

of photoproducts and excited states.

Furthermore, to aid with the assignment of vibrationally excited states of [Mn2(CO)10],
an experiment was carried out in which both an IR pump and probe wavelength was
undertaken (Figure 135). This enabled the determination of the bands due to the first
and second vibrationally excited states of [Mn2(CO)10]. The ground state bleach bands
of [Mn2(CO)10] in Figure 135 correspond to the transition from v = 0 to v = 1. The
dominant transient features at 1971, 2008, and 2040 cm™?, which are red shifted from
the ground state bleach bands belong to the first vibrationally excited state of
[Mn2(CO)10]. These transient bands correspond to the transition v=1to v = 2. A set of
three weaker transient bands at 1938, 1990, and 2024 cm™* were assigned to the second
vibrationally excited state of [Mn(CO)i0] due to their increased red shift from the

ground state bands of [Mn3(CO)1o].
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Figure 135. Top: TRIR spectra of [Mn(CO)i0] in anhydrous n-heptane solution
exciting with an IR pump wavelength at selected pump-probe delay of 500 fs.
Bottom: Ground state spectrum of [Mn3(CO)i0] in anhydrous n-heptane.
[Mn3(CO)10] in the excited state v =1 > 2 transition denoted by yellow star and

[Mn>(CO)10] in the excited state v =2 = 3 transition denoted by turquoise star.

The lifetime for each of the bands associated with vibrational relaxation of [Mn2(CO)10],
from v=2 to v=1 were determined through the application of mono exponential fits to
the appropriate bands at 1938, 1990, and 2024 cm™ (see Figure 136 and Table 18).
Hereafter, transitions will be denoted as Bzf and EZ for specific bands. Slight variations
in lifetime for vibrational relaxation were observed between the different vibrational
modes of [Mn2(CO)10]. This was due to the differences in interactions between the
vibrational modes of [Mn2(CO)10] and solvent, which impact the rate of vibrational
relaxation. Determination of the lifetime, 1, for vibrational relaxation undergoing the
transition v=1 to v=0, returning to ground state [Mn2(CO)10] was not as simple. Both
relaxation from v=2 to v=1 and v=1 to v=0 proceed on the same timescale. Thus, the
application of a mono exponential to the bands at 1971, 2008, and 2040 cm™ is

inappropriate and a kinetic model was required. The lifetime, t, was approximated using

k k
a simple kinetic model In COPASI (v = 2 Sv=1-3v= 0) (Figure 137). This used the
experimentally determined rate constants for v = 2 to v = 1 and the experimental data

for the vibrational relaxation from v=2 to v=1 and v=1 to v=0. The modelled lifetimes, T,
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for v=1 to v=0 are reported in Table 18, along with the experimental values determined

for v=2 to v=1.

26-|
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Figure 136. Experimentally observed vibrational relaxation from v=2 to v=1 for the
bands positioned at 1938, 1990, and 2024 cm™ in Figure 135 with mono
exponential fits applied to determine the lifetime, t, for each of the vibrational
modes of [Mn,(CO)10]. B, band at 1938 cm™® denoted by black squares, E band at
1990 cm™ denoted by orange circles, and B, band at 2024 cm™ denoted by blue

triangles. Lifetimes in Table 18.

Table 18. Lifetime, 1, for relaxation of vibrationally excited [Mn,(CO)10].

Transition v=2 to v=1 v=1to v=0
Band/ cm? 1938 1990 2025 1971 2008 2040
7/ ps 109+20 1025 122 +4 152+10 176%34 122 + 18

The bands belonging to ground state [Mn2(CO)10] were not included in the COPASI
model, and were not used to determine the lifetime, t, for the relaxation of v=1 to v=0.
This was due to the overlap of excited states with the ground state bleach bands, which
meant that the intensity of the bands changed with both the decrease in intensity of
overlapping excited states and recovery of the ground state [Mn3(CO)10], complicating

any kinetic modelling.
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Figure 137. Top left: Experimental and modelled kinetics for the Bzé band at 1938
cmtand Bzg band at 1971 cm™. Top right: Experimental and modelled kinetics for
the El band at 1990 cm™ and E? band at 2008 cm™. Bottom: Experimental and
modelled kinetics for the Bzé band at 2025 cm™ and Bzg band at 2040 cm™.
Experimental v=2 to v=1 kinetic data denoted by turquoise stars, experimental v=1
to v=0 kinetic data denoted by yellow star, and modelled kinetics denoted by black

dotted line.

Following this IR pump-probe experiment, a 1.5 mmol dm3 anhydrous n-heptane
solution of [Mn2(CO)10] was excited with varying pump wavelengths of 310, 355, and

400 nm, to observed ultrafast photochemical events. Initially, [Mn2(CO)10] was excited
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at 310 nm, where CO dissociation was expected to result in the major photoproduct
(Figure138).11371 Bleach bands were observed at 1984, 2014, and 2046 cm, which
indicate the loss of ground state [Mn2(CO)i0]. Multiple photoproducts were also
detected, as depicted in Figure 138. Three transient bands at 1970, 2008, and 2040 cm”
! decayed with lifetimes, t, of 130 + 55, 90 + 45, and 110 * 60 ps. The band position for
each of these corresponded with vibrationally excited [Mn3(CO)10] undergoing the
transition Bzi, Ef, and Bzi respectively. The lifetime, t, for each of these bands are in
accordance with modelled lifetimes from the IR pump-probe experiment in Table 18.
This assignment to vibrational relaxation was further supported by kinetic analysis of
the ground state bleach band for [Mnz(CO)i0], which underwent recovery with a
lifetime, T, of 132 + 75 (Figure 139). Further transient bands at 1975, 1997, 2016, 2039,
and 2054 cm™ were assigned to [Mn2(CO)s], which is discussed later in this Chapter
(4.4.4). While a final bands at 1980 and 1987 cm™ overlapping with the bleach band
(Figure 139), was assigned as the minor photoproduct, [Mn(CO)s],, also discussed in

detail later in this Chapter (4.4.2).

-6 ;
1965 2020 2075
Wavelength/ cm-1

Figure 138. TRIR spectra of [Mn,(CO)10] in anhydrous n-heptane solution exciting
with a 310 nm pump wavelength under an atmosphere of N, at selected pump-
probe delays between 1 ps and 500 ps. Arrows denote the respective increases and
decreases in intensity of bands. Colour change from purple to blue green to yellow
to orange and finally to red denotes the procession from fast to longer pump-probe
delays. Yellow star denotes [Mn,(CO)i0] in the v = 1 vibrationally excited state,

grey circle [Mn(CO)s], and green circle [[Mn(CO)s].

190



Chapter 4: Ultrafast Time-Resolved Spectroscopy of Decacarbonyl Dimanganese(0)

['Mn(CO)S] A, Transient Lorentzian Peak

1.0 - [Mn(CO)5] E Transient Lorentzian Peak
[an(CO)w] Bleach Lorentzian Peak

05 - y
a Fitted Data
E Experimental Data
% 0.0
E-}
!

-0.5 -
L 1 " 1 L |
1970 1980 1990 2000

Wavenumber/ cm™

Figure 139. Experimental TRIR spectrum at 500 ps from Figure 138 fitted with
Lorentzian peaks to deconvolute peak positions. Black line denotes experimental
data, red line denotes fitted data, blue line denotes [Mn;(CO)10] Lorentzian peak,
green line denotes A; band of [[Mn(CO)s] Lorentian peak, and orange line denotes
E band of [[Mn(CO)s] Lorentian peak.
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Figure 140. Kinetics obtained for the vibrational relaxation v = 1 to v = 0 for
[Mn,(CO)10] in anhydrous n-heptane solution, when excited with a 310 nm pump
wavelength. Red denotes ground state [Mn;(CO)i0] recovery, green denotes
vibrational relaxation of the B, band at 1970 cm™, blue denotes vibrational
relaxation of the E band at 2008 cm™?, and black denotes vibrational relaxation of

the B, band at 2040 cm™.

The experiment was then repeated using an excitation wavelength of 355 nm (Figure
141). Again, bleach bands were observed at 1984, 2014, and 2046 cm?, which indicate
the loss of ground state [Mn3(CO)10]. The three transient bands at 1970, 2008, and 2040
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cm! corresponding to vibrationally excited [Mn2(CO)1o], Bzf, EZ, and Bzi respectively.
These decayed with lifetimes, 1, of 105 + 10, 104 + 14, and 104 + 9 ps. While a lifetime,
T, of 91 + 26 ps was observed for the recovery of ground state [Mn2(CO)10] using the
change in intensity of the bleach band at 2046 cm™ (Figure 142). Finally, the bands at
1975, 1984, 1997, 2016, 2039, and 2054 cm™ belonging to [Mn2(CO)s] and [Mn(CO)s]:
were detected, however the proportion of each species differed from excitation at 310

nm, reflecting the change in proportion reported in literature. [137]

AAbs/ mOD
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Figure 141. TRIR spectra of [Mn2(CO)10] in anhydrous heptane solution exciting
with a 355 nm pump wavelength under an atmosphere of N, at selected pump-
probe delays between 5 ps and 150 ps. Arrows denote the respective increases and
decreases in intensity of bands. Colour change from purple to blue to green to
yellow to orange and finally to red denotes the procession from fast to longer

pump-probe delays.
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Figure 142. Kinetics obtained for the vibrational relaxation v = 1 to v = 0 for
[Mn3(CO)10] in anhydrous n-heptane solution, when excited with a 355 nm pump

wavelength. Red denotes ground state [Mn,(CO)i0] recovery, green denotes

vibrational relaxation of the B, band at 1970 cm™, blue denotes vibrational

relaxation of the E band at 2008 cm™?, and black denotes vibrational relaxation of

the B, band at 2040 cm™.

Finally, the experiment was conducted using a pump wavelength of 400 nm, which
predominantly favours Mn-Mn bond cleavage, to form [Mn(CO)s]- (Figure 143). As with
prior wavelengths, both the ground state bleach bands at 1984, 2014, and 2046 cm?,
and vibrationally excited [Mn2(CO)10] with bands at 1970, 2008, and 2040 cm™ were
observed. The lifetime, t, for the loss of [Mn2(CO)10] in the v = 1 vibrationally excited
state was measured to be 70+ 7, 60 + 5, and 67 + 16 ps, while the lifetime, 1, for the
recovery of ground state [Mn(CO)10] was found to be 68 + 14 ps (Figure 144). These
values are statistically different from those recorded at 310, 355 nm, and the IR pump-
probe experiment, lying just outside the 95% confidence limits, but are roughly
concordant. This difference in values indicates that vibrationally excited [Mn2(CO)io0]
could be formed through a different route when excited at 400 nm, which if occurring
on a different timescale, is impacting the lifetimes determined for vibrationally excited

[Mn2(CO)10].
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Figure 143. TRIR spectra of [Mn3(CO)10] in anhydrous heptane solution exciting
with a 400 nm pump wavelength under an atmosphere of N; at selected pump-
probe delays between 1 ps and 500 ps. Arrows denote the respective increases and
decreases in intensity of bands. Colour change from purple to blue to green to
yellow to orange and finally to red denotes the procession from fast to longer

pump-probe delays.

Table 19. Lifetime, t, for the vibrational relaxation v =1 to v = 0 of [Mn,(CO)10] at

various pump wavelengths.

Lifetime, t/ ps

B
Pump wavelength B, 1970 cm  E 2008 cm? B, 2040 cm't 2 ground state

2046 cm?
310 130 £ 55 90 £ 45 110 £ 60 132+ 75
355 105+ 10 104 + 14 104 £9 91 +26
400 707 60+5 67 £ 16 68 £ 14

Broad IR 152 + 10 176 + 34 122 +18 -
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Figure 144. Kinetics obtained for the vibrational relaxation v = 1 to v = 0 for
[Mn2(CO)10] in anhydrous n-heptane solution, when excited with a 400 nm pump
wavelength. Red denotes ground state [Mn;(CO)i0] recovery, green denotes
vibrational relaxation of the B, band at 1970 cm™, blue denotes vibrational
relaxation of the E band at 2008 cm™!, and black denotes vibrational relaxation of

the B, band at 2040 cm™.

An additional feature was observed in both the spectra at 355 nm, and 400 nm,
positioned at 1993 cm™. This band was observed to decay with a lifetime, 1, 3.8 + 0.6 ps
(Figure 145). This band was hypothesised to be [Mn(CO)s]- formed from cleavage of the
Mn-Mn bond belonging to [Mn3(CO)10], which was still in the ground state solvent cage
of [Mn2(CO)10]. The depletion of this band thus correlates with the rearrangement of the
solvent cage, and separation of the [Mn(CO)s]- fragments. The hypothesis was based on
the observation that the band lies close in wavenumber to [Mn(CO)s]- (1983 cm™).
Furthermore, the band at 1993 cm™ depleted by ca. 20 ps in n-heptane, which
correspond with the increase in intensity of the band at 1983 cm™ belonging to
[Mn(CO)s]. Kinetic analysis of the band at 1983 cm™! belonging to [Mn(CO)s] revealed a

lifetime, t, of 52 + 4 ps, an order of magnitude longer than the lifetime for the band at
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1993 cm?, ruling out vibrational cooling of [Mn(CO)s]-. This lifetime closely reflected the

value reported by Steinhurst and co-workers, who reported a lifetime, 1, of 58 ps.[*4%]

5' a [
n_——-—— -
w7 . n
sm
" ",
/
44 "
‘
/
4
n I’
Q I
£ .fl.
~ 3 Il
é L
2

100 200 300 400 500
Timel ps

Figure 145. Kinetics for the vibrational relaxation of the band at 1983 cm

belonging to [Mn(CQO)s]  in n-heptane solution.

To further support the hypothesis, the experiment was repeated in a highly interacting
solvent, acetonitrile, alongside perfluoro(methylcyclohexane), which possesses very
little metal-solvent interactions (Figure 147 an Figure 148). The lifetime, t, was found to
be solvent dependant, with a shorter lifetime observed in the more highly interacting
solvent (see Table 20). Whereas, in perfluoro(methylcyclohexane), a lifetime similar to
that in n-heptane, another weakly interacting solvent, was observed. Two further
experiments in anhydrous THF and methylene chloride gave lifetimes in-between those
of acetonitrile and cyclohexane, reflecting the change in solvent polarity. This supported
the hypothesis that the solvent cage was rearranging at short pump-probe delays, and

the [Mn(CO)s]- fragments were drifting apart.
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Table 20. Solvent dependency for the lifetime, t, of the band at 1993 cm™.

Relative solvent

Solvent lifetime, t/ ps polarity/ a.u. 154
Perfluoro(methylcyclohexane) 3.4+0.6 -
Cyclohexane 43+0.6 0.006
n-heptane 3.8+0.6 0.009
THF 3.3+0.5* 0.207
Methylene chloride 2.2+0.5* 0.309
Acetonitrile 1.1+0.5* 0.46

* Error from mono exponential fits were smaller than the smallest instrumental

measurement of 0.5 ps.

Lifetime/ ps
"
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Figure 146. Relationship between relative solvent polarity and the lifetime, t, of

the band at 1993 cm™®. A linear fit was plotted with the equation y = (-4.7 + 0.3)x

+ (7.7 £0.8).

The inverse relationship between solvent polarity and the lifetime of the band at 1993
cm™ indicates that the solvent interactions with [Mn(CO)s]' are dictating the lifetime
(Figure 146). A more polar solvent, which possesses greater solvent—-complex

interactions, stabilises the [Mn(CO)s]- radical, favouring its formation.
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Figure 147. Left: TRIR spectra of [Mn3(CO)i0] in anhydrous n-heptane solution
exciting with a 400 nm pump wavelength under an atmosphere of N, at selected
pump-probe delays between 0.5 ps and 25 ps. Arrows denote the respective
increases and decreases in intensity of bands. Colour change from purple to blue
to green to yellow to orange and finally to red denotes the procession from fast to
longer pump-probe delays. Right: Kinetics for the loss of the band at 1993 cm™.
Black denotes n-heptane, blue denotes perfluoro(methylcyclohexane), red denotes

acetonitrile, purple denotes THF, and yellow denotes methyl chloride.
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Figure 148. Left: TRIR spectra of [Mn,(CO)io] in anhydrous acetonitrile solution
exciting with a 400 nm pump wavelength under an atmosphere of N, at selected
pump-probe delays between 1 ps and 500 ps. Right: TRIR spectra of [Mn;(CO)10] in
anhydrous perfluoro(methylcyclohexane) solution exciting with a 400 nm pump
wavelength under an atmosphere of N, at selected pump-probe delays between
0.5 ps and 500 ps. Arrows denote the respective increases and decreases in
intensity of bands. Colour change from purple to blue to green to yellow to orange

and finally to red denotes the procession from fast to longer pump-probe delays.

Finally, a control experiment was conducted in anhydrous n-heptane, varying the
temperature (Figure 149). This was to assess whether there was a temperature
dependence on the FTIR spectrum of [Mn2(CO)10]. If no temperature dependence was
observed, then the possibility that the band at 1993 cm™ is due to localised heating from
the pump laser pulse can be excluded. Thus, the temperature dependant changes in the
solvent interactions with non-photochemically activated [Mn3(CO)10] are not inducing a
shift in band position. [Mn2(CO)10] was heated in anhydrous n-heptane solution between
25 °C and 80 °C, spectra were recorded via in situ infrared spectroscopy on a Mettler
Toledo ReactlR ic10, while the temperature was monitored in situ with a temperature

probe. The resultant spectra are depicted in Figure 149. Between 25 °C and 80 °C there
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was no shift in band position for the B; stretching mode of [Mn(CO)10], indicating that
the band at 1993 cm™ is not due to a shift in band position involving non-

photochemically activated [Mn2(CO)10] interacting with hot solvent molecules.

0.04[ 25 oC
——30°C
——350C
——40°C

0.03}

0.02¢
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0.01} /

1080 1985 1990 1995 2000

Wavenumber/ cm™

Figure 149. Low energy B, stretching mode of [Mn2(CO)1p] at 1985 cm™? in

anhydrous n-heptane solution, with varied temperatures between 25 °C and 80 °C.

4.4.2 Reactivity of Photochemically Formed [Mn(CO)s]

The first UV pump wavelength used was at 400 nm. Predominantly, a 400 nm pump
wavelength promotes a (o >0*) transition, which should result in Mn-Mn bond
cleavage, according to literature studies.['3”! This enables the determination of
photoproducts formed from Mn-Mn bond cleavage, and to establish their subsequent

chemical behaviour.

Photolysis of [Mnz(CO)10] in anhydrous n-heptane solution resulted in a broad transient
band at 1983 cm™ following relaxation of excited states (Figure 150). This species
corresponded to the [Mn(CO)s]- Radical 241, which possessed a literature position of
1988 cm™ in heptane for a strong E band and weak A; stretching mode.*3° No further
bands were observed for the CO dissociative product [Mn2(CO)s] 242 at early pump-

probe delays. Over the course of ca. 200 ps, the broad band at 1983 cm™ depleted and

200



Chapter 4: Ultrafast Time-Resolved Spectroscopy of Decacarbonyl Dimanganese(0)
the bleach bands for ground state [Mnz(CO)i0] recovered. In n-heptane, 76% of the

bleach band recovered. This indicated that CO dissociation is the minor photochemically
induced pathway when a pump wavelength of 400 nm is used. This is in line with the
literature values of >72% [Mn(CO)s]- Radical formation and <28% CO dissociation to form
[Mn2(CO)s] when [Mn2(CO)10] is photochemically excited at 400 nm .[#%1 The remaining
bleach bands are likely due to the formation of [Mn2(CO)s], through the dissociation of
a CO ligand, which is unable to undergo recombination with a free CO ligand on this
timescale. The weak band positioned at 2032 cm™ on the spectrum at 200 ps in Figure
150 is potentially one of the stretching modes belonging to [Mnz(CO)s]. [Mn(CO)s]* and
[Mn(CO)s]  can be ruled out as long lived photoproducts, with highly solvent dependant

stretching frequencies reported at 2065 and 1830 cm™ respectively. [140.155]
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Figure 150. TRIR spectra of [Mn2(CO)i0] in anhydrous heptane solution exciting
with a 400 nm pump wavelength under an atmosphere of N, at selected pump-
probe delays. 242 denoted by grey circles and 241 denoted by denoted by green

circles.
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The recombination of [Mn(CO)s]- To form [Mnz(CO)10] must be a bimolecular process.

Consequently, a simple mono exponential model is inadequate. Instead, the kinetic data
were treated as second order. Using the gradient from a plot of time (x axis) versus 1/
concentration (y axis), a second order rate constant can be determined. The
concentration of [Mn(CO)s]- Is unknown, and the species is short-lived. Consequently,
an extinction coefficient could not be measured. Instead, the concentration of
[Mn(CO)s]: Can be approximated from the bleach bands of [Mn2(CO)10]. The assumption
was made that all recovery of ground state [Mn;(CO)10] bleach bands was due to radical
recombination. Thus, the change in [Mn2(CO)i10] concentration is proportional to the
concentration change of [Mn(CO)s].. To determine the concentration of [Mn3(CO)1o],
Beer-Lambert plots were produced at relevant concentrations (see Chapter 6.4), and the
extinction coefficients established for each of the three infrared active modes of

[|V| nz(CO)lo].

Table 21. Extinction coefficients established for [Mn,(CO)10] infrared active modes

in n-heptane.

Band Position g/ molt dm3um?
1984 1.1+0.1
2014 5741038
2046 1.6 £ 0.2

A modified plot of time (x axis) versus 1/ (A absorption- A absorptioninf) (y axis), with a
gradient equal to the second order rate constant x pathlength x molar absorption
coefficient was produced. A absorptioninf is the value for A absorption that the ground
state bleach band recovered to. From this, the gradient was determined to be 9.1 +
1.1 x 10 s (Figure 151). Using the value of € in Table 21 for the band at 2046 cm™,
and pathlength of 100 um, a second order rate constant, k, was calculated to be 5.7 +
0.7 x 108 mol™® dm3 s for the recovery of the ground state bleach of [Mn2(CO)1o] at

2046 cm™.
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Figure 151. Left: First order kinetic plot to show the loss of [Mn(CO)s] 241 and
recombination of [Mn,(CO)1o]. Right: Plot of time (x axis) versus 1/ A absorption (y
axis) to determine the second order rate constant for the recovery of the ground

state bleach of [Mn(CO)i0] at 2046 cm™t.

A similar experiment was then conducted in both anhydrous toluene and acetonitrile
(Figure 152). Following relaxation of vibrationally excited states, the broad band for
[Mn(CO)s]- 241 was observed at 1985 and 1987 cm™ in toluene and acetonitrile
respectively. Over ca. 200 us, 241 depleted, and the ground state bleach bands of
[Mn2(CO)10] recovered. Recovery of 72% and 66% were observed in toluene and
acetonitrile respectively. From the recovery of ground state [Mn;(CO)1], the second
order rate constant, k, of 5.2+ 0.8 x 108 and 3.0 + 0.5 x 10° mol? dm3 s was
determined in toluene and acetonitrile respectively. (13311134 Other than changes in line
broadening due to changes in solvent-complex interaction, no difference in speciation
was detected between experiments conducted in anhydrous n-heptane, toluene, and

acetonitrile.
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Figure 152. Left: TRIR spectra of [Mn3(CO)10] in anhydrous toluene solution exciting
with a 400 nm pump wavelength under an atmosphere of N, at selected pump-
probe delays. Right: TRIR spectra of [Mn,(CQO)1o] in anhydrous acetonitrile solution
exciting with a 400 nm pump wavelength under an atmosphere of N, at selected
pump-probe delays. 242 denoted by grey circles and 241 denoted by denoted by

green circles.
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Table 22. Extinction coefficients for the infrared active modes of [Mn2(CO)10] in

various solvents.

Band g/ mol? Band g/ moltdm?3
Solvent Solvent
Position dm3pum Position um-?
1984 1.1+0.1 1975 0.2+ 0.04
Heptane 2014 5.7+ 0.8 Dioxane 2009 1.4 +0.02
2046 1.6 +0.2 2045 0.7 £ 0.09
1980 0.2 +0.04 1979 0.2 +0.03
Toluene 2010 1.7+ 0.1 THF 2008 1.4 +0.08
2045 1.0+ 0.7 2044 0.8+ 0.04
1979 0.2 +0.02 1979 0.07 + 0.01
Acetonitrile 2011 1.2 + 0.06 DMSO 2006 0.6+0.3
2046 0.6 +£0.04 2044 0.3+ 0.03
1982 0.2+ 0.01 1981 0.2+ 0.02
n-butyl
Acetone 2010 1.2 +0.04 2010 1.3 + 0.07
acrylate
2046 0.6 +0.04 2046 0.7 £ 0.05
1978 0.2+ 0.01 1981 0.18"
Methylene
2011 1.2+ 0.04 Styrene 2009 1.3"
chloride
2046 0.7 +£0.02 2045 0.83"
1982 1.3
Cyclohexane 2013 7.6
2045 2.0
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Further experiments were then conducted in anhydrous methylene chloride, acetone,

THF, 1,4-dioxane, dimethyl sulfoxide, styrene, butyl acrylate, and cyclohexane to assess
the reactivity of the [Mn(CO)s]- radical. The extinction coefficient, €, was determined for
each of the metal carbonyl stretching modes of [Mn(CO)io] in each of the
aforementioned solvents, and are displayed in Table 22. In THF, 1,4-dioxane, DMSO,
styrene, and cyclohexane [Mn(CO)s]: recombined to reform [Mny(CO)i0], as was
observed in n-heptane, toluene and acetonitrile. The second order rate constants for
radical recombination in each of these solvents are reported in Table 23. In THF,
literature values of 1.9 X 10° and 9.5 x 108 s mol* dm? were reported for the second
order rate constant for the recombination of [Mn(CO)s];, in good agreement with the

experimental value of 1.1 X 10° s* mol* dm3 measured here. [1331 [134]

Table 23. Second order rate constant for the reformation of [Mn,(CO)10] in various

solvents.
Second order rate constant, k, Relative solvent
Solvent for reformation of [Mn2(CO)10] / polarity/ a.u.[1>%
moltdm3 st
Heptane 5.7+ 0.7 x 108 0.009
Toluene 5.2+ 0.9 x 108 0.099
Acetonitrile 3.0+ 0.5 x 10° 0.46
Methylene chloride n/a 0.309
Acetone n/a 0.355
Tetrahydrofuran 1.10 + 0.03 x 10° 0.207
1,4-dioxane 1.04 + 0.03 x 10° 0.164
Dimethyl sulfoxide 4.0+ 0.3 x 10° 0.444
Styrene 1.07 + 0.02 x 10° n/a
Butyl acrylate n/a n/a
Cyclohexane 2.8+ 0.7 x 108 0.006

In acetone, methylene chloride and n-butyl acrylate, recombination of the [Mn(CO)s]:
radical was not observed. This was reflected by 34, 14, and 8.4% bleach band recovery

in each of these solvents respectively. This minor “recovery” of bleach bands was
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attributed to partial overlap between new transient bands and the ground state bleach

bands of [Mn2(CO)1o0].
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Figure 153. Left: TRIR spectra of [Mn3(CO)i0] in anhydrous acetone solution
exciting with a 400 nm pump wavelength under an atmosphere of N, at selected
pump-probe delays. Right: Kinetics for the loss of 241 and formation of 247. 241
denoted by denoted by green circles, 247 denoted by brown circles, and 1823 by

cyan circles.

Photolysis of [Mnz(CO)10] in anhydrous acetone solution resulted in a broad band at
1983 cm?, which belonged to [Mn(CO)s]- 241 (Figure 153). This band depleted over the
course of ca. 15 ps. Unlike prior solvents, recovery of the bleach band was minor, and
the loss of 241 abided to a mono exponential fit, with a rate constant, kobs, of 2.3 +
0.2 x 10> mol? dm3 s. A new band positioned at 2064 cm™ grew in with a rate
constant, kobs, of 2.6 + 0.5 X 10> mol* dm3 s, supporting the hypothesis that 241 was
reacting before radical recombination could occur. A similar observation was made
when anhydrous n-butyl acrylate was used as a solvent (Figure 154). The broad band at
1986 cm™® belonging to 241 depleted with a rate constant, kobs, of 3.6 + 0.5 X 10° mol?
dm3 s and a band at 2052 cm™ grew in with a rate constant, kobs, of 4.6 + 1.1 X 10>
mol? dm3? s In a study by Firth and co-workers, [Mn2(CO)10] was photolysed in
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anhydrous acetonitrile solution.'#% Here they reported the reaction of 241 with B,pin;

or PhN;BFs to form fac-[Mn(CO)3(NCMe)3]* and [Mn(CO)s(NCMe)]* cations which
possessed a strong band at 2057 cm™ and 2071 cm™. These formed over the course of
ca. 8.8 ps. Based on Firth and co-workers assignment, the band at 2064 and 2052 in
acetone and n-butyl acrylate respectively were tentatively assigned to the complex,
[Mn(CO)s(acetone)]* [Mn(CO)s(n-butyl acrylate)s]*. Furthermore, literature values for
the complexes fac-[Mn(CO)s(Acetone)s]* and [Mn(CO)s(acetone)]* are 1935, 2023 and
2012, 2049, and 2139 respectively.l>®! The band at 2049 cm™ for [Mn(CO)s(acetone)]*
is in rough concordance with the broad band at 2064 cm™2, which is partially obscured
by the bleach band of [Mn2(CO)10], while the band at 2012 cm™ is covered by a bleach
band. The n-butyl acrylate bound complex could be either the tri- or pentacarbonyl
complex, and tentative assignment was based on the lower energy of the band.
However, a large shift in band position would be expected between acetonitrile,
acetone, and n-butyl acrylate due to differences in the nature of bound solvent
electronics donating and accepting electron density, along with solvent- complex

interactions.
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Figure 154. Left: TRIR spectra of [Mn3(CO)10] in anhydrous n-butyl acrylate solution
exciting with a 400 nm pump wavelength under an atmosphere of N, at selected
pump-probe delays. Right: Kinetics for the loss of 241 and formation of 247. 241

denoted by denoted by green circles and 247 denoted by brown circles.

Finally, photolysis of [Mn2(CO)10] in methylene chloride solution resulted in formation
of the bands for 241 at 1981 cm?, as in prior experiments (Figure 155). However, 241
decayed with kinetics fitting a mono exponential profile, an order of magnitude faster
than in acetone and n-butyl acrylate. A rate constant, kobs, of 1.5 + 0.1 X 10 mol* dm3
s was obtained for the decay of 241. Within 95% confidence limits, bands at 2144 and
2055 grew in with a rate constant, kobs, of 1.6 + 0.1 X 10 mol'* dm3 s’ It was proposed
that the [Mn(CO)s]- radical 241 was abstracting a halogen atom from methylene
chloride, to form [MnCI(CO)s] 249. To corroborate this hypothesis, a sample of
[MnCI(CO)s] was synthesised. This possessed metal carbonyl stretching modes at 1977,
2011, 2057, and 2142 cm™ in methylene chloride solution. The experimental transient
bands at 2055 and 2144 cm™ are within experimental error (+ 2 cm™®) of the synthesised
sample of [MnCI(CO)s]. The expected bands at 1977 and 2011 cm™ lie directly under
[Mn2(CO)10] ground state bleach bands, and are likely obscured. The observation of the

high energy band at 2144 cm™ does provide evidence that halide abstraction occurs in
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methylene chloride solution, as opposed to formation of the complex fac-

[Mn(CO)s(methylene chloride)s]*.
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Figure 155. Left: TRIR spectra of [Mn,(CO)i0] in anhydrous methylene chloride
solution exciting with a 400 nm pump wavelength under an atmosphere of N, at
selected pump-probe delays. Right: Kinetics for the loss of 241 and formation of
[MnCI(CO)s] 249. 241 denoted by denoted by green circles and 249 denoted by

yellow circles.

Following the observed chlorine atom abstraction from methylene chloride by 241, the
ability for [Mn(CO)s]- radical 241 to abstract halogen atoms was probed further.
[Mn3(CO)10] was photolysed in a variety of halogenated solvents at 400nm, with the
same concentration of [Mn2(CO)i0]. Chloroform, chlorobenzene, bromobenzene,
iodobenzene, chlorohexane, bromohexane, iodohexane, ethyl 4-chlorobenzoate, ethyl
4-bromobenzoate, ethyl 4-iodobenzoate were all selected as alternative halogenated

solvents.

In iodobenzene, ethyl 4-clorobenzoate, ethyl 4-bromobenzoate, ethyl 4-iodobenzoate,
bromohexane, and iodohexane abstraction of the respective halogen atom occurred.

The rate constant, kobs, for each of these solvents are reported in Table 24. Whereas no
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further reactivity with 241 was observed in chloroform, chlorobenzene, or

bromobenzene. Instead, 241 recombined to form [Mn2(CO)10]. In all instances the iodine
atom was abstracted, likely due to the weakness of C-1 bonds. Bromine was abstracted
from all the brominated solvents other than bromobenzene. In bromobenzene the
resulting phenyl radical is unstable, due to the radical lying outside the aromaticity of
the phenyl ring. Finally, chlorine atom abstraction was only exhibited in
dichloromethane and ethyl 4-chlorobenzoate. This was likely because of both the
increased number of chlorine atoms and weaker C-Cl bonds in methylene chloride,

along with a stabilised radical upon abstraction from ethyl 4-chlorobenzoate.

Table 24. Observed rate constant, kobs for the abstraction of a halogen atom from

various halogenated solvents.

Rate constant of Carbon-Halide bond
Solvent halogen abstraction, dissociation energy/ k) mol*
kobs/ s-l [157]
Chlorobenzene n/a 399
Bromobenzene n/a 336
lodobenzene 2.7+ 0.7 x 10° 268

Ethyl 4- chlorobenzoate 1.0 +£ 0.3 x 10° -
Ethyl 4- bromobenzoate 5.7 + 1.7 x 10° -
Ethyl 4-iodobenzoate 1.5+ 0.4 x 10° -

Methylene chloride 1.6 + 0.1 x 10° 310
Chloroform n/a 350
Bromohexane 1.3+ 0.1 x 10° 296
lodohexane 9.1+ 2.6 x10° 236

The experiments in unreactive solvents were then repeated. The experimental
procedure was modified so that [Mn2(CO)10] was dissolved in a solution of 0.2 mL of
halogenated solvent and 9.8 mL of anhydrous acetonitrile (Figure 157). The initial intent
was to test if there was a concentration dependence. In all instances, 241 now reacted,
rather than reforming [Mn2(CO)10]. A peak at ca. 2055 cm™ was detected, but not the
high energy band associated with [MnX(CO)s] compounds. Thus, the transient band
formed at 10 us in Figure 157 was as assigned as fac-[Mn(CO)3(NCMe)s]* (see Table 25
for the the rate constant, kobs, in each of these solvents, and the acetonitrile control).
Comparatively, when [Mn;(CO)10] was photolysed at 400 nm in either neat halogenated
solvent (chlorobenzene, bromobenzene, or chloroform), or acetonitrile, 241 did not
react, instead radical recombination occurred. From this, it is hypothesised that 241
reacts with acetonitrile to form a 19-electron radical [Mn(CO)3(NCMe)s]. This species
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would be expected to be both a highly reducing and reactive species.[8 This is then
able to activate the previously inert C-CI and C-Br bonds, forming
[Mn(CO)s(NCMe)s]*[X];, where X is the respective halide counter anion. The 19-electron
radical [Mn(CO)3(NCMe)s] has previously been proposed by Stiegman and Tyler (Figure
156), when exploring the quantum yield of disproportionation of [Mn2(CO)10] in the
presence of mono, bi, and tri-dentate N coordinating ligands.[>8! A radical chain
mechanism was proposed, where the 19-electron complex [Mn(CO)s(L)s] played a
crucial role in the cleavage of [Mn2(CO)10], forming [Mn(CO)s(L)s3]* as a side product. This
is possible due to the highly reducing properties of the 19-electron radical, with a

reduction potential of > 3.0 V reported.[1>]

Table 25. Rate of [Mn(CO)3(NCMe)s]* formation from [Mn(CO)s].

Solvent Rate of [Mn(CO)3(NCMe)s]* formation ,

kobs/ st
Chlorobenzene 40+ 0.1 x10°
Bromobenzene 1.1+ 0.1 x 10°
Chloroform 1.2+ 0.1 x 10°
Acetonitrile n/a

212



Chapter 4: Ultrafast Time-Resolved Spectroscopy of Decacarbonyl Dimanganese(0)

[Mny(CO)40l L» [Mn(CO)s] +[Mn(CO)s]
[Mn(CO)s] + N ———3» [Mn(CO),N] + CO
[Mn(CO),N]' + N — 3 [Mn(CO);N,] + CO
[Mn(CO);N,] + N ———3» [Mn(CO);N;]:
[Mn(CO)3N3] +[Mny(CO)1g] ————= [Mn(CO);N5]* [Mn,(CO)40l°
[Mn,(CO);o]7 — > [Mn(CO)s]" + [Mn(CO)5]"
[Mn(CO)s] + [Mn(CO)5]" ———3 [Mn(CO)40]

[Mn(CO)s]' + [Mn(CO);N] —————» [Mn;(CO)4N]

[Mn(CO)(N] + [Mn(CO);N] — 3= [Mn,(CO)sN,]

[Mn(CO)3N3] +[Mn(CO)5] ———3 [Mn(CO);N;1*+ [Mn(CO)s]"

Figure 156. Radical chain reaction proposed by Siegman and Tyler, with the 19-
electron species highlighted in red. N denotes the coordination of a nitrogen-

containing ligand.[t>8
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Figure 157. Top: TRIR spectra of [Mn3(CO)i0] in 0.2 mL chloroform and 9.8 mL
anhydrous acetonitrile solution exciting with a 400 nm pump wavelength under an
atmosphere of N, at selected pump-probe delays. Middle: FTIR spectrum of 249.
Bottom: FTIR spectrum of 215. 241 denoted by green circles, 249 denoted by

yellow circles, and 215 denoted by black circles.

To further reinforce the hypothesis, the reaction with 0.2mL of chloroform and 9.8 mL
of anhydrous acetonitrile was repeated. This time, [Mn2(CO)10] was dissolved in 0.2 mL
of chloroform and 9.8 mL of anhydrous n-heptane (Figure 158). The rational being that
n-heptane is a poorer ligand than acetonitrile, thus the 19-electron complex will be less
favourable, and radical recombination will be preferred, rather than activation of the
carbon-halogen bond. When [Mn3(CO)10] was photolysed at 400 nm in chloroform + n-
heptane solution, no reaction with the halide was observed. Instead, 241 recombined
(42%), as was observed in neat n-heptane, supporting the hypothesis that in chloroform
acetonitrile solution, a highly reactive 19-electron is formed and activates the C-Cl bond.
The experiment was then repeated with both 0.2 mL of bromobenzene and 0.2 mL of
chlorobenzene. In both cases, loss of 241, and recovery of the ground state bleach bands
occurred over the course of ca. 100 ps. Ground state bleach band recovery of 45% and

50% was observed in bromobenzene and chlorobenzene respectively.
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Figure 158. Top: TRIR spectra of [Mn3(CO)10] in 0.2 mL bromobenzene and 9.8 mL
anhydrous n-heptane solution exciting with a 400 nm pump wavelength under an
atmosphere of N, at a selected pump-probe delay of 20 us. Middle: TRIR spectra
of [Mn2(CO)10] in 0.2 mL chlorobenzene and 9.8 mL anhydrous n-heptane solution
exciting with a 400 nm pump wavelength under an atmosphere of N, at a selected
pump-probe delay of 20 us. Bottom: TRIR spectra of [Mn,(CO)i0] in 0.2 mL
chloroform and 9.8 mL anhydrous n-heptane solution exciting with a 400 nm pump
wavelength under an atmosphere of N, at a selected pump-probe delay of 20 us.

241 denoted by green circles.

