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Abstract

Abstract

This thesis describes mechanistic investigations into Mn(l)-mediated C-H bond
activation and functionalisation processes, with an additional focus on the factors
influencing the reactivity of the manganese complexes. Initially, an investigation into
Mn(I)-catalysed C—H bond alkenylation of 2-phenylpyridines was performed, utilising
the distinct IR bands of the manganese carbonyl species to monitor the catalyst in situ
(Chapter 2). The mechanistic studies allowed for a comprehensive reaction mechanism
to be derived, where pre-catalyst activation was found to be substrate-dependent,
leading to two distinct pathways. Furthermore, two new catalytic cycles (involving
protonation by the 2-phenylpyridine and water) were discovered, in addition to the

confirmation of the previously proposed cycle.

Time-Resolved InfraRed (TRIR) spectroscopy provided an opportunity to study the
processes underpinning C-C bond formation in further detail, observing short-lived
(0.5 ps — 1 ms) reaction intermediates and their respective kinetic behaviour (Chapter
3). Photochemical initiation led to the utilisation of a range of manganese complexes
and unsaturated substrates. The uni- and bimolecular behaviour of the intermediates

and their kinetics were probed from experiments diluted in toluene.

Carboxylic acid additives were employed to increase the efficiency of Mn(l)-catalysis
using terminal alkynes, while inhibiting reactions with acrylates (Chapter 4).
Mechanistic studies revealed that a change in catalyst resting-state explains the
different effects. TRIR spectroscopy allowed for the observation of the protonation by
carboxylic acids, leading to an observation of the steps underpinning the
CMD/AMLA-6 mechanism.

Investigation into the fluorine-induced regioselectivity of Mn(l)-mediated C—H bond
functionalisation of 2-phenylpyridines showed that the cyclomanganation reaction is
kinetically driven and irreversible. Addition of benzoic acid led to a reversible
mechanism, where the regioselectivity is thermodynamically controlled. It was
additionally revealed that the regioselectivity likely arises from the relative
thermodynamic stability of the manganacycles, where the trend follows the order:
ortho>meta>para (with respect to the fluorine substituent).
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Figure 35. TRIR study of the photolysis of 135 in neat 34 ([135] = 2.06 x 10~ mol
dm3), showing the formation of various species after irradiation. (a) IR spectra of the
reaction showing the metal carbonyl region at various timepoints. Negative bleach
bands correspond to the loss of 135 after irradiation. (b) Kinetic plot of the formation
and depletion of 137 (red circles, band at 1943 cm™) and 138 (black squares, band at
1998 cm™1), extracted from (). .......ccevieevercreieecieiee e 133
Figure 36. TRIR study of the photolysis of 20 and 34 in toluene ([20] = 1.68 x 103
mol dm and [34] = 0.23 mol dm™), showing the formation of various species after
irradiation. (a) IR spectra of the reaction showing the metal carbonyl region at various
timepoints. Negative bleach bands correspond to the loss of 20 after irradiation. (b)
Kinetic plot of the formation and depletion of 140 (red circles, band at 1950 cm™) and
141 (black squares, band at 1894 cm™), extracted from ()..........ccceeeeeveveverererennne. 134
Figure 37. TRIR study of the photolysis of 10 and 143 in toluene ([10] = 1.56 x 103
mol dm™ and [143] = 0.23 mol dm), showing the formation of various species after
irradiation. (a) IR spectra of the reaction showing the metal carbonyl region at various
timepoints. Negative bleach bands correspond to the loss of 10 after irradiation. (b)
Kinetic plot of the formation of 145 (black squares, band at 1890 cm™) and formation
and depletion of 144 (red circles, band at 2010 cm™), extracted from (a). .............. 136
Figure 38. Hammett plot based on Kinsert fOr various para-substituted phenylacetylene
derivatives (HCCCsHsR, R = NMez, OMe, F, CO2Me and CF3) reacting with 10 ([10]
=1.89 x 10 mol dm™3 and [Alkyne] = 0.23 mol dm™3). Linear regression without error
bars gave a slope 0f 0.94 + 0.19 (R2=10.89)......cc.ccceerrrerrrirerieeerece e 138
Figure 39. TRIR study of the photolysis of 10 in neat 148 ([10] = 1.79 x 10~ mol dm"
%), showing the formation of various species after irradiation. (a) IR spectra of the
reaction showing the metal carbonyl region at various timepoints and a comparison to
the O-bound ethyl acetate-complex generated in a separate experiment (orange
circles). Negative bleach bands correspond to the loss of 10 after irradiation. (b)
Kinetic plot of the formation of 152 (black squares, band at 2008 cm™) and depletion
of 150 (orange hexagons, band at 1997 cm™) and 151 (red circles, band at 2017 cm™),
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extracted from (a). Dotted lines are kinetic traces obtained from COPASI modelling.

Figure 40. TRIR study of the photolysis of 10 and 148 in toluene ([10] = 1.89 x 103
mol dm and [148] = 0.46 mol dm®), showing the formation of various species after
irradiation. (a) IR spectra of the reaction showing the metal carbonyl region at various
timepoints. Negative bleach bands correspond to the loss of 10 after irradiation. (b)
Concentration dependence on the rate of loss of 117 (ksub, blue triangles), loss of 150
(orange hexagons) and gain of 152 (Kkinsert, black squares), determined in separate
experiments. Slope of linear regression for ksu, = 3.38 + 0.27 x 107 (R? = 0.98), Krearr =
0.56 + 1.01 x 10* (R? = 0.07) and Kinsert = —3.33 £ 2.68 x 10° (R = 0.28). ............. 145
Figure 41. TRIR study of the photolysis of 10, 148 and 33 in toluene ([10] = 1.89 x
10 mol dm3, [148] = 1.91 x 102 mol dm™ and [33] = 3.96 x 10”2 mol dm3), showing
the formation of various species after irradiation. (a) IR spectra of the reaction showing
the metal carbonyl region at various timepoints. Negative bleach bands correspond to
the loss of 10 after irradiation. (b) Kinetic plot of the formation and depletion of 151
(red circles, band at 2020 cm™) and formation of 152 (black squares, band at 2011 cm”
1), eXtracted from (). ....ovcvevieereicreieeeie et 146
Figure 42. TRIR study of the photolysis of 10 and 153 in toluene ([10] = 1.94 x 103
mol dm3 and [153] = 0.23 mol dm®), showing the formation of various species after
irradiation. (a) IR spectra of the reaction showing the metal carbonyl region at various
timepoints. Negative bleach bands correspond to the loss of 10 after irradiation. (b)
Kinetic plot of the formation and depletion of 155 (red circles, band at 2028 cm™) and
formation of 156 (black squares, band at 2016 cm™t), extracted from (a)................ 148
Figure 43. TRIR study of the photolysis of 10 in neat 157 ([10] = 1.79 x 10°3 mol dm
%), showing the formation of various species after irradiation. (a) IR spectra of the
reaction showing the metal carbonyl region at various timepoints. Negative bleach
bands correspond to the loss of 10 after irradiation. (b) Kinetic plot of the depletion of
160 (brown diamonds, band at 2001 cm™) and formation of 161 (black squares, band
at 2029 cmL), extracted fFrOM (8).........coveviveeieieieeeeeeeceeeeeeeee et 149
Figure 44. Correlation between the predicted and experimental AG¥zgs-values for the
C—C bond formation step studied by TRIR spectroscopy. Calculations were performed
at the (RI-)BP86/SV(P) level. Slope of linear regression for experimentally determined
points was 1.35 + 0.18 (R? = 0.93). Red dots are not experimentally detected and the
predicted rates are extrapolated onto the linear correlation. ...........cccccceevviviveeenne 151
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Figure 45. The effect of base or conjugate acid additives in the reaction between 34
and 33. Reaction conditions: 34 (0.25 mmol, 1 eq.), 33 (0.5 mmol, 2 eq.), 10 (0.025
mmol, 10 mol%), additive (0.05 mmol, 20 mol%) and n-Bu20 (0.6 ml) at 100 °C under
argon for 3 h. *MnBr(CO)s 31 used instead of 10 as pre-catalyst...............ccocoo....... 156
Figure 46. The effect of base or conjugate acid additives in the reaction between 146
and 33. Reaction conditions: 146 (0.25 mmol, 1 eq.), 33 (0.5 mmol, 2 eq.), 10 (0.025
mmol, 10 mol%), additive (0.05 mmol, 20 mol%) and n-Bu20 (0.6 ml) at 100 °C under
argon for 3 h. *MnBr(CO)s 31 used instead of 10 as pre-catalyst...............ccccooee..... 157
Figure 47. The effect of base or conjugate acid additives in the reaction between 148
and 33. Reaction conditions: 148 (0.25 mmol, 1 eq.), 33 (0.5 mmol, 2 eq.), 10 (0.025
mmol, 10 mol%), additive (0.05 mmol, 20 mol%) and n-Bu20 (0.6 ml) at 100 °C under
argon for 3 h. tMnBr(CO)s 31 used instead of 10 as pre-catalyst............ccc.cc.cou.e... 159
Figure 48. In operando IR study of the reaction between 146 and 33 using 31 as pre-
catalyst. (a) IR spectra showing the metal carbonyl region at various timepoints. Key;
green circle = 31, red circle = 7-memberd tetracarbonyl manganese insertion complex,
red hollow circle = unknown manganese carbonyl species, gold star/pentagon = Mn
degradation complex, possibly a Mn-hydroxy cluster. (b) Kinetic plot of the
consumption of 33 (hollow squares, band at 1735 cm™) and formation of alkenylated
product 174 (black squares, band at 1726 cm™). (c) Expansion of the region 2100—
2050 cm™ in (a). Key; see (a). (d) Kinetic plot of the formation and consumption of
the various manganese species in the region 2100-2050 cm™. Key; see (a). Reaction
conditions (in order of addition): n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 146 (4.16
mmol, 1 eq.), Cy2NH (0.83 mmol, 20 mol%) and 31 (0.416 mmol, 10 mol%) at 100
RO VLo L= g T [o] o RSO RP SR 161
Figure 49. In operando IR study of the reaction between 146 and 33 using 10 as pre-
catalyst with/without the addition of 173. (a) IR spectra of the reaction with no additive
showing the metal carbonyl region at various timepoints. Key; blue circle = 10, gold
star/pentagon = Mn degradation complex, possibly a Mn-hydroxy cluster. Reaction
conditions (in order of addition): n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 146 (4.16
mmol, 1 eq.) and 10 (0.416 mmol, 10 mol%) at 100 °C under argon. (b) Kinetic plot
of the formation of alkenylated product 174 (black squares, determined by ex situ *H
NMR spectroscopy), formation and depletion of 10 (blue circles, band at 2078 cm™)
and the formation of one degradation complex (gold star, band at 2022 cm?), extracted