Finally, [Mn2(CO)10] was photolysed in anhydrous toluene solution in the presence of
1,1-bis(4-methoxyphenyl)methanimine 178 (13.8 mmol dm3) (Figure 159). The aim was
to assess how the [Mn(CO)s]- 241 radical reacts with catalytically relevant imine 178. In
the absence of imine 178, 241 recombines to form [Mn3(CO)i0] when in anhydrous
toluene solution. When in the presence of imine 178, recombination of 241 to form
[Mn2(CO)10] did not occur. Instead, 241 decayed over the course of ca. 20 ps with a
kinetic profile fitting a first order exponential fit. From this the rate constant, kobs, of 2.0
+0.2 X 10° mol* dm3 s* was obtained. A band belonging to a new species 250 at 2055

cm grew in as 241 depleted with a rate constant, kobs, of 2.6 + 0.5 X 10°> mol* dm3 s,
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Based on the assignment of previously discussed bands at ca. 2055 cm™ forming from

241 being fac-[Mn(CO)s(solvent)s]* complexes, 250 has been assigned as the imine

coordinated complex, fac-[Mn(CO)s(1,1-bis(4-methoxyphenyl)methanimine)s]*.
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Figure 159. Left: TRIR spectra of [Mn3(CO)10] in anhydrous toluene solution in the
presence of imine 178, exciting with a 400 nm pump wavelength under an
atmosphere of N, at selected pump-probe delays. Right: Kinetics for the loss of
241 and formation of 250. 241 denoted by denoted by green circles and 250

denoted by purple circles.

4.4.3 Reactivity of Photochemically Formed [Mn2(CO)s]

The next aim was to form the other major photoproduct formed from photolysis
[Mn2(CO)10], [Mn2(CO)s]. A higher energy pump wavelength of 310 nm was used.
Predominantly, a 310 nm pump wavelength should promote (c > d * and d m > d nt*)
electronic transitions, which are CO dissociative, according to literature studies.[*3”) This

enabled the probing of the reactivity of photochemically formed [Mn3(CO)s].
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Figure 160. Left: TRIR spectra of [Mn,(CO)10] in heptane solution exciting with a
310 nm pump wavelength under an atmosphere of N, at selected pump-probe
delays. 242 denoted by denoted by grey circles, 241 denoted by denoted by green
circle, and vibrationally hot [Mn,(CO)i0] denoted by orange circles. Right: The
structure of [Mn,(CO)s] 242.

Photolysis of [Mn3(CO)10] in n-heptane at 310 nm resulted in two distinct bleach bands
at 2014 and 2046 cm, while the third bleach band at 1983 cm™ was obscured by both
ground state bleach bands and transient bands of [Mn(CO)s]- (Figure 160). These
negative bands indicate loss of ground state [Mn3(CO)10]. Within ca. 200 ps, transient
bands at 1975, 1997, 2016, 2039, and 2054 cm™ were observed. These then proceeded
to remain for the duration of the experiment. Additional bands at 1759 and 1984 cm™
were also detected. The band at 1984 cm™ was the [Mn(CO)s]' radical 241, which was
observed when a 400 nm pump wavelength was used. The remaining transient bands
correlated with the literature values for semibridged [Mn2(CO)s] 242, as depicted in
Figure 127. This possesses bands at 1760, 1968, 1996, 2008, 2022 and 2058 cm™ in
heptane solution.'3°! Over the course of ca. 500 ps, a band belonging to 242 at 1759
cm formed with a rate constant, kobs, of 29.1 + 5.3 X 10° s'%, this apparent formation

was attributed to vibrational relaxation of [Mn3(CO)s].
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At longer pump-probe delays the bands for 242 were present and remained for the
duration of the experiment. This indicated that coordination of the semibridged CO
ligand was preferential to coordination of n-heptane solvent. By 200 us, the bleach band
at 2045 cm for ground state [Mn3(CO)10] had undergone 39% recovery, providing
further evidence that the band at 1984 cm™ was the [Mn(CO)s]' radical 241.
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Figure 161. TRIR spectra of [Mn;(CO)10] in acetonitrile solution exciting with a 310
nm pump wavelength under an atmosphere of N, at a selected pump-probe delay

of 60 ns. 251 denoted by orange circles.

The experiment was then repeated in anhydrous acetonitrile solution to establish bands
for the solvated complex 251 in anhydrous acetonitrile solution (Figure 161). Upon the
relaxation of vibrationally excited states, distinct bands at 1938, 1972, 1993, 2023, and
2032 cm™ were observed for the duration of the experiment. No low energy band
around 1760 cm™ was detected, indicating that the semibridged CO ligand was
preferentially displaced by a NCMe ligand. Consequently, these were proposed to be the
bands for [Mn2(CO)s(solvent)] 251, where the solvent is a bound ligand NCMe. Bleach
band recovery of 32% was calculated, indicating again that [Mn(CO)s]- was formed and

undergoing recombination at longer pump-probe delays.
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Finally, [Mn2(CO)10] was photolysed at 310 nm in anhydrous toluene solution (Figure
162). Following vibrational relaxation, transient bands were detected at at 1755, 1964,
1984, 2022, 2038, and 2055 cm™ and attributed to 242. These underwent vibrational
relaxation with a rate constant, kobs, of 38.0 + 12.9 X 10° s!, reflecting observations
made in n-heptane. Unlike in n-heptane, 242 did not remain for the duration of the
experiment. The bands depleted over ca. 100 us with a rate constant, kobs, of 2.8 £ 1.0
X 10* s}, forming a distinctive new transient band at 1926 cm™. Due to the significant
red shift of the new band, even compared to [Mn3(CO)9(NCMe)] which possessed a band
at 2038 cm™, this species was proposed to be [Mn2(CO)s(OH;)] 252. The increased
solubility of water in toluene, compared to n-heptane would explain why the species

was only seen in this case. (101
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Figure 162. TRIR spectra of [Mn3(CQO)10] in anhydrous toluene solution exciting with
a 310 nm pump wavelength under an atmosphere of N, at selected pump-probe
delays. 242 denoted by denoted by grey circles, 241 denoted by denoted by green
circle, vibrationally hot [Mn,(CO)10] denoted by orange circles, and 252 denoted

by pink circles
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Recombination of 241 to form [Mn3(CO)10] resulted in bleach band recover of 33% using
the band at 2046 cm™. This was in line with values determined in n-heptane (39%) and
acetonitrile solution (32%) when using a 310 nm pump wavelength. This gives an
approximation of 30-39% Mn-Mn bond cleavage and 61-70% CO dissociation when
[Mn2(CO)10] is photolysed at 310 nm. The closest literature value was 30% Mn-Mn bond

cleavage when [Mn2(C0)10] was excited at 337 nm in cyclohexane.144

To validate the assignment of 252 as [Mn(CO)s(OH.)], the experiment was repeated in
anhydrous toluene with one drop of water added (220pprox.. 5 uL) under an
atmosphere of N, (Figure 163). Under the assumption that 5 plL of water was added, a
concentration of approx. 2000 ppm of water was present, and thus in a large excess
compared to [Mn(CO)10]. However, the band at 1926 cm™ did not form by ca. 50 ps,
disproving the hypothesis that 252 is the water coordinated complex [Mn2(CO)s(OH)].
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Figure 163. Top: TRIR spectra of [Mn2(CO)10] in wet toluene solution exciting with
a 310 nm pump wavelength under an atmosphere of N, at a selected pump-probe
delay of 50 us. Botton: TRIR spectra of [Mn;(CO)10] in anhydrous toluene solution
exciting with a 310 nm pump wavelength under an atmosphere of N, at a selected
pump-probe delay of 50 us. 242 denoted by denoted by grey circles and 252

denoted by pink circles.

Following the photolysis of [Mn(CO)10] in anhydrous toluene solution, catalytically
relevant primary imine 1,1-bis(4-methoxyphenyl)methanimine 178 was added (Figure
164). 6.4 mg of imine 178 was dissolved in toluene solution to give a concentration of 3

mmol dm=3. This imine was introduced into the system to explore how [Mn2(CO)s]
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interacts with the substrate, as a potential route for C-H bond activation. This specific
imine was chosen as it was the substrate used in both Chapter 2 and 3 herein, and used

by He and co-workers in catalytic transformations. (€0l
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Figure 164. Top: FTIR spectrum of complex 216 in toluene. Bottom: TRIR spectra of
[Mn2(CO)10] and imine 178in anhydrous toluene solution exciting with a 310 nm
pump wavelength under an atmosphere of N; at selected pump-probe delays. 242
denoted by denoted by grey circles, 241 denoted by denoted by green circle, 250

denoted by red circles, and 216 denoted by red triangles.

At early pump-probe delays, after relaxation of vibrationally ‘hot’ species (ca. 200 ps)
the bands for [Mn3(CO)¢] 242 and [Mn(CO)s]- 241 were observed at 1758, 1965, 1985,
2022, 2038, and 2055 cm™. 241 reacted with the imine 178, as at a pump wavelength of
400 nm. 241 depleted by ca, 4 ps with a rate constant, kobs, of 7.0 + 1.8 X 10° s, and
the band at 2052 cm™ assigned to 250 grew in with a rate constant, kobs, of 7.0 + 1.7 X
10° s* (Figure 165). This indicates that the highly reactive 19-electron species is being
formed in situ and has the potential to react with other manganese complexes in the
experiment. The band at 1760 cm™ for semibridged [Mn2(CO)s] also depleted over the
course of ca. 30 pys with a rate constant, kobs, of 1.1 + 0.1 X 10° s%. In their place, the

bands attributed to the imine bound complex described in Chapter 3.3.1, [Mn2(CO)q(1,1-
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bis(4-methoxyphenyl)methanimine)] 216, at 2086 cm™ grew in with a rate constant kobs,
of 2.1 + 0.7% 10° s (Figure 166). These values are slightly outside of 95% confidence
limits of each other. This was attributed to the weak intensity of the band at 2086 cm™?,

which introduced a significant degree of noise into the data.
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Figure 165. Kinetics for the loss of 241 and formation of 250. 241 denoted by
denoted by green circles and 250 denoted red circles. Dotted lines denote

exponential kinetics. Where appropriate a mono or biexponential fit was applied.
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Figure 166. Kinetics for the loss of 242 and formation of 216. 242 denoted by
denoted by orange circles and 216 denoted red triangles. Dotted lines denote

exponential kinetics. Where appropriate a mono or biexponential fit was applied.
4.4.4 Intermediate 355 nm Pump Wavelength

Finally, photochemical studies on [Mn(CO)1o] were conducted using a pump
wavelength of 355 nm. This intermediate wavelength was chosen to compare our data
with prior studies which had been conducted at 355 nm. The proportion of Mn—-Mn and
Mn-CO bond cleavage should differ from what was observed at 310 and 400 nm. While
the second order rate constant for [Mn(CO)s]- radical recombination should remain
constant. As with prior pump wavelengths, anhydrous n-heptane, acetonitrile, and

toluene were used as solvents.

Initially, [Mn2(CO)10] was excited with a 355 nm pump wavelength in anhydrous toluene
solution (Figure 167). Following ultrafast events, bands belonging to both [Mn(CO)s]- 241
and [Mn3(CO)s] 242 were detected. A much smaller transient band belonging 241 was
observed at ca. 1 ys when a 355 nm pump wavelength was used, which was almost
entirely masked by the ground state bleach band of [Mn2(CO)10] at 1983 cm™. This was

reflected by a reduced recovery of 63% for the ground state bleach bands of
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[Mn2(CO)10], supporting the observation that less Mn—-Mn bond cleavage had occurred.
Similar degrees of bleach band recovery were seen in both anhydrous n-heptane and
acetonitrile solution, at 64 and 57% respectively. This is slightly higher than expected at
a pump wavelength of 355 nm, with 49% Mn-Mn bond cleavage reported for
[Mn2(CO)10] in cyclohexane solution. 1371 Partial overlap of transient bands, with the
ground state bleach band accounts for this discrepancy in ratio of bond cleavage. Kinetic
analysis of the ground state bleach bands of [Mn2(CO)i0] using the same approach
discussed in Section 4.4.2 resulted in a second order rate constant, k, of 6.5 + 0.4 x 108
mol? dm3 s!. Additional experiments conducted in anhydrous n-heptane and
acetonitrile yielded second order rate constants 2.7 + 0.1 x 108 and 3.0 + 1.0 x 10° of
mol? dm?3 s’ As expected, the recovery of [Mnz(CO)i0] in anhydrous toluene and
acetonitrile exhibited second order rate constants that were statistically the same when
a pump wavelength of 355 or 400 nm was used. However, the values obtained in n-
heptane were statistically different. The rate constant was greater by a factor of two
when a pump wavelength of 400 nm was used. The values of the second order rate

constant were expected to be the same, and this error is likely due to error introduced

by the approximations in the calculation.
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Figure 167. TRIR spectra of [Mn3(CO)10] in anhydrous toluene solution exciting with

a 355 nm pump wavelength under an atmosphere of N, at selected pump-probe

delays. 241 denoted by green circles and 242 denoted by grey circles.

Table 26. Second order rate constants determined for the recombination of

[Mn(CO)s] at a pump wavelength of 355 and 400 nm.

Rate constant, k, using a 355 nm

Rate constant, k, using a 400 nm

Solvent pump wavelength/ moltdm3s?  pump wavelength/ mol* dm3s?
n-heptane 2.7+ 0.1 x 108 5.7+ 0.7 x 108

Toluene 6.5+ 0.4 x 108 5.2+ 0.9 x 108
Acetonitrile 3.0+ 1.0 x 10° 3.0+ 0.5 x 10°

4.5 Conclusions

Excitation of [Mn3(CO)10] at wavelengths of 310, 355, and 400 nm resulted in the

formation of vibrationally excited [Mn2(CO)i0], [Mn2(CO)s], and [Mn(CO)s]. The

proportion of [Mn3(CO)s] and [Mn(CO)s]- was found to vary with excitation wavelength.

Higher energy pump wavelengths favoured cleavage of the Mn-C bond, to form

[Mn2(CO)s]. Lower energy pump wavelengths resulted in Mn-Mn bond cleavage being

the major photochemically induced event.
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Ultrafast studies showed that at all wavelengths, vibrationally excited [Mn2(CO)10] in the
v = 1 state was formed. Vibrational cooling was observed to then proceed with a lifetime
of ca. 100 ps. Additionally, at a pump wavelength of 355 and 400 nm, there was evidence
for the rearrangement of the solvent cage around [Mn(CO)s];, and the drifting apart of
two [Mn(CO)s]: fragments. This proceeded with a lifetime of ca. 4 ps in weakly
interacting solvents. This lifetime was further reduced to ca. 1 ps in the highly interacting
solvent acetonitrile. This ultrafast rearrangement explains events reported in the
literature on the 10s of picosecond timescale involving [Mn(CO)s], which were

previously attributed to vibrational relaxation. (13611501 [151]

Upon formation of [Mn(CO)s]:, predominantly at 355 and 400 nm, recombination to
reform [Mn2(CO)ip] was the most common fate. This occurred in the majority of
solvents: n-heptane, THF, DMSO, toluene, acetonitrile, 1,4-dioxane, styrene and
cyclohexane. A second order rate constant, k, was determined to be 1.1 x 10° s mol*
dm?3 in THF, which reflected literature values of 1.9 X 10° and 9.5 X 10® s mol* dm3
obtained from transient absorption spectroscopy studies. 133111341 |n acetone and butyl
acrylate, [Mn(CO)s] instead reacted with the solvent to form fac-[Mn(CO)s(solvent)s]*
complexes, as was observed by Firth and co-workers. They irradiated at 400 nm
[Mn2(CO)10] in acetonitrile solution in the presence of diazonium or B;pin; additives to
form fac-[Mn(CO)3(NCMe)s]*. A similar fate was observed when [Mn(CO)s]- was formed
in the presence of imine 178 in anhydrous toluene solution. Instead of the radical

undergoing recombination, the complex fac-[Mn(CO)s(Imine)s]* was formed.

In the presence of halogenated solvents, specifically: methylene chloride, iodobenzene,
ethyl 4-chlorobenzoate, ethyl 4-bromobenzoate, ethyl 4-iodobenzoate, bromohexane,
and iodohexane, the halogen atom was abstracted to form [Mn(halide)(CO)s]. However,
[Mn(CO)s]: was unable to abstract the halogen atom from bromobenzene,
chlorobenzene or chloroform. When replicated in an acetonitrile solution containing
bromobenzene, chlorobenzene or chloroform, [Mn(CO)s]- was observed to react. Again,
formation of fac-[Mn(CO)3;(NCMe)s]*[Halide]” was seen. This supported the formation of
a highly reacting 19-electron radical intermediate, proposed prior by Stiegman and

Tyler, which activated the previously insert C-Halide bonds.[*58!
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Cleavage of the Mn-C bond at higher energies resulted in formation of

[Mn3(CO)q(Solvent)]. When a poorly coordinating solvent (toluene or n-heptane) was
used, the solvent ligand was substituted by a semi-bridging CO ligand which possessed
a distinctive band at 1760 cm™. In acetonitrile, solvent coordination was found to be
favourable to formation of the semi-bridging CO ligand. Furthermore, addition of imine
178 in toluene solution resulted in substitution of the semi-bridging CO ligand with the
imine, forming [Mn(CO)s(1,1-bis(4-methoxyphenyl)methanimine)] 216, a catalytically

relevant intermediate discussed in Chapter 3.

Chapter 5: Conclusions and Future Work

5.1 Conclusions

The work described in this Thesis has focused on the exploring the mechanism of
activation for ubiquitous manganese(l) carbonyl complexes in C-H bond
functionalisation reactions. The reaction between a biaryl primary imine and substituted
alkyne, initially reported in 2014 by He and co-workers, was used as the model reaction

to probe the pathway for precatalyst activation.[%!

In Chapter 2, a focus was placed on gaining a greater understanding of the reactivity of
5-membered manganacycles, which are a common reaction intermediate in manganese
catalysed C-H bond functionalisation reactions (Figure 168). The imine-derived
manganacycle 158 was synthesised, and thermal activation of the complex was
mimicked, by photolysis at 355 nm, releasing a CO ligand in the process. Subsequent
steps were then followed via time-resolved multiple probe spectroscopy. As in prior
studies by Aucott and co-workers, solvent bound complexes were detected from the
earliest pump-probe delay (1 ps), and no evidence was found for a 16-electron fac-
[Mn(CAN)(CO)s] complex.[®l Solvent coordinated manganese complexes were then
observed to undergo ligand substitution with either a water or dinitrogen molecule,
where an equilibrium was established. This was based on the solubility of water and
dinitrogen in the respective solvent. The water coordinated complex fac-
[Mn(CAN)(CO)3(H20)] highlights a potential route towards catalytically- inert

manganese(l) hydroxy bridged cluster 213. These were previously reported by
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Hammarback and co-workers, and observed spectroscopically in catalytic studies in

Chapter 3, where anhydrous 1,4-dioxane containing 20 ppm of water was used.®!
Unlike prior studies on 5-membered manganacycles, favourable coordination of
dinitrogen was observed in n-heptane, and the novel complex fac-[Mn(CAN)(CO)s(n?-
N2)] was detected, which possessed a distinctive N=N stretching mode with a band at
2249 cm™. This example represents one of only a handful of literature manganese(l)

dinitrogen complexes. [103-107]
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Figure 168. Reactivity of the 5-membered manganacycle 158 discussed in Chapter

2.
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Catalytically-relevant additives were then introduced into the system. These included
imine 178, alkynes, and the isoquinoline product 180. Phenyl acetylene displaced the
coordinated solvent ligand, coordinating to manganese in a n?-HCCPh fashion. In the
absence of imine 178 (or isoquinoline 180) the terminal alkyne then underwent
migratory insertion, forming a 7-membered manganacycle containing a new C-C bond.
When imine 178 or isoquinoline 180 were present, the migratory insertion step was
inhibited and coordination of 178 or 180 was favoured, indicating that product inhibition
is likely to occur as the catalytic reaction proceeds. The 7-membered manganacycle also
reflected similar manganese complexes detected in Chapter 3, where in situ IR
spectroscopy combined with LIFDI MS gave information related to plausible catalyst

resting states.

Chapter 3 presented the pathways of activation for common manganese(l) carbonyl
precatalysts. For the first time, a mechanism was proposed for the activation of
[Mn2(CO)10], which ultimately formed the 5-membered manganacycle discussed in
Chapter 2. When [Mn2(CO)10] was used as a precatalyst, the complex [Mn2(CO)q(1,1-
bis(4-methoxyphenyl)methanimine)] was detected in situ under catalytic conditions and
subsequently isolated. [Mn2(CO)qs(1,1-bis(4-methoxyphenyl)methanimine)] in the
presence of imine 178 then underwent a C-H bond activation step to form the 5-
membered manganacycle 158. Either the imine 178 or a 19-eletron manganese
tricarbonyl radical discussed in Chapter 4 were proposed to aid with the formation of
158. Ultimately, these results provide evidence that under these conditions [Mn2(CO)10]
forms 5-membered manganacycles, supporting proposals made in various synthetic

methodologies (Figure 169).1242]
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Figure 169. Proposed mechanism of activation for [Mn3(CO)10] based on results in

Chapters 2,3, and 4.

The activation of [MnBr(CO)s] was further probed (Figure 170). Previously this was
studied in detail by Hammarback and co-workers.3% Under the conditions described
herein, [MnBr(CO)s] activated via a different mechanism to that proposed in the
literature. Instead of forming the 5-membered manganacycle 158, the complex fac-
[MnBr(1,1-bis-(4-methoxyphenyl)methanimine),(CO)s] 228 was exclusively detected.
Under literature conditions, this complex was catalytically non-functional. However,
through application of either base, irradiation with visible light, or the use of a terminal
alkyne, the respective isoquinoline product was detected. Once activated, in situ IR
spectroscopy, supported by LIFDI MS, provided evidence for a 7-membered
manganacycle with a further alkyne m-bound as the resting state of catalysis.
[MnBr(CO)s] not forming a 5-membered manganacycle on route to the catalytic cycle
emphasises that manganese carbonyl precatalysts do not all exhibit the same reactivity

under the same conditions. This explains the differences in reactivity in literature
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studies, where some transformations only work with [Mn2(CO)10] or [MnBr(CO)s], while

other transformations exhibit similar reactivity with both precatalysts.[6>159:160]

oc,, o \\\Br:,,,“'; \.CO
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Figure 170. Reactivity of [MnBr(CO)s] discussed in Chapter 3.

Finally, the fundamental photochemistry of [Mn2(CO)i0] was studied using time-
resolved multiple probe spectroscopy (Figure 171). The reactivity of the subsequently
formed photoproducts was also explored. Fundamental reactivity mirrored
observations previously made in the literature.[’38149 As the excitation wavelength
shifted from lower to higher energy, a preference for Mn-CO bond cleavage over
Mn-Mn bond cleavage was seen. Mn-Mn bond cleavage resulted in formation of a
[Mn(CO)s]: radical, which under most conditions recombined. In comparison, no
recoordination of CO was observed when Mn-CO bond cleavage occurred. Instead,
solvent coordination and then formation of a semi bridging CO [Mn3(CO)s] complex was
observed (See Figure 127). In addition to these previously reported photoproducts,
advances in technology allowed the observation of previously unseen events. Within ca.

5 ps, when the Mn-Mn bond of [Mn2(CO)10] was cleaved, the rearrangement of the
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solvent cage, and drifting apart of the [Mn(CO)s]- radical to form two independent
entities was clearly observed. Through the use of more polar solvents, the lifetime, T,
could be reduced to ca. 1 ps. This demonstrates how the capability of TRIR has evolved,

revealing mechanistic intricacies which 20 years ago were undetectable.

The [Mn(CO)s]: radical was observed to react with acetone and n-butyl acrylate to form
cationic solvent manganese(l) complexes. Additionally, the radical successfully
abstracted the halogen atom from numerous organohalides to form [Mn(X)(CO)s],
where X is the respective halogen atom. Interestingly, in instances where the halogen
atom was not abstracted, repetition of the reaction in acetonitrile solvent resulted in
activation of previously inert C-X bonds, and formation of [Mn(CO)3(NCMe)s]*. This
provided evidence that a highly reactive 19-electron radical [Mn(CO)3;(NCMe)s] was
formed, which was proposed by Stiegman and Tyler, and was able even activate strong

organohalide bonds such as the C-Cl bond of chlorobenzene. 138l
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Figure 171. Reactivity of [Mn;(CO)10] following either Mn-Mn or Mn-CO bond

cleavage discussed in Chapter 4.

Lastly, [Mn3(CO)s] was observed to react with imine 178 to form [Mn(CO)s(1,1-bis(4-
methoxyphenyl)methanimine)], which was isolated from catalytic studies discussed in

Chapter 3, giving greater detail on the process of precatalyst activation for [Mn(CO)10].
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5.2 Future Work

A crucial limitation in the field of manganese carbonyl catalysed C-H bond
functionalisation reactions is the synthesis of the precatalysts. [Mnz(CO)io] is
synthesised from MnCl, under 200 atm of CO at high temperatures.l'”l Subsequent
precatalysts are then made by reacting [Mn2(CO)10] with either methyl iodide, bromine,
or sodium mercury amalgam ([MeMn(CO)s], [MnBr(CO)s], and [BnMn(CO)s]
respectively). These reactions are unsustainable, and often employ toxic or highly

carcinogenic reagents.

To improve the sustainability of manganese carbonyl catalysed reactions, alternative
ligands to CO could be designed, removing the need for these conditions. N-heterocyclic
carbenes are one potential alternative to CO ligands. A tripodal NHC ligand could be
employed to enforce a fac geometry, which was observed in many complexes herein.
Alternatively, more efficient active catalyst species could be designed. [BnMn(CO)s]
offered catalytic activity at the lowest temperature. Thus, a complex could be designed
based on [BnMn(CO)s], which has further functionality on the benzyl group. Once the
initial C-H bond activation step has occurred, liberating the benzyl group, there is a N-
coordinating functionality attached which could coordinate to the active catalyst over
H,O, to reduce formation of manganese hydroxy bridged deactivation products,

lowering the catalyst loading .

Finally, the application of TRIR techniques could be expanded. The mechanistic work
carried out using time-resolved multiple probe spectroscopy, especially on [Mn2(CO)10]
highlights how TRIR techniques have evolved over the last two decades. As the
sensitivity of these techniques has increased, it will enables the exploration of systems
beyond those containing metal carbonyl complexes, opening up the potential for
exploring systems which are currently difficult to study by traditional mechanistic

techniques.
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Chapter 6: Experimental

6.1 General Experimental Information
6.1.1 Solvents and Reagents

Commercial chemicals were purchased from Acros Organics, Alpha Aesar, Apollo
Scientific, Fisher Scientific, Fluorochem, Insight Biotechnology, Merck Life Science,
Sigma-Aldrich, Strem Chemicals UK, or Tokyo Chemical Industry UK and were used
without further purification unless otherwise stated. Dry MeOH, heptane and 1,4-
dioxane were purchased from Acros Organics, stored over 4 A molecular sieves and
under an atmosphere of N,. Dry Et,0, hexane, MeCN, methylene chloride, THF and
toluene were collected from a Pure Solv MD-7 solvent system and stored in oven dried

ampoules under an atmosphere of N».

Petroleum ether (pet ether) in following experimental procedures refers to the distillate

with a boiling point of 40-60 °C.

Room-temperature (RT) typically refers to 21 °C, with an upper and lower limit of 16-23

°C recorded.
6.1.2 Chromatography

Thin-layer chromatography (TLC) was conducted using Merck aluminium-backed 5554
silica plates. Visualisation of spots was achieved via irradiation (254 nm), or sequential
staining with potassium permanganate followed by heating. Flash column
chromatography was carried out following the procedure reported by Still et al., %!
using Fluorochem silica gel 60 (particle size 40-63 um), with the solvent system stated

in the specific procedure.
6.1.3 Melting Points

Melting points were recorded on a Stuart digital SMP3 machine, with a temperature

ramp of 2 °C min'! used.
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6.1.4 Infrared Spectroscopy

Infrared spectra for characterisation were obtained using a Unicam Research Series FTIR
(KBr IR) or a Bruker APLHA-Platinum FTIR Spectrometer with a platinum-diamond ATR

sampling module.

Extinction coefficients (€) were calculated by fitting measured concentrations to the

Beer-Lambert Law, using five concentrations, repeating the experiments in triplicate.

In situ IR spectroscopic measurements were made on a Mettler Toledo ReactlIR ic10 with
a K6 conduit SiComp (silicon) probe and MCT detector. An oven dried 3-necked round-
bottom flask equipped with a stirrer bar was attached to the ReactIR ic10 probe. One
neck was sealed with a septum, and the other connected to a Schlenk line. The system
was evacuated and subsequently backfilled with N, five times. Following this a
background spectrum was recorded under an N; atmosphere. An internal thermocouple
and dry deoxygenated solvent were introduced via the septum. The system was heated
using a stirrer hotplate until thermocouple was giving steady readings at the desired

temperature.

Sample measurements were then started at 30 second intervals, and reagents added in
a sequential order. First any imine reagents were added, followed by unsaturated
reagents, additives and finally any manganese containing compounds. Liquids were
injected through the septum, whereas solids required rapid removal of the septum
under a positive flow of N, addition, and replacement of the septum. After each
addition, a comment was added to the experimental run, and at least 2 minutes were
given for the IR signal/ reaction temperature to stabilise. Where solubility of a reagent
was an issue, long was give as appropriate. A sampling interval of 30 seconds was
maintained for the initial 2 hours of an experiment. This was extended to 5-minute

intervals beyond the first 2 hours.

Peaks of interest between ~1800-2200 cm™ with a resolution of + 4 cm™ were
individually monitored on an experiment-by-experiment basis. A solvent subtraction,
one- or two-point baseline and baseline offset were applied to all peaks. Where multiple
peaks were convoluted, second derivative function was finally applied. Following this,
peak data was exported into a Microsoft Excel document, and subsequent analysis

conducted in OriginPro 2019b (64-bit) 9.6.5.169 (Academic) software.
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IR Pump- Probe experiments were performed using one third of the output of a Ti-
sapphire femtosecond laser (Spectra-Physics Solstice Ace, 800-nm, 6 W, 90-fs, 1 kHz
pulse repetition rate) to pump an optical parametric amplifier (OPA, Spectra-Physics
TOPAS Prime) equipped with noncollinear difference frequency generation. The
resulting mid-IR laser pulses had a duration of ~150 fs and a bandwidth of ~200 cm™.
The central frequency was set on resonance with modes for the studied sample (2014
cm® for Mn2(CO)10). The mid-IR laser pulse was split by a 95:5 CaF, beam splitter to
generate the pump and probe beams respectively. A parabolic gold mirror was used to
focus the beams onto the sample. The transmitted probe beam was refocused using a
second parabolic mirror, prior to frequency-dispersion and detection using a
spectrograph (Horiba Jobin Yvon Ltd, Triax) and liquid nitrogen-cooled mercury

cadmium telluride (MCT) detector (Infrared Associates Inc, MCT-6-64).
6.1.5 UV-Visible spectroscopy

UV-Visible spectra were recorded with a Jasco V-560 spectrometer using Quartz

Ccuvettes.
6.1.6 Nuclear Magnetic Resonance Spectroscopy

Solution phase H, 3C and °F NMR analysis were carried out on a Brucker AV500
spectrometer (500, 125, 470 MHz for *H, 13C and °F respectively) at 298 K (295 K for
methylene chloride). 13C NMR spectra were recorded with *H decoupling. Spectra were
processed in MestReNova software version 14.0.0-23239. In 'H spectra, coupling
constants were quoted with + 0.5 Hz. Chemical shifts are reported in ppm and

referenced to the residual non-deuterated solvent.
Residual CDHCIl; in methylene chloride-d,: *H: 5.32 ppm, 13C: 53.49 ppm
Residual CHClsl in chloroform-d: *H: CHCl3 7.26 ppm, *3C: CHCl3 77.36 ppm

'H NMR peaks are reported to two decimal places, whereas 13C and *°F NMR peaks are

reported to one decimal place.
6.1.7 Mass Spectrometry

MS spectra were measured using a Bruker Daltronics micrOTOF MS, Agilent series

1200LC with electrospray ionization (ESI). Liquid Injection Field Desorbtion lonisation

237



Chapter 6: Experimental

(LIFDI) mass spectrometry was carried out using a Waters GCT Premier MS Agilent 7890A
GC. Data were quoted as a mass to charge ratio (m/z) in Daltons and relative intensity
in parenthesis. High resolution mass spectra (HRMS) are reported within 5 ppm error of

the theoretical value unless stated otherwise.

6.1.8 Single Crystal X-Ray Diffraction

Single crystals were crystalised from a suitable solvent system. An appropirate crystal
was selected and [oil on 200 micrometre micromount] on a SuperNova, Dual, Cu at
home/near, Eos diffractometer. The crystal was kept at 110.00(10) K during data
collection. Using Olex2[62l | the structure was solved with the SHELXT['63! structure
solution program using Intrinsic Phasing and refined with the SHELXL!!®* refinement

package using Least Squares minimisation.

6.1.9 Time-Resolved Multiple Probe Spectroscopy (TRMPS)

TRIR measurements were carried out at the LIFEtime facility using TRMPS technique at
the Central Laser Facility (Science and Technology Facility Council Rutherford Appleton
Laboratories).?>%3] The experiments were driven by a 100 kHz repetition rate Yb:KGW
amplifier (Pharos) as a pump source, producing 15 W, 260 fs pulses at 1030 nm. The
laser output was used to drive a BBO-based 515 nm pumped optical parametric amplifier
(OPA). The pump beam was collimated, travelled along an programable optical delay
line (0-16 ns 1200 mm long double pass), then focused onto the sample. The probe beam
sources from a 100 kHz repetition rate YB:KGW amplifier(Pharos) producing 6W, 180 fs
pulses at 1030 nm, driving two 3 W BBO/KTA based OPAs. The two Pharos sources
shared a 80 MHz oscillator, allowing pump-probe delay steps f 12.5 ns. The probe beam
was split to provide probe and reference pulses. The probe beams were collimated,
synchronised by a fixed optical delay, and focused by a gold parabolic mirror onto the
sample. The three beams were overlapped on the sample using a 50 um pinhole. The
probe beams were measured by two separate 128-element detectors. To go beyond
12.5 ns, subsequent seed pulses can be selected from the 80 MHz oscillator. Data were

collected using pump-probe delays ranging from 1 ps to 988.5 ps.

Samples were prepared as follows. To an oven dried Duran bottle approx. 15 mg of
manganese complex were added and dissolved in 20 mL of anhydrous solvent from a

newly opened sure-seal bottle. The system was then sparged (N2, Ar, or air) for 10
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minutes with solution pumping around the system. For the duration of the experiment,
the Duran flask was sealed while under a positive pressure of sparge gas. The Duran
bottle was connected via PTFE tubing to a Harrick cell with a spacer (100 pum unless
stated otherwise), with solvent being pumped round the system using a peristaltic
pump. During experiments, the Harrick cell was attached to rastering, to prevent
excitation of photoproducts. Following an experiment all solution was pumped from the
system, 3X10 mL of new solvent pumped around to clean the kit, and dried using a

positive pressure of N, for 10 minutes.

Initially spectra were processed in ULTRA_VIEW_v2 where negative times were
subtracted, and a polynomial second order baseline correction was applied, and data
exported as a text file. The resulting data were then analysed in OriginPro 2019b (64-
bit) 9.6.5.169 (Academic) software. For data which extended beyond 50 s a root mean
square correction was applied to account for flow of solution out of the probe beam.
Where data sets were particularly noisy, early time points after the first trump were
deleted and up to a 12-point average of data points applied. Kinetic fits were performed
with appropriate ExpGro, ExpDec and ExpGroDec functions and values were quoted with
in the format of XX £ XX indicating the 95% confidence limits of values obtained from
exponential fits. The suitability of kinetic fits were then assessed using the built in

residual plots produced by OriginPro software.
6.1.10 DFT Calculations

DFT calculations were performed using the TURBOMOLE V6.4 package using the
resolution of identity (RI) approximation.[*®5-1711 |nijtial optimisations were performed at
the (RI-)BP86/SV(P) level, followed by frequency calculations at the same level. All
minima were confirmed as such by the absence of imaginary frequencies. Single-point
calculations on the (RI-)BP86/SV(P) optimised geometries were performed using the
hybrid PBEO functional and the def2-TZVPP basis set. The (RI-)PBEQ/def2-TZVPP SCF
energies were corrected for their zero-point energies, thermal energies and entropies
(obtained from the (RI-)BP86/SV(P)-level frequency calculations). No symmetry
constraints were applied during optimisations. Solvent corrections were applied with
the COSMO[72! djelectric continuum model and dispersion effects modelled with

Grimme’s D3 method.[173.174]
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6.2 Compound Synthesis and Characterisation

Where a compound was synthesised following a literature procedure, the reference for
the synthesis has been included. Following the synthetic procedure, a lab book

reference has been given, which corresponds to the characterisation data.

Benzyl pentacarbonyl manganese(l) (212)

©/\Mn(CO)5

To an oven dried Schlenk tube equipped with a magnetic stirrer bar, under nitrogen, was
added mercury (18 mL). Sodium metal (4 eq., 64.2 mmol, 1.78 g) was added in small
pieces with high stirring to allow dissolution. In a separate Schlenk tube under nitrogen
was added Mn(CO)10 (1eq., 16.08 mmol, 6.24 g), followed by anhydrous, deoxygenated
THF (100 mL). The THF solution was then transferred by cannula on to the sodium
amalgam and was stirred for 3 hours. In a separate Schlenk tube equipped with a
magnetic stirrer under nitrogen was added benzyl chloride (2 eq., 32.1 mmol, 3.7 mL).
The Schlenk tube containing benzyl chloride was placed in a bath of ice and water and
was put under vacuum with stirring for 60 seconds, before being backfilled with N. At
ambient temperature, the THF solution of NaMn(CO)s was transferred by cannula into
the benzyl chloride. The mixture was stirred at ambient temperature for 20 hours. The
solution was then filtered through a bed of Celite®, and was washed with diethyl ether
(5 x 40 mL). The contents were then loaded on to silica gel and this was added onto a
pad of silica (5 cm). The pad was washed with pet ether (3 x 80 mL). The solvent was
removed to yield the product containing benzyl chloride. Benzyl chloride was removed
at 35 °C under vacuum. The product must be broken up with a spatula and put back

under vacuum. A slightly yellow crystalline product was obtained (6.4 g, 69 %).

m.p. = 38.2-38.6 °C. *H NMR (CDCls, 500 MHz)& (ppm) 2.42 (2H, s), 6.98 (1H, m), 7.19
(4H, m); 3C NMR (CDCls, 125 MHz) 6 12.25, 123.61, 125.98, 127.74, 128.77, and 151.95,
212.46. Rt 0.37 (pet ether). LIFDI-MS m/z (ion, %): 285.96677([M]*, 100).IR (Hexane, cm"
1): 2106, 2042, 2010, 1989, 1598, 1465, 1379, 1261 and 1220.

The analytical data were obtained in accordance with the literature.!]

Lab book reference number: jbe-2-002
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1,1-Bis(4-methoxyphenyl)methanimine (178)

To an oven dried Schlenk equipped with a magnetic stirrer, under an N; atmosphere,
was added 0.5 M 4-methoxyphenylmagnesium bromide (1 eq., 16.6 mL, 8.3 mmol). In a
separate oven dried Schlenk, 4-methoxybenzonitrile (1 equ., 1.1 g, 8.3 mmol) was added
and dissolved in anhydrous deoxygenated THF (6 mL). The 4-methoxybenzonitrile
solution was added dropwise to the Grignard solution and heated to reflux overnight.
The reaction mixture was cooled in an ice bath, quenched with anhydrous methanol (3
mL) and stirred for 30 minutes. The solution was diluted with 20 mL of hexane and
filtered through a Celite® plug. The Celite® plug was washed with toluene (3x10 mL) and
the filtrate reduced in vacuo. The pale yellow solid was recrystalised from methylene
chloride/pentane to give a white crystalline solid being 1,1-bis(4- methoxyphenyl)
methanimine ( 1.75 g, 88 %).

m.p. = 132.8-133.2 °C. 'H NMR (CDCls, 500 MHz)6 7.56 (4H, d, J= 8.6 Hz), 6.93 (4H, d, J=
8.6 Hz), 3.85 (6H, s). 3C NMR (CDCls, 125 MHz) § 177.3, 161.7, 131.4, 130.7, 113.6, 55.5.
ESI-MS m/z (ion, %): 242.1176 ([M+H]*, 100). IR (hexane, cm™): 2969, 2963, 2995, 2940,
2926, 2901, 2888, 2878, 2845, 2360, 2341, 1607, 1514, 1476, 1390, 1360, 1295, 1250,
1172 and 1038.

The analytical data were obtained in accordance with the literature. [

Lab book reference number: jbe-2-003
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Tetracarbonyl (n?-2-(p-anisylC=NH)-5-methoxyphenyl) manganese(l) (158)

OMe

To an Oven dried Schlenk tube equipped with a magnetic stirrer, under an atmosphere
of N> was added BnMn(CO)s (1 eq., 1.8 mmol, 510 mg) and 1,1-bis(4- methoxyphenyl)
methanimine (1 eq., 1.8 mmol, 430 mg). The Schlenk tube was evacuated and backfilled
with N3 five times, then anhydrous, deoxygenated toluene was added. The solution was
then heated to reflux for 6 hr and the Schlenk tube was covered in aluminium foil to
exclude light. Reaction progress was monitored by solution phase IR, Looking at the
metal carbonyl stretching bands. When the reaction was complete, the reaction mixture
was allowed to cool to room temperature and solvent removed in vacuo. The crude solid
underwent purification using flash column chromatography on silica gel (4:1 v/v pet

ether: methylene chloride to yield a pale yellow powder (560 mg, 76%).

'H NMR (CD2Clz, 500 MHz) 6 (ppm) = 7.74 (1H,s), 7.61 (1H, s, ) = 2.5 Hz), 7.48 (1H, d, ] =
8.5 Hz), 7.41 (2H, m), 7.00 (2H, m), 6.62 (1H, dd, J = 1, 8.5 Hz), 3.92 (3H, s), 3.88 (3H, s).
13C NMR (CDCl,, 125 MHz) & (ppm) = 188.55, 161.50, 159.02, 132.12, 129.95, 129.21,
123.19, 114.32, 109.93, 55.63, 55.37. R¢ 0.2 (4:1 v/v pet ether: methylene chloride).
LIFDI-MS m/z (ion, %): 407.01860 (100%, [M]*). IR (Hexane, cm™): 3320, 3098, 3076,
3040, 3028, 3012, 2636, 2882, 2746, 2340, 2360, 2072, 1986, 1978, 1932, 1606, 1577,
1536, 1505, 1495, 1456, 1420, 1390, 1296, 1238, 1176, 1072 and 1037. Uv/Vis

Amax(toluene)/ nm 339.
The analytical data were obtained in accordance with the literature. [

Lab book reference number: jbe-2-045
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6-Methoxy-1-(4-methoxyphenyl)-3,4-diphenylisoquinoline (180)

OMe

>

~N

MeO O O

To an oven dried Schlenk that was evacuated, backfilled with N; five times and equipped
with a magnetic stirrer, 1,1-bis-(4-methoxyphenyl) methanimine ( 1 eq., 1 mmol, 241
mg), diphenyl acetylene ( 1.5 eq., 1.5 mmol, 267 mg) and [MnBr(CO)s] ( 0.1 eq., 0.1
mmol, 27.5 mg) were added. Anhydrous deoxygenated dioxane (10 mL) was added and
the reaction stirred at 105 °C for 3hr, while being irradiated with a white LED array (15
W, 6500K). Once complete, solvent was removed in vacuo and the product purified by
flash column chromatography (94:6 v/v pet ether: diethyl ether). to give a white powder
(383 mg, 92 %).

1H NMR (500 MHz, CDCls) 6 8.13 (1H, d, J = 8.6 Hz), 7.77 (2H, m), 7.44-7.34 (5H, m), 7.32-
7.28 (2H, m), 7.22-7.14 (4H, m), 7.10-7.06 (2H, m), 6.97, (1H, d , ) = 8.6 Hz), 3.91, (3H, s),
3.74 (3H, s). 3C NMR (CDCls, 125 MHz) 6 160.62,160.10, 158.95, 150.34, 141.25, 139.23,
138.04, 132.60, 131.64, 131.38, 129.65, 128.84, 128.52, 127.60, 127.34, 127.03, 121.31,
118.88, 113.88, 104.31, 55.55, 55.35. R 0.25 (94:6 v/v pet ether: diethyl ether). ESI- MS
m/z (ion, %) 418 ([M+H]*, 100 %). IR (Hexane, cm): 3097, 3077, 3041, 3029, 2933, 2921,
2886, 2835, 1615, 1578, 1567, 1542, 1513, 1497, 1487, 1454, 1441, 1410, 1381, 1339,
1291, 1263, 1247, 1222, 1175, 1117, 1087, 1071, 1034 and 980. Uv/Vis
AMax(Toluene)/nm 320.

The analytical data were obtained in accordance with the literature. [0l

Lab book reference number: jbe-2-018
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6-Methoxy-1-(4-methoxyphenyl)-3-phenylisoquinoline (231)

OMe

>

~N
MeO Z O

To an oven dried Schlenk that was evacuated, backfilled with N; five times and equipped
with a magnetic stirrer, 1,1-bis-(4-methoxyphenyl) methanimine (1 eq., 1 mmol, 241
mg), phenyl acetylene (1.5 eq, 1.5 mmol, 142 pL) and [MnBr(CO)s] (0.1 eq., 0.1 mmol,
27.5 mg) were added. Anhydrous deoxygenated dioxane (10 mL) was added and the
reaction stirred at 105 °C for 3hr, while excluded from ambient light with aluminium foil.
Once complete, solvent removed in vacuo and the product purified by flash column
chromatography (30:1 v/v pet ether: diethyl ether) to give a colourless oil (297 mg, 87
%).

'H NMR (500 MHz, CDCls) 6 8.20 (2H, d, J = 7.6 Hz), 8.06 (1H, d, J =9.2), 7.97-7.93 (1H,
m), 7.76 (2H, d, ) = 8.1), 7.49 (2H, t, ) = 7.4 Hz), 7.41 (1H, d, ) = 7.3), 7.18 (1H, d , } = 2.5
Hz), 7.13 (1H, dd, J = 9.2, 2.5 Hz), 7.08 (2H, d, J = 8.1 Hz) 3.98 (3H, s), 3.91 (3H, s). 13C
NMR (CDCls, 125 MHz) 6 160.76, 160.19, 159.56, 150.76, 140.10, 139.83, 131.65, 129.61,
128.77, 128.54, 127.23, 121.62, 119.73, 115.01, 113.86, 105.08, 55.62, 55.56. Rf 0.24
(10:1 pet ether: diethyl ether) ESI- MS m/z (ion, %) 342 ([M+H]*, 100 ). IR (Et20, cm™):
3060, 3034, 3001, 2959, 2931, 2933, 2883, 1610, 1565, 1513, 1495, 1456, 1402, 1360,
1293, 1240, 1171, 1121, 1028, 973, 877, 838, 767, 692, 594, 562, 464.Uv/Vis
AMax(Toluene)/nm 317.

The analytical data were obtained in accordance with the literature. (¢!

Lab book reference number: jbe-4-196
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Chapter 6: Experimental

3,4-Bis(4-fluorophenyl)-6-methoxy-1-(4-methoxyphenyl)isoquinoline (253)
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To an oven dried Schlenk that was evacuated, backfilled with N; five times and equipped
with a stirrer bar, 1,1-bis-(4-methoxyphenyl) methanimine (1 eq., 1 mmol, 241 mg), 4,4’-
difluorodiphenyl acetylene (1.5 eq, 1.5 mmol, 321 mg) and [MnBr(CO)s] (0.1 eq., 0.1
mmol, 27.5 mg) were added. Anhydrous deoxygenated dioxane (10 mL) was added and
the reaction stirred at 105 °C for 3hr, while being irradiated with a white LED array (15
W, 6500K). Once complete, solvent removed in vacuo and the product purified by flash
column chromatography (200:1 v/v Toluene: diethyl ether) to give a white powder (358
mg, 79%).

m.p. = 216.3-218.1 °C.*H NMR (500 MHz, CDCl3) 6 8.15 (1H, d, J = 12.0 Hz), 7.77 (2H, m),
7.39 (2H, m), 7.28 (2H, m), 7.18 (1H, dd, J = 2.3, 9.2 Hz), 7.17-7.08 (4H, m), 6.95- 6.88,
(3H, m), 3.93, (3H, s), 3.79 (3H, s). 13C NMR (CDCls, 125 MHz) 6 162.20 (d, J = 246 Hz),
162.12 (d, J = 245 Hz) , 160.84, 160.21, 159.27, 149.59, 139.27, 137.20 (d, J = 3 Hz),
133.86 (d, J = 3 Hz), 132.95 (d, J = 9 Hz), 132.41, 132.21 (d, J = 9 Hz), 131.59, 129.82,
127.67,121.33,121.31,119.05, 115.83 (d, J = 21 Hz), 114.69 (d, J = 21 Hz), 55.56, 55.40.
19F NMR (470 MHz, CDCl3) ) 6 -114.33 (1F, s), -115.14 (1F, s) . R¢ 0.25 (200:1 v/v toluene:
diethyl ether). ESI- MS m/z (ion, %) 454([M+H]*, 100 ). IR (Et20, cm™1): 3009, 2972, 2838,
2156, 2002, 1614, 1576, 1504, 1463, 1404, 1334, 1296, 1256, 1218, 1155, 1115, 1034,
980, 884, 819, 786, 760, 733, 693, 663, 616, 568, 546, 529, 503. Uv/Vis
AMax(Toluene)/nm 321.

The analytical data were obtained in accordance with the literature. [

Lab book reference number: jbe-4-199
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Chapter 6: Experimental
6-Methoxy-1-(4-methoxyphenyl)-3,4-dipropylisoquinoline (254)
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To an oven dried Schlenk that was evacuated, backfilled with N; five times and equipped
with a magnetic stirrer, 1,1-bis-(4-methoxyphenyl) methanimine (1 eq., 1 mmol, 241
mg), 4-octyne 1.5 eq, 1.5 mmol, 220 uL) and [MnBr(CO)s] (0.1 equiv., 0.1 mmol, 27.5
mg) were added. Anhydrous deoxygenated dioxane (10 mL) was added and the reaction
stirred at 105 °C for 3hr, while being irradiated with a white LED array (15 W, 6500K).
Once complete, solvent removed in vacuo and the product purified by flash column
chromatography (20:1 v/v pet ether: diethyl ether) to give a colourless oil (332 mg, 95
%).

'H NMR (500 MHz, CDCl3) 6 7.96 (1H, d, J =9.2 Hz), 7.60 (2H, m), 7.25-7.22 (1H, d, ) = 2.5
Hz), 7.09-7.05 (1H, dd, J = 9.2, 2.5 Hz), 7.05-7.01 (2H, m), 3.97 (3H, s), 3.88, (3H, s), 3.04-
2.95, (4H, m), 1.89-1.79 (2H, m), 1.79-1.69 (2H, m), 1.17-1.10 (3H, m), 1.08-1.02 (3H, m).
13C NMR (CDCls, 125 MHz) 6 160.36, 159.85, 157.32, 152.86, 138.25, 132.36, 131.41,
130.22,126.03, 121.14,117.42,113.86, 102.06, 55.53, 55.43, 37.61, 30.25, 23.77, 23.72
14.87,14.51. Rf0.20 (5:1 v/v pet ether: diethyl ether) ESI- MS m/z (ion, %) 350 ([M+H]*,
100). IR (Et20, cm™): 2963, 2934, 2870, 1615, 1581, 1557, 1512, 1463, 1416, 1378, 1346,
1286, 1247,1117, 1031, 836, 735, 583. Uv/Vis AMax(Toluene)/nm 312.

The analytical data were obtained in accordance with the literature. [

Lab book reference number: jbe-4-190
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3-Cyclopropyl-6-methoxy-1-(4-methoxyphenyl)isoquinoline (255)
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To an oven dried Schlenk that was evacuated, backfilled with N; five times and equipped
with a magnetic stirrer, 1,1-bis-(4-methoxyphenyl) methanimine (1 eq., 1 mmol, 241
mg), cyclopropylacetylene (1.5 eq, 1.5 mmol, 128 L) and [MnBr(CO)s] (0.1 equiv., 0.1
mmol, 27.5 mg) were added. Anhydrous deoxygenated dioxane (10 mL) was added and
the reaction stirred at 105 °C for 3hr, while excluded from ambient light with aluminium
foil. Once complete, solvent removed in vacuo and the product purified by flash column

chromatography (30:1 v/v pet ether: diethyl ether) to give a yellow oil (190 mg, 59%).

'H NMR (500 MHz, CDCls) 6 7.94 (1H, d, ) = 9.1 Hz), 7.66-7.60 (2H, m), 7.28 (1H, s), 7.06-
6.98 (4H, m), 3.94 (3H, s), 3.89 (3H, s), 2.29-2.14 (1H, m), 1.13-1.07 (2H, m), 1.03-0.97
(2H, m). 13C NMR (CDCls, 125 MHz) & 160.43, 159.88, 159.02, 155.89, 139.66, 131.35,
129.39, 120.81, 118.43, 114.27, 113.64, 103.79, 55.39, 17.15, 9.23. Rt 0.25 (10:1 v/v pet
ether: diethyl ether). ESI- MS m/z (ion, %) 306 ([M+H]*, 100 ). IR (Et20, cm™): 3002, 2960,
2932, 2837, 1621, 1561, 1512, 1463, 1408, 1250, 1224,1170, 1123, 1023, 990, 903, 861,
840, 585. Uv/Vis AMax(Toluene)/nm 330.

The analytical data were obtained in accordance with the literature. [

Lab book reference number: jbe-4-191
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6-Methoxy-1-(4-methoxyphenyl)-3-(thiophen-3-yl)isoquinoline (256)
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To an oven dried Schlenk that was evacuated, backfilled with N; five times and equipped
with a magnetic stirrer, 1,1-bis-(4-methoxyphenyl) methanimine (1 eq., 1 mmol, 241
mg), 3-ethynylthiophene (1.5 eq, 1.5 mmol, 148 uL) and [MnBr(CO)s] (0.1 eq., 0.1 mmol,
27.5 mg) were added. Anhydrous deoxygenated dioxane was added and the reaction
stirred at 105 °C for 3hr, while excluded from ambient light with aluminium foil. Once
complete, solvent removed in vacuo and the product purified by flash column

chromatography (30:1 v/v pet ether: diethyl ether). to give a colourless oil (156 mg, 34%)

1H NMR (500 MHz, CDCls) & 8.09 (1H, s), 8.02 (1H, d, J = 9.2 Hz), 7.81 (1H, s), 7.79-7.75
(1H, d, J = 5 Hz), 7.75-7.70 (2H, d, J = 5 Hz), 7.43-7.38 (1H, s), 7.15-7.04 (5H, m), 3.97,
(3H, s), 3.91 (3H, s). 3C NMR (CDCls, 125 MHz) & 60.67, 160.08, 159.54, 131.53, 129.58,
126.23, 126.05, 123.47, 121.39, 119.33, 114.31, 113.71, 55.49, 55.44. Rf 0.25 (10:1 v/v
pet ether: diethyl ether) ESI- MS m/z (ion, %) 348 ([M+H]*, 100 ). IR (Et,0, cm™): 3108,
3003, 2960, 2930, 2834, 1621, 1563, 1521, 1494, 1462, 1405, 1361, 1296, 1241, 1174,
1122, 1032, 983, 875, 838, 779, 723, 691, 602. Uv/Vis AMax(Toluene)/nm 315.

The analytical data were obtained in accordance with the literature. %

Lab book reference number: jbe-4-193
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6-Methoxy-1-(4-methoxyphenyl)-3-o-tolyllisoquinoline (257)
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To an oven dried Schlenk that was evacuated, backfilled with N; five times and equipped
with a magnetic stirrer, 1,1-bis-(4-methoxyphenyl) methanimine (1 eq., 1 mmol, 241
mg), 4-ethynyltoluene (1.5 eq, 1.5 mmol, 190 uL) and [MnBr(CO)s] (0.1 eq., 0.1 mmol,
27.5 mg) were added. Anhydrous deoxygenated dioxane was added and the reaction
stirred at 105 °C for 3hr, while excluded from ambient light with aluminium foil. Once
complete, solvent removed in vacuo and the product purified by flash column

chromatography (90:10 v/v pet EtOAc: hexane). to give a colourless oil (80 mg, 22%)

'H NMR (500 MHz, CDCls) § 8.10 (2H, d, J = 7.5 Hz), 8.04 (1H, d, J = 9.0 Hz), 7.92 (1H, s),
7.75 (2H, d, J = 8.0 Hz), 7.29 (2H, d, J = 7.0 Hz), 7.16 (1H, s), 7.09 (3H, m), 3.98 (3H, s),
3.91 (3H, s), 2.42 (3H, s). 3C NMR (CDCls, 125 MHz) § 160.63, 160.13, 159.43, 150.83,
140.09, 138.37,137.11,132.77,131.63, 129.51, 129.47, 127.04, 121.50, 119.45, 114.41,
113.83, 105.00, 55.54, 21.40. R 0.1 (90:10 v/v pet EtOAc: hexane). ESI- MS m/z (ion, %)
356 ([M+H]*, 100 ). IR (ATR, cm™): 3011, 2972, 2938, 2913, 2853, 1690, 1575, 1516, 1505,
1494, 1461, 1436, 1408, 1398, 1380, 1335, 1296, 1252, 1235, 1216, 1183, 1174, 1157,
1115, 1107, 1095, 1078, 1036, 1025, 1014, 983, 958, 943, 909, 845, 819, 811, 761, 738.
Uv/Vis AMax(Toluene)/nm 324.

Lab book reference number: jbe-6-379
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Chapter 6: Experimental

fac-[MnBr(1,1-bis-(4-methoxyphenyl)methanimine),(CO)s] (228)

OMe

To an Oven dried Schlenk tube under N2 equipped with a magnetic stirrer, MnBr(CO)s (1
eq., 0.9 mmol, 274 mg) and 1,1-bis-(4- methoxyphenyl) methanimine (2 eq., 1.8 mmol,
430 mg) were added, evacuated and backfilled with N, five times. Then anhydrous
deoxygenated 1,4-dioxane was added. The solution was then heated to reflux for 1 hr
and the Schlenk tube was covered in aluminium foil to exclude ambient light. Reaction
progress was monitored by IR Looking at the metal carbonyl stretching bands. When the
reaction was complete, the reaction mixture was allowed to cool to room temperature
and solvent removed in vaccuo. The crude solid underwent purification by
recrystallisation, dissolving the solid in anhydrous deoxygenated methylene chloride
and adding the solution to ampule which was evacuated and backfilled with nitrogen.
Anhydrous deoxygenated pentane was layered on top of the methylene chloride, the
ampule, sealed and excluded from light for several days. This resulted in formation of

orange crystals (0.5 g, 80%).

1H NMR (500 MHz, CDCls) 6 9.62 (2H, s), 7.38 (4H, s), 7.31 (4H, s), 6.92 (8H, m), 3.85 (6H,
s), 3.84 (6H, s) .13C NMR (CDCls, 125 MHz) & 183.44, 183.19, 163.25, 162.09, 131.76,
131.71, 130.78, 130. 75, 130.37, 130.28, 114.61, 114.10, 56.14, 56.00. LIFDI- MS m/z
(ion, %) 700 (M*, 100 ). IR (1,4-dioxane, cml): 3241, 2757, 2695, 2026, 1939, 1908, 1610,
1589, 1519, 1510, 1422. Uv/Vis AMax(Toluene)/nm 374 and 351sh.

Lab book reference number: jbe-6-379
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Nonacarbonyl (1,1-bis-(4-methoxyphenyl)methanimine) dimanganese(0)

(216)

-Mn(CO)q

To a round-bottom flask equipped with a magnetic stirrer was added 1,1-bis(4-
methoxyphenyl) methanimine (1 eq., 1 mmol, 241 mg), [Mn2(CO)10] (1 eqg., 1 mmol, 389
mg) and methylene chloride (40 mL). Trimethylamine N-oxide (1 eq., 1 mmol, 80 mg)
was added 5 mg at a time. The solution was left stirring at ambient temperature for 1
hour, before being filtered through an alumina plug. The plug was washed with hexane
(50 mL), then Et,0 (50 mL). The Et,0 fraction was reduced in vacuo and the resulting

solid was recrystalised from boiling hexane, giving orange crystals (201 mg, 33%).

1H NMR (500 MHz, CD>Cl>) & 7.27 (2H, m), 7.05 (2H, m), 6.99 (2H, m), 6.81 (2H, m), 3.89
(3H, s), 3.81 (3H, s). 13C NMR (CD,Cl,, 125 MHz) 6 186.01, 161.75, 160.61, 130.38, 10.33,
128.77,128.47, 113.25, 112.98, 52.66, 52.23. LIFDI- MS m/z (ion, %): 602.96135 ([M]*,
100). IR (toluene, cm™): 3087, 3063, 2084, 2019, 1998, 1980, 1958, 1929, 1717, 1603,
1360, 1218, 1082, 1030. Uv/Vis AMax(Toluene)/nm 348 and 440sh.

Lab book reference number: jbe-5-344
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Chapter 6: Experimental

1,1-bis-(3-fluoro-4-methoxyphenyl)methanone (238)

F F

To an oven dried Schlenk flask equipped with a magnetic stirrer was added oven dried
Mg turnings (2.5 eq., 20 mmol, 486 mg). The flask was evacuated and backfilled with N2
five times, anhydrous deoxygenated THF (20 mL) added and a crystal of I,. 3-fluoro-4-
bromo anisole (2.5 eq., 20 mmol, 20 mL) was added dropwise while the solution was
heated with a heat gun. Once the colour of iodine had gone, the solution was heated at
reflux for 3 hours. Upon completion, the solution was cooled to -78 °C with a dry ice

acetone bath.

To a second oven dried Schlenk flask equipped with a magnetic stirrer was added 1,1’-
Carbonyldiimidazole (1 eq., 8 mmol, 1.29 g). The flask was evacuated and backfilled with
N five times, anhydrous deoxygenated THF (20 mL) added and the solution cooled down
to -78 °C with a dry ice acetone bath. The Grignard solution was added dropwise and
stirred at -78 °C for 15 minutes, before being warmed to ambient temperature and
stirred overnight. The reaction mixture was quenched with saturated ammonium
chloride (30 mL), extracted with EtOAc (330 mL), washed with NaHCO3 (30 mL), dried
with Na;SO4 and the solvent removed in vacuo. The crude material was recrystalised

from methylene chloride/hexane to yield a white powder (1.6 g, 72%).

M.p 163.3-163.8 °C. 'H NMR (500 MHz, CDCl3) & 7.62-7.50 (4H, m), 7.03 (2H, dd, J = 8.0,
8.0 Hz), 3.98 (6H, s). 13C NMR (125 MHz, CDCl3) & 151.9 (d, J = 246.0 Hz), 151.5 (d, J =
10.0 Hz), 130.5 (d, J = 5.0 Hz), 127.4 (d, ) = 2.5 Hz), 117.7 (d, J = 19.0 Hz), 112.4 (d, J = 2.5
Hz), 56.4. 1F NMR (470 MHz, CDCls) & -134.12 (m). R¢ 0.4 (60:40 v/v hexane: EtOAc). IR
(ATR, cm™): 3075, 2963, 2601, 1637, 1611, 1575, 1514, 1447, 1430, 1326, 1287, 1271,
1236, 1211, 1192, 1179, 1129, 1015, 920, 823, 803, 762, 749, 711, 617 564.

Lab book reference number: jbe-5-291
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Chapter 6: Experimental
1,1-bis-(3-fluoro-4-methoxyphenyl)methanimine (239)

NH
MeO I I OMe

F F

To an oven dried Schlenk equipped with a magnetic stirrer was added 1,1-bis-(3fluoro-
4methoxyphenyl)methanone (1 eq., 4 mmol, 1.1 g). The flask was evacuated and
backfilled with N, five times and anhydrous deoxygenated THF (20 mL) added. The
solution was cooled to 0 °C with a salt ice bath and TiCls (1.25 eq., 5 mmol, 0.55 mL)
added dropwise. Subsequently 0.5 M NHsz in THF (4 eq., 16 mmol, 16 mL) was added
dropwise, the reaction mixture allowed to warm to room temperature, and stirred at
ambient temperature overnight. The reaction mixture was stirred over Na>COs (50 mL)
for 10 minutes, the organic layer washed with Naz(CO)s (25 mL), brine (25 mL), dried
with Na;S04 and solvent removed in vacuo. The crude material was used immediately

in the synthesis of (234).

1H NMR (500 MHz, CD,Cl2) & 7.35-7.29 (4H, m), 7.05-7.00 (2H, m), 3.93 (6H, s). 13C NMR
(125 MHz, CD,Cl,) 6 175.1, 151.9 (d, J = 245.0 Hz), 149.6 (d, J = 11.0 Hz), 132.0 (d, J = 5.0
Hz), 125.1 (d, J = 4.0 Hz), 116.0 (d, J = 20.0 Hz), 112.8 (d, J = 2.5 Hz), 56.3. 1%F NMR (470
MHz, CD,Clz) 6 -135.32 (m). Rf 0.3 (30:70 v/v pet ether: hexane).* LIFDI- MS m/z (ion, %):
277.08811 ([M]*, 100).

*Slight degradation on the TLC plate.

Lab book reference number: jbe-5-295
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fac-[MnBr(1,1-bis-(3-fluoro-4-methoxyphenyl)methanimine),(CO)s] (234)
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To an oven dried Schlenk equipped with a magnetic stirrer was added 1,1-bis-(3fluoro-
4methoxyphenyl)methanimine (2 eq., 0.46 mmol, 130 mg) and [MnBr(CO)s] (1 eq., 0.23
mmol, 65 mg). The flask was evacuated and backfilled with N; five times and anhydrous
degassed toluene (20 mL) added. The reaction mixture was heated at 60 °C for 2 hours
and reaction progress followed via IR aliquots. Upon completion, the solvent was
removed in vacuo and the product crystalised from methylene chloride/pentane to

afford the title compound as orange crystals (31 mg, 18%).

1H NMR (500 MHz, CD,Cl) 6 9.90 (2H, s), 7.32-7.02 (12H, m), 3.94 (12H, s). 3C NMR (125
MHz, CD2Cl2) 6 181.6, 152.7(d, J = 13.5 Hz), 151.3 (d, J = 11.5 Hz), 150.9 (d, J = 15.0 Hz),
150.1 (d, J = 10.0 Hz), 130.5 (d, J = 6.5 Hz), 129.2 (d, J = 7.0 Hz), 126.2, 125.4, 117.2 (d, J
=20.0 Hz), 116.0 (d, J = 20.0 Hz), 113.2, 113.2, 56.5, 56.4. 1°F NMR (470 MHz, CD.Cl2) &
-133.70 (1F, s), 134.46 (1F, s). LIFDI- MS m/z (ion, %): ([M]*, 100). IR (toluene, cm™t): 2025,
1946, 1916, 1526, 1280.

Lab book reference number: jbe-5-296
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fac-[MnBr(1,1-bis-(3-fluoro-4methoxyphenyl)methanimine)(1,1-bis-(4-

methoxyphenyl)methanimine)(CO)s] (258)

OMe

To an oven dried J Youngs NMR tube was added compound 228 (1 eq., 0.1 mmol, 1.5
mg) and compound 234 (1 eq., 0.1 mmol, 1.5 mg). The tube was evacuated and
backfilled with N, five times, anhydrous deoxygenated toluene (0.4 mL) added and
heated at 105 °C for 30 minutes. The crude reaction mixture was analysed via °F NMR,

IR spectroscopy.

1F NMR (470 MHz, CD2Cl,) & -133.38, -134.27. IR (toluene, cm™): 2023, 1941, 1911,
1608, 1460, 1255.

Lab book reference number: jbe-5-316
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Tetracarbonyl [n?-2-(phenyl C=NH)-5-phenyl manganese(l) (182)
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An oven dried Schlenk flask equipped with a magnetic stirrer was evacuated and

backfilled with N; five times. Anhydrous deoxygenated THF (40 mL), benzonitrile (1 eq.,
30 mmol, 4.2 mL) and 1 M phenyl magnesium bromide in THF (1.1 eq., 33 mmol, 33 mL)
were added. The reaction mixture was heated at reflux overnight, then cooled to 0 °C
with a salt ice bath. Anhydrous deoxygenated methanol (5 mL) was added dropwise, and
the reaction mixture stirred for 30 minutes. The solution was diluted with Et,0 (50 mL),

filtered through a celite® plug and solvent removed in vacuo to give a yellow oil.

Crude 1,1-diphenylmethanimine (1 eq., 0.65 mmol, 130 plL), pentacarbonyl
benzylmanganese(l) (1 eq., 0.65 mmol, 150 mg) and anhydrous deoxygenated toluene
(30 mL) were added to a second oven dried Schlenk flask equipped with a magnetic
stirrer that was evacuated and backfilled with N; five times. The reaction mixture was
heated at 100 °C for 1 hour, with reaction progress monitored via IR aliquots. Upon
completion solvent was removed and the crude material purified via flash column

chromatography (70:30 v/v hexane: EtOAc) to afford a yellow solid (105 mg, 47 %).

1H NMR (500 MHz, CD,Cl,) & 8.38 (1H, s), 8.10 (1H, dd, 7.5, 1.5 Hz), 7.62-7.50 (4H, m),
7.50-7.45 (2H, m), 7.34 (1H, ddd, 7.5, 7.5, 1.5 Hz), 7.14 (1H, ddd, 7.5, 7.5, 1.5 Hz). 13C
NMR (125 MHz, CD,Cl2) & 220.3, 215.6, 213.8, 190.9, 183.4, 146.7, 141.5, 136.8, 131.6,
131.3,131.1, 129.3, 127.9, 123.8. R¢ 0.43 (70:30 v/v hexane: EtOAc) LIFDI- MS m/z (ion,
%) 246.99846 ([M]*, 100). IR (hexane, cm%): 2076, 1992, 1982, 1944, 1749, 1384, 1373,
1292, 1246, 1239, 1224, 1065. Uv/Vis AMax(Toluene)/nm 350.

Lab book reference number: jbe-6-402
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Pentacarbonyl (p-tolylacetylide) manganese(l) (223)

—@%Mn(COk

An oven dried Schlenk flask equipped with a magnetic stirrer was evacuated and
backfilled with N; five times. 1-ethynyl-4-methylbenzene (1 eq., 4.5 mmol, 0.57 mL) and
anhydrous deoxygenated THF (30 mL) were added, and the solution cooled to -78 °C
with a dry ice acetone bath. 2.5 M n-butyllithium in hexane (1 eq., 4.5 mmol, 1.8 mL)
was added dropwise, the solution stirred at -78 °C for 30 minutes, then warmed up to
ambient temperature. In a separate oven dried Schlenk flask equipped with a magnetic
stirrer was added [MnBr(CO)s] (1 eq., 4.5 mmol, 1.2 g). The flask was evacuated and
backfilled five times with N2, and anhydrous deoxygenated THF (45 mL) added. The
[MnBr(CO)s] solution was added slowly to the initial Schlenk flask, and the reaction
mixture stirred for 1 hour. H,O (45 mL) was added and extracted with methylene
chloride (3x30 mL), organic layers combined, dried over MgS0Os, and solvent removed
in vacuo. The crude material was purified by flash column chromatography (99:1 v/v
hexane: EtOAc), fractions combined, stirred over activated carbon, filtered and solvent

removed in vacuo to afford the title compound as a pale-yellow solid (1.1g, 79%).

Mp 110-113 °C. *H NMR (500 MHz, CD,Cl,) § 7.23 (2H, d, J = 7.5 Hz), 7.06 (2H, d, J = 7.5
Hz), 2.31 (3H, s). 3C NMR (125 MHz, CD,Cl,) § 208.2, 207.5, 136.5, 131.5, 129.1, 124.6,
116.9, 89.0, 21.4. Rf 0.2 (99:1 v/v hexane: EtOAc). LIFDI- MS m/z (ion, %) 309.96685
(IM]*, 100). IR (methylene chloride, cm): 3005, 2135, 2110, 2041, 2010, 1740, 1436,
1273. Uv/Vis AMax(Toluene)/nm 293.

The analytical data were obtained in accordance with the literature.>!
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Pentacarbonyl manganese(l) lodide (259)
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An oven dried Schlenk flask equipped with a magnetic stirrer was evacuated and
backfilled with N five times. [Mn2(CO)10] (1 eq., 2 mmol, 760 mg), |2 (1 eq., 2mmol, 504
mg) and anhydrous deoxygenated methylene chloride (50 mL) were added, and the
solution was stirred at 25 °C for 6 hours. Reaction progress was followed via IR aliquots
and upon completion solvent, [Mn(CO)10] and I removed in vacuo. The remaining solid

was washed with cold hexane (100 mL) to give an orange solid (512 mg, 79%)

LIFDI- MS m/z (ion, %) 321 ([M]*, 100). IR (MeCN, cm™): 2132, 2046, 2011, 1980. Uv/Vis
AMax(Toluene)/nm 344,

The analytical data were obtained in accordance with the literature. 75!

Lab book reference number: jbe-6-394
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Pentacarbonyl manganese(l) Chloride (249)
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An oven dried Schlenk flask equipped with a magnetic stirrer was evacuated and
backfilled with N; five times. [Mn3(CO)10] (1 eq., 2.76 mmol, 1 g), sulfuryl chloride (17.4
eq., 48 mmol, 4 mL) and anhydrous deoxygenated methylene chloride (75 mL) were
added. The reaction mixture was stirred at ambient temperature for 8 days and reaction
progress followed via IR aliquots. Upon completion the solvent was removed and the

crude material washed with cold ethanol to afford a yellow solid (274, 54%).
IR (MeCN, cm™): 2143, 2053, 2011, 1977. Uv/Vis AMax(Toluene)/nm 345.*
The analytical data were obtained in accordance with the literature. 76!

Lab book reference number: jbe-6-395

*Did not fly by LIFDI MS.
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fac-Tricarbonyl triacentonitrile manganese(l) hexafluorophosphate (215)
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An oven dried Schlenk flask equipped with a magnetic stirrer was evacuated and
backfilled with N, five times. [Mn2(CO)10] (1 eq., 10 mmol, 3.9 g) was dissolved in
anhydrous deoxygenated MeCN (90 mL) and NOPF¢ (2 eq., 20 mmol, 5 g) was added.
The reaction mixture was stirred at ambient temperature for 1 hour, reduced to approx.
30 mL, heated at 50 °C for 24 hr and solvent removed to afford a pale-yellow solid (1.1

g, 20%). Crude material was used immediately in the subsequent React IR™ experiment.
IR (MeCN, cm™): 1975, 2065.*

The analytical data were obtained in accordance with the literature.[*77]

Lab book reference number: jbe-6-343

*Did not fly by LIFDI MS.
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Octacarbonyl dimanganese(l) u2-dibromide (240)
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To an oven dried Schlenk flask equipped with a magnetic stirrer was added [MnBr(CO)s]
(1 eg., 2 mmol, 560 mg). The flask was evacuated and backfilled five times with N, and
anhydrous deoxygenated hexane (40 mL) added. The hexane solution of [MnBr(CO)s]
was heat at 60 °C overnight, then filtered to yield red crystals of title compound (400
mg, 81%).

LIFDI- MS m/z (ion, %) 309.96685 ([M]*, 100). IR (methylene chloride, cm™): 3028, 2102,
2045, 2012, 1976, 1603, 1496, 1082, 1029. Uv/Vis AMax(Toluene)/nm 430.

Lab book reference number: jbe-5-337
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6.3 NMR Spectra of Compounds
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Figure 172. 'H NMR spectrum of compound 212 in deuterated chloroform.
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Figure 173. 13C NMR spectrum of compound 212 in deuterated chloroform.
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Figure 174. 'H NMR spectrum of compound 178 in deuterated chloroform.
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Figure 175. 13C NMR spectrum of compound 178 in deuterated chloroform.
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Figure 176. 'H NMR spectrum of compound 158 in deuterated chloroform.
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Figure 177. 13C NMR spectrum of compound 158 in deuterated chloroform.
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Figure 178. 'H NMR spectrum of compound 180 in deuterated chloroform.
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Figure 179. 13C NMR spectrum of compound 180 in deuterated chloroform.
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Figure 180. 'H NMR spectrum of compound 231 in deuterated chloroform.
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Figure 181. 13C NMR spectrum of compound 231 in deuterated chloroform.
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Figure 182. 'H NMR spectrum of compound 253 in deuterated chloroform.
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Figure 183. 13C NMR spectrum of compound 253 in deuterated chloroform.
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Figure 184. 19F NMR spectrum of compound 253 in deuterated chloroform.
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Figure 185. 'H NMR spectrum of compound 254 in deuterated chloroform.
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Figure 186. 13C NMR spectrum of compound 254 in deuterated chloroform.
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Figure 187. 'H NMR spectrum of compound 255 in deuterated chloroform.
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Figure 188. 13C NMR spectrum of compound 255 in deuterated chloroform.
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Figure 189. 'H NMR spectrum of compound 256 in deuterated chloroform.

270



Chapter 6: Experimental

JBE-4-193.1.fid
jbe-4-193 CDCI3, 298 K

160.67
Lisn.o
15,54

OMe

MeO

—105.18

55.49
55.44

<

r T T T T T T T T
20 210 200 190 180 170 160 150 140

T T T T
130 120 110 100

ppm

T
90 80 70

Figure 190. 13C NMR spectrum of compound 256 in deuterated chloroform.
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Figure 191. 'H NMR spectrum of compound 257 in deuterated chloroform.
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Figure 192. 13C NMR spectrum of compound 257 in deuterated chloroform.
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Figure 193. 'H NMR spectrum of compound 228 in deuterated chloroform.
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Figure 194. 13C NMR spectrum of compound 228 in deuterated chloroform.
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Figure 195. 'H NMR spectrum of compound 216 in deuterated methylene chloride.
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Figure 196. 13C NMR spectrum of compound 216 in deuterated methylene chloride.
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Figure 197. 'H NMR spectrum of compound 238 in deuterated chloroform.
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Figure 198. 13C NMR spectrum of compound 238 in deuterated chloroform.
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Figure 199. F NMR spectrum of compound 238 in deuterated chloroform.
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Figure 200. 'H NMR spectrum of compound 239 in deuterated methylene chloride.
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Figure 201. 3C NMR spectrum of compound 239 in deuterated methylene chloride.
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Figure 202. F NMR spectrum of compound 239 in deuterated methylene chloride.
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Figure 203. 'H NMR spectrum of compound 234 in deuterated methylene chloride.
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Figure 204. 3C NMR spectrum of compound 234 in deuterated methylene chloride.

jbe-5-296.1.fid
jbe-5-296, CD2CI2

1370
T-134.96

C

o
HN,, | .CO
Mn
HN” | Yco
o Y4
© O
F OMe

w 10 o0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210 -2I
ppm

Figure 205. F NMR spectrum of compound 234 in deuterated methylene chloride.
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Figure 206. °F NMR spectrum of compound 258 in toluene.
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Figure 207. 'H NMR spectrum of compound 182 in deuterated methylene chloride.
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Figure 208. 13C NMR spectrum of compound 182 in deuterated methylene chloride.
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Figure 209. 'H NMR spectrum of compound 223 in deuterated methylene chloride.
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Figure 210. 3C NMR spectrum of compound 223 in deuterated methylene chloride.
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6.4 Calibration Plots
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Figure 211. Beer-Lambert plots of Mn,(CO)io in heptane. Top) 2045 cm™, Middle)
2014 cm’!, Bottom) 1984 cm™.
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Figure 213. Beer-Lambert plots of Mn,(CO)1o in MeCN. Top) 2045 cm!
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Figure 214. Beer-Lambert plots of Mn,(CO)10 in acetone. Top) 2045 cm™, Middle)
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285



Chapter 6: Experimental

0.10
n
0.08 |
[=}
© 006
'Rl
(5]
c
© |
£ 0.04 1
o
w
o
<
0.02 1 . s
L] i saai s e
foets Taoerrs 1122218
- Rasaiesl Sum of Sausees 41BSETES
0.00 1 e T
R o
T T T T T \ T \
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014
Concentration of [Mn,(CO),,J/ mmol dm™*
0.20 -
0.18 | .
0.16
8 0.14
- 012
[
g
§ 0.10
-
5 0.08
3
< 0.06
0.04 - Esuaon e
. Weight Mo Wziulm'n?
0.02 - = e Vi3s3
RovasSumet S 17602
- Pearson's 199953
0.00 o R azanrs
T T T T T \ T \
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014
Concentration of [Mn,(C0),,J/ mmol dm™
0.030 -
-
0.025 -
0 0.020 A
[=]
g
£ 0.015 1 -
2
=
3
2 0.010+
<
0.005 - 4 it yeacen
L] s st ssa e
- Reas s eS|
0.000 4 ey nssenn
R-Sguam (COD) 058618
e

T T T T T T T 1
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014
Concentration of [Mn,(CO),,}/ mmol dm™

Figure 215. Beer-Lambert plots of Mn,(CO)10 in THF. Top) 2045 cm!, Middle) 2014

cm’!, Bottom) 1984 cm™.