from (a). (c) IR spectra of the reaction with 173 added showing the metal carbonyl
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region at various timepoints. Key; blue circle = 10, gold diamond = Mn degradation
complex, possibly a Mn-hydroxy cluster. Reaction conditions (in order of addition):
n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 146 (4.16 mmol, 1 eq.), 173 (0.83 mmol, 20
mol%) and 10 (0.416 mmol, 10 mol%) at 100 °C under argon. (d) Kinetic plot of the
formation of alkenylated product 174 (black squares, determined by ex situ *H NMR
spectroscopy), formation and depletion of 10 (blue circles, band at 2078 cm™) and the
formation of both degradation complexes (gold diamond/star, band at 2038 and 2022
cm? respectively), eXtracted from (C). .....oovevevveeeeieeeeceeee e, 162
Figure 50. Observed rate constants (kobs) for the reaction between 146 and 33 using
either 10 or 31 as pre-catalysts with/without additiVes. ............cccccvrveiieiviiiiienenn, 163
Figure 51. In operando IR study of the reaction between 148 and 33 using 31 as pre-
catalyst. (a) IR spectra showing the metal carbonyl region at various timepoints. Key;
green circle = 31, blue circle = 10, black circle = unknown transient manganese
carbonyl species, gold star/diamond = Mn degradation complex, possibly a Mn-
hydroxy cluster. (b) Kinetic plot at long and short timescales of the formation of
alkenylated product 175 (black squares, determined by ex situ *H NMR spectroscopy)
and formation and depletion of 10 (blue circles, band at 2078 cm™), 31 (green circles,
band at 2054 cm™) and the unknown metal carbonyl species (black circles, band at
2093 cm™). Reaction conditions (in order of addition): n-Bu2O (10 ml), 33 (15.0 mmol,
1.5eq.), 148 (10.0 mmol, 1 eq.), Cy2NH (2.0 mmol, 20 mol%) and 31 (1.0 mmol, 10
MOI%) at 100 °C UNTET GrgON. ....cvoiviiiiiiieieeiieieie et 164
Figure 52. In operando IR study of the reaction between 148 and 33 using 10 as pre-
catalyst with/without the addition of 62. (a) IR spectra of the reaction with no additive
showing the metal carbonyl region at various timepoints. Key; blue circle = 10, gold
star/diamond = Mn degradation complex, possibly a Mn-hydroxy cluster. Reaction
conditions (in order of addition): n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 148 (4.16
mmol, 1 eq.) and 10 (0.416 mmol, 10 mol%) at 100 °C under argon. (b) Kinetic plot
of the formation of alkenylated product 175 (black squares, band at 1742 cm™),
formation and depletion of 10 (blue circles, band at 2078 cm™), extracted from (a). (c)
IR spectra of the reaction with 62 added showing the metal carbonyl region at various
timepoints. Key; blue circle = 10, purple circle = 40. Reaction conditions (in order of
addition): n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 148 (4.16 mmol, 1 eq.), 62 (0.83
mmol, 20 mol%) and 10 (0.416 mmol, 10 mol%) at 100 °C under argon. (d) Kinetic
plot of the formation of alkenylated product 175 (black squares, determined by ex situ
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'H NMR spectroscopy), formation and depletion of 10 (blue circles, band at 2078 cm-
1y and the formation and depletion of 40 (purple circles, band at 2047 cm™), extracted

Figure 53. 131 used instead of 10 as pre-catalyst. (a) The effect of strong acid additives
in the reaction between 146 and 33. Reaction conditions: 146 (0.25 mmol, 1 eq.), 33
(0.5 mmol, 2 eq.), 10 (0.025 mmol, 10 mol%), additive (0.05 mmol, 20 mol%) and n-
Bu2O (0.6 ml) at 100 °C under argon for 3 h. (b) The effect of carboxylic acid additives
in the reaction between 146 and 33 using either 31 or 10 as pre-catalyst................ 168
Figure 54. 1Bu.O used as solvent instead of H20. The effect of using H20 as solvent
in the reaction between various unsaturated substrates and 33. Reaction conditions:
unsaturated substrate (0.25 mmol, 1 eq.), 33 (0.5 mmol, 2 eq.), [Mn] (0.025 mmol, 10
mol%), additive (0.05 mmol, 20 mol%) and H>O (0.6 ml) at 100 °C under air for 3 h.

Figure 55. TRIR study of the photolysis of 10 in neat acetic acid (1.74 x 10~ mol dm
%), showing the formation of the various species in solution after irradiation. (a) IR
spectra of the reaction showing the metal carbonyl region at various timepoints.
Negative bleach bands correspond the loss of 10 after irradiation. (b) Kinetic plot of
the formation of 186 (black circles, band at 2041 cm™), formation and depletion of 184
(blue circles, band at 2003 cm™), extracted from (8). .......ccccceceeeeeeeeeeeeeeee, 174
Figure 56. Kinetic trace of ks in the TRIR monitored protiodemetallation of 10 with
AcOH (closed black circles) and AcOD (open black circles).........c.ccoovvirviiinnnnee. 178
Figure 57. TRIR study of the photolysis of 10 in AcOH/toluene solution ([10] = 1.89
x 10 mol dm3, [AcOH] = 0.79 mol dm), showing the formation of the various
species in solution after irradiation. (a) IR spectra of the reaction showing the metal
carbonyl region at various timepoints. Negative bleach bands correspond the loss of
10 after irradiation. (b) Kinetic plot of the formation of 186 (black circles, band at 2041
cm™) and depletion of 117 (green triangles, band at 2008 cm™), extracted from (a).

Figure 58. Dependence of acetic acid concentration in toluene on the rate of formation
of 186 from the photolysis of 10. Slope of linear regression is 1.71 + 0.22 x 107 (R? =
0.95) and error bars are the 95% confidence limits from the exponential growth fit of
the Formation OF 186..........cciiiiieiiee e 182
Figure 59. TRIR study of the photolysis of 10 in AcOH/34/toluene solution ([10] =
1.90 x 10 mol dm3, [34] = 1.37 mol dm and [AcOH] = 0.06 mol dm), showing the

18



List of Figures

formation of the various species in solution after irradiation. (a) IR spectra of the
reaction showing the metal carbonyl region at various timepoints. Negative bleach
bands correspond the loss of 10 after irradiation. (b) Kinetic plot of the formation of
189 (black squares, band at 2040 cm™) and depletion of 77 (purple squares, band at
2015 cm™), extracted from (). ......ccovevevieeeceeeee e 183
Figure 60. Substrate concentration impact on the rate of protonation (k7), following
C-C bond formation (at room temperature). (a) Rate of protonation on varying
[AcOH], with constant [34] (1.37 mol dm™) and [10] (1.90 x 10°® mol dm®). Slope of
linear regression is 1.46 + 0.07 x 10° (R% = 0.99). (b) Rate of protonation on varying
[34], with constant [AcOH] (6.26 x 10 mol dm) and [10] (1.90 x 107 mol dm™).
Slope of linear regression is 4.60 + 0.92 x 10% (R? = 0.89). ....ccccevvvvrevveireeeeieene 184
Figure 61. Relative stability of the various regioisomers formed from the Re-mediated

C—H bond activation of fluorobenzene, reported by Eisenstein, Perutz and co-

WOTKEIS.I0L ettt s sttt en sttt en s enaes 185
Figure 62. Solvent screen for the cyclomanganation of fluorinated 2-phenylpyridines
DY CHIATKE. 24T .ottt 193

Figure 63. In situ °F NMR spectroscopic monitoring of the cyclomanganation of 257.
(@) Kinetic plot of the reaction between 257 (1 eq.) and 19 (1 eq.) in toluene at 80 °C,
using PhCFs3 as internal standard. (b) Kinetic plot of the reaction between 257 (1.5 eq.)
and 19 (1 eq.) in toluene at 80 °C, using PhCF3 as internal standard. Red line (258)
and black line (259) are the reaction profile in (8)........cccccevererenenenininescee 197
Figure 64. In situ °F NMR spectroscopic monitoring of the cyclomanganation of 254.
(@) Kinetic plot of the reaction between 254 (1 eq.) and 19 (1 eq.) in toluene at 80 °C,
using PhCFs as internal standard. (b) Kinetic plot of the reaction between 254 (2 eq.)
and 19 (1 eq.) in toluene at 80 °C, using PhCF3 as internal standard. Red line (255)
and black line (256) are the reaction profile in (8)........cccccevvierenenininiieece 199
Figure 65. Kinetic plot from the in situ °F NMR spectroscopic monitoring of the
reaction between 260 (1 eq.) and 19 (1 eq.) in toluene at 80 °C, using PhCF3 as internal
11016 1o [ S TR U PRSPPI 200
Figure 66. In situ 1°F NMR spectroscopic monitoring of the effect of benzoic acid on
the observed regioselectivity of the cyclomanganation reaction of 257. (a) Kinetic plot
of the reaction between 257 (1 eq.), 19 (1 eq.) and benzoic acid (0.1 eq.) in toluene at
80 °C, using PhCFs3 as internal standard. Red line (258) and black line (259) are the