286



Chapter 6:

Experimental

0.12

0.10

0.08

Absorbance/ OD
e e
o (=3
- =3
) |

0.02

0.00

[Exuation
Pl

Posracnst
R-Square (COD)
A R-Suasrn

000253 1 0.001 14

T T T T T T T
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012
Concentration of [Mn,(CO),,)/ mmol dm?3

0.20

0.15

0.10

Absorbance/ OD

0.05

0.00

Equaiion
Pt

weignt

FEashr

o visighting

Intercegt 000572 2 0.0047

Sps
Reaioual Sum of Squares
Fearson's

RSquare (£00)

) R-Square

176.60037 £ 254811

18832068
EET
099838
0917

T T T T T T T
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012
Concentration of [Mn,(CO),,)/ mmol dm™

0.010 4

Absorbance/ OD

0.005 4

0.000 4

L ]
Equatian yeasw
Prr e
weight e Weighting

RS
Ad) B Sguare

097815

T T T T T T T
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012
Concentration of [Mn,(CO),,]/ mmol dm™

Figure 216. Beer-Lambert plots of Mn,(CO)10 in methylene chloride. Top) 2045 cm~

! Middle) 2014 cm™, Bottom) 1984 cm™.

287



Chapter 6: Experimental

0.10
-
0.08 -|
o
[=]
3 0.06
Q
c n
[}
£ o0
0
a
<
0.02 Equason e
" o e
= e s S574
ool el st ST
Resaae 500) O
et
T T T T T T T T
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014
Concentration of [Mn,(CO),,]/ mmol dm™
0.20 -
0.18 -| L]
0.16 -|
a 0144
° 0.12
3 0121
5 0.10
g i
G 0.08 -
3
< 0.06
0.04 - Eaen veeiEr
L] Wei 1 Awry
0.02 " Sere g sgorare
" R
0.00 4 P e
T T T T T T T T
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014
Concentration of [Mn,(CO),,l/ mmol dm™
0.030 4
n
0.025 4
o 0.020 4
[=]
@ [ ]
£ 0.015-
(]
o
=
c
8 0.010 .
<
- i s
0.005 | i sociisa s miites
Sope 108.18246 £ 130162
" Reac som t S S55900E 8
Peamst Sos2ir
R 1605) ]
P S e
0.000

T T T T T : r T
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014
Concentration of [Mn,(CO),,]/ mmol dm
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6.5 X-Ray Diffraction Data

Compound 228

fasy:-

@ mn

@
&@o
p/

-

Figure 225. Single crystal X-ray diffraction structure of 228. Thermal ellipsoids

}\,\,./ \l\y

shown with 50% probability and hydrogen atoms removed for clarity. Selected
bond lengths (A): Bri1-Mn1: 2.5488(4); C1-Mn1: 1.796(2); C2-Mn1: 1.797(2);
C3-Mn1: 1.802(2); N1-Mn1: 2.0566(18); N2-Mn1l: 2.0731(19). Selected bond
angles (°): 01-C1-Mn1: 174.80(19); N1-Mn1-N2: 85.21(7); N1-Mn1-Brl:
84.17(5); N2-Mn1-Br1: 83.18(5); C1-Mn1-Brl: 176.73(7); C2-Mn1-Brl: 86.72(7);
C1-Mn1-N1: 96.01(9); C2-Mn1-N1: 94.79(8); C3-Mn1-N1: 175.46(9).
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Table 27. Crystal data and structure refinement for compound 228.

Identification code

Empirical formula

Formula weight
Temperature/K
Crystal system
Space group
a/A

b/A

c/A

a/°

B/

v/

Volume/A3

z

Pealcg/cm?
p/mmt

F(000)

Crystal size/mm3

Radiation

jml1907
C33H30BrMnN07
701.44
110.00(10)
monoclinic
P2:/c
10.20445(15)
18.1216(3)
16.6612(2)

90

90.7735(13)

90

3080.72(8)

4

1.512

5.435

1432.0

0.134 x 0.114 x 0.058

CuKa (A = 1.54184)

20 range for data collection/° 7.208 to 134.146

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=20 (l)]

Final R indexes [all data]

-11<h<12,-21<k<16,-19<1<19
11363

5497 [Rint = 0.0255, Reigma = 0.0357]
5497/0/410

1.028

Ri = 0.0284, WR; = 0.0637

R1=0.0326, wR2 = 0.0663

Largest diff. peak/hole / e A3 0.66/-0.35
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Compound 216

&c
010 @ v
e
o

Q\W‘

)}

Figure 226. Single crystal X-ray diffraction structure of 216. Thermal ellipsoids
shown with 50% probability and hydrogen atoms removed for clarity. Selected
bond lengths (A): Mn1-Mn2 2.9296(5); Mn2-C22: 1.869(2); Mn2-C24: 1.813(2);
Mn1-C16: 1.801(2); Mn1-C17: 1.859(2); Mn1-C18: 1.879(2); Mn1-C19: 1.806(2);
Mn1-N1: 2.0608(18). Selected bond angles (°): 07-C22-Mn2: 179.4(2);
C20-Mn2-C21: 89.09(10); C20-Mn2-C22: 170.20(10); C20-Mn2-Mn1l: 83.34(7);
N1-Mnl1-Mn2: 91.73(5); N1-Mn1-Cl1l6: 94.67(9); N1-Mn1-C19: 174.26;
N1-Mn1-C18: 93.28(8).
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Table 28. Crystal data and structure refinement for compound 216.

Identification code

Empirical formula

Formula weight
Temperature/K
Crystal system
Space group
a/A

b/A

c/A

a/°

B/

v/

Volume/A3

z

Pealcg/cm?
p/mmt

F(000)

Crystal size/mm3

Radiation

jml21009
C24H1sMn2NO11
603.25
110.00(14)
triclinic

P-1

9.0789(5)
11.2974(8)
12.7130(8)
110.200(6)
94.410(5)
92.531(5)
1216.63(14)

2

1.647

1.102

608.0
0.41x0.292 x 0.224

Mo Ka (A =0.71073)

20 range for data collection/° 7.114 to 58.046

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=20 (l)]

Final R indexes [all data]

-12<h<11,-15<k<14,-17<1<16
9897

5548 [Rint = 0.0248, Rsjgma = 0.0481]
5548/0/349

1.063

Ri = 0.0355, wR; = 0.0734

R1=0.0456, wR2 = 0.0804

Largest diff. peak/hole / e A3 0.44/-0.41

297



Chapter 6: Experimental

Compound 234
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Figure 227. Single crystal X-ray diffraction structure of 234. Thermal ellipsoids
shown with 50% probability and hydrogen atoms removed for clarity. Selected
bond lengths (A): Br1-Mn1l: 2.5726(4); C1-Mn1: 1.804(2); C2-Mn1: 1.794(2);
C3-Mn1:1.810(2); N1-Mn1: 2.048(2); N2-Mn1: 2.060(2). Selected bond angles (°):
01-C1-Mn1: 178.0(2); N1-Mn1-N2: 83.39(8); N1-Mnl1-Brl: 85.6(6);
N2-Mn1-Brl: 80.95(6); C1-Mn1-Brl: 88.97(7); C2-Mnl1-Brl: 174.06(8);
C1-Mn1-N1:91.16(9); C2-Mn1-N1: 100.24(9); C3-Mn1-N1: 174.54(10).
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Table 29. Crystal data and structure refinement for compound 234.

Identification code jml21001

Empirical formula C34H2¢BrCl.FaMnN,O7
Formula weight 858.33
Temperature/K 110.00(10)

Crystal system monoclinic

Space group P2:/n

a/A 19.62170(11)

b/A 17.51016(8)

/A 21.66821(11)

a/° 90

B/ 107.9827(6)

v/ 90

Volume/A3 7081.06(7)

z 8

Pealcg/cm? 1.610

pw/mm- 6.374

F(000) 3456.0

Crystal size/mm3 0.33x0.1x0.06
Radiation Cu Ka (A =1.54184)

20 range for data collection/° 6.624 to 134.158

Index ranges -23<h<23,-18<k<20,-25<1<24
Reflections collected 51243

Independent reflections 12632 [Rint = 0.0270, Rsigma = 0.0231]
Data/restraints/parameters 12632/2/978

Goodness-of-fit on F2 1.029

Final R indexes [I>=20 (1)] R1=0.0318, wR, = 0.0786

Final R indexes [all data] R1=0.0376, wR; = 0.0822

Largest diff. peak/hole / e A3 0.54/-0.93

* The central core of one of the complexes was disordered. The manganese, bromine
and two carbon monoxides were modelled in two positions with refined occupancies of
0.9282:0.0718(8). The ADP of pairs of disordered atoms were constrained to be equal
(Mn2 & Mn2a, Br2 & Br2a, C34 & C34A, C36 & C36a, 08 & O8A, 010 & O10A).

One of the dichloromethanes was also disordered and modelled in two positions with
refined occupancies of 0.9292:0.0708(14). The C-Cl bond lengths in the minor form were
restrained to be 1.745 angstroms. The ADP of two pairs of disordered atoms were

constrained to be equal C68 & C68a, Cl4 & Cl4a.
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The similarity of the ratios of the complexes and the dichloromethane means that

occupancies of the alternative positions are coupled.

Compound 240

& er
&c
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& o

Figure 228. Single crystal X-ray diffraction structure of 240. Thermal ellipsoids
shown with 50% probability and hydrogen atoms removed for clarity. Selected
bond lengths (A): Mn1-Brl: 2.5306(12); Mn2-Brl: 2.5208(12); Mn1-Br2:
2.5305(12); Mn2-Br2: 2.5200(12); C1-Mn1: 1.889(7); C2-Mn1: 18.06(7). Selected
bond angles (°): Mnl1-Br1-Mn2: 95.48(4); C1-Mn1-C4: 177/7(3); C1-Mn1-C2:
90.4(30); C1-Mn1-Brl1: 89.7(2); 01-C1-Mn1: 178.7(6).
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Table 30. Crystal data and structure refinement for compound 240.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

B/

v/

Volume/A3

Pealcg/cm?
p/mm?

F(000)

Crystal size/mm3

Radiation

jml21008

BrCsMn.0Os

493.78

110.00(10)

monoclinic

P21/c

9.4576(3)

11.5772(3)

12.6902(3)

90

109.197(3)

90

1312.22(7)

2.499

23.152

928.0

0.161x 0.12 x 0.064

Cu Kot (A =1.54184)

20 range for data collection/° 9.904 to 134.146

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [I>=20 (1)]

Final R indexes [all data]

-11<h<7,-13<k<13,-12<1<15

4872

2347 [Rint = 0.0220, Rsigma = 0.0283]

2347/0/181

1.266

R1=0.0384, wR2 =0.1052

R1=0.0420, wR2 =0.1066

Largest diff. peak/hole / e A 1.03/-1.42
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6.6 UV-Visible light filters

Figure 229. Left: LED array set up for reaction. Right: Foiled LED Array for

controlled wavelength experiments.

4.5

Abs/ OD

2.0

1.0 -
os U

0.0 - ' - ' : '
200 400 600 800

Wavelength/ nm

Figure 230. UV-Visible light filter used for 412 nm.
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Figure 231. UV-Visible light filter used for 435 nm.
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Figure 232. UV-Visible light filter used for 458 nm.
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Figure 233. UV-Visible light filter used for 493 nm.
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Figure 234. UV-Visible light filter used for 495 nm.
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Abs/ OD
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Figure 235. UV-Visible light filter used for 520 nm.
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mance. Such mechanistic insight underpins the discovery of
mew synthetic transformations leading m atom- and step-effi-
cient routes for structural modifcation. However, the observa-
tion and gquantification of the individual microscopic steps
across a catalytic reaction coordinate remains deeply problem-
atic as they are frequently fast, entailing that intermediate
species are shont-lived and difficult to observe in ensemble ‘real”
reaction mixtures.”

Migratory insertion (MI) is one of the most important

fumdamental mechanistic processes in tansition  metal

“Department of Chemisiry, Univeraty of Yok, Hedingion, Yok, ¥H0 SENL DE
r.m[--l"' & i o sk ey ko wk

“Central Lawer Faciilily, Kocsrch Compier af Harel, STPC Rutherfard Appivion
Leberstary, Honeell Compas, Dvdrof, Ogferdaiie, 00T O LK

“Spapenin Crop AG, e ki 5, 4731, Switserkind

(651 kil P

¥ . . o

P ——

£ 022 Tha Authan(s) Published by the Royal Sociaty of Chamistry

coupling between an unsaturated L-type ligand (eg ©O, alkene
ar allyne] and an ¥-type ligand® {e.g. hydride, alkyl, any, allenoyl
allkynyl, alkoxide™™ and amddo®). Specific examples include (1)
the combination of carbonyl and hydrocarbyl ligands to give
acyl groups, a vital step in the carbonylation of methanol o
acetc acid” and the Pouson-Ehand resction®® {2] reaction
between a metal hydride and an alkene as part of a hyedrogena-
tion process™ and (3] alkene insertion into a metal alkyl
complex during polymerisation reactions.”™" Processes such as
B-hydridie elimination angd decarbonylation are the microscopic
reverse of ML

Ml processes underpin many of the recent synthetic
wdvances in C-H bond functionalisation reactions. Typically,
a promimal heteroatom-containing  directing group enables
selective C-H bond activation, resulting in the formation of
a metallacyclic intermediate [Fig. 1a). A subsequent M1 reaction
with an unsaturated substrate, such as an alkene or alkyne
| sometimes referred o as the scceptor molecule) is responsible
for the C-C bond formation step. This results in a ring-expan-
sion reaction to give new me@llacyckes which are key branching
points in the reaction. Depending on the conditions employed

Cham: Sci



Appendix 1: Published Papers

. Downloaded on R92022 3:49:33 PM.

This aticle is licensed under a Creative Commeons Attribution 3.0 Unported Licence.

M

shed on 08 July 2

Open Acoess Article. Pul

(e

307

Chemical Science

(]

C-H Bord Actination H 1
Ay Bindiceg :

Wiew Article Online

Edge Article

Fig. 1

-co

Tokuene

hy, 399nmln'c;r€

[a) General mechanistic processes for d®-metal catalysed C=H bond functionalisation reactions. [b) Previous synthetic work and results

froem low termperature NMR spectroscopic studies. (c) Complexes used in this study (d) previous insight from TRMPS. (e] Insight abtained from this

wicrk

and the nature of the catalyst, a range of products from either
redox-neutral or oxidative coupling may be obtained (Fig. 1a).
There have been significant advances in this area using d®-metal
pre-catalysts based on Mn[i),"" Co(m),"* Ru(uf*™ and
Rh[m)** scaffolds.

Model studies have provided insight into M1 steps within
these catalvtic cyeles. For example, kinetic studies using cyclo-
metallated Co[n‘-(:,;Me;] complexes have revealed that the rate-
controlling process involves loss of a ligand to generate a 16-
electron species - alkyne coordination and C-C bond formation
are therefore fast under these conditions.™ ™

Photolysis of the cyclomanganated 2-pyrone complex [Mn(2-
pyrone)(CO),], 1a, in the presence of PhC,H, results in CO-
dissociation and formation of the 7-membered manganacycle,
3aa, most likely via alkyne complex Zaa (Fig. 1b).** The role of
3aa as a key intermediate in Mnfi}catalysed reactions was
demonstrated by its ability to undergo protio-demetallation to
generate 4aa or reductive elimination to form 5aa.

These studies provide important insight into the role of the
metallacyclic intermediate, but also demonstrate that many of
the intermediates in this process, such as putative alkyne
complexes, are short-lived. Although the MI step may not be rate

Chem. 5ci.

limiting, it plavs an important role in controlling the regio-
selectivity of the reaction. Therefore, being able to directly
observe all the states in an MI reaction between a coordinated
alkyne with a metallacvelic intermediate would enable an
understanding of the factors that control this step in catalysis
and more broadly in applied synthesis.

Time-resolved spectroscopy provides a solution to achieve
this goal, circumventing the problems with observing specific
intermediates in ensemble mixtures. Light can selectivity
trigger pre-catalyst activation and a subsequent spectroscopic
probe reveals the interactions between the activated catalyst
and reaction components. Therefore, the direct observation of
catalytic reaction intermediates and their subsequent fate over
a range of timeseales is possible.™* Our recent application of
time-resolved multiple probe spectroscopy (TR™PS) with infra-
red detection to complexes 1a-d (Fig. 1c) demonstrates how this
can be applied to study catalytically relevant processes.
Photolysis of 1b in neat PhC;H results in loss of CO and initial
binding of the alkyne through the arvl-substituent to give 6ha
(Fig. 1d).™ Rearrangement of this complex on a ps timescale
then gives 2ba. The MI reaction to form 3ba then occurred on
a us timescale. Experiments between 1b in toluene solutions of

© 2022 The Author(s). Published by the Royal Socety of Chemistry
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PhC;H revealed the initial formation of toluene complex, 7h,
indicating that, following CO-loss, initial coordination to the
Mn occurs in a statistical fashion (toluene is the most dominant
species in the experiment]. Substitution of the coordinated
toluene by PhC;H gives 2ba, followed by formation of 3ba.

These findings present an opportunity to quantify all of the
components of the MI process. It was reasoned that varving the
nature of the eyclomanganated ligand in complexes 1 (Fig. 1c)
and the substituents on the alkyne would enable the rate
constants for the solvent-substitution reaction, ky, and the C-C
bond formation step, k., to be determined (Fig. 1e). When
coupled with data from computational chemistry, this would
provide unique insight into the factors that control the Ml
reaction. The successful implementation of this strategy is now
reported.

Results and discussion
Methodology

In order to gain insight into the factors controlling all of the
steps within a MI reaction, the reaction between a range of
metallacycles, 1a-i, and alkynes was investigated using TR™PS
with IR detection. Experiments were performed with a pump
wavelength of 355 nm and the changes to the vibrational modes
in the metal carbonyl region between ca. 1850 and 2100 em "
recorded. The temporal flexibility of the TR™PS experiment was
exploited so that processes occurring at pump-probe delays of
between 1 ps and 1 ms could be observed.****

The time-resolved infra-red spectroscopic data are presented
as difference spectra with the bands due to species lost on
photolysis shown as negative peaks, whereas the subsequent
photoproducts are shown as positive features.

Time-resolved infra-red (TR-IR) studies

a. Determination of order of reaction in PhC,H and Mn
complex. The photochemically induced reactions of 1b and 1e
with PhC,H were selected as exemplar systems to quantify the
rate constants for the MI reaction and determine the order in
M and alkyne for each step. Using 1e as an example, photolysis
in either neat PhCH or in a wluene solution results in the
observation of four negative bands corresponding to the ground
state IR spectrum of the Mn(1) carbonyl complex. This
confirmed that 1e was lost on irradiation (Fig. 2b and ¢). In
a toluene solution of PhC H (Fig. 2¢) new bands were observed
at 2012 and 1914 em ' within 5 ps, corresponding to the
formation of 7e. The positions and intensity of the three Mn-CO
stretching bands confirming that the complex contains three
Jac-coordinated CO ligands. ™" Identical spectra were observed
in an experiment performed in the absence of PhC,H, con-
firming the assignment as the toluene-coordinated complex.

Ower the course of ca. 1 ps the bands assigned to 7e were
replaced by three new peaks at 2017, 1950, 1918 em . The
shifts to higher wavenumbers are consistent with less m-back-
bonding to the CO ligands, as expected with the inclusion of an
n*bound alkyne (a good m-acceptor) into the coordination
sphere of the metal. Therefore, these peaks were assigned to

& 2022 The Authon(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

2ea. The three bands for 2ea were then observed to decrease in
intensity over the course of ca 10 ps to be replaced by three new
peaks at 2006, 1909, 1899 cm ’. which were assigned to met-
allocycle 3ea (Fig. 2a).

These observations correspond to the light-induced loss of
CO from 1e, followed by formation of the solvent complex 7e.
Substitution of the Mn-bound toluene by PhC;H then affords
2ea and subsequent Ml reaction gives 3ea. That 7e is the initially
formed product demonstrates that the initial binding event is
under kinetic control, with solvent molecules being in excess in
the reaction.

Analysis of the temporal behaviour of the reactions as
a funetion of [alkyne] allowed for a kinetic analysis of these
mechanistic steps. Experiments were performed under pseudo
first-order conditions with a large excess of allkyne present.*
Fits to exponential growth and decay functions allowed for
observed first order rate constants (k) to be determined as
a function of [alkyne] for both transformations 7e — 2ea and
2ea — 3ea. Plots of kuy, versus [PhC,H] (Fig. 2d and €] allowed
for the second order rate constant for 7e — 2ea (k) of (7.17 £
0.26) x 10" mol ' dm® s ' and first order rate constant 2ea —
3ea (k) (2.25 £ 0.18) % 107 5 ' to be determined. Plots of In
kyobe v In [PhC,H] and In &, vs. In [PhC,H] gave gradients of
(0.83 £ 0.04) and (- 0.01 £ 0.03), consistent with first and zero-
order dependence of each step on the alkyne, respectively (see
ESIT).

When the experiment was performed in neat PhC,H (Fig. 2b)
the initially formed photoproduct corresponded to the arene-
bound complex 6ea. Over the course of 100 ps 6ea isomerised to
the 2ea and then, on a ps timescale, 3ea was observed to form.
Both the band positions of 2ea and 3ea and the value of k; were
identical within 95% confidence limits to those observed in
toluene solution, supporting the intramolecular nature of the
M1 reaction.

Repeating this series of experiments in a toluene solution of
FhC,H with 1b as Mn-precursor returned an essentially iden-
tical series of observations, with &, = (3.74 £ 0.16) = 107 mol *
dm® s ' and k, = (1.43 £ 0.03) x 10° s . These results
demonstrate that, compared to the cyclomanganated imine
complex, 1e, the rate constant for the substitution of toluene by
PhC,H and for MI were slower.

b. Effects of alkyne substituents and cyclomanganated
ligand. A series of experiments were devised to probe the effect
of the structure of the alkyne and cvelomanganated ligand on
the rates of the solvent substitution and MI reactions. In these
experiments an identical concentration of alkyne and manga-
nese complex was used so that the resulting pseudo first order
rate constants for the loss of 6/gain of 2, kyjup,), were directly
comparable between different alkynes and cyclomanganted
complexes. As the MI reaction is zero order in alkvne, the first
order rate constant for the formation of 3 is equivalent to k,. The
data are collated in Table 1.

Photolysis of toluene solutions of 1b with alkynes R-4-C H,~
CH (R = NMe;, MeO, H, F, CF;, MeC0,) all resulted in the
initial formation of a toluene adduct 7b. This was followed by
substitution of the solvent to give the corresponding alkvne
complexes 2b. The vibrational modes of the CO ligands in

Chem. 5ci.
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constants.

complexes Zb provided insight into the nature of the metal-
ligand bonding in these complexes. The frequency of the high-
energy symmetric stretch was observed at higher energy when
an electron-withdrawing substituted was present on the alkyne
(e.g 2014 em ' for R = CF;) compared to when an electron
donating group was used (e.g. 2002 cm * for R = NMe, ). This is
consistent with competition for electron density between the -
acidic allkyne and carbonyl ligands. More electron-rich alkynes
are poorer acceptor ligands, resulting in a greater degree of -
backdonation to the Mn-based carbonyl ligands and thus the
observed shift to lower energy when R = NMe,.

This approach also allowed for the effects of different
alkynes on solvent substitution and C-C bond formation to be
evaluated. On the whole, the values of kyuug only showed
a small dependence on the nature of the alkvne substrates with
the most electron donating substituent being formed at
a slower rate than those with electron withdrawing groups.

Chem. 5ci

However, k; exhibited a much greater variation. For the 4-
substituted alkynes, R-4-CgH;C.H, k, was greatest when an
electron withdrawing group was present e.g. (4.86 + 1.37) = 107
s ' for R = CF;, compared o (111 + 031) x 10° s ' for R =
NMe;. The MI reaction of internal alkynes was much slower
than their terminal analogues. When compared to FhC,H, &
was approximately half that when PhC,Ph was used and an
order of magnitude slower for the cyclohexyl derivative CvC,H.
Repeating the experiment with "BuC,"Bu resulted in a different
observation. Following the initial formation of 7h, solvent
substitution was observed to give the corresponding alkyne
complex as demonstrated by the characteristic bands for this
type of complex. However, on the timescale of the experiment (1
ms) no evidence for the subsequent M1 reaction was obtained.

These broad trends were also observed when 1e was used as
a substrate. When compared to PhC;H, the rate constant for M1
was considerably slower when PhC;Ph was employed: (2.25 +

B 2022 The Author(s). Published by the Royal Socety of Chemistry
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Table 1 Collated spectroscopic and kinetic parameters
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OMe
ca oo |, co | o co
= |0 €0 “l :.CO w| €0 «_L,oo
AN W | Nea T Moo Wl Mo |
W 4':0 co &0 <o H &O M oo\w
ke Ph
1a LT 1e 1d 10 1t g 1n L]

Complex  Alkyne oy comples 2em " Fiog) complex 3em " kyag/10° 570 k107570 Experimental AG",./k] mal ™
1a” PhC:H 2015, 1962, 1923 008, 1928, 1903 MNeat 104 + 1.5 a9
1b PhC:H 20049, 1944, 1912 2008, 1922, 1899 .32 4 356 143 £+ 0,03 44
1b CyltH 2010, 1944, 1908 2006, 1920, 1890 6.30 £ 0.71 0.13 + 001 S0
1b* PhCO-CH:C:H 2012, 1947, 1909 2001, 1903, 1892 Meat 1.79 + 0.49 43
1b Fhi:Ph 2004, 1943, 1912 2003, 1904, 1893 11,95 = 208  0.57 = 0.06 16
ib "BuC,"Bu 2006, 1925, 1906 Mot observed 436 + 1.00 Mot observed N/A
1b CFs-4-CsH4-C:H 2014, 1946, 1918 2012 1925, 1905 11.72 £+ 3.30 1.86 + 1.37 11
1b F-d4-CeHa-C2H 2011, 1942, 1915 2010, 1923, 1900 12,07 =571 420 £ 1.74 11
1b MeO-4-CeHy-CoH ZULN:I," 1910 2009, 1923, 1898 6.36 = 3.79 0.91 & 032 15
1b MeCO:—4-CeH-C:H - 2013, 1894 2011, 1923, 1902 9.95 £ 0.41 4.79 £ 2.90 11
1b MeaN-4-CeHy—CaH 2002, 1906, 1884 2007 1921, 1989 5.76 + 1.33 1.11 £+ 0.31 44
1c” PhC.H 2011, 1916 2002, 1921, 18498 Meat Tde + 128 34
1d” PhC.H 2016, 1931, 1922 2009, 1909 Meat 0.20 + 0.01 18
1e PhC:H 2017, 1950, 1918 2006, 1909, 1899 . 2.25 + L1k 43
ie PhC:H 2014, 1948, 1914 2004, 1906, 1895 Meat 156 = 0,15 43
1et Phi.Ph 1997, 1905" 1997, 1903, 1893 4 0.24 % 0.01 a2
1le "But,"Bu 2004, 1932, 1910 Not observed 61.7 + 1.7 Mot observed MNA
1f PhC.H 2014, 1941, 1906 2012, 1915, 1905 35474 141 + 0.05 13
1g Ph.H 2012, 1941, 1908 2012, 1915, 1908 553+ 6.5 1.99 + 0.13 13
ih PhC,H 2004, 1914" 1941, 1003, 1896 180 + 2.8 123 + 018 a1
1i Phi,H 2023, 1950, 1914 2010, 1906, 1894 584 + 1.01 1.9% + 0.08 43

“ Data from ref. 39.* One band obscured by bleach. * Experiment in heptane solution. “ Second order rate constant determined to be (289 +0.14) =
10" mmol ' dm®* s'. © Second order rate constant determined to be (7,17 = 1.38) x 10" mol " dm® s~

0.16) x 107 s ' and [0.24 + 0.01) x 10° s * respectively. Due to
competition with trace water oceurring in toluene, the experi-
ments with PhC,Ph were performed in heptane solution (water
content = 10 ppm). It should be noted that the rate of solvent
substitution in heptane is ca. two orders of magnitude faster
than for toluene, indicating that the former solvent is more
weakly bound to the metal. As with 1d, the corresponding
experiment with "BuC;"Bu resulted in the formation of an n*-
alkyne complex but no evidence for the subsequent MI reaction
was obtained.

The effect of the nature of the evelomanganated ligand on
the MI was probed further. This ligand may be considered to
consist of a heteroatom-based directing group and the meta-
lated carbon atom which undergoes the Ml reaction. Across the
series of eomplexes le-1i, in which the directing group was
modified, the MI reaction with PhC;H in toluene solution
exhibited only a relatively small variation in &;. The greatest rate
constant was for 1h (4.23 4 0.18) »x 107 s ', and the smallest for
16 (1.41 £+ 0.05) x 107 5 *_ All were similar to those observed for
1b (1.43 4 0.03) x 107 s ', However, the data on the pyrone, la,
pyridinone, 1e, and indole, 1d, complexes, in which the
migrating group was changed, showed a greater variation in &;.
The greatest value of k; was observed for pyridinone-based 1e (k;
=74.6 £ 12.8 » 10° 5 ') and the slowest for indole-substituted

@ 2022 The Author(s). Published by the Roval Society of Chemistry

1d (k; = 0.20 + 0.01 » 107 5 '), which corresponds to a 373-fold
difference in rate constant. These data indicate that, for a given
alkyne, it is the primarily the nature of the organic group bound
to the manganese which governs the MI reaction and the
directing group has little overall effect on this process.

Comiputational studies

Further insight into the MI reaction was obtained by studving
the states involved using Density Functional Theory (see ESIT
for full details of the methodology employed]. In these calcu-
lations, the alkyne complexes, 2, were taken as the reference
state. In the case of unsymmetrically substituted allkynes there
are two possible orientations of the allyne which lead to the Ml
reaction resulting in 1,2- and 2,1-insertion (Fig. 3a). As the later
process is kinetically preferred (g.u.), complexes with the alkyne
in the orientation leading to this outcome were used as the
reference state.

The MI reactions were modelled for all of the combinations
of alkyne and cyclomanganated ligands studied experimentally,
for both the 1,2- and 2,1-insertion pathways. In each case
a transition state for MI (TS,3) was located which, through
a dynamic reaction coordinate analysis, was shown to link
alkyne complex 2 and metallacycle 3 (Fig. 3a). It was also
possible to correlate the experimentally and computationally

Chem. Sci.
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(a)] DFT-calculated pathway for C=C bond formation. (b) Correlation between DFT-calculated and experimentally determined free
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effect of different alkynes on the orientation and thermodynamics of insertion inte complex 1b. (d) Collated energies showing the effect of
different metallacycles on the orientation and thermodynamics of insertion of PhCH.

determined free energies of activation for the insertion reaction.
In this case, the experimentally determined first order rate
constants (k;) were converted to Gibbs energies using the Evring
equation. The resulting plot (Fig. 3b) showed a good correlation
between the two approaches, demonstrating the computational
method was a competent and viable model for this reaction. In
addition, the predicted barrier to insertion for "BuC:"Bu was
the highest of those calculated, consistent with the fact that no
MI reaction was observed in the TRIR experiments with this
alkyne.

This analysis demonstrates this is an excellent system to
model through computational chemistry as TR™PS has enabled
the first order rate constants for the exact elemental step under
consideration to be determined.

The calculations provided insight into effects of the different
substituents on the rate of the insertion reaction, the orienta-
tion of the insertion and ultimately the nature of the C-C bond
formation step.

Although the two orientations of the alkyne complex 2 and 2’
were generally found to be at essentially identical energies, the
transition states for the 2,1-insertion (black bars, Fig. 3c and d)
are found to be uniformly at lower energy than the corresponding
1,2-insertion [red bars). In most cases, the orientation of insertion
does not significantly affect the overall thermodynamic change of
the insertion process and therefore we propose that the regio-
chemical outeome of the reaction is kinetically controlled.

Chem. Sci.

Further insight into the nature of the Ml reaction was ob-
tained by analysis of the electronic structure of states 2, TS,
and 3. An evaluation of the canonical molecular orbitals ob-
tained at the D3-pbe0/def2-TZVPP level of theory revealed that
several MOs were involved in C-C bond formation step.
Therefore, in order to obtain a chemically intuitive view of the
MI reaction, the electronic structure of each state was
modelled using the Natural Bond Orbital (NBO) approach.*
The relevant NBEOs involved in the C-C bond formation step for
complexes 2ba, TS,3p, and 3ba are shown in Fig. 4. The NBOs
of the alkvne ligand are w-bonding orbitals 9%, 100 and their
antibonding counterparts 157 and 158 which all have >90% p-
character. Of the two orthogonal sets, orbitals 100 and 158 are
directly involved in bonding to the metal, with 100 showing
a signification second order perturbation stabilisation [ﬂ.E,j“]
= 73.59 keal mol ') reflecting electron donation to a vacant
metal-orbital. There is corresponding resonance stabilisation
from a filled Mn d-orbital to the antibonding *-orbital 158
(AE"™ = 24.09 keal mol ') which can be viewed as back-
donation in the Dewar-Chatt-Duncanson model. Orbitals 99
and 157 do not show any significant interaction with metal-
based orbitals, indicating that the alkyne is best viewed as
a formal two-electron donor, consistent with an 18-electron
count. The Mn-C bond involved in the MI reaction is described
as a carbon-based lone pair ([NBO 42), with ca. 26% s and 74%
p character. The donor interaction to the metal is modelled

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Hey NBOs involved in the migratory insertion process for 2ba (left] TSga,, (centrel and 3ba (rnght).

through resonance stabilisation to an empty M-L anti-bonding
orbital (&£ = 131.18 keal mol ?).

Analysis of the NBOs in TS;3, revealed the key interactions
controlling the C-C bond formation. NBO 74 describes the
bonding component of the nascent C-C bond: it has an occu-
pancy of 1.65 electrons and ca. 27% s and 73% p character.
Examination of the second order perturbation analysis reveals
the nature of the metal-assistance in the C-C bond step as NBO
74 acts a donor to a vacant metal orbital (NBO 105, Mi,[ll =
75.02 keal mol ', Fig. 5b). This is complemented by back-
donation to the corresponding C-C antibonding orbital (NBO
132). This occurs from a filled metal d-orbital ([NBO 38) [hEiJ[’] =
15.95 keal mol ', Fig. 5¢) and a hyperconjugative interaction
between NEO 132 and the newly-formed Mn-C bond, NBO 44,
(AE®) = 77.13 keal mol ', Fig. 5d). Commensurate with these
interactions, the formally C-C antibonding orbital has a pop-
ulation of 0.34 electrons.

Analysis of the NBOs for 3ba demonstrates that the newly
formed C-C bond is composed of a filled bonding orbital (NBO
74, occupancy 1.97 electrons) comprised of overlap between two
sp*-hybridised carbon atoms. The corresponding anti-bonding
orbital NBO 132 is essentially vacant (occupancy 0.02 electrons).
The newly formed Mn-C bond is deseribed by NBO 43 which is
a carbon-based lone pair that is resonance-stabilised by dona-
tion to a vacant metal orbital (A£;"® = 146.6 keal mol *). ML
reactions result in a formal decrease in electron count (in this
case from 18- to 16-electron) and it has been proposed that wealk
donor interactions between the newly formed metallacycle and

@ 2022 The Author(s). Published by the Royal Society of Chemistry

the metal help to stabilise the unsaturated nature of the metal.™
The NBEO calculations provide further evidence for this inter-
action with a small resonance stabilisation between a w-bond
on the arene ring and a vacant metal-ligand anti-bonding
orbital (A£;"*) = 11.89 keal mol ).

Analysis of these NBOs and how they change during the C-C
bond formation step provides important mechanistic insight.
The formation of TS;sp, is probably best viewed as a combina-
tion of NBO 42 [a carbon-based lone pair) with NBO 158 (m*-
orbital on the alkyne). Concurrent with this, the formation of
NBO 44, which is the carbon-based lone pair responsible for the
new Mn-C bond, may be viewed as being derived from NBEO 100
(filled p-orbital on the alkyne). Therefore, the two alkyne
orbitals engaged in synergic bonding with the Mn are also those
involved in the MI process. To provide effective overlap between
NEO 42 and NBO 158, it is evident that the alkyne must be
aligned with the Mn-C bond in the 2-phenylpyridine, as is
observed in both structure 2Zba and transition state structure
TSa3pa-

The NBO calculations provided insight into how the struc-
tural changes to the alkvine and metallacycle within this series
of compounds affected the MI reaction. An analysis of the
calculated NBOs in states 2, TS,; and 3 across a range of
complexes studied in this work demonstrated that the different
substitution patterns only had a notable effect on the donor/
acceptor interactions in TSa;.

Fig. 5e shows the correlation between the calculated Gibbs
energy of activation for the MI reaction based on individual
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Appendix 1: Published Papers

Deownlosded on B92027 3:49:33 PM,

-

< on OF July 2
licensed under a Creative Commens Attribution 3.0 Unported Licence,

Open Access Article, Py

[@) . Ease

313

Chemical Science

Views Article Online
Edge Article

] -
a3
75.02 keal mal !
—y.
¥
74 105

L]

15.95 keal maol?
——
-]
38
(d}
77.13 keal mal?
— "
e} a4 132
215 - 242 - 2.25 - -
= =
210 - 210 - . . : 2.20 4 3
L2054 e PPN - . z *
] ra 5 5215 n
200 »; L L 2.06 . mtE s "
= - . . 240 4
15— T T 7 04— T T T T T T T
0 »n 40 &0 m w 40 &0 20 k) 0 &0
100 Gy, (k) ok o Mo LG [ o) . 8G g (hd mol")
= o g niw = W]
g %0 E 23 E 140
3 - o
2] ofa E LI 2 420
g . e LESTE . & 100 5
L * t 124 1 - "
- a ﬂ 10 3 a ‘ i - L] ] .
Toe-l T T 7 L S T T T 80— T T T
20 ] 40 0 m o 40 50 20 kL &0 50
Ay, (k) mol) Al () mal) 8y [ Mol
B 2+ PRoH Wb+ PRCH W 1o+ PRGH B lesPhOH B M+ PRGH O 1b+ PROH

A 15 MaNATGHTH # fbePRGPh * 1be CySH ® b FOALHGH

Fig. 5 {a) Structure of TSaam,. (B)=(d) Selected donor-acceptor interactions in TSz, The energies given are the second order perturbation
energies associated with each interaction. (e} Correlation of computationally derived parameters in TSz3 with the free energy of activation for the

alkyne insertion.

alkyne/metallacycle combinations and the Mij‘zl values for the
three donot/acceptor interactions in Fig. 5b-d. Correlations
between the bond metries in the transition state with the Gibbs
energy of activation are also shown. These data provide insight
into the critical factors controlling the MI reaction. As detailed
above, the 2,1-insertion of the alkyne is kinetically favoured over
the 1,2-insertion. In the 1,2-transition state the orientation of
the alkyne results in longer Mn-C bonds to the alkyne and may
be interpreted as greater steric repulsion in the 1,2-insertion
transition state. However, the NBO analysis shows that these
elongated distances correlate with weaker donorfacceptor
interactions between the nascent C-C bond and the metal

Chem. 5ci.