reaction profile with no acid added. (b) Kinetic plot of the reaction between 254 (2
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eg.), 19 (1 eq.) and benzoic acid (0.1 eq.) in toluene at 80 °C, using PhCF3z as internal
standard. Red line (255) and black line (256) are the reaction profile with no acid
Y6 0 [=To ST PRSPPI 201
Figure 67. In situ *°F NMR spectroscopic monitoring of the effect of 4-fluoro-benzoic
acid on the observed regioselectivity of the cyclomanganation reaction of 257. (a) 1°F
NMR spectra of the reaction between 257 (1 eq.), 19 (1 eqg.) and 4-fluoro-benzoic acid
(0.5 eq.) in toluene at 80 °C, using PhCF3 as internal standard. Key; purple circle = 4-
fluorobenzoic acid and purple star = unknown 4-fluoro-benzoic acid derived
compound. (b) Kinetic plot of 257 derived products (258 and 259), extracted from (a).
(c) F NMR spectra of the reaction employing 2.25 hours pre-stirring between 19 (1
eq.) and 4-fluoro-benzoic acid (1 eq.) in toluene at 80 °C using PhCF3 as internal
standard, before 257 (1 eq.) was added to the reaction. Key; purple circle = 4-
fluorobenzoic acid, purple star = unknown 4-fluoro-benzoic acid derived compound
also observed in (a) and purple diamond/cross = unknown 4-fluoro-benzoic acid
derived compounds not previously observed. (d) Kinetic plot of 257 derived products
(258 and 259) after addition of 257, extracted from (C).........cccvevevveiviveiicceeee 203
Figure 68. In situ 1°F NMR spectroscopic monitoring of the thermal stability of 259
and the effect of addition of benzoic acid. (a) Kinetic plot of the heating of 257 (1 eq.)
in toluene at 80 °C using PhCF3 as internal standard, with benzoic acid (0.5 eq.) added
after 4.25 hours. (b) Kinetic plot of the first 60 minutes after addition of benzoic acid
(0.5 8. )ttt ettt 205
Figure 69. Kinetic plot from the in situ °F NMR spectroscopic monitoring of the
cyclomanganation of 257 (1 eq.) with 19 (1 eq.) in toluene at 80 °C using PhCF3 as
internal standard, with benzoic acid (0.5 eq.) and 260 (0.55 eq.) added after 17 hours.
Further 260 (3.7 eqg.) was added after 21.5 hours. 260 was omitted from the plot for
CIANTLY TBASOMNS. ... .ttt bbbt sb bttt 206
Figure 70. In operando IR and ex situ *°F NMR study of the reaction between 34 and
257 using 31 as pre-catalyst with Cy>NH as additive (Scheme 45). (a) IR spectra of
the reaction in the metal carbonyl region at various timepoints. Key; pale blue circle =
31, red circle = 7-membered tetracarbonyl manganese insertion complex 264, blue
circle = 258, purple circle = 40, dark yellow circle = unknown Mn-carbonyl species
and gold star/diamond = Mn degradation complex. Reaction conditions (in order of
addition); Toluene (10 ml), 257 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 eq.), Cy.NH
(0.83 mmol, 20 mol%) and 31 (0.42 mmol, 10 mol%) at 80 °C under nitrogen
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atmosphere. (b) Change in the rate of formation of alkene product 262 (determined by
ex situ °F NMR spectroscopy) over the course of the reaction. (c) Kinetic plot of the
formation of alkene products 262 (blue squares, determined by ex situ °F NMR
spectroscopy) and 263 (orange squares, determined by ex situ **F NMR spectroscopy),
coupled with the depletion of 257 (grey squares, determined by ex situ °F NMR
spectroscopy). (d) Normalised reaction progress for 262 (for key see (c)), 263 (for key
see (c)) and the IR observed product generation (black circles, band at 970 cm™). (e)
Formation and depletion of the unknown Mn-carbonyl species (dark yellow circles,
band at 2043 cm™) and 40 (purple circles, band at 2047 cm™), with the formation of
alkene products (black circles, band at 970 cm™). (f) Formation and depletion of 7-
membered tetracarbonyl manganese insertion complex 264 (red circles, band at 2071
cm™ and black/red squares, determined by ex situ °F NMR spectroscopy) and the
formation of 258 (blue circles, band at 2084 cm™ and black/blue squares, determined
by ex Situ 2°F NIMR SPECIIOSCOPY). ....cvvrerrirrcieiieeieieee e 212
Figure 71. TRIR study of the photolysis of 258 in neat 34 ([258] = 1.75 x 107 mol
dm®), showing the formation of the various species in solution after irradiation. (a) IR
spectra of the reaction showing the metal carbonyl region at various timepoints.
Negative bleach bands correspond the loss of 258 after irradiation. (b) Kinetic plot of
the formation of 267 (black circles, band at 1897 cm™) and depletion of 266 (red
circles, band at 1955 cmt), extracted from (&). ......ccocovvvvvvveveeieerieiieeeee s 215
Figure 72. TRIR study of the photolysis of 258 in 34/toluene solution ([258] = 1.75 x
10~ mol dm and [34] = 0.27 mol dm3), showing the formation of the various species
in solution after irradiation. (a) IR spectra of the reaction showing the metal carbonyl
region at various timepoints. Negative bleach bands correspond the loss of 258 after
irradiation. (b) Kinetic plot of the formation of 267 (black circles, band at 1901 cm™)
and depletion of 266 (red circles, band at 1954 cm™), extracted from (a). .............. 218
Figure 73. TRIR study of the photolysis of 40 in MeCN ([40] = 1.33 x 107 mol dm"
%). (a) IR spectra of the reaction showing the metal carbonyl region at various
timepoints. Negative bleach bands corresponds to the loss of 40 after irradiation. (b)
Kinetic plot of the formation of 270 (black squares, band at 2053 cm™) and depletion
of 124 (purple circles, band at 1984 cm™), extracted from (). ......cccocevevevrerrrnnes. 295
Figure 74. Impact of 271 on the rate of formation of cationic complex 270 from radical
124 ([40] = 1.37 x 10 mol dm™ and [271] = 0-6.01 x 10" mol dm). (a) Change in