(black squares versus open squares in Fig. 5e). Although this is
slightly compensated by a greater C-C hyperconjugative inter-
action, it is postulated that the strength of these donorfacceptor
interactions is the keyv factor controlling the rate of the MI
reaction.

This is further illustrated by comparing the data for PhC,FPh
and CyC,H. Again, the Mn-alkyne distance are longer than in
the PhC;H case, which results in weaker donor/acceptor inter-
actions. However, for the 2Z-pyrone and 2Z-pyridinone man-
ganacycles which show the fastest rates of M1 reaction, then the
opposite effect is observed, the alkyne and Mn-C bonds are
notably shorter and the donor-acceptor interactions much

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stronger. Commensurate with this model, the nascent C-C
bond is longer in these cases.

Observation of the fate of manganacycle 3ia

As shown in Fig. la, manganacycles such as 3 have several
potential fates which underpins the synthetic versatility of C-H
bond activation reactions promoted by d®-metal complexes. In
the case of complex 3ia, which is derived from acetophenone,
the temporal flexibility of the TR™PS experiment enabled the
direct observation of one of these pathways following the MI
reaction. Photolysis of 10 in a toluene solution of PhC:H resul-
ted in the expected formation of toluene complex 7i (Fig. 6a),
followed by alkyne substitution and insertion to give 2ia and 3ia
respectively. However, in contrast to the other systems investi-
gated in this study, the peaks in the TRIRK spectra for 3ia were
found to subsequently decrease in intensity to be replaced by
a new band at 2013 em ' and a broad feature centred at 1912
em ! (ks = 1.02 4+ 0,03 % 10" s ') which were assigned to 8ia
[Fig. 6b).

The stoichiometric reactions of manganacyeles containing
ketone-based directing groups may give two different potential
outcomes. In the first instance, a formal reductive elimination
reaction to give a six-membered ring may occur. In the case of
cyclomanganated chaleone derivates this results in the

(-]
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formation of pyranyl complexes.** This process is analogous
to the catalytic oxidative coupling of allkynes with heterocyeles
and the related formation of 5aa (Fig. 1b).** Alternatively,
manganated aromatic ketones have been shown to react with
alkynes to give 1H-inden-1-ols (Fig. 6d)."" A key step in such
a process would be the formation of a five-membered ring and it
was envisaged that could cccur from 3ia through nucleophilic
attack of the Mn-coordinated carbon atom onto the carbonyl
group of the ketone.** Both of these potential pathways were
successfully modelled by DFT (Fig. 6c). In the case of the first
pathway, which would afford a six-membered ring, the transi-
tion state for C-0 bond formation (TSge,) was located at +17 kj
mol * with respect to the alkyne complex 2ia which was taken
as the reference state. This corresponds to an energic span of 78
k] mol ! from 3ia. The transition state for the formation of the
five-membered ring, TSizia was located at much lower energy
(=37 kJ mol '), a barrier of 24 k] mol " from 3ia.

Complex 8ia was assigned as the indenoate complex shown in
Fig. 6a. This is on the basis that TSy, is at significantly lower
energy than TSiq, and the predicted barrer is 24 k] mol . The
predicted scaled IR bands for the metal carbonyl groups predict
the experimentally observed blue shift on changing from 3ia to
8ia. In the case of the putative formation of 10ia, a red shift was
predicted (see ESIT) which, taken with the larger predicted
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Fig. 6 la) Reaction scheme showing the structure of intermediates formed on photolysis of 1iin a toluene solution of PRCzH. (bl Bottorm ground
state IR spectrum of 1i in toluene solution, above TRIR data for 1iin atoluene solution of PRC:H recorded at various pump-probe delays. (c) DFT-
calculated pathways for Mn-promated C-C bond formation. Energies are Free Energies at 288 K in kJ mol ™" at the D3-pbe/def2-TZVPR//
bpB6/SVIF) level with COSMO solvation in toluene. [d) Previously reported Mn-promoted formation of 1H-inden-1-ols [top] and the role of

intermediate 8 (bottom).

& 2022 The Author{s). Published by the Royal Society of Chemistry
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barrier for its formation, excludes assignment to this complex.
Additionally, caleulations on the related systems which have
been shown experimentally to yield the pyranyl complexes indi-
cated that the alternative pathway would be expected (see ESIT).

The observations from this experiment are therefore assigned
to the key C-C bond formation steps that underpin the Mn-
promated formation of 1H-inden-1-oles (Fig. 6d). Lightinduced
CO loss from 1i, is followed by solvent coordination to give 7i;
solvent substitution by the allyne (7i — 2ia, ns timescale) is
followed by insertion [2ai — 3ai 10 ps timescale), with final
formation of the five-membered ring (3ia — 8ia 100 ps time-
scale). In the synthetic work, it is then expected that protonation
of gia affords the 14-inden-1-ol (shown as 11 in Fig. ad).

More widely, these results demonstrate the potential of
TR™PS to enable the direct observation of bond-formation steps
occurring over several orders of magnitude in time.

Conclusions

The data from this study indicate that the rate and selectivity of
the migratory insertion reactions of alkynes into Mn-C bonds is
directly controlled by the extent of synergic interactions
involving the nascent C-C o-bond. These interactions are
analogous to the more well-known donor/acceptor bonding that
underpins the metal-promoted oxidative addition activation
pathway of H,, C-H and related element-hydrogen bonds and it
is envisaged that parallel arguments about how metal-ligand
interactions influence these reactions can be made in this case.

Previous experimental and computational work have
rationalised the regioselectivity of the MI process in terms of
both steric™ ** and/or electronic factors (either orbital coeffi-
cients on the alkyne,*** or the relative electron rich/poor nature
of the alkyne carbons).**" The steric influence of spectator
ligands on the MI process has also been highlighted ™

It is proposed that the model presented in this work provides
a framework to harmonise all of these arguments. For example, as
shown in the case of PhC,H vs. CyC;H in the current study, an
inerease in bulk of the alkyne results in a slower rate of ML This is
rationalised on the basis of increased metal-ligand bond lengths
in the transition states of the more crowded cases and
a commensurate decrease in the synergic interaction involving
the nascent C-C o-bond. Electronic factors are also consistent
with this model. For example, a more electron deficient alkvne
would be expected to increase m-backbonding to the C-C a-bond
accelerating the rate of reaction (as also observed experimentally).
In addition, the carbon atom of the allyne with the greatest
orbital coefficient would enable greater metal-ligand interactions
in the transition state, again enhancing this svnergic interaction.

It is also informative to place the results from this study
within the context of catalytic reactions that have been
proposed to involve the insertion of an allyne into a mangana-
cvele. As many of these processes proceed at temperatures >100
“C, then the MI step which occurs on a us timescale is unlikely
to be rate controlling. However, our data support the proposi-
tion that the regiochemical outeome (1,2 vs. 2,1 alkyne inser-
tion) is kinetically controlled through TS,;. A survey of
a number of reactions™™** which relay on this MI reaction

Chem. Sci.
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show that for terminal alkynes 2,1 insertion is universally
observed.* This is consistent with the proposed model as the
transition state for 1,2-insertion has weaker Mn-C synergic
interactions due to a longer d, distance (Fig. 5). Examples with
unsymmetric internal alkynes only show significant selectivity
on insertion when there is a profound difference in substitution
pattern (g.g, with MeC,Ph or EtC,Ph).*>* In these examples, 2,1
insertion dominates presumably due to the same geometric
factors which control the insertion of terminal alkynes pre-
dominating, enhancing the orbital interactions in TS;5.

The approach described in this paper also highlights how
spectroscopic measurements can be integrated with computa-
tional chemistry to provide unique and important insight into
catalytic reaction mechanism. Directly observing processes
occurring across a wide range of timescales ensures that
previously inaccessible mechanistic insight becomes available.

Data availability
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doi.ong/10.15124/8cce891d-15a5-4a79-986b-6d20b3777d59.

Author contributions

JML and [J5F conceived the experimental programme with
input on project direction from AR. The TRIR experiments were
performed by LAH, JML, 1JSF, |BE, T]B and IPC on instrumen-
tation set-up and built by MT. Manganese compounds were
prepared and analysed by LAH, JBE and TJB; JML and CJP
performed and analysed the DFT calculations. TRIR data were
analysed by JML, LAH, JSF, JBE, T]B, IPC and MT. JML wrote
the paper with input from all authors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We are grateful to Syngenta, the EPSRC and the Department of
Chemistry at the University of York (iCASE studentship to LAH
EP/N509413/1, studentships for JBE and TJB) as well as the
Roval Society of Chemistry (Research Enablement Grant to
support JWB) for funding. We thank the STFC for programme
access to the ULTRA facility (grant number 1813). The compu-
tational work in this project was undertaken on the Viking
Cluster, which is a high performance compute facility provided
by the University of York. We are grateful for computational
support from the University of York High Performance
Computing service, Viking and the Research Computing team.

References

1 W. J. Ramsay, N. A. W. Bell, Y. Qing and H. Bayley, J. Amt.
Chem. Soc., 2018, 140, 17538-17546.
2 . Niu and M. B. Hall, Chent. Rev., 2000, 100, 353-406.

© 2022 The Author(s). Published by the Royal Society of Chemistry



Appendix 1: Published Papers

. Downloaded on RO2022 3:49:33 PM,

This article is licensed under a Creative Commeons Attribution 3.0 Unported Licence,

-

Open Access Article, Published on OF July 2

&)

316

Edge Article

3 J. W. Tye and ]. F. Hantwig, j. Am. Chem. Soc., 2009, 131,

14703-14712.

C. P. Richers, 5. Roediger, V. Laserna and J. F. Hartwig, Chem.

Sei., 2020, 11, 10449-10456.

S, A, Macgregor and G. W. Neave, Organometallics, 2003, 22,

4547-4556.

6 P 8. Hanley and |. F. Hartwig, Angew. Chem., Inf. Ed., 2013,

52, 8510-8525.

A. Haynes, P. M. Maitlis, G. E. Morris, G. |. Sunley, H. Adams,

P. W. Badger, C. M. Bowers, D. B. Cook, P. L Elliott,

T. Ghaffar, H. Green, T. R. Griffin, M. Pavne, |. M. Pearson,

M. |. Taylor, P. W. Vickers and E. J. Watt, J. Am. Chem. Soc.,

2004, 126, 2847-2861.

8 B. E. Moulton, A. C. Whitwood, A. K. Duhme-Klair,
J. M. Lynam and L J. 5. Fairlamb, J. Org Cheni, 2011, 76,
5320-5334.

9 P. Magnus and L. M. Principe, Tetrakedron Lett., 1985, 26,
4851-4854.

10 B. E. Labelle, M. ]. Knudsen, M. M. Olmstead, H. Hope,
n. v Yanuck and N. E. Schore, . Org. Chem., 1985, 50,
5215-5222.

11 L D Gridnev and T. Imamoto, Acc. Chem. Res., 2004, 37, 633~
(S 5N

12 A, Nakamura, 5. lto and K. Nozaki, Chem. Rev., 2009, 109,
5215-5244.

13 Z. Chen and M. Brookhart, Ace. Chem. Res., 2018, 51, 1831~
1839,

14 D. L. Thom and R. Hoffmann, . Am. Chem. Soc., 1978, 100,
2079-2090.

15 Y. Hu, B. Zhou and C. Wang, Acc. Chem. Res , 2018, 51, 816-
g27.

16 W. Liu and L. Ackermann, ACS Catal, 2016, 6, 3743-3752.
17 L. A. Hammarback, A. Robinson, ]. M. Lynam and
L ]. S. Fairlamb, J. Am. Chem. Soc., 2019, 141, 2316-2328.

1% L. A. Hammarback, A. Robinson, ]. M. Lynam and
L. J. 5. Fairlamb, Chem. Commurn., 2019, 55, 3211-3214.

19 M. Moselage, |. Li and L. Ackermann, ACS Catal., 2016, 6,
498-525.

20 ]. Ghorai and P. Anbarasan, Asian . Org. Chem., 2009, 8, 430~
455

21 P. G. Chirila and C. J. W]
9721-9739.

22 5. Wang, 5. Y. Chen and X. Q. Yu, Chem. Comimtun., 2017, 53,
3165-3180.,

23 T. Yoshino and S. Matsunaga, Adv. Syrth. Catal., 2017, 359,
1245-1262.

24 M.T. Findlay, P. Domingo-Legarda, G. McArthur, A. Yen and
L. Larrosa, Chem. Sci., 2022, 13, 3335-3362.

25 P. B. Arockiam, C. Bruneau and P. H. Dixneuf, Chem. Rev.,
2012, 112, 5H79-5918.

26 C. H. 5han, L. Zhu, L. B. Qu, R. P. Bai and Y. Lan, Chem. Soc.
Rev., 2018, 47, 7352-7376.

27 A, Peneauw, C. Guillou and L. Chabaud, Eur. [. Org. Chem.,
2018, 2018, 5777-5794.

2% D. A, Colby, A. 8. Tsai, K. G. Bergman and J. A. Ellman, Acc.
Chent. Res., 2012, 45, 814-825.

29 G.Y. Song and X, W, Li, Ace. Chem. Ees., 2015, 48, 1007-1020.

a

w

-l

oak, Dalton Trans., 2017, 46,

B 2022 The Author(s). Published by the Roval Society of Chemistry

View Article Online

Chemical Science

30 X T. Qi, Y. £, Li, K. P Bai and Y. Lan, Acc. Chem. Res., 2017,
50, 2799-2808.

31 ]. Sanjose-Orduna, D. Gallego, A. Garcia-Roca, E. Martin,
J- Benet-Buchholz and M. H. Pérez-Temprano, ARgewt.
Chem., int. Ed., 2017, 56, 12137-12141.

32 ]. Sanjosé-Orduna, J. M. Sarria Toro and M. H. Pérez-
Temprano, Angew. Chem., Int. Ed., 2018, 57, 11369-11373.
33 ]. Sanjosé-Orduna, ]. Benet-Buchholz and M. H. Pérez-

Temprano, lnorg. Chent., 2019, 58, 10569-10577.

34 8. Martinez de Salinas, ]. Sanjosé-Orduna, C. Odena,
5. Barranco, |. Benet-Buchholz and M. H. Pérez-Temprano,
Angew. Chem., Int. Ed., 2020, 59, 6239-6243.

35 N. P. Yahava, K. M. Appleby, M. Teh, C. Wagner, E. Troschke,
J- T. W. Bray, 5. B. Duckett, L. A, Hammarback, J. 5. Ward,
J- Milani, N. E. Pridmore, A. C. Whitwood, |. M. Lyvnam
and L J. 5 Fairlamb, Angew. Chem., Int. Ed., 2016, 55,
12455-12459.

36 ]. D. Firth, L. A, Hammarback, T. ]. Burden, ]. B. Eastwood,
J- R. Domald, C. S. Horbaczewskyj, M. T. McRobie,
A, Tramaseur, 1. P. Clark, M. Towrie, A. Robinson,
J- P Krieger, |. M. Lynam and L . 8. Fairlamb, Chem.-Eur.
J., 2021, 27, 3979-3985.

37 L. A, Hammarback, B. ]. Aucott, ]. T. W. Bray, L. P. Clark,
M. Towrie, A. Robinson, L ]. 5. Fairlamb and ]. M. Lynam,
J.Am. Chem. Soc., 2021, 143, 1356-1364.

38 L. A, Hammarback, A. L. Bishop, C. Jordan, G. Athavan,
J. B. Eastwood, T. ]. Burden, J. T. W. Bray, F. Clarke,
A. Robinson, J. P. Krieger, A. Whitwood, 1. P. Clark,
M. Towrie, . M. Lvnam and L J. 8. Fairlamb, ACS Catal,
2022, 12, 1532-1544.

39 L. A, Hammarback, 1. P. Clark, L. V. Sazanovich, M. Towrie,
A. Robinson, F. Clarke, 5. Meyer, L. ]J. 5. Fairlamb and
J- M. Lynam, Nai. Cadal, 2018, 1, 830-840.

40 G. M. Greetham, P. Burgos, (). A. Cao, L. P. Clark, P. 5. Codd,
R. C. Farrow, M. W. George, M. Kogimtzis, P. Matousek,
Ao W. Parker, M. R. Pollard, D. A. Robinson, Z. |. Xin and
M. Towrie, Appl Spectrosc., 2010, 64, 1311-1319.

41 G. M. Greetham, P. M. Donaldson, C. Nation,
L. V. Sazanovich, L. P. Clark, D. ]J. Shaw, A. W. Parker and
M. Towrie, Appl. Spectrose., 2016, 70, 645-653.

42 B. |. Aucott, A. K. Duhme-Klair, B. E. Moulton, L. P. Clark,
I. V. Sazanovich, M. Towrie, L. A. Hammarback,
L J. 5. Fairlamb and J. M. Lynam, Orgarometallics, 2019,
38, 2391-2401.

43 J. B. Eastwood, L. A. Hammarback, M. T. McRobie,
L F. Clark, M. Towrie, L. J. & Fairlamb and J. M. Lynam,
Dalton Trans., 2020, 49, 5463-5470.

44 The concentration of Mn-based photoproducts in these
experiments is ca. 5 x 10" mol dm *. See ref. 43.

45 F. Weinhold and C. R. Landis, Valercy and bonding: a natural
hond orbital donor-acceptor perspective, Cambridge University
Press, Cambridge, UK, New York, 2005,

46 W, J. Mace, L. Main and B. K. Nicholson, J. Organomet
Chem., 2005, 690, 3340-3347.

47 W. Tully, L. Main and B. K. Nicholson, J. Organomet. Chem.,
1996, 507, 103-115.

Chem. Sci.



Appendix 1: Published Papers

Thisarticle is licensed under a Creative Commons Attribution 3.0 Unported Likcence.

Open Access Article, Published on 08 July 2022, Downloaded on 89/2022 3:49:33 PM.

317

Chemical Science

48 L. S. Liebeskind, J. R. Gasdaska, J. S. Mccallum and
S. J. Tremont, J. Org. Chem., 1989, 54, 669-677.

49 N. P. Robinson, L. Main and B. K. Nicholson, J. Organomet.
Chem., 1989, 364, C37-C39.

50 X. K. Zhu, Y. Q. Zheng and ]. B. Liu, J. Phys. Chem. A, 2021,
125, 5031-5039.

51 G. P. Huang and P. Liu, ACS Catal., 2016, 6, 809-820.

52 D. Xing, X. T. Qi, D. Marchant, P. Liu and G. B. Dong, Angew.
Chem., Int. Ed., 2019, 58, 1366-4370.

53 A. G. Algarra, W. B. Cross, D. L. Davies, Q. Khamker,
S. A. Macgregor, C. L. McMullin and K. Singh, J. Org
Chem., 2014, 79, 1954-1970.

54 S. A. Macgregor and E. Wenger, Organometallics, 2002, 21,
1278-1289.

55 A. ). Edwards, S. A. Macgregor, A. D. Rae, E. Wenger and
A. C. Willis, Organometaliics, 2001, 20, 2864-2877.

56 Y. Liand Z. Y. Lin, J. Org. Chem., 2013, 78, 11357-11365.

57 W.J. Chen and Z. Y. Lin, Organometallics, 2015, 34, 309-318.

58 X. Zhang, Q. Zhao, J. Q. Fan, D. Z. Chen and J. B. Liu, Org.
Chem. Front., 2019, 6, 618-626.

59 B. Zhou, H. Chen and C. Wang, /. Am. Chem. Soc., 2013, 135,
1264-1267.

Chem. Sct.

Views Article Online
Edge Article

60 R. He, Z-T. Huang, Q.-Y. Zheng and C. Wang, Angew. Chem.,
Int. Ed., 2014, 53, 4950-4953.

61 H. Wang, F. Pesciaioli, J. C. A. Oliveira, S. Warratz and
L. Ackermann, Angew. Chem., Int. Ed., 2017, 56, 15063~
15067.

62 C. Wang and M. Rueping, ChemCatChem, 2018, 10, 2681~
2685.

63 L. Shi, X. Zhong, H. She, Z. Lei and F. Li, Chem. Commun.,
2015, 51, 7136-7139.

64 X. Yang, X. Jin and C. Wang, Adv. Synth. Catal., 2016, 358,
2436-2442.

65 To the best of our knowledge the only example of terminal
alkyne insertion into a manganacycle which does not
exhibit complete 2,1 selectivity involves a cyclometallated
triphenylphosphite ligand, see W. . Grigsby, L. Main and
B. K. Nicholson, Organometallics, 1993, 12, 397-407. In this
example, the three-dimensional topology of the metallated
ligand is markedly different from those studied here,
which provides a plausible explanation for the altered
selectivity.

© 2022 The Author(s). Published by the Royal Sooety of Chemistry



Appendix 1: Published Papers

Communication
Chemistry-A European Journal

doi.org/10.1002/chem.202004568

") Check for update:
Europe

European Chemlcal
Sackitbes Patllsniag

318

l Organometallic Chemistry

Light- and Manganese-Initiated Borylation of Aryl Diazonium
Salts: Mechanistic Insight on the Ultrafast Time-Scale Revealed by
Time-Resolved Spectroscopic Analysis

James D. Firth,” L. Anders Hammarback,™ Thomas J. Burden,” Jonathan B. Eastwood,”

James R. Donald,” Chris 5. Horbaczewskyj,” Matthew T. McRobie,” Adam Tramaseur,”
lan P. Clark,”™ Michael Towrie,” Alan Robinson,' Jean-Philippe Krieger, Jason M. Lynam,*#!

and lan J. S. Fairlamb*®

Abstract: Manganese-mediated borylation of aryl/hetero-
aryl diazonium salts emerges as a general and versatile
synthetic methodology for the synthesis of the comre-
sponding boronate esters. The reaction proved an ideal
testing ground for delineating the Mn species responsible
for the photochemical reaction processes, that is, involv-
ing either Mn radical or Mn cationic species, which is de-
pendent on the presence of a suitably strong oxidant. Our
findings are important for a plethora of processes employ-
ing Mn-containing carbonyl species as initiators and/or
catalysts, which have considerable potential in synthetic

applications.

. J

Introduction

Aryl boronates are important building blocks within erganic
synthesis, without guestion due to the ubiguity of the Suzuki-
Miyaura reaction, which ranks in the top-five most used reac-
tions in target-orientated synthesis!" across the pharmaceuti-
cal and agrochemical industries.®* The mast common meth-
ods for their preparation involve either the stoichiometric met-
alation (to organo-lithium or Grignard reagents) or the Miyaura
barylation™ of aryl halides. The former approach suffers from
limited functional group tolerance and the need for anhydrous

[al Dr. £ D Firth, Dr. L. A Hammarback, T. J. Burden, 1. B. Eastwood,
Dr. LK Donald, Or. C 5. Horbaczewskyl, M. T Mcioble, A. Tramasews,
Dr. L M. Lymam, Prof. Or. L L 5. Falrdamb
Department of Chemistry, University of York
Heslington, York, Y010 SDD (UK)
E-mail: fasonynam@york.ac uk
tan. falamb@yark.oruk
[b] Dr L8 Clark, Prof. M. Towne
Central Laser Factlity Research Complex at Harweil
STFC Rutherford Appleton Laboradary, Horwell Campus
Dideor, Qufordshire, OX17 0QX (LK)
[c] Dr. A Robinson, O J-# Krleger
Syngenta Crop Protection AG, Breitenioh 5, 4333 Mdnchwilen [Swirzerland)
L3 Supporting infarmation and the ORCID identification number(s) far the
author(s) of this article can be found wnder:
hips idolorg/ 10 1002/ chem, 202004565,
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conditions and controlled reagent addition, whereas the latter
requires Pd catalysis. Inexpensive and abundant transition
metals including Cu, Mi, Zn and Fe can also be employed.=®
Alternative practical approaches to aryl boronates include
C-H activation/borylation, often using earth abundant
metals™ and the visible light-induced borylation of aryl radi-
cal precursors, including aryl iodides,™ aryl N-hydroxyphthiali-
mido esters,"™ and aryl aro-sulfones." Indeed, aryl diazonium
salts have been employed extensively as aryl radical precur-
sors" ' due to their relatively low reduction potential and the
ease of synthesis from widely available anilines. Photoreduc-
tion to the desired aryl radicals can be simply achieved using a
photo-initiator, resulting in many reports over the past decade
of the photoredox-catalysed arylation of unsaturated sys-
tems.™ For example, Yan and co-workers demonstrated the
easin ¥ catalysed borylation of aryl diazonium salts to generate
aryl pinacol boronates (Scheme 1)1 In some cases, such pro-
cesses proceed via photoinitiated radical chain mechanisms, as
was ohserved for arylation with aryl diazonium sals" " Howey-
e, it has been shown that the use of broadband visible light ir-
radiation can lead to the direct photolysis of aryl diazonium
salts, generating the aryl boronates via aryl cations!'®'51%
These findings therefore show that it is critical to understand
how the photochemical activation is being executed, under
specific conditions, as radical and cationic pathways might be
similarly energetically feasible. Furthermore, other research
teams have developed non-photoinduced processes for the

B.minz, & mol% eesin Y
25 W CFL, MeCH, T8%
- -

Yan:
Byping
White LED, MeCH, B4%

/©/Nz' EFy /©/Epll'
Br Br

’©/Nz' B4 BLping, 10 mal Mng(C0)g /@/r’\”ir
N ——
‘\-.O [Blue LEC:, MaCM “\0

| + Role of Mn?  MnCOy —= [Mal" o [Mn]"* |

Scheme 1. Light mediated borylation of aryl diazoniums.
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out inte a general synthetic methadology, but that the reaction
manifold allowed us to ask arguably a more fundarentally im-
partant question about the involvernent of Mn species in a raft
of low oxidation state Mn-mediated transformations, 5
particularly those invoking redox neutral Mn' species.

It iz evident that initiators derived from Mn,(CO),, could be
either radical (Mn®), cationic (Mn') ar anionic (Mn™') in nature.
Knowing which species form, particularly under activation by
light, and under what reaction conditions, is vitally important
in exploiting downstream breakthraughs in synthetic chemis-
try, particularly with an eye on cascade processes. Answering
this guestion is not straight-forward. However, in recent years
we have demonstrated exactly how time-resolved multiple
probe spectroscopy (TRYPS) with infrared detection can be
used to interrogate reaction steps pertinent to catalysis, from
the picosecond to microsecond timescale ™ ** Following
photochemical activation of the pre-catalyst, the vibrational
modes of the Mn-CO molety provide the perfect spectroscopic
handie for monitoring the accumulation of new species and in-
termediates as well as their final fate. Thus, in this study we
firstly describe the innovation of the Mn-mediated borylation
of aryl/heteroaryl diazonium salts into a general synthetic
methodology. The reaction proved ideal for generating mecha-
nistic detail and extracrdinary insight into the Mn species in-
volved in the photochemical reaction processes, the findings
of which are globally important for a plethora of processes em-
ploying Mn-containing carbonyl initiators/catalysts.

Results and Discussion

Cur investigation began with the borylation of aryl diazonium
tetrafluoroborate salt 1a with Bypin; and Mn,(CO),, initiator in
MeCN, irradiating with a 60W blue LED lamp (Table 1 and
Table 51 in the Supporting Information). Aryl boronate 2a was
formed in quantitative yield and isolated in 96% yield when

Chern. Ew ). 3021, 27, 3675 - 3085
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synthesis of aryl boronates from aryl diazonium salts,™ ! in-
4 - ¥ - o yl di . o 6301 Table 1. Optimisation of reaction conditions.®
cluding the one-pot diazotization/borylation of anilines, ™
proceeding via both radical and cationic intermediates. My" BE, ’::‘Prﬁll:;lljo Bpin
A versatile Mn precursor complex, namely dimanganese(0) /O/ +  Buping —E‘- /@/
decacarbonyl, Mn;(C0),, readily undergoes photo-induced ho- g MeCH. 1 3 g
molysis to generate a manganese-centred radical [Mn{CO)s" 1a "‘H
{BOE of Mn—Mn bond = 15 kealmol ') 'l Facile generation of [ "7 Deviation fram abo Vield of 2a/%
this reactive species has been employed in several distinctive 1 none 100 (96)
organic transformations, which often proceed through the ab- ; f:::itgg:m i;
straction alj_ halogen from an alkyl halide in reactions involy- 3 X eqw;hnt-;f 5 i, o
ing light.”**" Despite this precedent there has been little re- | s without Mn{C0),, 2
ported confirming that Mn,(CO),, generates reactive aryl radi- & without light™ E]
cals. 4 7 25 mlL MeCN 96
. B P . . ) 8 acetone instead of MeCN 100 (85)
Given our interest in |nlt|anng chemical transformations with g MeOH Instead of MeCH™ a7
Mn'carbonyl complexes, % we envisaged that the facile re- 10 THE instead of MeCN 3z
duction of aryl diazonium salts to aryl radicals could be achiev- n H,0 instead of MeCN Trace
ed with Mn,C0,, leading to generation of aryl pinacol boro- E m:ﬂ:’:“?:ﬂ"f m:“ :g
nates upon treatment with B.pin,. Credibility for this proposal netead o
comes fram Ackermann and co-workers’ recent study, with the [a] Reactbon conditions: 1a (0.5 mmaol), B,pin, (1.5 mmol) and Mo, (00,
thesi f I | b te (Sch 0 . 4 mol%) in MeCN (05 mL) were radiated with &0W blue LEDs at room
synthesis of an exemplar ary omnale C eme 1), us";:gl vermperature under Ar for 2 b [b] Yield determined by GC using mesity-
Mn,(CO); and blue LEDs through a Mn-mediated process. lene [0.25 mmol) as an internal standard. lselated yield in parentheses.
We recognized that this single example could be broadened [c] Vial wrapped in fall. [d) 1.0 mL of solvent used.

www.chemeurj.org 3980

4 mol % Mny(CO),, and 3 equivalents of B,pin, were iradiated
in MeCN, for 2 h (Table 1, entry 1). Reducing the stoichiometry
of the Mn,(CO),, or B,pin, resulted in lower yields (Table 1, en-
tries 2-4). Control experiments without either Mn,(CO),, or
light confirmed the essential role of both the former (pre-
sumed to be the initiator vide infra) and later (Table 1, en-
tries 5 and &). Further reaction optimisation studies showed
that reducing reaction concentration by fivefold had a negligi-
ble effect on product 2a yield (96%, Table 1, entry 7) and that
acetonitrile was the optimal solvent (Table 1, entries B-13). We
found that use of acetone resulted in full conversion of 1a,
however isolation was complicated by the presence of minor
unknown side products. Interestingly, when methanol was
used as solvent, gas evolution was observed prior to iradia-
tion, pointing to the involvement of alcohol in the mechanism,
perhaps in initiation "*=-5

With optimal reaction conditions in hand, we investigated
the robustness and reproducibility of the protocol (for the syn-
thesis of 2a) using a Glorius sensitivity assessment (Scheme 2,
top right, for full details see Supporting Information).™ This
method is a guick means to gain an overview of the reaction
condition based sensitivity of a given synthetic method. Our
protocol showed little sensitivity to water content, concentra-
tion or light intensity and only a moderate sensitivity to the
presence of oxygen. Furthermore, the reaction was easily
scaled, giving 2a in 90% yield (2104g) on a 10 mmol scale
{Scheme 2).

Mext, the substrate scope of the transformation was investi-
gated (Scheme 2). The Mn-initiated borylation tolerated ethers
giving 2a (vide supra) and biaryl ether 2b in excellent yield.
Simple alkyl groups were also tolerated giving 2¢~f in moder-
ate yield (43-75%). Sterically demanding mesityl and ortho-bi-
phenyl substrates gave 2g and 2h in 63% and 61% yield, re-
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Scheme 2, Borylation of (heterolaryl dizzonium salts 1.

spectively. Potentially reactive functional groups were also
found compatible; halogenated aryl diazonium salts gave
borylated haloarenes (2i-m) in moderate to excellent yields
[44-99%), as well as triflucromethyl aryl boronate 2n in 71%
yield. Ester (2o), amide (2p) and ketone (2q) functionality
were tolerated, as were phenol (2r) and nitro groups (2s and
21t), albeit in poorer yields. Furthermore, heteroaryl substitu-
ents gave the corresponding pinacol boronates in moderate
yield, including guinoline (2u), pyridine (2v) and benzofuran

We examined the feasibility of a continuous photo-flow
method; irradiating a 0.35 s solution of 1a, with 4 mol% of ini-
tiatar Mn,(C0),, and 3 equivalents of B.pin, for 25h led to a
93% conversion to aryl boronate 2a. A preliminary mechanistic
investigation involving irradiating 1n in the presence of
Mnz(CO),; and TEMPO indicated that this reaction proceeds via
an aryl radical (see Supporting Information for further details).

Mechanistic insight provided by TR*PS

Previous work on the photoechemistry of MniCO),, (summar-
ized in Figure 1) has demonstrated that irradiation at low
energy (4 = 400 nm) results in Mn—-Mn bond deavage to give
[Mn(CO)]"" The radical may undergo different fates including
(a) direrization to regenerate Mn;(CO)y, (B)in MeCM strong
oxidising agents result in the conversion to 18-electron
[Mr{CO);(NCMe)] * % and () in the absence of an exogenous
oxidant, CO-substitution by MeCN affords [Mn{CO),(NCMe),]
[MR(CO);]. This latter process likely proceeds wvia 19-electron
[Mn{CON:(NCMel]” which is then oxidised by Mni{CO), to
[MR{CO)(NCMe); [Mn{CO):], with concomitant formation of
[Mn(CO) =7

hv, 400 am . 1]
MR(CO))" ———=
aaidant | NCMe

(ch + 200, - INChe ﬂ - 200, + INCHMe

¥ Mng(COhg [MRICO)s (NG

[MA(CO)5NCMe};] *

+ MnA{CONg
M SO

[MA(CO)(NCME I M CC el

Figure 1. Previously reported fates of photochemically generated [MniCOJ,
(2] Dimerization to reform Mno(COho: (b) oxidation and solvent additien to
form [MrCO)INCMEI] " : (<) formation of [Ma{CORMNCMe):)MRCOL] come-
sponding for a formal dispraportionation of M, (CO,,

TRYPS was used to gain insight inta the mechanistic procass
underpinning the formation of pinacol boronates 2. In these
experiments, the sample was irradiated with an ultrafast laser
pulse (4 = 400 nm) to activate the Mn,{CO},,. Insight into the
nature and dynamic behaviour of the photoproducts was ab-
tained by monitoring the subsequent changes in the infrared
spectrum  between 1900 and 2100 cm™' with pump-probe
delays between 1 ps and 1 ms.”" The resulting data are shown
in Figure 2 and Figure 3 as difference spectra, with negative
peaks corresponding to material consumed on photolysis, typi-
cally Mn,[CQ),, and positive peaks due to the photoproducts.

Photolysis  of  Mn(C3),, in MeCN  solution (ca
136 mmal dm ¥ resulted in the formation of [Mr{CO)J" in
about 100 ps (Figure 2a). As expected, the majority of the Mn-
radical recombined to give Mn,(CO),; as evidenced by the de-
crease in intensity of the negative bleach bands for the dimer.

(2w). Pleasingly, more complex drug-derived substrates were A single  long-lived  photoproduct,  identified  as
accommodated well by the methodology, with boronates 2x [Mn(CO)y(NCMe),]* by comparison to literature data,”™ was
and 2y being formed in 88% and 63 % yield, respectively. formed (k.. = (1.88 £ 0.09) x 10°57").
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Figure 2. TR"PS-IR data for the reaction between Mn (0], and PhiBF, 1€ and/ar B,pin,. Top: Reaction scheme showing preposed mechanistic pathways.
Botem: TRYPS-IR data in the metal carbonyl region. The y-axis shows the change in absorbance (mOD, milli-optical density). The negative peaks corespond
to the bleach of the bands for May(CO),,. The positive bands show the growth and change of intermediates. Data were acguired In a sealed flow system
under ambient conditions. (a) Mn,(C0),, (1.36 mmol dm ") in MeCN (10 mL), (b) Mn{CO),, (1.386 mmal dm-) in MeCN (10 mL) and PhN,BF, 1 ¢ (40.7 mmol
dm ), () MazICO)s (136 mmol dm ") in MeCN (10 mL) and 3.1 equiv Bxpin,, (d) effect of changing concentration of PhN.EF. 1¢ on the extent of the forma-
thon of [Ma{CO)INCMel]™ and [Mn{COKNCMe);) ", spectra recorded after B8 s (e) effect of changing concentration of Mn,(CO),, on the extent of the forma-
thon of [Ma{CO),INCMel]* and [Mn{CO),(NCMe) )", spectra recorded after BE ps; (f) effect of changing concentration of B,pin, on the extent of the formation

af [MniCO),(NCMe);] ~, spectra reconded after 8.8 ps.

Experiments performed in the presence of PhN,BF, 1¢
showed concentration-dependent behaviour. At a PhN,BF, 1¢
concentration of 407 mmoldm®  the initially formed
[Mn(CO);]” converted to [Mn{CO);(NCMe]]” (Figure 2b) and evi-
dence for the reformation of Mn.(CO),, was again obtained.
However, experiments performed at lower concentrations of
PhN;BF; 1¢ afforded [Mn{CO):INCMe).)" as the sole long-lived
photoproduct  (Figure 2d).  Furthermore, experiments per-
formed with PhN,BF, 1¢ at high concentrations of Mny(CO),y
resulted in the formation of [Mn{CO:(NCMel]™ whereas at
lower dimer concentrations [Mn(CO),(NCMe),]* was formed
(Figure 1e).

These data are consistent with the mechanism outlined in
Figure 2. At high concentrations, one-electron oxidation of
[MnICO):]" by the diazonium salt results in the formation
[MnICQ),]*, which undergoes rapid solvation to give

Chern. Eur. . 2021, 27, 3579 - 3985 wwwi.chemeurj.org
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[Mn{CO),(NCMe]]*. Reduction of the diazonium salt results in
the formation of phenyl radicals and dinitrogen. In the synthet-
ic reaction the phenyl radicals then react with B;pin; to give
2¢. The irreversible reduction of PhN.BF; 1¢ occurs at a poten-
tial of ~0.16V [versus SCE in MeCN),™ given that the corre-
sponding reduction of [Mn[CO),(NCMe)]© has a potential of
~0.455Y then this process is chlearly thermodynamically
viable.”¥ At lower concentrations of PhN,BF, 1¢ the data are
consistent with solvent substitution of [Mn{CO)I" to give
[Mn{CO):(NCMe),]” and subsequent oxidation by the diazonium
salt to give [Mn(CO)(NCMel,]" — a wiable process as
[MR(CO)5(NCMe),] s a strong reducing agent (£ < —3 W),

At lower concentration conditions, the second order rate of
oxidation of [Mn{CO).]" by PhN,BF, 1¢ is slower than the rate
of solvent substitution and oxidation of [Mn{CO)(NCMe),]"
This is consistent with the Marcus theory of electron transfer

© 2020 Wilsy-WCH GmbH
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Figure 3. TRVPS-IR data for the reaction between Mn,[CO),, and PhN.BF, 1¢
and B,pin, (2] Mn (€O}, (0.7 equiv .70 mmal dm ), and B,pin, (3 equiv,
21.1 mmeldm 1 (b) M, (CO),, (0,04 equiv, 229 mmeddm*) PhNGEF, 1€
(1.7 equiv, 90.6 mmoldm % and B,pin, (3 equiv, 156.9 mmoldm ) in MeCN
{10 mL).

which predicts a faster reduction of the diazonium salt by
[MRICO)INCMe):l than by [Mn(CO)J. These data show that
PhN;BF; 1¢ can be reduced through two different pathways,
following the photochemical activation of Mn,(CO), .
Photolysis of Mn;(CO)y; in the presence of Bypin; resulted in
the initial formation of [Mn{CO)]" followed by conversion to
[MniC0),(NCMe);) ™ (Figure 2¢). Experiments performed at vari-
able concentrations of Bypin, demonstrated that at higher con-
centrations of B,pin, more [Mn{CO),(NCMe),]* was formed at
the expense of the recovery of Mny{CO),,. The observation of
[Mn{CO){NCMe);]) " in these experiments is remarkable, for
which two explanations are possible. Firstly, the presence of
B.pin; increases the rate of solvent substitution at [Mnr(CO).]"
to give greater amounts of [Mn(CO),(NCMe),]" which is then
quenched by Mn,(CO)p to give [Mn{CO)(NCMe);) . Secondly,
and more plausibly, [Mn{CO),{NCMel.] reduces B,pin, The re-
duction of B,pin, is predicted to occur at a petential of
< —3V™ supported by the ability of the 19-electron
[Mn{CO),INCMe), T species to act as a powerful reducing agent.

Chern. Ewr. . 2021, 27, 3579 - 3985 www.chemeurj.org
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[a] 2 F Y No evidence was obtained for the known boryl complex,
a —h\/_‘/\, MniCO).(Bpin) (bands at 201206 and 1959.74 cm ).
2 b L In order to gain insight into the mechanistic process which

occurred under the reaction conditions used in the develop-
ment of the synthetic methadology vide supra, the TRYPS ex-
periments were performed with Mn,(CO),, in the presence of
both PhN,BF, 1¢ and B,pin,. When the experiment was per-
formed with a concentration of Mn_(CO),, used in the previous
experiments, but the ratio of reagents used in Table 1, then
[Mn{CO);(MCMe);] " was the dominant product formed from
[MAICO)]" (Figure 3a). A related experiment performed at the
same concentration as the synthetic chemistry showed more
complicated behavior (Figure 3b) with evidence for the forma-
tion of both [Mn(CO);(NCMe);]* and [MniCO):(NCMe)] ™. While
an additional unassigned band at 2071 cm™' was also present
in this experiment, these results suppeor the conclusion that
photochemically generated [MniCO);]" may either act as reduc-
ing agent directly or, following solvent substitution, through
[MRICO),INCMe)L ] It is likely that subsequent to initiation, the
reaction proceeds through a chain propagation process where-
by trapping of the aryl radical results in the formation of a
boryl radical anion that can reduce another molecule of aryl di-
azonium 1. Of note, even though the reaction is thought to
proceed through a chain propagation process, constant irradia-
tion is reguired due te the facile recombination of [Mn{CO)]
to regenerate Mn,(CO),,.

FT-IR analysis of a reaction mixture performed using the con-
ditions in  Table1, entry 1, demonstrated that
[MRCO);(NCMe]] " was the dominant metal carbonyl-contain-
ing species at the end of the reaction [see Supporting Informa-
tion). This is consistent with the primary activation pathway in-
volving reduction of 1¢ by [Mn({CO).]" and provides an impor-
tant link between the data obtained by TRMPS and the synthet-
ic chemistry.

Conclusions

In this study we have innovated a robust borylation reaction
for aryl/heteroaryl diazonium salts involving Mn(CO),, as an in-
itiator. The reaction proved the ideal manifold for state-of-the-
art mechanistic work, through a study on the behaviour of the
Mn'-carbonyl species utilizing time-resolved multiple probe
spectroscopy  (TR¥PS-IR). This enabled the transient species
pertinent to the chemistry and their fates to be mapped out.
Our findings indicate that Mn radical species of the type,
[Mn{CO):]" are formed, which are then susceptible to exidation
at the Mn centre (Figure 4). A clean reaction is seen upon
treatment of [Mn{CO)]" with high concentrations of PhN.BF,
1¢ to give [Mn{CO).(5)]" species, where 5 = CH,CN (we expect
polar aprotic solvents to behave similarly). At lower concentra-
tions of PhN.BF; 1¢ [Mn(CO)(S)5]7 s generated through oxida-
tion of 19-electron [MR(CO,(5),]% In both cases, reduction of
the 1e will result in the generation of aryl radicals which then
react with Bypin; to give 2¢. We presume that this results in
the concomitant generation of boron-based radicals which
propagate the reaction, highlighting the role of the Mn-car-
bonyl complex as a photo-initiator. In the presence of the

2020 Wiley-WCH GmbH
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Figure &, Light activation of Mn,(CO),, at 400 nm: impact of reacthon compe-
nents on the formation of cationic Mn'-carboryl species generated under
working reaction conditions.

B.pin, we also see that [Mn{CO),{S),]" is formed, indicating
that the boronate may alse be reduced. While [Mn{CO):(5)]"
and [Mn(CO).(5),]" are both cationic Mn' species, the electron-
deficiency of the former at Mn will be significant and potential-
ly important when considering downstream reaction chemis-
tries.

Given the promise of light-induced activation of Mny(CO),y
in synthetic chemistry”" our results taken together are impor-
tant in proposing future mechanistic schemes and taking ad-
vantage of the unique reactivity of Mn-carbonyl species. As
with C-H bond activation-functionalization catalytic chemis-
tries, the TR¥PS-IR approach has proven valuable, as an impor-
tanmt mechanistic tool, in mapping out the reactive species that
develop from metal carbonyl complexes such as Mny{CO),, and
determining their roles in synthetic chemistry.

We would like to point readers to a spedial guest editorial
about aryl/heteroaryl diazonium salt cautions and safety con-
siderations”™
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M) Cheok for updates Insight into the mechanism of CO-release from

':mw o rypto-CORM using ultra-fast spectroscopy and
16426 ~ computational chemistry+}

Benjamin J. Aucott, & §* Jonathan B. Eastwood, ©§® L. Anders Hammarback, ® §*
lan P. Clark.” Igor V. Sazanovich,” Michael Towrie.” lan J. S. Fairlamb (2 ** and
Jason M. Lynam (2*=

Photalysis of trypta-CORM, fac-[Mn(tryp){CO)s(NCMe)] (tryp = tryptophanate) at 400 nm results in con-
tralled CO-release which may be utilised ta inhibit the growth of Escherichia coli [E. cali). An investigation
inta the fundamental processes which underpin the CO-release event is described. Time-dependent
density functional theory (TD-DFT) indicates that irradiation at 400 nm results in LMCT from the indole
group of the amino acid to orbitals based on the metal as wel as the carbonyl and NCMe ligands. Ultra-
fast time-resolved infra-red spectroscopy (TRIR) demonstrates that in NCMe solution, photolysis (400 nm)
results in loss of CO in under 3 ps with the sequential generation of three new states with two carbonyl
ligands and a coordinated tryptophanate. The first species is assigned to vibrationally hot [Mnitryp)
(COLINCMel] which undergoes cooling to give the complex in its v = 0 state. This triplet state then
undergoes solvation (r = 20 ps) with a concomitant change in spin to give [Mnltryp)(COlLINCMel,] which
persists for the remainder of the experiment (800 ps). These data indicate that following the initial photo-
chemically induced loss of CO, any thermal CO loss is much slower. Related experiments with trypto-
CORM in a mixture of DMSO and DO gave analegous data, indicating that this process also occurs in the
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Introduction

Despite its deserved reputation as a poison, carbon monoxide
has been shown to have well-defined beneficial therapeutic
effects. CO is produced naturally in mammals, primarily
through the physiological degradation of heme, it acts as a sig-
nalling molecule and has been shown to protect against
ischemic damage and organ graft rejection, it is antibacterial,
antimalarial and may act as a vasodilator.’™ Although con-
trolled treatment with CO gas may be envisaged as a route to
harness these beneficial effects, its lack of selectivity means
that alternative delivery methods are needed. This has resulted
in the advent of carbon monoxidereleasing molecules

“Department of Chemistry, University of York, Heslington, York, Y040 50D, UK
E-mail- ian fal; wik. ek, faason. by
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+This manuscripe is dedicated to Professor Robin Perutz, an inspirational seien-
tist, colleague and mentor on the occasion of his 70™ birthday.
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mediurm used for the evaluation of bioksgical properties.

(CO-BMs) which are species which liberate CO when subjected
to a suitable stimulus,”” The vast majority of CO-RMs are tran-
sition metal carbonyl complexes which presumably represents
the ability of these elements to readily coordinate ©0.*
Although there are a vast number of metal carbonyl complexes,
control over the spatial and tempaoral delivery of CO remains a
challenge. CO-RMs are needed in which the rate, extent and
location of CO-release are controlled. This may be achieved by
molecules which selectively localise in certain organs” or are
activated by specific triggers."” A number of stimuli have there-
fore been explored to control the CO-release event, such as
activation by enzymes,”' " as well as thermal-,"*"" electro-
chemical-'" and magnetic heating-induced release.™ However,
light offers the benefit of temporal and spatial control over the
CO-loss event and therefore the photochemical activation of
CO-RMs [ photoCO-RMs) has been extensively explored.”**
Complexes based on manganese(i) represent the most
common class of photoCO-RMs.** " These complexes have
antibacterial activity,”**"** may be woven into materials and
activated with a photosensitiser,™ or activated by two-photon
excitation.” We have recently reported the synthesis and anti-
bacterial activity of trypto-CORM (Fig. 1) a manganese-based
carbonyl complex with a coordinated tryptophanate ligand.*®

This jourmal is & The Royal Sodety of Chaernigtry 2019
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Fig. 1 Structure of trypto-CORM.

Trypto-CORM is able to inhibit the growth of E. coli only when
exposed to visible (400 nm) light. The behaviour is organism-
dependant, for example, typto-CORM shows some activity
against Neisseria gonerrhoeae in the dark.™ Control experi-
ments with leg-haemoglobin (which has an extremely high
binding affinity for CO) indicate that this activity is due to the
released CO.

An understanding of the pathways that lead to CO loss and
the nature of the resulting species has provided important fun-
damental insight into the structure and bonding of transition
metal complexes.” For example, Perutz and Turner demon-
strated that photolysis of [Cr{CO)g] in a xenon matrix results in
the formartion of square-based pyramidal [Cr{CO);] with a Cr-
Xe interaction.” This illustrated the high Lewis acidity of such
fragments and provided support for the development of
bonding models such as the isolobal analogy. The dynamics of
the photochemical loss of CO and subsequent solvation has
been explored using time-resolved spectroscopy. Light is
employed to photo-dissociate a CO ligand and the structure of
the resulting transient intermediates probed using electronic
or vibrational spectroscopy.” "' Such studies have assisted
with the identification of a-complexes, and informed the
understanding of unusual bonding modes in transition metal
species.”™

Time-resolved vibrational spectroscopy has been used exten-
sively to probe behaviour in organic solvents, however, there are
far fewer reports of this method being applied to study the
light-induced loss of CO from photoCO-RMs in more biologi-
cally relevant media.'"* Such studies, when coupled with a
detailed compurtational understanding of their photochemis-
try™ (for example the nature of the electronic transitions and
excited state structures which lead to the CO-loss event) will
inform the development of new classes of photoOO-RMs.

We have recently employed TRIR spectroscopy to investigate
the behaviour of metal complexes fac[Mn( ppy)(CO)5(L)] (ppy =
2-phenylpyridine, L = ligand) generated by the light-induced
dissociation of CO from [Mn{ ppy)(CO),)."""* Complexes based
on this scaffold have found uses as CO-RMs™ ™ and in
catalysis.™ ™

These studies have provided insight into the solvation of
unsaturated species and the role of these complexes as cara-
lysts for C-H functionalisation. For example, photolysis
(355 nm) of [Mn{ppy)(CO),] in media such as heptane,
toluene, CH,Cl, and ethers results in CO loss in under 1 ps
and the generation of solvent complexes foc-[Mn( ppy)(S)(CO):]
(S = solvent).”" The solvation event is kinetically controlled, for
example, in tetrahydrofuran, the solvent initially binds to the

Thi journal is & The Royal Society of Chermistry 2019
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manganese through two electrons of a C-H bond which is fol-
lowed by an ultrafast (ps) rearrangement to the more thermo-
dynamically stable oxygen-bound form.™ Performing the
experiments in the presence of substrates used in the direct C-
H functionalisation reactions, such as PhC_H, allowed for the
observation of the resulting w-alkyne complexes and the
migratory insertion reaction leading to C-C bond formation.™
It was anticipated that related studies using trypto-CORM
would provide insight into the nature of the species formed fol-
lowing the light-induced loss of CO. A combined computational
(DFT) and experimental (TRIR] study of the light-induced
dissociation of CO from trypto-CORM is described herein.

Results and discussion
Vibrational and electronic spectra of trypto-CORM

The ground state infra-red spectrum of trypto-CORM exhibits
three bands in the metal carbonyl region in MeOH solution at
2037, 1933 and 1921 cm ', corresponding to the symmetric
and (two) asymmetric stretching modes expected for an octa-
hedral complex with three faccoordinated carbonyl ligands.
An additional broader band, assigned to the ester group of the
coordinated tryptophan, is observed at 1638 cm ™", This band
is red-shifted when compared to the mode in the free amino
acid.*® These strong metal and organic-carbonyl modes are
ideal reporting groups to probe changes in the coordination
environment of the manganese following photolysis.

The lowest energy band in the UV-vis spectrum of trypto-
CORM in NCMe has a maximum at 360 nm (¢ =
1443 mol™ dm* em™") which tails into the visible region of
the spectrum (Fig. 2a).** Photolysis of trypto-CORM at 400 nm
results in light-induced bleaching of this band and instigates
the CO release process.” The nature of the transitions which
constitute this band were modelled with TD-DFT at the PBEQ/
DGDZEVP/def2tzv level of theory, with implicit solvation in
MCMe. The calculations at this level indicate that the lowest
energy transition should occur at 431 nm and has a 100%
HOMOgy — LUMO4, composition. A less intense feature is pre-
dicted at 408 mn (100% HOMOg,; — LUMO41,05). The HOMO
is based on the indole of the tryptophanate ligand whereas
the LUMO and LUMO+1 are metal-centred (Fig. 2(b}-(d]). In
addition some of the higher energy transitions involve electron
density on the ester group of the amino acid ligand (see ESI{
for complete list) in the occupied orbital. Therefore irradiation
at 400 nm is best viewed as resulting in a ligand-to-meral-
charge transfer (LMCT).

TRIR spectroscopy on trypto-CORM

The TRIR studies were performed using the LIFEtime system™
in the ULTRA facility at the Rutherford Appleton Laboratory
using the time-resolved multiple-probe spectroscopy (TRPS)
method."" This allows for the acquisition of time-resolved
spectra with pump-probe delays between 1 ps and 1 ms. A
pump wavelength of 400 nm was employed to simulate the
conditions used in the biological experiments.™

Dalton Trans, 2019, 48, 16426-16436 | 16427
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(d)

Fig. 2 (a) Experimental and predicted electronic spectra of trypto-CORM (B) HOMOgg (c) LUMOgg and (d) LUMO+1y5q calculated at the PBED/

DGDZIVP/def2tzy level. Isosurface shown at the 0.04 level.

The initial experiments focussed on understanding the
photolysis of trypto-CORM in NCMe solution as it was antici-
pated that prompt photo-dissociation of CO would result in
the formation of a vacant coordination site that would be occu-
pied by the coordinating sclvent. The TRIR spectroscopic data
are presented as difference spectra with negative bands corres-
ponding to the species which are lost on irradiation and the
positive bands due to the photoproducts.

Time-resolved spectra in the region 1780-2100 cm ™' (Fig. 3)
exhibited strong negative bands corresponding to the ground
state spectrum of trypto-CORM. The observation of these
ground state bleach (GSB) bands demonstrates that trypto-

14 N v 1ns
0 AW - -
A4 T

= 11 v v 100 ps

g 17 t

a - 10ps

0.1+ TryptoCORM in NCMe

e
=3

Absorbance

T T 1
1800 1900 2000 2100

Wavenumber (cm™)

Fig. 3 Bottom IR spectrum of trypto-CORM in NCMe in the region
1780-2100 em™™ Top time-resolved difference IR spectra for the
photolysis (400 nm) of trypto-CORM in NCMe with pump=probe delays
of 10 ps, 100 ps, and 1 ns showing bands for A and B (m) and C by (V).
The red arrows show the apparent recovery of the GSB for trypto-
CORM.

16428 | Daiton Trans, 20015 48, 16426-16435

CORM is lost on photolysis at 400 nm. Analysis of the resulting
spectra indicated the formation of three different species. Two,
A and B, were present in spectra recorded with pump-probe
delays longer than 3 ps - data recorded with shorter delays
were broad and featureless. A spectrum recorded with a
pump-probe delay of 10 ps showed the presence of two peaks
between 1950 and 1980 cm™* (Fig. 4, top). Gaussian deconvolu-
tion (Table 1) of these bands gave band positions of [1964.8 +
1.5) em ' and (1976.7 + 0.6) cm ™" assigned to A and B respect-
ively. A further feature was observed centred at ca. 1800 cm™.
This was also successfully deconvoluted into two bands
(Fig. 4, bottom) with peak positions of (1813.7 + 1.7) and
(1799.6 + 3.5) cm™', assigned to A and B respectively. These

0.3 - —— Experimental Data
— — FitPoak 1
— = FitPeak2
g 0.2- — — Cummubative Fit
=}
E
g 0.1+
0.0 -
1950 1960 1970 1980

Wavenumber (cm™)

1780 1800

Wavelength (cm™)

Fig. 4 Gaussian deconvolution of the bands at in the region
1950-1990 em ™ (top, A® = 0.986) and 1780-1830 em* (bottom, F° =
0.970) at 10 ps. Parameters are listed in Table 1.

This joumnal is & The Royal Sodety of Chemistry 201
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Table 1 Derived parameters from the Gaussian decorwvolution of the
bands for complexes A and B at 10 ps

Peak width at
Band pogition/cm ! half heigrht/em™ ! Integration  Assignment
1976.7 =+ 0.6 104+ 0.9 2.74 £ 0,42 B
1964.8 + 1.5 134+ 3.5 1.69 £ 0L62 A
1813.7 + 1.7 141+ 3.3 4.93 £ 1.35 B
1799.6 + 3.5 113+ 6.1 1.55+£1.22 A

features are at a very low frequency for a metal carbonyl
stretching mode.

The presence of two bands is consistent with the photoche-
mically induced loss of a CO ligand from trypto-CORM to give
species with two mutually cis carbonyl ligands. Analysis of the
intensity of the bands with time revealed that A had a greater
initial concentration than B. The change in intensity of B with
time was fitted to an exponential growth then decay function
[Tgrowtn = (25 + 3.9) ps and ta.cq = (15.9 + 3.9) ps, Fig. 5). This
was interpreted as initial formation of A which then trans-
formed into B with a short lifetime. Although it was not poss-
ible to obtain a satisfactory fit to first order kinetics for A,
qualitatively the loss of A corresponded with the growth of B
(see ESIE).

Over the course of ca. 100 ps, the bands for B decreased in
intensity to be replaced by a peak at 1853 em™" and a smaller
feature at 1947 cm ' these were assigned to a third photo-
product, C (Fig. 3). Inspection of the bands due to the GSB indi-
cated some apparent recovery in intensity of the band due to
trypto-CORM at 1933 em™' (highlighted with an arrow in Fig. 3).
It was suspected that this was due to the overlap between the
GSB bands for trypte-CORM and a peak for C. In order to deter-
mine if this was the case, the spectrum of trypto-CORM was
subtracted from the difference spectrum recorded with a
pump-probe delay of 1 ns. The resulting spectrum (Fig. 6)
shows the presence of peak with a band position of 1946 cm ™,
leading to the conclusion that € was a cis-dicarbonyl complex.
The growth of C proceeded with a statistically identical lifetime
to the loss of B, g = (20.5 + 1.1) ps, indicating that B — C.

Tgrowtn = (20.5 £ 1.1) ps v 1947 em
1 -] v __|® te76cm?
[ ] -r‘l',"'_ - - - =
g 021 " 5
v
£ i L 0.1
% N qrouts = (2.5 % 3.9) ps %
024 Tupcay = (15.9 £ 3.9) ps
02 .’ ..i!_l_-___‘f':'
" 100
04X .
100 200
Time (ps)

Fig. 5 Change in intensity of the bands due to B (W) and C (W] with
time. Dashed lines show fits against exponential growth/decay (B) and
exponential growth (C) kinetics.
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Fig. 6 Difference spectrum in the region 1850-2100 em ™ recorded
with a pump=probe delay of 1 ns with ground state bleach signal
subtracted.
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Fig. 7 Bottom IR spectrum of trypto-CORM in NCMe in the region
1560-1700 cm ™. Top time-resolved difference R spectra for the photo-
lysis {400 nm) of trypto-CORM in NCMe with pump-probe delays of
10 ps, 100 ps, and 1 ns.

Difference spectra recorded in the region 1500-1700 em™"

exhibited a strong GSB at ca. 1639 cm™* (Fig. 7), consistent
again with the loss of trypto-CORM on photolysis. Bands that
could be assigned to the ester group in A, B and C were
observed at short [<20 ps) and long (=100 ps) pump-probe
delays respectively. The small changes in the band position of
the ester mode was taken to indicate that the environment of
the tryptophanate ligand had not changed significantly from
either the parent trypto-CORM, or between A, B and C.

In order to evaluate the behaviour of trypto-CORM in an
aqueous medium, the experiment was repeated in a
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Fig. 8 Bottom IR spectrum of trypto-CORM in DMSO -Dz0 (1:9 viv)
in the region 1780-2100 cm*. Top time-resolved difference IR spectra
for the photolysis (400 nm) of trypto-CORM in NCMe with pump-probe
delays of 10 ps, 100 ps, and 1 ns showing bands for A () and C by (W)
The red arrows show the apparent recover of the G5B for trypto-CORM.

DMSO:D,0 (1:9 v:v) solution. The lower solubility of the
complex in this medium compared to NCMe entailed that the
resulting spectra were less intense. However, it was evident
from the resulting data that related processes were occurring
in both media. In the region between 1800 and 2100 em™
bands were observed at 1985 and 1812 em™ ' (Fig. 8) which
were assigned to the DMSO analogues of A and B. After 100 ps
these bands had been replaced by a new peak at 1826 cm™'
and, as was the case for NCMe, the GSB for the trypto-CORM
at ca. 1935 cm™ " had recovered in intensity (Fig. 7, red arrows),
indicating a band from a species analogous to C overlapping
with that from trypto-CORM.

Spectra recorded in the region 1560-1700 em™" (Fig. 9) were
weak, however, it was possible to observe a GSB and that the
peaks for transient species present at 10 ps. A band assigned
to € was present at 1 ns.,

These observations demonstrate that the behaviour of
trypta-CORM is similar in both media. Given that our previous
data had indicated that the NCMe ligand in the complex is
thermally labile, it was anticipated that speciation in a DMSO/
D.0 mixture was complicated. However, the shifts of the
bands in the region 1800-1850 cm™' to lower energy when
compared to NCMe suggest that DMSO was coordinated to the
metal.”!

Density functional theory

The TRIR spectroscopy on trypto-CORM had demonstrated the
formation of species A, B and C. In order to elucidate the

Trans, 2019, 48, 16426-16438
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1
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1600

Wavenumber (cm™)

Fig. 9 Bottom IR spectrum of trypte-CORM in DMSO: D0 (1:9 v:iv)
in the region 1560-=1700 em L Top time-resolved difference IR spectra
for the phaotolysis (400 nm) of trypta-CORM in NCMe with pump-probe
delays of 10 ps. 100 ps. and 1 ns, band positions marked with an arrow. *
indicates bands due to HzO contamination.

potential structures of these states, a number of trial structures
were probed by DFT. Geometries were optimised at the BPS6/SV
(P) level of theory, vibrational modes and subsequent free energy
corrections were also calculated at this level. Single point energies
were then calculated on these geometries at the D3BJ-PBE0/def2-
TZVPP level with solvent correction using CDSMO in NCMe ™
We have previously used this method on related studies to caleu-
late reaction pathways for C-C bond formation in the coordi-
nation sphere of manganese.”'~* In these cases, there was a
linear relationship between the calculated and experimental
values for the reaction profiles studied and also between the
caleulated vibrational modes of the metal carbonyl ligands with
those determined by time-resolved infra-red spectroscopy.

The TRIR data had demonstrated that the products must
contain two carbonyl ligands. Furthermore, as only small
changes were observed in the position of the C—=0 mode of
the coordinated tryptophanate, it was assumed that the
binding mode of this ligand did not substantially change on
photolysis.

Two general classes of photoproducts were considered on
this basis. The first were based on an 18-electron [Mn(tryp)
(CO)[NCMe);], [1], framework. Four possible isomers (Fig. 10)
are possible for this composition. The resulting geometry
aptimisations predicted, as expected, that all four of the com-
plexes formed pseudo-octahedral geometries. In order to
evaluate the relative Gibbs free energies, [1a] was taken as the
reference state. Complex [1b] was found to lie at +14 k] mol™,
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Fig. 10 Potential structures for complexes A and C studied by DFT.

[1c] at 3 kJ mol™' whereas [1d] with two mutually trans
carbonyl ligands is at a much higher energy (+74 k] mol™").

The second class of potential photoproducts considered
were 16-electron complexes [Mn(teyp)(O0)(NCMe]], [2], in
which a CO ligand had dissociated leaving a formally vacant
coordination site at the metal. Both singlet ‘[Mn[tryp)
[CO).(NCMe]], '[2], and triplet *[Mn(tryp)(CO).(NCMe]], *[2]
spin states were calculated. Three geometric isomers were
located for '[2] which possessed geometries intermediate
between a trigonal bipyramid and a square-based pyramid
with the largest angle in the equatorial plane being ca. 150° in
all cases. This is in marked contrast to the related 16-electron
complex jfac-{Mn(ppy)(CO);] which is calculated to have a
square-based pyramidal shape (angles in the basal plane 168®
and 170°).”" This species is proposed to be generated from the
photochemically induced loss of CO from [Mn(ppy)(CO),],
however, solvation occurs within 1 ps. The difference in geo-
metry between the complexes '[2] and fac-[Mn{ ppy}(C0O);] may
be assigned to the presence of the coordinated ester group in
the tryptophante ligand. This is a good =-donor group and
may provide electron density for the formally vacant d-orbital
in a d® 16-electron system.™ The significant shortening of the
Mn-0 bond length in all three isomers of ‘[Mn[tryp)
[CO),(NCMe)] (all less than 1.93 A) when compared to trypto-
CORM (calculated 2.020 A) and the four isomers of [Mn[tryp)
(COJ,(NCMe),] (all longer than 2 A} presumably reflect this
effect. Complex '[2¢], in which the two carbonyl ligands and
the oxygen of the tryptophanate ligand occupy the three
equatorial sites, is the lowest energy (—17 k] mol™* relative to
'[2a]) of the three isomers investigated.

Two minima were located for *[Mn(tryp)(COJ.[NCMe]]
despite using a number of different starting geometries. These
only differ in the orientation of the indole substituent with
respect to the NCMe ligand. In *[2a] the indole is on the oppo-
site face to the NCMe, in “[2b] it is on the same face. Despite
only a small conformational difference, the DFT calculations
indicated a remarkable difference in energy. Complex *[2a] has
an energy of —16 kJ mol™' relative to '[2a] whereas *[2b] is at
~117 kJ mol~'. A further analysis of the calculations indicated
this difference in energy is almost entirely due to the empirical
dispersion correction. If this correction is not applied, then
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the relative energies of the two isomers are -18 k] mol™
(*[2a]) and -8 kJ mol™' [*[2b]). This significant dispersion
effect is assigned to an interaction between the methyl group
of the NCMe ligand and the z-system of the indole which is
present in “[2b], but not *[2a). However, significant care must
be taken in the interpretation of such an effect as the current
model is only accounting for intramolecular interactions. It is
highly likely that the indole in *[2a] (and indeed in all of the
other structures examined that do not shown this effect) is
interacting with the NCMe solvent in a similar fashion. It is
argued that the D3-correction is, in this instance, significantly
over stabilising *[2b].

The caleulated vibrational modes for the metal carbonyl
groups at the BP86/SV(P) level for all the structures explored
are presented in Fig. 11. The values have been scaled using the
linear empirical relationship from our previous study on
related manganese carbonyl complexes.” As shown in Fig. 11,
using this method also give a good approximation to the
experimental values of trypto-CORM.

Structural assignment and mechanistic discussion

The TRIR data indicate that photolysis of trypto-CORM results
in the process A — B — C. Focussing firstly on the identity of
species C, the DFT-predicted bands for complex [1c] are the
closest match to the experimentally determined values
(Fig. 11). The predicted bands for [1a] and [1b] are similar, but
are all at higher energy than [1e]. Across all the compounds
investigated, the asymmetric stretching mode is predicted to
occur at higher energy than the experiment, but for [1¢] the
symmetric stretch is a close match to experiment. Complex
[1d] can be excluded as the two mutually trens carbonyl
ligands would entail that the symmetric stretching mode
would be at high energy with a very low intensity when com-
pared to the experimental values.

The assignment of the short-lived species observed in the
TRIR experiments, A and B, is more complex. As shown in
Table 1, these species show unusually low frequency bands for
the asymmetric stretch with a large difference in energy
between the two bands, Av. The fact that only two metal-carbo-
nyl bands are observed for A and B supports an assignment to
complexes containing two mutually cis carbonyl ligands. This

Daftorn Trans, 2019, 48, 16426-16436 | 16431
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Fig. 11 Calculated structures, scaled infra-red modes for the metal carbonyl stretches (with normalised predicted intensities), relative free energies
at 298 K in kJ mol™* and Mn-0 and Mn-NH; bond lengths, of trypta-CORM and isomers of [1], *(2] and 3(2] at the D3-PBEQ/def2-TZVPP/BPEG/SV
(P} level of theory. Manganese is shown in purple, carbon grey, hydrogen white, oxygen red and nitrogen blue. The relative energies of complexes [1]
are relative to [1al, those for [2] relative to *2al. Az refers to the difference in frequency between the two carbonyl modes.

indicates that the CO-loss event must occur in less than 3 ps:
the data are not consistent with the formation of a tricarbonyl
complex which then undergoes CO loss on a ps timescale to
give €4 as is observed in chromium arene complexes.”" An
examination of the data in Fig. 11 reveals that only the two
isomers of *2] are predicted to have a large (>100 cm™') value

WWe are grateful to a referee who suggested the possibility that complexes A and
B may be singlet excited states of trypeo-CORM which then undergo ©O loss to
give dicarbonyl C. This possibility had been discounted on the basis thar A and
B exhibit two bands in the difference spectrum [Fig. 3). However, we cannot
eompletely discount the presence of a weak feature obscured by the GSB for
VpLo-CORM.

16432 | Dalton Trans, 2019, 48, 16426-16436

of Av. Complexes [2] are also predicted to have one of the
lowest energy bands for the asymmetric stretching mode.
Therefore, states A and B are both assigned to *{2¢]. One
important spectroscopic feature of note is the extremely low
frequency of the asymmerric stretch for both A and B. This is
in a region more typical of bridging carbonyl ligands, however,
the mass spectrum of trypto-CORM indicates that the complex
is monomeric, precluding this assignment.

It is proposed that vibrational cooling is responsible for the
process A — B. As the energy of the photon which results in
photodissociation is greater than that needed to break the
M-CO bond, *[2¢] is generated in a vibrationally excited state
[v = 0)."° Due to the anharmonic nature of the vibrational
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Scheme 1 Proposed mechanism for the photochemically induced loss
of CO from trypto-CORM.

energy well, cooling to leads to a blue shift in energy of these
modes, as observed for A — B. Indeed, the difference in fre-
quency between the bands in A and B [ca. 14 cm™") is consist-
ent with the former being the v = 1 — 2 transition of *[2c],
whereas the latter is v =0 — 1.

A mechanistic picture is proposed, Scheme 1, in which the
ultra-fast photodissociation of CO from trypto-CORM results in
the formation of *[2] in a vibrationally excited state (A} which
undergoes cooling to v = 0 to give B. A change in spin with
coordination of the solvent gives [1c] (C). Our calculations indi-
cate that the binding of the solvent to *[2] would be unfavour-
able as attempts to calculate a triplet spin isomer of [1] were
unsuccessful. As expected for a d* 18-electron octahedral
complex, *[1] is metal-ligand dissociative and the geometry
optimisation resulted in loss of an NCMe ligand with the
metal adopting a structure related to *[2]. Hence solvent
coordination is predicted to only occur to the single state. The
lifetime for the formation of C ([1¢]) is 220 ps and solvation of
unsaturated d® metal complexes by NCMe can occur in 1 ps,””
hence the change in spin-state is proposed to be rate control-
ling. Similar behaviour has been reported for photochemically
generated *[Fe(C0O),] and *[Co(n*-CsH;)(C0)).** Recent studies
on “[Mn(n*-CsH,){CO),] have indicated thar the narure of
the solvent effects the lifetime of the triplet state which may
indicate a solvent-promoted change in spin as an additicnal
mechanistic pathway.”

Conclusions

Photolysis of trypto-CORM at 400 nm results in ultrafast CO
dissociation and formation of *[Mn{tryp)(CO);(NCMe]] in a
vibrationally hot state which then undergoes cooling. This
triplet state subsequently forms a long-lived species, assigned
to all-cis-[Mn(tryp)(CO)(NCMe),], [1e], with a lifetime of
=20 ps. This species remains unchanged for the duration of
the experiment (800 ps). Previous studies have demonstrated
that trypto-CORM is capable of releasing between two and
three molecules of CO*® and these data indicate that any sub-
sequent thermal loss of CO must be slower than 800 ps.
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An alternative pathway involving the light-induced loss of
NCMe may also be considered. However, loss of the coordinated
MNCMe in the same solvent would, on re-coordination, regener-
ate trypto-CORM. If such a process is occurring then it must
take place in under 3 ps as no evidence for a tricarbonyl photo-
product, [Mn(tryp)(CO); ], was obtained in this study.

The experiments demonstrate that TRIR spectroscopy,
eoupled with DFT, can provide detailed information about the
nature of the ultra-fast processes underpinning photochemical
CO-release, including in model systems for an aqueous
environment.

Experimental

Trypto-OORM was prepared a described previously.™ Time-
resolved infra-red spectra were recorded on the LIFEtime
instrument in the ULTRA facility at the Rutherford Appleton.
Details of the experiment have been described previously,™
however, in brief, the pump source was the output of a Yb:
KGW amplifier providing 15 W, 260 fs pulses at 1030 nm with
a 100 kHz repetition rate (Pharos). This was used to drive a
BBO-based 515 nm pumped optical parametric amplifier
(OPA) to deliver pulses at 400 nm. The pump beam was colli-
mated, travelled over a computer programmable 0-16 ns
optical delay (1200 mm long, double pass), and focused onto
the sample. The pump energy at the sample was attenuated
down to 500 nJ and focused down to a 120 = 120 ym® spot.
The probe source was the output of a Yb:KGW amplifier pro-
viding 6 W, 180 fs pulses at 1030 nm with a 100 kHz repetition
rate (Pharos). This drove two 3 W BBO/KTA based OPAs. The
two Pharos sources share a common 80 MHz oscillator to
allow for pump-probe delay steps of 12.5 ns. The probe beam
was split to provide probe and reference pulses. To go beyond
pump-probe delays of 12.5 ns, subsequent seed pulses were
selected from the 80 MHz oscillator. Data were collected using
pump-probe delays ranging from 1 ps to 988.5 ps. The probe
beams were collimated, synchronised by a fixed optical delay,
and focused by a gold parabolic mirror onto the sample. The
three beams were overlapped on the sample using a 50 pm
pinhole. The probe beams were measured by two separate
128-element detectors. To cover the full spectroscopic window
required, data from a number of different detector positions
were combined to generate the required spectra.

For the experiments in NCMe, trypto-CORM ca. 30 mg was
dissolved in 20 ml anhydrous NCMe and placed in a Duran
flask. The experiments in DMSO/D,0 were performed by dissol-
ving ca. 13 mg of trypto-CORM in 2 ml DMSO hefore adding
D,0 to make the total volume 20 ml The solutions were then
flowed through a Harrick cell fitted with a 100 pm Teflon spacer
using a peristaltic pump for the duration of the experiment.

Data were initially visualised in the ULTRA View version 2
software,”” where baseline-correction was undertaken. The
resulting spectra were then exported as comma-separated
values files into Origin 2019.7" The spectra in the metal carbo-
nyl region were calibrated against the GSB of an authentic
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sample of trypto-CORM allowing for detector pixels to be allo-
cated to specific frequencies. The region between 1860 and
1500 em™ ' was calibrated against a 190 ym polystyrene stan-
dard. Kinetic data were analysed using the expdec and expgrow-
dec functions in Origin 2019 and errors are presented as 95%
confidence limits. Subtraction of the GSB from the difference
spectrum in Fig. 5 was performed by scaling the difference
spectrum and a spectrum of authentic trypto-CORM recorded
in NCMe on an FTIR instrument to the peak at 2013 em™'. The
subtraction was then performed using the Subtract Reference
Data feature in Origin 2019.

DFT calculations were performed using the TURBOMOLE
V6.4 package using the resolution of identity (RI)
approximation.”””® Initial optimisations were performed at
the (RI-)BP86/SV(P) level, followed by frequency calculations at
the same level. All minima were confirmed as such by the
absence of imaginary frequencies. Single-point calculations on
the (RI-)BP86/SV(P) optimised geometries were performed
using the hybrid PBEO functional and the flexible def2-TZVPP
basis set. The (RI-)PBE0/def2-TZVPP SCF energies were cor-
rected for their zero-point energies, thermal energies and
entropies (obtained from the (RI-)BP86/SV(P}-level frequency
calculations). Vibrational frequencies were scaled using the
empirical relationship developed in our previous work [veq: =
(Veate = 561.7)/0.7369].°% No symmetry constraints were applied
during optimisations. Triplet states were optimised using a
spin unrestricted formalism. Solvent corrections were applied
with the COSMO®* dielectric continuum model and dispersion
effects modelled with Grimme's D3 method.”*" Energies, xyz
coordinates and the first 50 lines of the vibrational spectra are
presented in the electronic ESL{

Additional TD-DFT calculations were performed using the
Gaussian 16 Rev. A.03 Win64*' at the PBEO/DGDZVP/def2tzv
level, with NCMe as the implicit solvent using CPCM. The first
10 states calculated are collated in the ESL}
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Time-resolved infra-red spectroscopy reveals
competitive water and dinitrogen coordination to
a manganese() carbonyl complexf
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Cite this: Dalton Trans., 2020, 49,
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Jonathan B. Eastwoed, 2 L. Anders Hammarback, 2 Matthew T. McRobie,
lan P. Clark.® Michael Towrie,” lan. J. S. Fairlamb (2#% and Jason M. Lynam &=

Time-resobwed infra-red (TRIR) spectroscopy has been used to demonstrate that photolysis of [MnlCAN)
(COM] {CAN = bis-{4-methoxyphenylimethanimine] in heptane solution results in ultra-fast CO dis-
sociation and ultimate formation of a rare Mn-containing dinitrogen complex fac-[Mn{CAN)ICO):(N2)]
with a diagnostic stretching mode for a terminal-bound N=N ligand at 2245 crm'. An isatopic shift to
2174 cm~! was observed when the reaction was performed under M, and the band was not present
when the experiment was undertaken under an atmosphere of argon, reinforcing this assignment. An
intermediate solvent complex fac-[MniCANHCO)sheptane)] was identified which is formed in less than
2 ps, indicating that CO-release occurs on an ultra-fast timescale. The heptane ligand is labile and is
readily displaced by both N; and water to give fac-[Mn{CANNCOI;IN:I and fac-[Mn{CAMNICC)0H ;)]
respectively. The fac-IMn(CAN){COls(heptane)] framework showed a significant affinity for N, as perform-
ing the reaction under air produced significant amounts of fac-[MR{CANNCO)sING. Kinetic analysis
reveals that the substitution of heptane by N, [k = {1028 + 0.004) x 10% mal™ dm® ¢7Y), and H.O is cam-
petitive on fast {<1 ps) time scales. The binding of water is reversible and, under an atmosphere of Mz,
some fac-[M{CANNCO)LI0H: )] converts to fac-[Mn{CANNCO)sINIL
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Introduction

Coordination of dinitrogen to transition metals plays an
important role in N, fixation. Binding enhances the reactivity
of the coordinated ligand, ameliorating the low kinetic reactiv-
ity dictated by the strong N=N bond.! In addition there has
been recent interest in the transition metal-catalysed use of
ammonia as an energy carrier and the ruthenium-catalysed
conversion of NH; to N, has recently been reported.*
Moreover, this process also relies on the ultimate formation of
a dinitrogen complex. It is therefore unsurprising that there
have been concerted and detailed studies of the synthesis and
reactivity of transition metal dinitrogen complexes. Inspired by
the active site of the nitrogenase enzyme, there has been a par-
ticular focus on dinitrogen complexes of Group 6 metals and
maolecular species able to catalytically convert N; to NH; have

“Depy af Chemistry, ity of York, Heslington, York, Y010 500, UK.
E-miail: fan fairiambiyork. ac.uk, fason hnamypork ek

Ecentral Laser Facility, STFC Rutherford Appleton Laboratory, Harwell Campus,
Dideor, Oxfordshire, OX11 00X, UK

tElectronic supplementary information [ESI) available: additional TRIR spectra
and collated xyz coordinates, energies and vibrational modes from the DFT cal-
culations. See DOI: 10.1039/c9dt04878b

This journal is @ The Royal Sooaty of Chemistry 2020

been reported.® There are also many examples of dinitrogen
complexes from Groups 4, 5 and & which have provided
insight into the different binding modes that N, may exhibit."
Remarkably, there are only a handful of examples of N,
complexes of the Group 7 metals.®® Indeed the limited
examples of manganese dinitrogen complexes are primarily
based on two structural frameworks (Fig. 1). One such frame-
work is frans[Mn(P-PL,XY] (P-P = chelating phosphorus
ligand). For example, Kubas demonstrated that reaction of N,
with trans-[Mn(CO)(dppe).[BAr'y] (dppe = 1.2-bis{diphenyl-
phosphino)ethane, Ar' = CgHy-(3,5-CF;)2), in which the for-
mally 16-e Mn-centre is stabilised by two C-H agostic inter-
actions, results  in  the formation of [Mn[CO)(N;)
(dppe).)[BAr",* The related complex trans-[MnH|N){dmpe).]
(dmpe = 1,2-bis{dimethylphosphinojethane) may be prepared
from the thermal reaction of trans{MnH,(dmpe),] with N,.*
The second series of compounds are based on a halfsand-
wich motif. The archetype of this series, [Mn(n*-C:H;)
[CO),[N,)], was originally prepared by oxidation of [Mn(i*-
C=H3)(CO)(N:H,)] with hydrogen peroxide,” although displa-
cement of the THF ligand in [Mn(n™-C;H:)[CO).(THF]] by N,
may also be used as a route to this complex.” The phatochemi-
cally induced replacement of CO by N. has been shown to be
an effective route to this class of compounds: irradiation of

Dalton Trans, 2020, 49, 5463-5470 | 5463
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Fig. 1 Examples of known manganese dinitrogen compounds with NN
vibrational mode frequencies, (a) band split due to rotamers, (b) tentative
assignment due to band overlap.