the rate of formation of 270 with increasing amounts of 271 added. (b) Reaction order
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determination for 271 where the slope of the linear regression was 1.35 + 0.23 (R? =
0.02). ettt ettt e et et aebe bt nears 296
Figure 75. TRIR study of the photolysis of 40 and 272 in MeCN ([40] = 1.33 x 10’3
mol dm™ and [272] = 7.12 x 102 mol dm™). (a) IR spectra of the reaction showing the
metal carbonyl region at various timepoints. Negative bleach bands correspond to the
loss of 40 after irradiation. (b) Kinetic plot of the formation of 273 (black circles, band
at 2080 cm™) and depletion of 124 (purple circles, band at 1984 cm'Y), extracted from
) TR OSSOSO USPRSPR 298
Figure 76. Single crystal X-ray diffraction structure of 86. Thermal ellipsoids shown
with 50% probability and hydrogen atoms removed for clarity. Selected bond lengths
(A): C1-C2: 1.446(4); C1-Mn1: 2.091(3); C1-N1: 1.476(3); C2-C3: 1.382(4); C2-
Mnl: 2.095(3); C3-C4: 1.445(4); C3-Mnl: 2.083(3); C4-C5: 1.442(4); C4-Mn1l:
2.162(3); C5-N1: 1.342(3); C12-C13: 1.372(4); C13-N1: 1.387(4); C26-Mnl:
1.804(3); C27-Mn1: 1.161(3); C28-Mn1l: 1.798(3). Selected bond angles (°): C2-C1-
N1: 115.7(2); C3-C2-C1: 113.1(3); N1-C5-C4: 155.5(2); C12-C13-N1: 119.7(2); O1-
C26-Mn1: 178.5(3); C1-Mn1-C2: 40.41(11); C1-Mn1-C4: 74.07(11); C3-Mn1-C2:
38.63(11); C26-Mn1-C1: 97.38(13); C27-Mnl-Cl: 96.86(12); C28-Mnl1l-C1:
183.33(13). cueveieeiete sttt et e b nereerenr e rens 299
Figure 77. Single crystal X-ray diffraction structure of 255. Thermal ellipsoids shown
with 50% probability and hydrogen atoms removed for clarity. Selected bond lengths
(A): C1-Mn1: 1.8334(14); C2-Mn1: 1.8565(15); C3-Mn1: 1.8027(14); C11-Mn1:
2.0501(12); N1-Mnl: 2.0747(11). Selected bond angles (°): 02-C2-Mn1l:
175.33(11); C1-Mn1-C11: 173.09(6); C3-Mnl1l-N1: 175.13(5); C11-Mnl1-N1:
79.32(5). ettt ettt e ettt neens 300
Figure 78. Single crystal X-ray diffraction structure of 258. Thermal ellipsoids shown
with 50% probability and hydrogen atoms removed for clarity. Selected bond lengths
(A): Cl-Mnl: 1.855(2); C2-Mnl: 1.807(2); C3-Mnl: 1.832(2); C5-Mni:
2.0557(18); N1-Mnl: 2.0749(16). Selected bond angles (°): O1-Cl1-Mnl:
175.39(17); C2-Mnl1-N1: 175.81(8); C3-Mnl1-C5: 173.60(8); C5-Mnl-N1:
79.39(7). ettt ettt be st naereans 302
Figure 79. Single crystal X-ray diffraction structure of 259. Thermal ellipsoids shown
with 50% probability and hydrogen atoms removed for clarity. Selected bond lengths
(A): C1-Mn1: 1.8607(19); C2-Mn1: 1.8032(18); C3—-Mn1: 1.8342(18); C5-Mn1:
2.0510(17); N1-Mnl: 2.0688(14). Selected bond angles (°): O1-Cl1-Mn1l:
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175.98(17); C2-Mnl1-N1: 173.57(7); C3-Mnl1-C5: 175.10(7); C5-Mnl1-N1:
79.93(7). ettt ettt bbb aenears 303
Figure 80. *H NMR spectrum of 10 (500 MHZz, CDCl3).........cccecvvvvvveveesiirernennnns 305
Figure 81. *C NMR spectrum of 10 (126 MHz, CDCI3). .......cccccvevvvvresiircrrennnns 305
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Figure 86. 'H NMR spectrum of 33-ds (400 MHz, CDCl3).......ccccccevevirerricrernnns 308
Figure 87. 13C NMR spectrum of 33-ds (101 MHz, CDCl3).......cccccoevevererrercrernnns 308
Figure 88. *H NMR spectrum of 34-d (400 MHz, CDCI3). .....cccocvevvvvvrcernenen. 309
Figure 89. *C NMR spectrum of 34-d (101 MHz, CDCl3)......c.ccccovevreriirerrnnnns 309
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Figure 91. 13C NMR spectrum of 35 (126 MHz, CDCl3). ....cccccccevvererercreieeieians 310
Figure 92. *H NMR spectrum of 50 (500 MHZz, CDCl3)......c.cccvovvvvevevvevrcenernen. 311
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Manganese Catalysis