[Mn(n™-C;H;)(CO);] under N, results in CO loss and formation
of [Mn[n*C,H,)(CO),(N,])].""" This method may be extended to
a number of related derivatives. For example George and
Poliakoff have shown that photolysis of [Mnin*-C;R,Me)
[CO).L] (R = H, Me; L = CO, PMe;_,Ph x = 0-3) in supercritical
fluids in the presence of dinitrogen may be used to prepare
complexes [Mn{y™-CsR,Me)[CO)(N,)L]: evidence for the for-
mation of [Mn(n"-C-Me.)(CO)(N,).] was obtained."" Similarly
photolysis of [Mn(Tp)(C0):] (Tp = hydrido-tris-{1-pyrazolyl)
borate) in cyclohexane/HSIEt; solution under N; results in CO
dissociation and formation of [Mn[Tp)(C0),(N.)]."* The dini-
trogen-bridged dimer [{Mn(n*-C5H;)(CO),},(N,)] may be pre-
pared from the reaction of [Mn(n"-C;H,)[CO)(THF]| with
N,CHCF,;." An example of P,N,-based complex with a brid-
ging N, ligand has also been reported.*

Given the current interest in using manganese carbonyl
complexes as catalysts for organic transformations,” > the
observation of new manganese dinitrogen complexes could
offer potential for the future development of pathways for
nitrogen fixation. We have recently employed time-resolved
infra-red spectroscopy to demonstrate that photolysis of [Mn
(ppy)(CO)] (ppy = 2-phenylpyridine) results in ultra-fast loss
of a €O ligand and formation of species [Mn(ppy)[CO),S]
within 1 ps, where § is the solvent medium employed.™ If § is
a substrate for Mn-catalysed C-H functionalisation, such as an
allyne or an activated alkene, then subsequent C-C bond for-
mation may be observed.’® It was reasoned that if a suitably
weakly bound solvent, such as a hydrocarbon, were employed
then this could be displaced by a molecule of dinitrogen. TRIR
has been used to identify dinitrogen complexes formed by dis-
placement of a coordinated hydrocarbon ligand for a number
of different metal complexes and to quantify the rates of sub-
stitution.** In a similar vein, George has demonstrated that

5464 | Dalton Trans, 2020, 49, 5465-5470
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using perfluorinated solvents as weakly bound token ligands
even allows for the coordination of Xe to photochemically gen-
erated [W(C0);[” and [Mn(y*-C-H;)(CO),] fragments.™

The implementation of this approach to form a mixed
manganese carbonyl/dinitrogen complex is now reported.
Instead of the 2-phenylpyridine-substituted complex, the
related species [Mn(C*N)(CO),], [1], was employed as it was
anticipated that the more sterically demanding cyclometal-
lated imine ligand might favour the coordination of linear N,
to the metal.

Results and discussion

The photochemical dissociation of CO from [Mn(C*N)(CO),],
[1], was studied at the ULTRA facility, Rutherford Appleton
Lahoratory, using the time-resolved multiple probe [TR™PS)
method. By virtue of using synchronised pump- and probe-
lasers, TR™PS permits photo-induced events occurring from
1 ps-800 ps to be observed. A pump wavelength of 355 nm was
employed and the changes to the bands in the region
1850-2300 cm ™' of the infra-red spectrum used to probe the
changes to the metal following irradiation. The resulting data
are displayed as difference spectra with negative peaks corres-
ponding to bands lost on irradiation and positive peaks to the
photoproducts.

Ultra-fast photochemically initiated behaviour of [1]

Photolysis of [1] in heptane solution under an atmosphere of
dinitrogen results in the formation of intense negative peaks
corresponding to the ground state bleach of the complex.
These were present at the shortest pump-probe delays
employed. At very short pump-probe delays (<2 ps) the positive
pealks were broad, but then sharpened with a lifetime of (7.8 +
0.4) ps and moved to higher energy to give three new bands
with approximately equal intensity at 1918, 1924 and
2024 ¢em”" (Fig. 2). These data are consistent with the ultra-fast
loss of a carbonyl ligand and the formation of a complex fac-
[Mn[C*N)(heptane)(CO);], [2]. Specifically, the band positions
and intensity are typical of a species with three facially co-
ordinated carbonyl ligands - a complex with a meridional
arrangement would exhibit a different pattern of bands (both
in terms of energy and intensities).*"**

The sharpening and shift in band position at short-pump
probe delays is consistent with vibrational cooling.**” As the
pump laser energy is greater than that required to dissociate a
CO ligand, the resulting photoproducts are formed in a vibra-
tionally excited state which then relaxes to the v = 0 level. The
anharmonic nature of the vibrational energy well results in the
commensurate shift to higher energy on relaxtion. In the
spectra recorded between 1 and 150 ps (Fig. 2b and ¢ a feature
at lower energy than the bands for [2] was observed, which
decays with a lifetime, 7, of (26.4 + 0.8) ps. This was assigned
to [2] in v = 0 vibrational energy levels. The observed shift of
ca. 14 em” " from the longer-lived bands for [2] (assigned to the
¥ =0 — 1 transition) support this hypothesis.*® In addition,

This journal i € The Roval Society of Chemistry 2020
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the ground state bleach bands for [1] became less negative at a
similar rate, r = (26.7 + 2.6) ps, consistent with vibrational
cooling of excited [1].**

At very short pump-probe delays (<10 ps) broad bands at
ca. 1949 and 2027 em™"' (Fig. S91) provided evidence for a
further short-lived species being generated on photolysis. On
the basis of the related behaviour exhibited by [Cr{bpy)(CO),[**
(bpy = 2,2-bipyrdyl) and [Mn(ppy)(CO),[*" this species was
assigned to *[1] which decayed to ground state [1].

Identification of a Mn(1) dinitrogen complex

Ower the course of ca. 20 ns, the bands for [2] decreased in
intensity to be replaced by one major and one minor species,
[3] and [4] respectively (Fig. 3). Complex [3] exhibited bands at
1929, 1955 and 2013 cm™" notably blue-shifted from the
heptane complex. The intensity of these features was again
consistent with the formation of a facially coordinated tricar-
bonyl complex although the blue-shift in the band positions
relative to [1] implied that that a z-acceptor ligand had co-
ordinated to the metal, resulting in less =-backbonding to the
three remaining carbonyl ligands.

This jourmal is © The Royal Sooety of Chemistry 2020
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Fig. 3 (a) Ground state IR spectrum of [1] in heptane solution. (b) TRIR
spectrum of [1] in heptane under Nz with a pump-probe delay of 500 ns
showing the formation of [3], red circles, and 4] blue diamonds. The
bands between 1875 and 2100 em™! are assigned to CO stretching
modes, whereas the peak at 2249 em™ is assigned to the M=N
vibration.

It was suspected that the formation of [3] represented the
displacement of the weakly coordinated heptane molecule in
[2] by dinitrogen to give fac-[Mn[C*N)(CO)3(N:)]. This was sup-
ported by the observation of a band at 2249 cm™', which was
assigned to the N=N stretching mode of the complex (Fig. 3).
This band is at higher energy than in the related mononuclear
manganese N, complexes (Fig. 1) and is only shifted by
81 cm™!' from the Raman band in "N, (2330 cm™").*" This
may represent the fact that the t-accepting dinitrogen and car-
bonyl ligands are mutually trans in [3].

In order to fully secure this assignment, two further experi-
ments were undertaken. Firstly, the reaction was performed
under an atmosphere of "N, (Fig. 4c]. In this case, the bands
in the metal carbonyl region assigned to [3] were unchanged
compared to the reaction performed at natural isotopic abun-
dance, however the N=N stretching mode shifted to
2174 cm~". This is consistent with the isotopic shift to
2173 em™" predicted for the "N=""N mode on the basis of a
harmonic oscillator model. Secondly, when the experiment
was performed under an atmosphere of argon, complex [3] was

Dalton Trans, 2020, 48, 5463-5470 | 5465
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argon. All spectra were recorded with a pump-probe delay of 500 ns.
Complex [2] s labelled with black squares. [3] red circles and [4] blue
diamonds. The peak for the ground state bleach at 2074 em~ omitted
for clarity.

not observed although [4] was present (Fig. 4e). Therefore, the
experimental data support the assignment of [3] as fac[Mn
(C*NCO)(N:)]

Insight into the nature of [4] came from a reaction in which
a single drop of water was added to an experiment performed
under a nitrogen atmosphere. In this case, the proportion of
[4] formed relative to [3] increased significantly (see ESIT). It
was therefore proposed that [4] is fac{Mn[C*N)(CO);(0OH_]] in

5466 | Dalton Trans, 2020, 49, 5463-5470
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which trace amounts of water displace the heptane ligand.
Similar observations have been made on photolysis of [W
[CO)T* and [Mn|ppy)(CO)LT" in hydrocarbon solution. In
these experiments, [4] underwent further reactions to give a
number of new carbonyl-containing products (see ESIT). We
have tentatively assigned this process to the formation of
hydroxy-bridged Mn  carbonyl clusters, similar to those
observed on catalysis deactivation during C-H functionalisa-
tion reactions.'®

Nitrogen binding to the putative fac{Mn(C"N){CO);] frag-
ment is highly selective. Photolysis of [1] under an atmosphere
of air again led to the bands for the dinitrogen complex [3]
dominating the difference spectrum, with [4] being observed
as the only other significant product (Fig. 4d). No evidence of
deleterious oxidation and/or the formation of a dioxygen or
carbon dioxide adduct was obtained. Qualitatively, this may
represent the fact that the formation of [3] from [1] corres-
ponds to the substitution of isoelectronic CO and N, ligands.

DFT calculations

In order to obtain a quantitative view of this process, the ener-
getics of a series of ligand substitutions reactions were caleu-
lated using density functional theory at the D3(B])-PBEO/def2-
TZVPPI'BP&6/SV(F) level of theory with COSMO solvation in
heptane. The isodesmic substitution of the heptane complex,
[2] was taken as the reference state for the calculations and the
resulting energies are shown in Table 1.

The calculations demonstrate that heptane is a far poorer
ligand than water, dinitrogen and carbon monoxide. Water

Table 1 Calculated energy differences for the substitution of heptane
by CO, Nz and HzO at the D3(BI)-PBEQ/def2-TZVPPIBPE6/SVIF level
of theory with COSMO solvation in heptane. AE corresponds to the
zero-point energy-corrected SCF energy change, AG;qg includes cor-
rections for the chemical potential (calculated at the BPBG/SVIF) level)

b
I S MY co
L — it + Hegtane:
| Yo
co co
Ohde O
Product Experimental AEK] AGuga'k]
Entry L comiplex OO fem ! maol maol
1 54} [1] 1940 [1934) 113 -116
1960 [1967)
1990 [1969)
1974 [2066)
2 Heptane  [2] 191§ [1895) 0 0
1924 [1915)
2024 (1999)
3 N, (3] 1929 [1929) —29 -33
1955 [1956)
2013 (2017)
4 H,0 [4] 1900 (1902) -23 —28
1913 [1911)
2012 [1998)

“Caleulated values at the BP86/SV(F) level in brackets, these have been
sealed using an empirical correction factor.

This journal 5 @ The Royal Society of Chemistry 2020



Appendix 1: Published Papers

Published on 07 April 2020. Downloaded by University of York on 8/9/2022 3:49:20 PM.

340

Dalton Transactions

and nitrogen have similar binding constants to the manganese
and therefore the coordination of these two ligands should be
competitive. The calculations indicated that the binding of
nitrogen had a small thermodynamic preference when com-
pared to water (AAG,q = —5 k] mol ™), although such a small
difference must be treated with caution. Carbon monoxide is
predicted to coordinate far more strongly to the manganese
than either N, or H,0.

Further insight into the influence of the different ligands
coordinated to the fac-[Mn(C~N)(CO);] fragment was obtained
by examining the bond metrics within the calculated struc-
tures (Table 2). Comparison of carbonyl, [1], and dinitrogen,
[3], complexes confirms that the N, ligand is a poorer
z-acceptor than CO as the M-C bond, a, (for the CO ligand
trans to the CO and N, ligands) is shorter in the case of [3].
The calculated N-N bond length (1.125 A) only shows a small
elongation when compared to the dinitrogen (gas phase
experimental value 1.0977 A" calculated at BP86/SV(P)
1.112 A), but is consistent with the corresponding bond length
in trans[MnH(N,)({dmpe),], 1.127(7) A.° However, the Mn-N
bond length in [3] is predicted to be longer (1.907 A) than in
the dmpe-containing complex (1.817(5) A). This presumably
reflects the fact that the N, is trans to an another z-accepting
ligand despite in trans-{MnH(N,)(dmpe),] the dinitrogen being
opposite to a hydride ligand.

The calculated geometry of the heptane complex, [2], pro-
vides additional information about the binding of this ligand to
the manganese. The DFT-predicted structure demonstrates that
the hydrogen of the C-H bond is more closely coordinated to
the metal than the carbon (Mn-H 1.997 A, Mn-C 2.871 A) and

View Article Online
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the Mn-H-C bond angle is 130.9°. This behaviour has been
observed in the solid-state structure of alkane complexes and
indicates that the heptane is best defined as ' o-alkane using
the nomenclature of Macgregor and Weller.** Structures were
investigated in which the heptane was bound to the manganese
through C-H interactions at each of the four unique carbon
atoms. The predicted IR spectra for each complex were identical
and, in line with our previous work on [Mn(ppy)
(CO);(heptane)],*' the energetics of binding to these different
sites has a significant dependence on the DFT method
employed (see ESIT for details). Consequently it was not poss-
ible to determine which site(s) of the heptane ligand bind to
the metal. Examination of the Mn-C and C-O bond lengths
within the carbonyl ligands of [2] (a-f Table 2) indicates that the
carbonyl ligands are more tightly held in this complex than in
any of the species investigated: the Mn-C bond trans to the
heptane ligand, Mn-C,, is the shortest of the all species investi-
gated. In addition, the bond lengths between the two metal-
atoms of the cyclometallated ligand in [2] are shorter than in
the other complexes investigated (Mn-C,; 2.049 A, Mn-N,
2.015 A). These latter structural effects may be viewed as the
donor groups having a stronger interaction with the metal when
a poor ligand (in this case heptane) is bound to the metal.

Kinetic profile of the formation of [3] and [4] from [2]

The kinetic profile for the conversion of [2] to [3] and [4] is
shown in Fig. 5. Inspection of the data indicated that [2]
appeared to convert into both [3] and [4] over the course of ca.
500 ns. Then, over approximately 1 ps, the amount of [3]
increased further with commensurate loss of [4]. In order to

Table 2 Structures and calculated bond lengths in A at the BPB6/SV(P) level for complexes [1), 2], [3] and [4]

Qa
¢ to
N foe 67
M b
%l \C\e

L o
Complex Mn-Cq Mn-Cp Mn-C; C-O4 C-0. C-0r Mn-Cy Mn-Nj Mn-L;
(1) 1.841 1.801 1.822 1.160 1.166 1.165 2,078 2.036 1.840
2] 1.759 1.792 1.824 1.168 1.170 1.169 2.049 2.015 1.997
3] 1.808 1.803 1.829 1.162 1.166 1.166 2.073 2.035 1.907°
[4] 1772 1.794 1.824 1.169 1.169 1.169 2.058 2.021 2173

“N-N bond length = 1.125 A.

This journal is © The Royal Socety of Chemistry 2020
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tion to form Mn clusters. Bottom kinetic profile for the loss of [2] and
formation of [4]. The dotted lines show the fit to the kinetic model with
parameters [Mnlz = 4.49 % 10~° mol dm >, [Hz0lg = [6.24 + 0.14) mmol

dm> ky = (1028 + 0.004) x 107 moldm® s, k; = (154 + 0.02) x 10°
mal ™ dm® s, k_, = (163 + 0.03) x 10" mal~ dm® s, [N_] = 9.54 mmol

dm >, Inset shows the behaviour and fit up to 270 ns.

quantify the processes which underpin this behaviour, the
data were fitted to a series of kinetic models using the COPASI
software.* Care must be taken in the construction of kinetic
maodels based on TRIR data, especially when bimolecular path-
ways may be involved. Specifically, it is not possible to deter-
mine the absorption coefficients of the bands for short-lived
intermediates and therefore the absorption values in the
difference spectra cannot be converted to absolute coneen-
tration values. In order to address this, the absorption coeffi-
cients for the four vibrational modes of [1] were measured.
The intensity of the bleach band at 1980 cm™ in the difference
spectrum (recorded with a pump-probe delay of 50 ps) was
then used to determine the concentration of [1] lost on
irradiation. This was defined as [Mn], as at this time point it
was argued that all of the [1] which had been consumed on
photolysis had been converted to [2], and that the concen-
tration of the heptane complex at this point was also equi-
valent to [Mnl,. As the complexes [2], [3] and [4] are all based
on the same fac-[Mn(C"N)(CO)5(S)] framework, it was assumed
that the absorption coefficients of the high-energy symmetric
stretching modes would be similar, and that [2], « [3]; + [4]: =
[Mn],, where [X]; is the concentration of a given complex at
time t. Therefore, the change in absorbance of each species
with time could be converted into changes in concentration.

A number of models were simulated and the best fit to the
experimental data is shown in Fig. 5. In this model, the substi-
tution of heptane by nitrogen is irreversible with a second order

5468 | Dalton Trans, 2020, 49, 5463-5470
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rate constant, k, = (1.028 £ 0.004) = 10" mol " dm® s~ [based
on the concentration of N; in heptane at 1 atmosphere and
25 °C being 9.54 mmeol dm )7 This is a very fast reaction,
approaching the diffusion controlled rate limit in heptane solu-
tion calculated to be 2.35 x 10" mol™' dm’ 57" at 20 °C (ref. 35)
and may simply represent how weakly the hydrocarbon is
bound to the manganese. Extrapolation of the second order rate
constant for the substitution of heptane by water is more pro-
blematic as the rate of this process will depend on the rate con-
stant k, and the [unknown) concentration of water in the
sample. However, it was assumed that value of k, would be
similar to k,. Both k, and [H,0] were iterated in independent
fits to the kinetic model which then converged on values of &, =
[1.54 £ 0.02) = 10" mol ™" dm® 57", k_; = (1.63 + 0.03) = 107 mol™"
dm’ s and [H,0], = (6.24 + 0.14] mmol dm ™"

These data represent a picture where the substitution of
heptane by either water or nitrogen is extremely rapid and the
subsequent establishment of an equilibrium position between
[3] and [4] occurs on a longer timescale. There are two further
mechanistic points to highlight. Firstly, no evidence for the
existence for the formally 16-electron complexes fac[Mn[C*N)
(CO);] or fac|Mn{ppy)(CO);] has been obtained in any TRIR
experiments which implies they have a lifetime of less than
1 ps.®' It is argued that such species would be highly Lewis
acidic and in the condensed phase solvation is extremely rapid
following photochemical CO-loss. It is therefore difficult to
argue that the substitution of heptane is formally a dissociative
pathway. Secondly, models in which [4] converted directly to [3]
did not give satisfactory fits to the experimental darta, ruling this
out as a potential mechanistic pathway. In any event, the data
illustrate that [3] is thermodynamically more stable than [4].

Conclusions

The selective formation of a rare manganese dinitrogen
complex has been observed on photo-induced CO-dissociation
from [Mn(C*N)[CO),] in heptane solution. The kinetic data
present a mechanistic picture in which substitution at the
initally formed heptane complex, fac-[Mn[C*N)(CO);(heptane]],
oceurs close to the diffusion controlled limit and therefore the
proportion of dinitrogen and water complexes obtained is con-
trolled by the relative concentration of the two substrates. An
equilibrium position is obtained on a microsecond timescale
and indicates that the dinitrogen complex is more stable than
the agua complex. This situation is also predicted by the DFT
calculations, although the energetic difference is very small.
These results demonstrate that it is possible to access dinitro-
gen complexes containing reactive cyclometallated ligands and
may offer a new potential pathway for N, fixation.

Experimental

Complex [1] was prepared as described previously.”” Heprane
(anhydrous, stored and handled under N,) and "N, were sup-
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plied by Sigma Aldrich. Time-resolved infra-red spectra were
recorded on the LIFEtime instrument in the ULTRA facility at
the Rutherford Appleton Laboratories.™ The pump source was
the output of a Yb:KGW amplifier providing 15 W, 260 fs
pulses at 1030 nm with a 100 kHz repetition rate (Pharos).
This was used to drive a BBO-based 515 nm pumped optical
parametric amplifier (OPA) to deliver pulses at 355 nm. The
pump beam was collimated, travelled over a computer pro-
grammable 0-16 ns optical delay (1200 mm long, double
pass), and focused onto the sample. The pump energy at the
sample was attenuated down to 500 n] and focused down to a
120 = 120 ym® spot. The probe source was the output of a Yb:
KGW amplifier providing 6 W, 180 fs pulses at 1030 nm with a
100 kHz repetition rate (Pharos). This drove two 3 W BBO/KTA
based OPAs. The two Pharos sources share a common 80 MHz
oscillator to allow for pump-probe delay steps of 12.5 ns. The
probe beam was split to provide probe and reference pulses.
To go beyond pump-probe delays of 12.5 ns, subsequent seed
pulses were selected from the 80 MHz oscillator. Data were col-
lected using pump-probe delays ranging from 1 ps to 988.5 ps.
The probe beams were collimated, synchronised by a fixed
optical delay, and focused by a gold parabolic mirror onto the
sample. The three beams were overlapped on the sample using
a 50 pm pinhole. The probe beams were measured by two sep-
arate 128-element detectors. To cover the full spectroscopic
window required, data from different detector positions were
combined to generate the required spectra.

Solutions of [1] were prepared in heptane (typically 16.5 mg
of [1] in 20 ml heptane) in a thick-walled Duran flask. Samples
under N,, "N, and Ar were prepared by sparging these solu-
tions for a. 20 min whilst flowing [ peristaltic pump) through
a Harrick cell fitted with a 100 pm Teflon spacer. The samples
where then sealed, light excluded (either by covering in alu-
minium foil or employing an amberised flask) and transferred
to the LIFEtime instrument. To ensure that the photoproducts
were not themselves irradiated, data were acquired while con-
tinuously flowing and rastering the sample.

Data were initially visualised in the ULTRA View version 2
software,” where baseline-correction was undertaken. The
resulting spectra were then exported as comma-separated vari-
able files into Origin2019."" The spectra were calibrated
against samples of polystyrene (200 pm thick) and 1,4-dioxane.

Kinetic analysis was performed in COPASI. Absorbance data
were converted to concentration by using the bleach band at
1980 em™" to determine total concentration of manganese,
[Mn],, following photolysis at a pump-probe delay of 50 ps.
Absorbance data were then scaled so thar [2], + [3], + [4]; =
[Mn],. These data were then imported into COPASI and used
to iterate against the parameters ky, &, k_; and, independently,
against [H,0},. The resulting data are quoted with 95% confi-
dence limits.

DFT calculations were performed using the TURBOMOLE
V6.4 package wusing the resolution of identity (RI)
approximation.” ™ Initial optimisations were performed at
the (RI-BPSS/SV(P) level, followed by frequency caleulations at
the same level. All minima were confirmed as such by the

This journal is © The Roval Socety of Chermistry 2020
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absence of imaginary frequencies. Single-point caleulations on
the [RI-)BP8&/SV(P) optimised geometries were performed
using the hybrid PBE0 functional and the def2-TZVPP basis
set. The (RI-JPBED/def2-TZVPP SCF energies were corrected for
their zero-point energies, thermal energies and entropies
(obtained from the [RI-)BPS6/SV(P)level frequency calcu-
lations). No symmetry constraints were applied during optim-
isations. Solvent corrections were applied with the COSMO™
dielectric continuum model and dispersion effects modelled
with Grimme's D3 method.*™™ Energies, xyz coordinates and
the first 50 lines of the vibrational spectra are presented in the
ESLf
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ABSTRACT: Insights into the factors controlling the site selectivity of
transition metal-catalyzed C—H bond functionalization reactions are vital to
their successful impl ion in the synthesis of complex target molecules.
The introduction of fluorine atoms into sub has the p ial to deliver
this selectivity. In this study, we employ spectroscopic and computational
methods to demonstrate how the “ortho-fluorine effect” influences the kinetic
and thermodynamic control of C—H bond activation in manganese(l)-
mediated reactions. The C—H bond activation of fluorinated N,N-
dimethylbenzylamines and fluorinated 2- phenylpyndmes by benzyl
manganese(I) pentacarbonyl BnMn(CO); leads to the formation of cycl g d tetracarbonyl compl (2a—b and 4a—

¢), which all exhibit C—H bond activation ortho-to-flucrine. Corroboration of the e---r-‘ 1 findi g wnh dcns:ty functional
theory methods confirms that a kinetically lled ir ible o-c 1 hesis mechanism is op e in these
reactions. The addition of benzoic acid results in a mechanistic swntch so that cyclomangananon proceeds through a reversible
AMLA-6 mechanism (luneucally and th dy ically ¢ d). These stoichiometric findings are cntlcal to catal)-sns,
partmularly bseq ion of a suitable acceptor substrate into the C—Mn bond of the regioi ic cyel

tetracarb lex intermedi The employment of time-resolved infrared spectroscopic analysis allowed for correlati n of the

rates of termmal accty]cne insertion into the C—Mn bond with the relative thermodynamic stability of the regioisomeric complexes.
Thus, more stable manganacycles, imparted by an ortho-fluorine substituent, exhibit a slower rate of terminal acetylene insertion,
whereas a para-fluorine atom accelerates this step. A critical factor in governing C—H bond site selectivity under catalytic conditions

is the g ion of the regioi ic cycl g d intermedi rather than their subsequent reactivity toward alkyne
insertion.

KEYWORDS: C—H bond activation, catalysi: g site sdcctivity, alkynes, pyridines

B INTRODUCTION show an increased preference for metal-mediated activation of
e tein e ansmeilme Al oA bt b cbiass aromatic C—H bonds ortho with respect to fluorine

substituents, and this effect is commonly referred to as the
“ortho-fluorine effect”.' The ortho-fluorine effect has been
observed for many transition metal-mediated transformations,
both with® and without” supplementary directing groups.
There is currently no clear mechanistic consensus on the
origin of the ortho-fluorine effect, and the proposals often
change with the reaction system. Studies by Eisenstein, Clot,
and Perutz have shown that the C—M bond strength was

hydrogen (C—H) bonds is an important method for structural
elaboration. Controlling the regioselectivity of such processes
ensures that a specific C—H bond within a substrate of interest
is activated, especially when the reactions are applied to the
synthesis of complex target molecules.” A common solution to
controlling the regiochemical outcome of the reaction is to
employ Lewis basic-directing groups, which control the
coordination of the substrate to a transition metal, ensuring
site-specific C—H bond activation.” Alternative strategies,
without the use of metal-directing groups, can influence Received: November 29, 2021
regioselectivity and provide an alternative route to control Revised:  December 28, 2021
chemical syn(hesns Published: January 11, 2022
The unique properties of the fluorine atom offer interesting
opportunities to alter the inherent regioselectivity in C—H
bond activation. Fluorinated aromatic (organic) systems often

© 2022 American Chemical Society hetps://dod.oeg/10.102 1 /acscatal 1 05477
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Scheme 1. Cyclometallation Examples where there is a Regiochemical Choice Impacted by Fluorine Substituents in C—H
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stronger ortho to the Huorine substituent in a seres of ortho-
selective transition metal-mediated (M = Re, Rh, Ir, Ni, Pt, Ta,
and W) C—H bond activation of fluorobenzenes.™ ™ In the
C—H bond cyclometallstion (M = Rh and Ir) of meta-
substituted 1-phenylpyrazoles, Davies and Macgregor found no
correlation between the observed orthe/para-selectivity and
the C—M bond lengths of the resulting metallacycles.™
Fisenstein and Perutz have also reported, for Pd-mediated
C—H bond arylation of fluorobenzenes, that the observed
ortho-preference arises from a lower activation barrier for C—H
bond activation.™

In our previous study with Perutz on Pd-mediated C—H
bond activation of fluorinated benzylamines (Scheme 1), we
showed that the stating Pd complex, and thus the mechanism
of C-H achvatmn, had a major impact on the resulting
regmseleu_umty Li;PdCly (SgAr) exhibited complete para-
selectivity, while Pd,(OAc), (CMD/AMLA-6) yielded close to
the same amount of both regioisomers. Davies and Macgregor
additionally revealed that the extent of an inherent orthe-
preference in the direct C—H bond cyclometallation (M = Rh
and Ir) of meta-fluorinated 1-phenylpyrazoles depended on

1533

whether the reaction was under kinetic or thermodynamie
control.” The same effect has also been reported by Jones and
Perutz in the Rh-mediated C—H beond activation of
fluorobenzenes, where the kinetic and thermodynamic
products could be generated depending on reaction temper-
ature.”

There are few studies probing the nature of fluorine-induced
regioselectivity in 3d-metal-catalyzed C—H bond functionaliza-
tion reactions. One notable exception is the report by Chirik
and co-workers on the borylation of fluorinated arenes by a
cobalt pincer complex, which demonstrated that the Co—C
bond was exceptionally sensitive to ortho-fluorine incorpo-
ration and provided a thermodynamic driving force for the
observed catalytic selectivity.” This increased sensitivity offers
the potential for 3d-metals to have a greater intrinsic selectivity
for C—H bond activation on the introduction of fluorine into a
given substrate.

Manganese carbonyl complexes are of considerable current
interest due to their applications in redox-neutral eatalytic
processes for C—H bond functionalization.” Following Chen
and Wang's “breakthrough” study in 2013 on Mn(I)-mediated

hitps://doi.orgil 01021 facacatal 1005477
ACS Caral 2022, 12, 1532-1544
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Scheme 2. Cyclomanganation of Fluorinated Benzylamines and 2-Phenylpyridines
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C—H bond alkenylation of 2-phenylpyridines,” these species
have demonstrated a significant potential and versatility as
Earth-abundant metal catalysts for applied chemical syn-
thesis." The catalytic chemistry is founded in the stoichio-
metric organometallic chemistry of manganese, which has been
studied for >40 years and has included extensive work on
directed cyclomanganation of aromatic C-H bonds'"'* and
subsequent reactivity of the resulting manganac}rc]es_“""

Manganese carbonyl complexes have been utilized in the
study of fluorine-induced regioselectivity. For example, in
1978, Bruce reported an apparent ortho-fluorine effect in the
Mn-mediated C—H bond activation of fluorinated azobenzene
derivatives, generating exclusively the ortho-complex ™ Liebe-
skind found a relatively strong orthe-preference in the C—H
bond cyclomanganation of meta-fluornated acetophenones
(4.5:1, ortho/para), where other substituents exhibited weaker
ortho-selectivity (OMe, 2.1:1, ortho/para) to selective for-
mation of the para-complex (Me, CFy, and CN)."™ An orthe-
fluorine effect has also been reported in Mn(l)-mediated
alkenylation of 2-phenylpyridines, where only the C—H bond
functionalization ortho to fluorine was seen for meta-
fluorinated 2-phenylpyridine.”

In a recent series of studies, we have described how
mechanistic studies on reactions catalyzed by Mn(1) carbonyl
complexes can provide unique insights into transition metal-
mediated bond activation and formation pathways."* Combin-
ing complementary information from time-resolved infrared
spectroscopy on a picosecond to microsecond (ps to ps)
timescale, with measurements by NMR and in situ IR analysis
on in operando reactions and calevlations using density
functional theory (DFT), has enabled obtaining a compre-
hensive picture of the steps, underpinning C—C bond
formation, catalyst activation, and deactivation pathways.
This approach also allowed for the fArst experimental
observation of the steps, underpinning the concerted metal-
ation deprotonation (CMD) reaction to be directly observed.”

These methods offer an opportunity to rationalize the
kinetic and thermodynamic control exerted by the incorpo-
ration of fluorine into substrates for Mn-catalyzed C—H bond
functionalization.

Herein, we describe the ortho-selective C—H bond metal-
ation of meta-fluorinated benzylamine and 2-phenylpyridine
denvatives, where we aim to

® Measure the extent of the fluorine-induced regioselec-
tivity in relevant aromatic systems.

® Assess the origin of the ortho-fluorine effect in a 3d-
metal system through understanding of the reaction
mechanism and the properties affecting activation of C—
H bonds, including the role of additives.

B RESULTS AND DISCUSSION

Two sets of substrates were selected to investigate the nature
of the ortho-fluorine effect in cyclomanganation reactions.
Meta-luorinated benzylamines were chosen, as they enable
comparison with other Mn(1)-mediated reaction systems using
different substituents (Me and OMe),™ as well as our
previously reported results on the corresponding cyclo-
palladation pmce:ssic-s.M The reaction can react to form the
C—Mn bond at either the 2 or 6 position of the arene (Scheme
1), which will be referred to as ortho and para, respectively,
that is, orthe or para to the substituent (ie, the di:ec.Ling
group). Due to the extensive use of thenzleyndmes in
Mn(1)-catalyzed C—H bond functionalization™ and our
previous mechanistic studies into these reaction systems,' ™'
the cyclomanganation of fluorinated 2-phenylpyridines 3a and
3b was investigated (Scheme 2). Related studies on ligands
with a pyrrolidine directing group are reported in the
Supporting Information.

The cyclomanganation of monoflucrinated benzylamine
derivative la was performed using BnMn(CO), as the
manganese precursor in hexane at reflux for 16 h (Scheme
2). The F NMR spectrum of the crude reaction mixture

hetps:/dloi.org10.1021/acscatal | cOS47 7
Caral, 2022, 12, 1532-1544
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Figure 1. (a) Solvent screen for the cyclomanganation of 3a. (b) In situ "F NMR study of the cyclomanganation of 3a using C,;H,CF, as an
internal standard. Key: blue/red lines = 4a using 1.0 (blue) and 1.5 equiv (red) 3a and orange,/black lines = 4b using 1.0 (orange) and 1.5 eq.
(black) 3a. () In situ ""F NMR study of the cyclomanganation of 3b. Key: blue/red lines = 4¢ using 1.0 (blue) and 1.5 equiv (red) 3b and orange/

black lines = 4d using 1.0 (orange) and 2.0 equiv (black) 3b.

revealed that only one regioisomer of the manganacycles was
generated in substantial quantities, with the minor regioisomer
only being present in trace amounts (<1%). Following
purification (55% yield of isolated material) and subsequent
characterization, it was determined that the major regioisomer
in the reaction was ortho-complex 2a. Single-crystal X-ray
diffraction (XRD) analysis was utilized to provide further
support for the structural assignment. Thus, the reaction
exhibited similar ortho-preference as reported for the eyclo-
manganation of fluorinated azobenzenes.™" Repeating  the
cyclomanganation on difluorinated derivative 1b yielded
ortho-complex 2b as the major product (99:1, orthe/para).
The yield of the reaction (52%) was also comparable to la,
showing that the additional fluorine substituent had a limited
effect on both the selectivity and efficiency of the reaction.

The alkyl substituents on the amine proved to have a limited
impact on the reaction, as when the dimethylamino group was
altered to a pyrrolidine ring, the reaction again generated the
ortho-complexes as the major product in comparable yields
(see Supporting Information). However, the extent of the
ortho-preference was reduced marginally to 93:7, ortho/para,
for the monofluorinated derivative. The cyclomanganation of
mela-fluorinated 2-phenylpyridine 3a was performed using the
same manganese precursor, BaMn{CO)y, in toluene at 80 °C
for 16 h. The erude “F NMR spectrum revealed complete
consumption of 3a and the presence of two new fluorine-
containing species. Following purification, both the ortho- (4a,
40%) and para-isomers (4b, 30%) of the manganacycle were
characterized. Due to difficulties in the separation of the
regioisomeric complexes, the ratio of the isolated material does
not reflect the true ratio of the reaction (see further details
below). Nevertheless, the relatively large quantities of para-
complex 4b presented & marked difference in reactivity and
selectivity as compared to the benzylamines and other orthe-
selective directing groups. The extensive formation of the para-
complex was miored in the cycdlomanganation of diflueri-
nated 2-phenylpyridine 3b, yielding both the ortho- (4c, 34%)
and para-complexes (4d, 17%).

Single-crystal XRD analysis for manganese(l) complexes
4a—c¢ (see Supporting Information) showed no significant
difference in the C,—Mn bond lengths between the two
regioisomers [4a = 20557(18) A and 4b = 2.0510(17) A],

1535

consistent with Davies and Macgregor's study on ortho/para-
cyclometallated (M = Rh and Ir) 1-phenylpyrazoles.™ This
finding suggested that the relative strength of the C—Mn bond
was not responsible for the observed regioselectivity. In
addition, the Mn—CO bond lengths and relative bond angles
were also similar between the two regioisomers. The two
species additionally exhibited similar IR spectra, with only
minor shifts in the metal carbonyl bands [4a = 2077, 1992
(br), and 1934 em™" and 4b = 2081, 1995 (br), and 1942 cm™!
in CH,Cl, at room temperature]. The C,,—Mn bond length
was not altered when adding another fluorine substituent (4¢ =
2.0501(12) A) and no significant change could be found in the
other relevant bond lengths and bond angles.