Transition metal-mediated reactions has been an important tool for synthetic chemists
for more than half a century. Nobel prizes has been awarded for this in 2010 (Pd-
catalysed cross-coupling), 2005 (olefin metathesis), 2001 (asymmetric hydrogenation)
and 1973 (sandwich compounds).! Though most major synthetic discoveries has been
made using platinum group metals (PGMs), there is a large potential of more abundant
and sustainable first row transition metals. Metals such as Mn,? Fe,® Cu,* Ni® and Co®
has among other examples been successfully utilised in a wide-range of organic

transformations both as alternatives to PGMSs and as replacements.

Many studies have been conducted into the reactivity of manganese for use in catalytic
reactions, with the development of Jacobsen’s catalyst for enantioselective
epoxidation being one of the most well-known examples.” Manganese-complexes
have also been utilised in radical cyclisations, C-H bond oxidations, halogenations
etc., where the large number of oxidation states for Mn (=3 to +7) partially enables its
diverse reactivity.> 8 A recent discovery has been reported by Chirik, Knowles and co-
workers on the generation of ammonia from a Mn(V)-nitride complex, mediated by
photoredox catalysts in the presence of light.® This represents an intriguing possibility
of a new methodology for the synthesis of ammonia and shows that an excited
photoredox catalysts can interact with the manganese centre to promote further

reactivity.

C—H bond functionalisation have over the past 2 decades become one of the most
studied type of transition metal mediated processes.° It provides a large upside over
processes such as traditional cross-coupling reactions, due to in general being more
atom economic, generating less waste and being more cost effective. As for Mn-
catalysis in general, there are many reported Mn-catalysed C—H bond functionalisation
methodologies.? The direct amination of benzylic C—H bonds using iminoiodinanes
and Mn(lIl1)-catalyst 3, is an example which has recently been reported by White and
co-workers (Scheme 1).1! This methodology provides an opportunity to directly and
selectively form C—N bonds from benzylic C—H bonds, in the presence of other C-H
bonds.
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~ N\
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N
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Mn(CIPc) 3 (X = SbFg)

Scheme 1. Mn-catalysed amination of benzylic C-H bonds, reported by White and co-workers.*

1.2  Stoichiometric  Mn(l)-Mediated C-H Bond

Functionalisation

The reactivity of manganese carbonyl complexes has been studied extensively since
the 1950s. There have been numerous studies conducted into from the reactivity of
manganese anions, hydrides, halides, etc., with a wide range of different functional
groups, in order to probe reactions such as C—-H/F bond activation and C—Mn/C bond
formation.'? The reactions most relevant to the work presented within this thesis are
ortho-directed cyclomanganation reactions of ligands containing suitable directing

groups.

Bruce and co-workers reported the ortho-directed cyclometallation of azobenzene 5
using MnMe(CO)s 6 in 1970 (Scheme 2)*2 and this is commonly considered to be the
first reported cyclomanganation reaction.!* However, the resulting manganacycle 7
was reported by Heck two year earlier, where it was synthesised through reaction of
manganese-anion 8 with azobenzene-containing palladacycle 9.1 As Heck’s
methodology did not involve Mn-mediated C—H bond activation, it is understandable
that Bruce and co-workers are considered to have reported the first cyclomanganation.
Neither studies probed further reactivity of the newly formed C—Mn bond, but Bruce
and co-workers showed that Mn(l)-alkyl species can generate manganacycles directly

from a sp>-hybradised C—H bond in a regioselective fashion.
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. 9. F

- N _N _N
N 2 3
MnMe(CO)s 6 (1 eq.) N \Mn(co)4 NaMn(CO)s 8 (2 eq.) N \Pd/C[x
© Light Petrol, reflux, N, 3 h C( THF, rt, N, 1h C( 2
93% 24%
5(1eq.) 7 9(1eq.)

Scheme 2. First reported cyclomanganation reactions of azobenzene to manganacycle 7. (a) Synthesis
reported by Bruce and co-workers, using 6 as the manganese precursor.®® (a) Synthesis reported by
Heck, using 8 as the manganese precursor.®

The directing groups and C—H bonds on the ligand (to be cyclomanganated) has widely
varied, with exotic examples such as triphenylphosphine/arsine oxides, sulfides and
selenides reported (Figure 1).'® N-containing directing groups are most commonly
utilised, with examples including amines,” imines®® 1° and N-heterocycles.’* 1’ The
other main type of directing groups employed are the oxygen-containing derivatives,
such as aldehydes,?® ketones?® 2! and amides.?® 22 One of the main challenges of
utilising the manganacycles in catalysis is to find a balance between the binding
affinity and lability of the ligand, which allows for both binding of the substrate and
release of the product post-functionalisation. Therefore, it is likely that several of the
reported ligands are unsuitable for effective utilisation in catalysis, as the binding

affinity will differ.