In Situ "SF NMR Reaction Monitoring. The unusually
small ortho-selectivity for the 2-phenylpyridine derivatives 3a
and 3b warranted further investigation to determine the
rationale behind the lower selectivity and to understand the
difference in reactivity when other directing groups, such as the
benzylamines, were employed.

Initially, to determine if any effects had arisen from the
reaction solvent, a solvent screen was completed for the
eyclomanganation of 3a (Figure la). The reactions were
performed at 80 °C for 16 h, after which the erude material
was analyzed by ¥E NMR spectroscopic analysis. Both high
boiling point hydrocarbon solvents, toluene and heptane,
exhibited complete consumption of 3a and a similar erthe/para
ratio of 7:3 (4a/4h). Changing to a lower boiling point solvent
in hexane led to reduced formation of para-complex 4b (4.6:1,
4a/4b), though still afferding complete consumption of 3a. A
similar reactivity and orthe/para ratio (4:1) was obtained when
the cyclomanganation was performed in 1,2-dichloroethane
(1,2-DCE).

A major change in reactivity was observed with MeOH and
extensive manganese degradation was noted, with only minor
quantities of the manganacycles generated with a strong
preference for orthe-complex 4a (14:1, 4a/4b). Toluene was
selected as the reaction solvent for the subsequent studies due
to the high efficiency of the reaction and relatively large
amount of para-complex 4b that was formed. The reaction
kinetics of the cyclomanganation reaction in toluene at 80 °C
using monofluerinated substrate 3a were monitored using in
situ PF NMR spectroscopic analysis (Figure 1b). The clear

hitpsz/fdoi.org1 01021 /acscatal 1 05477
ACS Catel 2022, 12, 1532-1544
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difference in the chemical shift between the regivisomers (4a =
—86.3 ppm and 4b = —121.4 ppm) allowed for the reaction
profile for each product to be obtained. The ortho/para ratio of
19:1 remained constant throughout the reaction, and no
significant degradation or interconversion between the species
could be observed following the completion of the reaction.
The observed rate of formation of both products (ky, = 5.1 +
06 107 57" and ky, = 5.6 = 0.1 107" ¢ %, Table 1) was near
identical to the loss of the starting material (ky, = 5.20 + 0.07
107% s71), which is expected for parallel reaction pathways in
such systems."”

Table 1. Observed Rate Constants for the Formation of
ortho-Complexes 4a and 4¢

entry substrate (equiv) Fopupe 1075 571 ofp selectivity
1 3a (1) 514 06 19
2 3a (15) 52401 16
3 3a(1)” 931405 22
4 3k (1) 59400 13
5 3k (2) 5901 5
& 3a (1)F 101 4+ 0.1 17

“2 equiv of BoMn(CO);. o1 equiv PhCO,H added (entry 6,
highlighted to show the acid effect).

The lack of interconversion between 4a and 4b indicated an
irreversible reaction mechanism, which could be affected by
the addition of excess 3a. Thus, the reaction was repeated
using 1.5 equiv of 3a relative to MnBn{CO), (Figure 1b). The
reaction profile and regioselectivity (2.6:1, 4a/4b) were near
identical to the reaction with 1 equiv (2.9:1, 4a/4b),
suggesting a zero-order dependence in 3a on the reaction
and that 3a did not impact the reversibility of the reaction.
Consequently, the apparent irreversibility of the reaction
inferred that the regioselectivity was kinetically determined and
provided an explanation for the observed selectivity between
the two regioisomeric complexes even with near identical C—
Mn bond lengths.

When the reaction was repeated using two equivalents of
BaMn(CO); (see Supporting Information), the observed rate
constant almost doubled (k,, = 9.3 + 0.5 % 107 57*), while
the orthe/para ratio remained similar (2.2:1, 4a/4b). This
increase in the rate of reaction suggested a first-order
dependence of manganese in the reaction, likely derived
from the initial loss of a CO ligand as being rate-limiting.

The cyclomanganation of 3b (Figure lc) exhibited a similar
kinetic trace to 3a, with a minor shift in the ortho/para ratio
(2.3:1). Again, no significant interconversion could be
observed at longer times following the completion of the
reaction, even after 40 h (see Supporting Information).
Repeating the reaction with excess 3b (2 equiv) again yielded
a similar reaction profile.

Effect of Acid Additives. We have previously shown that
carboxylic acid additives have a marked effect on the efficacy of
Mn(l)-catalyzed C—H bond functionalization reactions,’™
enabling ligand liberation from cyclomanganated 2-phenyl-
pyridines.'” Hence, it was hypothesized that the addition of an
acid would enable a reversible reaction mechanism for C—H
bond activation through a protodemetallation pathway, in a
similar vein to that observed for a half-sandwich Rh complex
reported by Jones and co-workers.'”” The addition of a
carboxylic acid additive could potentially result in a
mechanistic shift for cyclomanganation from e-complex-

assisted metathesis (6-CAM) to a CMD/AMLA-6 mecha-
nigm.'”

The cyclomanganation of 3a with added benzoic acid (0.1
equiv) resulted in a substantially different reaction profile
(Figure 2a), with ortho-complex 4a formed in a large excess

@ MABm{GO)s (1 €q.) i =
#N [PhcoHpAeq) M
5 Toluens, 80 °C, N,

e D
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Figure 2. Cyclomanganation of fluorinated 2-phenylpyridine
derivatives 3a~b with the addition of PRCOH (0.1 equiv) and the
kinetic trace obtained by in situ "F NMR spectroscopy using
CsH:CF; as an internal standard. Key: dotted line = without additive
and squares = with PhCO,H added. (a) Kinetic trace for the reaction
using 3a. (b) Kinetic trace for the reaction using 3b.

over 4b (17:1). At no point during the reaction did the
concentration of 4b reach a significant level in comparison to
4a. Unreacted 3a (14%) was observed in the solution at the
end of the reaction, yielding a final 3a/4a/4b ratio of 3:17:1.
The addition of benzoic acid (0.1 equiv) to the cyclo-
manganation of 3b (Figure 2b) resulted in an increased
selective reaction to afford the ertho-complex 4¢ preferentially
over 4d (29:1 ratio). A small amount of 3b remained in
solution (3%), following the completion of the reaction, but in
lower quantities than for the monofluorinated derivative.

The addition of benzoic acid to the cyclomanganation
reactions increased the rate of the reaction [ky, = 5.20 + 0.07
% 107 57! without additives and k,, = 1.01 + 0.01 x 107% 5™
with 0.1 equiv (Table 1). Benzoic acid added], consistent with
a shift to a CMD/AMLA-6 mechanism. Performing the
experiments at a range of acid concentrations (0.05-020
equiv) led to a linear increase in the observed rate of C—Mn
bond formation (see Supporting Information). The plot of
In(k,,) versus time yielded a surprising reaction order in acid
of 0.44 + 0.02, which likely stems from the operation of both
o-CAM and CMD/AMLA-6 mechanisms under the reaction
conditions.

To further probe the effect of the acid additive, para-
complex 4b was heated in toluene and monitored by in situ 3
NMR spectroscopic analysis (Figure 3). The reaction showed
no conversion to either 3a or 4a within the first 4.25 h, which
is consistent with an irreversible reaction mechanism and
reveals the high thermal stability associated with these
manganacycles. The addition of benzoic acid (0.5 equiv) was
followed by the rapid depletion of the resonance for 4b and
liberation of 3a (67%) by protonation of the Mn—C bond and
formation of 4a (31%). Interestingly, 3a was observed to form,

hetps:idoi.orgs1 00102 1/acseatal 1 0547 7
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reaching a steady level, prior to the generation of the ortho-
complex 4a. This indicates the presence of an intermolecular
mechanism for interconversion of the two regioisomeric
products. The relatively large amount of acid added explains
why a protonated compound 3a is formed under the reaction
conditions.

To assess the intra- versus intermolecular nature of the
regioisomer interconversion (4b — 4a), a competition
experiment between para-fluorinated 2-phenylpyridine 3¢
and 3a was performed and monitored using in situ ''F NMR
spectroscopy (Figure 4). Initially, 3a was cyclomanganated
without any additives; thereafter, 3¢ (0.6 equiv) and benzoic
acid (0.5 equiv) were added to the reaction (addition 1). Meta-
complex 4e was observed following this addition, suggesting
the presence of an intermolecular reaction mechanism. The
formation of 4¢ was at the expense of both 4a and 4b, giving
rise to a relative product ratio of 2.6:1 (4a/4e). Only a minor
quantity of para-complex 4b (3%) was present in the solution,
and uncoordinated ligand 3a was generated in the reaction
because of the disappearance of 4a and 4b. A further 3.7 equiv
of 3¢ were added (addition 2) to the reaction following
stabilization of the kinetic traces, leading to 4e becoming the
dominant manganacyele in a 2.7-fold excess over 4a (0.375:1
4a/4e). 4b only remained in trace quantities at the end of the
experiment. The ratio between 3a and 3¢ (bound and free
Iig,and) was 1.8:1 after addition 1, which changed to 0.235:1
following addition 2. The data support an CMD/AMLA-6
intramolecular protonation reaction, which is then followed by
an intermolecular exchange between free and coordinated 2-
phenylpyridine ligands.

The distribution between the different complexes under
these reversible reaction conditions should be determined by
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Figure 4. In situ ""F NMR spectroscopic study, over the course of the
cyclomanganation of 3a at 80 °C in toluene, with the addition of
PhCO:H (0.5 equiv) and 3¢ (0.6 + 3.7 equiv) after 17 and 21.5 h.

their relative thermodynamic stability. Thus, by comparing the
quantity of each complex with the total amount of the
corresponding 2-phenylpyridine derivative in solution, it was
determined that ortho-complex 4a was 1.4—01.6 times more
stable than mefa-complex 4e. Due to the small amounts of
para-complex 4b in solution, a value for the relative stability of
this complex could not be obtained. However, 4b was clearly
the least stable complex. The relative stability of the
regioisomeric complexes can be summarized as 4a > 4e > 4b
(orthe > meta > para).

Time-Resolved Multiple Probe Spectroscopy Mon-
itoring of C—C Bond Formation. Having established the
relative kinetic and thermodynamic preference in the C—H
bond activation i eperando, we sought to examine the
influence of the fluorine atom in the organic ligand on further
reactivity of the regioisomeric manganacycles. Time-resolved
multiple probe spectroscopy (TR™PS) allows for the
observation of light-induced events on picosecond to milli-
second timescales. We have successfully employed this
technique in studying several Mn(l)-mediated systems in
recent years,""""*" including solvent interactions following
CO-loss™ and C—C bond formation with alkynes and other
unsaturated substrates.'” We thus identified TR¥PS-IR as a
suitable technique to further explore the stability and reactivity
of the regioisomeric manganacycles. TRMPS-IR is a pump—
probe method in which a laser pulse (1 = 355 nm) induces the
CO loss from the Mn center and a subsequent [R pulse allows

hitps://dol.org10.102 1/acscatal 1005477
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Figure 5. Reaction scheme and TR™PS data for the 355 nm irradiation of 4a in neat PhC,H. (a) Ground-state IR spectra of 4a and IR spectrum
over time of the reaction solution. (b) Kinetic trace for the C—C bond formation step. Red shows the growth and loss of the alkyne complex 6a,

and black shows the growth of 7a.

for the vibrational spectra of the resulting photoproducts to be
obtained. The position and intensity of the band due to the
remaining CO ligand provide information about the speciation
and dynamic behavior following irradiation. We decided to
utilize the alkyne insertion chemistry previously studied™ as a
probe for a potential kinetic ortho-fluorine effect in the C—C
bond formation event. Changes in the rate of insertion of a
substrate into the C—Mn bond should be indicative of any
effects caused by the presence of fluorine.

Initially, orthe-complex 4a was dissolved in neat PhC,H and
subsequently irradiated (4 = 355 nm), while monitored using
TRMPSIR. The experiment used pump—probe delays between
1 ps to 800 s and spectral detection in the region 1850—2100
em™'. The resulting data are presented as difference spectra
(Figure 5), where positive peaks correspond to the generated
photoproducts and negative peaks to the ground state
spectrum of 4a, following consumption by photolysis. The
spectroscopic features and band locations for the various
species mirrored those observed for the nonfluorinated
derivatives (Table 2)."* Light-induced loss of CO is evident
at the shortest pump—probe delays employed (1 ps), and an
arene-bound PhC,H complex Sa (1915 and 2016 em™) was
observed, which was assigned on the basis of our previous
work." After 1 ns, the bands due to Sa had been replaced by
those for alkyne-coordinated complex 6a (1923, 1955, and
2018 cm™'). Evidence for the subsequent insertion of the
alkyne into the C—Mn bond to form 7-membered complex 7a
was obtained thmugh the bands at 1897, 1924, and 2013 cm ™.
A minor unknown species (2002 em™') also formed in the
reaction concomitantly with 7a, though in minor quantities,
which did not seem to affect the formation of 7a.

Essentially, identical data were obtained for the respective
C—C bond forming events for the other manganacycles (4b—
4¢), with only minor changes in band position (see Supporting
Information) being observed. However, the presence of the
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fluorine substituents was found to have a distinct impact on the
rate of formation of compound class 7 (Table 1). When the 2-
phenylpyridine ligand contained an ortho-fluorine substituent,
the rate constant for the insertion of the alkyne into the Mn—C
bond was reduced (e.g, for ortho-derivative Ta ki = 221 £
0.04 % 10* 7% for the nonfluorinated derivative k., = 1.35 &
0.09 % 10° 571" The addition of a second fluerine in 4¢ and
4d lowered the observed rate constant by factors of 6.1 and
3.1, respectively, compared to the mono-fluorinated derivatives
(4a and 4b).

The location of the fluorine substituents on the arene
strongly influenced the observed rate constant for C—C bond
formation: para-complex 4b (k. = 57 + 02 x 10* s7')
reacted faster than ortho-complex 4a (k... = 2.21 £ 0.04 x
10* 57*). The rate constant obtained for meta-complex 4e was
located at an intermediate value when compared to the other
two regioisomers (kg = 3.5 £ 0.1 % 10* ¢7') and thus
generated a relative reaction trend of 4b > 4¢ > 4a (Kjea: para
= meta > ortho), which in turn mirrored the relative
thermodynamic stability of the complex determined wide
supra. These results unambiguously demonstrate the influence
of the fluorine substituent on the rate of carbon—carbon bond
formation with the coordination sphere of Mn(1) compounds.

Catalytic Reaction Conditions. To gain further under-
standing of the influence of the Huorine substituents on the
regioselectivity in catalytically relevant systems, we studied the
Mn(1)-mediated C—H bond alkenylation of the fluorinated 2-
phenylpyridines. Mn(I)-catalyzed alkenylation processes have
been extensively studied ™™ ™" and we have previously
determined a full mechanism for this reaction.'”™ Chen and
Wang reported the ortho-alkenylated 2-phenylpyridine 8a as
the sole reaction product when 3a was used as a substrate” and
thus suggest that the cyclomanganation steps may be reversible
under the reaction conditions. However, when we performed
the reaction between PhC,H (1 equiv) and 3a (2 equiv) at 80

hetpsudol.org 10,1021 facscatal 1 005477
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Table 2. TR™PS Data and Rate Constants for the C—C Bond Formation Step in the Photolysis of the Manganacycles in Neat

PhC,H"
o o) ) o) A (A
MA(CO), Mn(CO), BN(C0)s Mn(COl, MICO), Mn{CO},
F F F F F :
F F H
Mni2-ppy (GO 4a 4b dc d4d de t
entry compound Glem™ Fiem™ Freef 107 570 AGh /B mol™ P AR g /K mel™ = AGPum oK) mol! ==
T TMalzppy) (CO), 2009 2000 2008 2003 135+ 09 ) % o1
1944 1941 1922 1925
1912 1899
1915 1593
2 4a 2018 2018 2013 2005 221 + 004 48 37 —83
1955 1950 1924 1915
1923 1897
1922 1895
E} 4b 2013 2012 011 2033 57 +02 46 35 —4
19438 1942 1920 1925
1912 1897
1917 1895
4 4 2020 2020 021 2006 086 + 0.01" 51 43 =75
1964 1952 1925 1927
1925 1897
1923 1896
3 4d 2015 2013 2013 2005 LB6 + 0.05 49 3w —88
1953 1944 1921 1926
1917 1895
1918 1896
3 de 2014 013 002 2003 33+0d 47 w —90
1950 1944 1923 1926
1916 1898
1918 1896

“Sealed DET-predicted vibrational modes are shown in italics. AG*,; | is equivalent to the energy of TS, (Scheme 4) and AG®, ., is the
energy of 7. In both cases, the energy of the respective complex 6 is taken as the reference energy. All energies are free energies at 298,15 K at the
D3(B])-pbe0/def2-TZVPP/ /bp&6,/SV(P) level of theory. “Data treated with a six-point smoothing function.

Scheme 3. Mn(I)-Catalyzed Alkenylation of 3a Using PhC,H

=N MnBrCO}; (10 mol%) l =N

351

=N
CyzMNH (20 mal:
C YA (20 marte) Ph Ph
P Toluene, 80 °C, Mz
F
3ajZeq) {1eq) 8a 63% Bb o9

°C in toluene, using Cy,NH (20 mol %) as the base additive
and BrMn(CU], as the precatalyst (St‘hcmc 3), we isolated
and characterized both the ortho- (8a, 68%) and para-
alkenylated (8b, 9%) derivatives. The small quantities of 8b
generated in combination with change of solvent and reaction
vessel may help explain the discrepancies in the observed
product ratio between our and Chen and Wang's work.”

When benzylamine la was exposed to the alkenylation
conditions, no alkene product was generated, only the starting
material was observed, and no other products were observed in
the crude 'H and "F NMR spectra.

The strong and distinct IR-spectroscopic reporter ligands on
the manganese allowed for the in situ monitoring of changes in
metal carbonyl peaks under the catalytic conditions, and thus, a
new Mn-species was generated, using a Mettler-Toledo

BeactlR inmstrument with the 5i probe. We combined the in
situ IR monitoring with ex situ UF NMR spectroscopy to
obtain kinetic profiles, enabling distinction between different
regicisomeric products and complexes with a 2-phenylpyridine
moiety.

Several new manganese carbonyl species were observed to
form during the reaction between PhC,H (1 equiv) and 3a (2
equiv) at 80 °C in toluene solution, using Cy,NH (20 mol %)
as the base additive and MnBr(CO); as the precatalyst { Figure
ta). The precatalyst had been consumed within the first few
minutes of the reaction and replaced by a new species (7a’,
1943, 1987, and 2071 em™"). The new species was assigned as
the tetracarbonyl derivative of the seven-membered insertion
complex 7a due to its similarity to the nonfluorinated
derivative, which we have previously characterized and

hetps:/fdoi.org10.102V/acscatal 105477
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Figure 6. In situ IR and ex situ '"F NMR spectroscopic monitoring of the alkenylation of 3a (2 equiv) using PhC,H (1 equiv), Cy,NH (20 mol %),
MnBe(CO); (10 mol %), and a-Bu, 0. Key: see structures given above and the gold star/diamonds represent manganese degradation complexes.

shown to be the catalyst resting state.' ™ 7a' displayed a single
signal in the "F NMR spectra (=115 ppm), which exhibited
the same kinetic profile as obtained from the in situ IR
spectroscopy (Figure 6b). A "F NMR signal corresponding to
para-derivative 7b' was not found, suggesting that the para-
complex i more active toward proton transfer. The
concentration of 7a’ depleted slowly as the organic product
formed; reaction completion was noted when no PhC,H was
left in solution. The remaining 7a' was then rapidly consumed
and replaced by ortho-complex 4a via one of the available
protonation pathways. Para-complex 4b was not observed in
the F NMR spectra and highlighted a significant orthe-
preference in the subsequent cyclomanganation step promoted
by the excess 2-phenylpyridine in solution. It should be noted
that the mechanism involving PhC,H acting as the acid may
yield a different observed selectivity during the cyclo-
manganation step.'”

Manganese degradation complexes, such as Mn clusters,
were observed forming in the reaction in a similar fashion as
observed in the nonfluorinated system.'™ The exact structural
identity of these Mn clusters has not successfully been
determined. A band at 2047 em ™" was tentatively assigned as
Mn,(CO),, which we have previously observed under
eatalytie conditions,' ™ though the extensive spectral overlap

1540

did not allow for observation of the other spectroscopic bands
corresponding to this species.

The kinetic profiles obtained by 'F NMR spectroscopy
(Figure 6¢) showed that ortho-derivative 8a was generated in
nine times excess over para-derivative 8b. The shape of the
curves was similar to that of the cyclomanganation reaction
without acid additives (Figure 1b), though with a larger ortho-
preference, suggesting an intrinsic formation of the organic
products. This was further supported by the comparison
between the normalized reaction profiles and an IR
deformation band (970 em™) corresponding to the alkene
products {Figure 6d). The identical shape of the normalized
reaction profiles demonstrates that the product ratio remained
constant throughout the reaction and was not determined by
secondary isomerization processes.

Therefore, the selectivity was likely set by the cyclo-
manganation step within the catalytic cycles, as the C-C
formation step favors the generation of para-product 8b. It was
also possible that the protonation step would define the
selectivity, but the lack of observation of the seven-membered
catalyst resting state 7b” likely means that the protonation was
either favored for the para-isomer or similar between the two
regioisomers.

hetpes/dol.org 0.1027/scscatal 1005477
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Computational Work. Insights into how the incorporation
of fluorine into the 2-phenylpyridine ligands affected both the
kinetic and thermodynamics of complex formation were
obtained using DFT methods. The geometry of the complexes
was optimized at the bp86/SV(P) level of theory and was used
in subsequent single-point energy caleulations at the D3(B])-
pbel/def2-TZVPP level. Thermal corrections (298.15 K) from
the bp86/SV(P) level were then applied to obtain Gibbs free
energies. This has proved to be a robust method to probe the
chemistry of Mn-carbonyl compounds. "7

A series of isodesmic reactions were modeled (Scheme 4a)
to assess the thermodynamic effect of fluorine incorporation in
the ligands. In this case, the change in Gibbs energy for
substituting the parent 2-phenylpyridine by a range of fluorine-
containing analogues (3a—k) was caleulated.”’ Some general
trends may be drawn from these data. First, there is a
thermodynamic preference for cyclomanganation at sites with
an ortho-fluorine (3a and 3b, blue arrows, 3f, 3g, 3i—k, Scheme
4b), which results in a ca. 10 k] mol™ stabilization compared
to the hydrogen-substituted analogue. Second, there is a small
meta-fluorine effect, which provides additional stabilization
(e, 3g and 3h). Third, the introduction of a para-fluorine
(e.g, 3a purple arrow, 3h) does not appear to affect the overall
stability. Although some of these changes in energy are
relatively small, they are consistent across this series, and also,
the corresponding benzylamine analogues show an identical
trend (see Supporting Infun'nation).

The experimental data indicate that the reaction of
MnBn(CO), with 3a shows only a small, kinetically controlled,
ortho-fluorine effect with a 4a:4b ratio of 7:3 in toluene
solution. Insights into this process was obtained by modeling
the two regioisomeric C—H bond activation pathways for 3a
by MnBn(CO), (Scheme 4¢). The computational model was
based on coordination of 3a to a “MnBn(CO)," fragment
through nitrogen of the pyridyl directing group and a C—H
agostic interaction.™ Two isomeric states %a (taken as the
reference state) and 9b were identified that differed only in the
site of the agostic interaction. The C—H bond activation
proceeds through TSy, in which the hydrogen atom is
transferred to the benzyl ligand through a o-CAM-type
mechanism.

In both cases, the barrier for this process is low, indicating
that the mode of C—H bond activation is facile and would not
be rate-controlling. The energetic span for the formation of
eyclomanganated complexes 10a and 10b is greater for 9b (30
k] mol™") compared to that for 9a (22 k] mol™") (assuming
that 9a and 9b do not interconvert through a lower energy
pathway), indicating a marginal kinetic preference for the
formation of the orthe-fluorinated species. As with the
caleulations on the isodesmic reactions, 10a containing an
ortho-fluorine was located at lower energy than the
paraderivative 10b (—60 k] mol™ vs —50 kJ mol™").

The insertion of PhC,H into the Mn—C bond of & was also
evaluated using DFT methods, again giving good agreement
with the experiment outcomes (Table 2). In this case, the
caleulations indicated that the incorporation of fluorine into
any position of the cyclomanganated phenyl ring increased the
energy of the respective TS,. (Scheme 4d) (and thus
ﬁG"z.,&m“l‘) compared to the nonfluornated analogue. The
predicted change in free energies of the activation span is 14 k]
mol™ and so care must be taken in their interpretation. Of
note, there is essentially a linear correlation between the DFT-
predicted barriers and those determined experimentally

1541

Scheme 4. (a) Isodesmic Reaction Used to Probe the Effect
of Fluorine Incorporation Into 2-Phenylpyridine Ligands.
(b) Caleulated Free Energy Changes at 298.15 K for the
Reaction Shown in (a). The Arrow Shows the Site of
Cyclomanganation. (¢) Reaction Profile for the
Intramolecular C—H Bond Activation at Mn Through a o-
CAM Mechanism. (d) Calculated Pathway for the Insertion
of PhC,H Into Mn—C Bonds. Collated Diata are in Table 2.
All Energies are Free Energies in k] mol™'at 298.15 K at the
D3(BJ)-pbe0/def2-TZVPP/ /bp86/SV(P) Level of Theory

N L] )
—

through time-resolved infrared spectroscopy. This supports
the interpretation that the incorporation of an ortho-fluorine
atom decreases the rate of insertion. In addition, the substrates
with the lowest rate of insertion also have the least negative
calculated AG°ag:e™ (Le., the relative energy of 7 when

hittps://cloi.org10.1021/acscatal | cO547 7
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compared to 6). This may be interpreted as a further
manifestation of the ortho-fluorine effect. In the case of
complexes such as 4a and 4¢, the formation of the respective
complexes 7 results in the loss of a cyclomanganated atom with
an erthe-flucrine, resulting in a lower thermodynamic driving
foree for the reaction. This may be viewed as the orthe-fluorine
stabilizing 6, resulting in a higher kinetic barrier to insertion. 1f
the insertion reaction is best viewed as an intramolecular
nucleophilic attack on the coordinated alkyne, the presence of
the ortho-fluodne may result in the phenyl group being a
poorer nucleophile.

B CONCLUSIONS

Controlling the site selectively of C—H bond activation in
complex substrates is key to unlocking the potential of direct
C—H bond functionalization methods. As recently highlighted
by Davies and Macgregor, to draw robust mechanistic
conclusions, it is vital to understand if the selectivity of such
a process is under kinetic or thermodynamic control ™
Through this study, we have revealed the presence and varying
strength of the ortho-fluorine effect in catalytically-competent
Mn(1)-mediated C—H bond activation reactions of Aluorinated
arenes. The irreversible reaction mechanism, and thus
kinetically determined selectivity, under the standard reaction
conditions afforded the ortho-complex of the benzylamine
derivatives in near complete selectivity (1a and 1b), while the
para-complexes were more prevalent for the 2-phenylpyridine-
directed examples (3a and 3b). With the addition of benzoic
acid, the mechanism could be altered to a reversible CMD/
AMLA-6 mode of C—H bond activation and thereby ensuring
the selectivity is determined thermodynamically. The relative
thermodynamic stability determined by experimental and
computational methods revealed an ortho > meta > para
stability trend, which was the reverse of that observed for their
reactivity toward C—C bond formation (para > meta > ortha),
that is, alkyne insertion into the C—Mn bond, as studied by
TR™PS. In combination with the single-crystal XRD analysis, it
was determined that the inherent reactivity of the manganese-
(I) carbonyl complexes stems from their relative thermody-
namic stability rather than other processes, such as their
relative C—Mn bond strength.

The knowledge obtained was translated into the study of
Mun(I)-catalyzed C—H bond alkenylation of 2-phenylpyridines,
where the minor para-isomer 8b was identified for the first
time forming in minor amounts. The preference for ortho-
isomer Ba in the reaction was set by the cyclomanganation step
within the catalytic cycles rather than by the para-favored C-C
bond formation of the protonation step within the catalytic
cycles. The outcome points to this being the most important
step within the reaction mechanism if reactivity is to be altered
to afford different regioselectivities or more efficient catalytic
processes, that is, lower Mn catalyst loadings.
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Figure 236. TRIR spectra of [Mn2(CO)10] in anhydrous THF solution exciting with a

400 nm pump wavelength under an atmosphere of N, at selected pump-probe

delays. 241 denoted by denoted by green circles.
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Figure 237. TRIR spectra of [Mn,(CO)10] in anhydrous 1,4-dioxane solution exciting
with a 400 nm pump wavelength under an atmosphere of N, at selected pump-

probe delays. 241 denoted by denoted by green circles.
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Figure 238. TRIR spectra of [Mn3(CO)10] in anhydrous DMSO solution exciting with
a 400 nm pump wavelength under an atmosphere of N, at selected pump-probe

delays. 241 denoted by denoted by green circles.
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Figure 239. TRIR spectra of [Mn,(CO)10] in anhydrous styrene solution exciting with
a 400 nm pump wavelength under an atmosphere of N, at selected pump-probe

delays. 241 denoted by denoted by green circles.
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Figure 240. Plot of time (x axis) versus 1/ A absorption (y axis) to determine the

second order rate constant for the recovery of the ground state bleach of

[Mn2(CO)10] at 2046 cm™t in anhydrous toluene solution from Figure 152.

362



Appendix 2: TRIR Data

5001

-1000-

1

\ ~

-1500{ ¢

2000+ N

1/ A Abs/ mOD
rs
4

-2500 4 Y

-3000

-3500 1

0 10000 20000 30000 40000 50000
Time! ns

Figure 241. Plot of time (x axis) versus 1/ A absorption (y axis) to determine the
second order rate constant for the recovery of the ground state bleach of

[Mn2(CO)10] at 2046 cm™t in anhydrous acetonitrile solution from Figure 153.
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Figure 242. Plot of time (x axis) versus 1/ A absorption (y axis) to determine the
second order rate constant for the recovery of the ground state bleach of

[Mn2(CO)10] at 2046 cm™t in anhydrous THF solution from Figure 236.
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Figure 243. Plot of time (x axis) versus 1/ A absorption (y axis) to determine the

second order rate constant for the recovery of the ground state bleach of

[Mn2(CO)10] at 2046 cm™t in anhydrous 1,4-dioxane solution from Figure 237.
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Figure 244. Plot of time (x axis) versus 1/ A absorption (y axis) to determine the

second order rate constant for the recovery of the ground state bleach of

[Mn2(CO)10] at 2046 cm™t in anhydrous DMSO solution from Figure 238.
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Figure 245. Plot of time (x axis) versus 1/ A absorption (y axis) to determine the
second order rate constant for the recovery of the ground state bleach of

[Mn2(CO)10] at 2046 cm™t in anhydrous styrene solution Figure 239.

367



Appendix 2: TRIR Data

-1000 4

2000 <

-3000 L

-4000 ~

1/ Abs/ mOD"!

-5000 :

-6000 -

-T000+

0 20000 40000 60000 80000
Timef ns

Figure 246. Plot of time (x axis) versus 1/ A absorption (y axis) to determine the
second order rate constant for the recovery of the ground state bleach of

[Mn2(CO)10] at 2046 cm™t in anhydrous cyclohexane solution.

368



Appendix 2: TRIR Data

0.2}
0.0
-0.2f
-0.4f
Fi
E.10f
g-lat
3F
3 § E 1ns
1500 2000 2100 2200
i10r [MRCKCO),]

AAbsf{ mOD

1 . .
1900 2000 2100

Wavenumber/ cm™?

2200

Figure 247. Top: TRIR spectra of [Mn2(CO)10] in anhydrous chlorobenzene solution

exciting with a 400 nm pump wavelength under an atmosphere of N, at selected

pump-probe delays. 241 denoted by denoted by green circles. Bottom: FTIR

spectrum of [MnCI(CO)s] in chlorobenzene solution.
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Figure 248. Top: TRIR spectra of [Mn,(CO)10] in anhydrous bromobenzene solution
exciting with a 400 nm pump wavelength under an atmosphere of N, at selected
pump-probe delays. 241 denoted by denoted by green circles. Bottom: FTIR

spectrum of [MnBr(CO)s] in brombenzene solution.
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Figure 249. Top: TRIR spectra of [Mn,(CO)10] in anhydrous iodobenzene solution
exciting with a 400 nm pump wavelength under an atmosphere of N, at selected
pump-probe delays. 241 denoted by denoted by green circles. Bottom: FTIR

specrum of [Mnl(CO)s] in iodobenzene solution.
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Figure 250. Top: TRIR spectra of [Mn,(CO)i0] in anhydrous chloroform solution
exciting with a 400 nm pump wavelength under an atmosphere of N, at selected
pump-probe delays. 241 denoted by denoted by green circles. Bottom: FTIR

spectrum of [MnCI(CO)s] in chloroform solution.
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Figure 251. Top: TRIR spectra of [Mn3(CO)10] in anhydrous chlorohexane solution
exciting with a 400 nm pump wavelength under an atmosphere of N, at selected
pump-probe delays. 241 denoted by denoted by green circles. Bottom: FTIR

spectrum of [MnCI(CO)s] in chlorohexane solution.
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Figure 252. Top: TRIR spectra of [Mn,(CO)io] in anhydrous iodohexane solution

exciting with a 400 nm pump wavelength under an atmosphere of N, at selected

pump-probe delays. 241 denoted by denoted by green circles. Bottom: FTIR

spectrum of [MnlI(CO)s] in iodohexane soltuion.
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Figure 253. Kinetics for halide abstraction in anhydrous ethyl 4-lodobenzoate
solution. [Mn,(CO)10] in ethyl 4-iodobenzene solution under an atmosphere of N;

excited with a pump wavelength of 400 nm.
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Figure 254. Kinetics for halide abstraction in anhydrous ethyl 4-bromobenzoate

solution. [Mn3(CO)10] in ethyl 4-bromobenzene solution under an atmosphere of

N, excited with a pump wavelength of 400 nm.

376



Appendix 2: TRIR Data

0007' [ ]
r

0.006]

| ]

|

_ &

0.005{ }
[a] |
Qo0.004{ |
o ]
2 |
<0.003{
< i
\

0.002{ ] .
'— .—l—l—. o .—.—--I - .—l— - -
o™

0.001{ A= e rraeeg

i
]
0.000{

0 2000 4000 6000 8000 10000
Time/ ns

Figure 255. Kinetics for halide abstraction in anhydrous ethyl 4-chlorobenzoate
solution. [Mn3(CO)10] in ethyl 4-chlorobenzene solution under an atmosphere of

N, excited with a pump wavelength of 400 nm.
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Figure 256. Kinetics for halide abstraction in anhydrous bromohexane solution

[Mn3(CO)10] in bromohexane solution under an atmosphere of N, excited with a
pump wavelength of 400 nm.

378



379

Appendix 2: TRIR Data

0.005-
0.004 - i
4
Y
I
d ]
o0.003 ¢
Q Iy
£ N
— i
_‘60.002- 4
< \
< 4 800" 08 g0 g5
A%
0.001 v
! W
s Y
\
e a
0.000 - t X\“A\ A
[t ‘_A_A_‘ N
-0.001 T
0

2000 4000 6000 8000 10000
Time/ ns

Figure 257. Kinetics for halide abstraction in anhydrous iodohexane solution

pump wavelength of 400 nm.

[Mn3(CO)10] in 4-iodohexane solution under an atmosphere of N, excited with a
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Figure 258. Kinetics for halide abstraction in anhydrous iodobenzene solution.

[Mn3(CO)10] in iodobenzene solution under an atmosphere of N, excited with a

pump wavelength of 400 nm.
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Figure 259. Top: TRIR spectra of [Mn3(CO)10] in 0.2 mL anhydrous bromobenzene
and 9.8 mL anhydrous acetonitrile solution exciting with a 400 nm pump
wavelength under an atmosphere of N, at selected pump-probe delays. 241
denoted by denoted by green circles. Middle: FTIR spectrum of [MnBr(CO)s] in
acetonitrile solution. Bottom: FTIR spectrum of [MnBr(CO)s] in acetonitrile

solution.
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Figure 260. Top: TRIR spectra of [Mn,(CO)10] in 0.2 mL anhydrous chlorobenzene
and 9.8 mL anhydrous acetonitrile solution exciting with a 400 nm pump
wavelength under an atmosphere of N, at selected pump-probe delays. 241
denoted by denoted by green circles. Middle: FTIR spectrum of [MnCI(CO)s] in

acetonitrile solution. Bottom: FTIR spectrum of [MnCI(CO)s] in acetonitrile

solution.
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Figure 261. Kinetics for reactivity of 214 in 0.2 mL of anhydrous bromobenzene
and 9.8 mL anhydrous acetonitrile solution. [Mn3(CO)10] in 98% acetonitrile, 2%
bromobenzene solution under an atmosphere of N, excited with a pump

wavelength of 400 nm.
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Figure 262. Kinetics for reactivity of 214 in 0.2 mL of anhydrous chlorobenzene and
9.8 mL anhydrous acetonitrile solution. [Mn3(CO)i0] in 98% acetonitrile, 2%
chlorobenzene solution under an atmosphere of N, excited with a pump

wavelength of 400 nm.
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Figure 263. Kinetics for reactivity of 214 in 0.2 mL of anhydrous chloroform and

9.8 mL anhydrous acetonitrile solution.

[Mn3(CO)10] in 98% acetonitrile, 2%

chloroform solution under an atmosphere of N, excited with a pump wavelength

of 400 nm.
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Figure 264. TRIR spectra of [Mn;(CO)10] in anhydrous n-heptane solution exciting

with a 355 nm pump wavelength under an atmosphere of N, at selected pump-

probe delays. 241 denoted by denoted by green circles.
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Figure 265. TRIR spectra of [Mn;(CO)10] in anhydrous acetonitrile solution exciting

with a 355 nm pump wavelength under an atmosphere of N, at selected pump-

probe delays. 241 denoted by denoted by green circles.
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Figure 266. Plot of time (x axis) versus 1/ A absorption (y axis) to determine the
second order rate constant for the recovery of the ground state bleach of

[Mn(CO)10] at 2046 cm™ in anhydrous acetonitrile solution.
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Figure 267. Plot of time (x axis) versus 1/ A absorption (y axis) to determine the

second order rate constant for the recovery of the ground state bleach of

[Mn2(CO)10] at 2046 cm™t in anhydrous n-heptane solution.
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Abbreviations

Abbreviations

Ac acetyl

Ar arene

Atm atmosphere

ATR attenuated total reflectance
Bn benzyl

b.p. boiling point

Bu butyl

C Celsius

Ca. circa

CLF Central Laser Facility
CMD concerted metalation deprotonation
Cy cyclohexyl

Cp cyclopentadienyl

Cp’ methylyclopentadienyl
DFT density functional theory
DMSO dimethylsulphoxide

ESI electrospray ionisation
Et ethyl

Equiv. equivalent

fac facial

FT Fourier transform

GC gas chromatography

h hours

Hz hertz
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Abbreviations

LIFDI

Lit.

Me
mer
MHz
mOD
MS
NHC
Mw
N/A
NCMe

NMR

OPA

oTf

Ph
pin
PMP

ppm
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iso

infrared

rate constant

ligand

liquid introduced field desorption ionisation
literature

meta

methyl

meridional

megahertz

milli optical density

mass spectrometry
N-heterocyclic carbene
molecular weight

not applicable

acetonitrile

nuclear magnetic resonance
ortho

optical parametric amplifier
triflate

para

phenyl

pinacolato
paramethoxyphenyl

parts per million



Abbreviations

Pr

ppy

RAL

rt

TA
THF
TLC
Tol
TRIR
TRMPS
uv
vaccuo

Vis

392

propyl

2-phenylpyridine

Rutherford Appleton Laboratory
retention factor

room temperature

solvent

tertiary

transient absorption
tetrahydrofuran

thin layer chromatography

tolyl

time-resolved infrared
time-resolved multiple probe spectroscopy
ultraviolet

vacuum

visible
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