X
| _N N{v'e2 ‘
\

Mn(CO), Mn(CO)q O Mn(CO),
N
Me2
10 Lom 12
Bn
/N\
A Mn(CO), A
N }\/In(CO)4 Me N\
/L\O Mn(CO),
Me
13 Me 14 15
._Me
PhaAs= o-R(OPN) —Si
Mn(CO), Mn(CO),
thP/I(\AC%?Pth
16 17 18

Figure 1. Examples of reported manganacycles; 10,2 11,7 12,17 13,20 14,1 15,17 16,%* 17% and 18.2°
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Interestingly, benzylic C—H bonds have also been activated to form the corresponding
manganacycles,® though no catalytic utilisation has been found thus far. This is
unexpected as Mn-alkyl species with no directing group (such as MnBn(CO)s 19 and
MnMe(CO)s 6) can perform a range of reactions.'® * The stability of the benzylic
manganacycles or preference for side-reactions could explain the lack of desired

reactivity.

Even though no utilisation of the manganese complexes in catalytic reactions was
reported prior to this millennium, there were studies conducted investigating the
reactivity of the manganacycles towards various reagents. Liebeskind and co-workers
reported the first insertion of an internal alkyne into a C—Mn bond, when reacting
diphenylacetylene 21 with acetophenone-derived manganacycle 20 (Scheme 3).%’
Trimethylamine N-oxide initiated CO-loss, which allowed for the alkyne to coordinate
and react to form cyclopentadiene 22. The formation of 22 should proceed via the
generation of a 7-membered insertion complex (such as examples shown in Figure 2),
which can subsequently rearrange to form the cyclopentadiene derivative. The
reactivity of unsaturated substrates with C—Mn bonds was previously reported by
Wilford et al., studying the insertion of tetrafluoroethylene into the C—Mn bond of
MnPh(CQ)s.?

Me. O, . ) HO  Ph
Me;NO (1.5 eq.) e
(a) Mn(CO), \ Ph
on  MeCN, 1t 16 h O
20 (1 eq.) 21 (1 eq.) 22 60%
_S _S
Ph,P”\ o Ph,P” o)
Mn(CO),
(b) +
\)J\OMe MeCN, reflux, 2 h OMe
23 (1 eq.) 24 (1.4 eq.) 25 44%

Scheme 3. Stoichiometric reactions between manganacycles with unsaturated substrates. (a) Reaction
between diphenylacetylene and acetophenone-derived manganacycle 20, reported by Liebeskind and
co-workers.?” (b) Reaction of methyl acrylate with sulfur-containing manganacycle 23, reported by
Nicholson and co-workers.?*

Nicholson and co-workers have also conducted studies into the reactivity of
manganacyclic C-Mn bonds, where the reaction of methyl acrylate with
triphenylphosphine sulfide derived Mn-complex 23 (Scheme 3) is highly relevant to
the work presented within this thesis.?® The new C—C bond of alkyl product 25 is likely
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formed according to the same C—Mn insertion mechanism as for Libeskind and co-
workers. However, an extra hydrogen has been added to the product in this example.
This means that one reagent in solution can transfer a proton, which is unexpected due
to the relatively low acidity of the C—H bonds in solution. Other unexpected results on
the insertion reactions with acrylates and alkenes, had already been reported by
Nicholson and co-workers.®® When studying the insertion on cyclomanganated
chalcones, surprising hydrogen-transfer and cyclisations were reported for the

acrylates and alkenes respectively.

Nicholson and co-workers synthesised 7-membered insertion complexes, to support
the proposed mechanism of C-C bond formation (Figure 2). Triphenylphosphite
derived complex 26 was generated by reaction of the 5-membered manganacycle with
diphenylacetylene 21. The successful synthesis of the 7-membered insertion complex
highlights the relative stability of the complexes derived from internal alkynes, as no
examples formed from terminal alkynes has been reported.'® The reaction of dimethyl
acetylenedicarboxylate with triphenylphosphine sulfide complex 23, generated 7-
membered insertion-complex 27. Unexpectedly, decarboxylation occurred to generate
an alkene-proton on the carbon bonded to the arene.?® It is unclear if the
decarboxylation took place before or after the C—C bond formation. The final example
was reported Suarez and co-workers, where an imidazole-containing manganacycle
was treated with 21 to form insertion-complex 28 (Figure 2).3! This is the most
relevant example for the subsequently developed catalytic reactions, where N-
heterocycles are commonly employed.®> The characterisation of the 7-memerbed
insertion complexes supports the proposed mechanism of C—C bond formation in the
catalytic reactions. Though, no mechanism investigations were performed to elucidate
a more detailed mechanism of C—C bond formation.

Me .
PhQ oPh Ph, NTYy
O\ / P\ —
R =S, N,
Mn(CO), (:g/{vm(w)4 Mn(CO),
Ph Ph H CO,Me P Ph
26 27 28

Figure 2. 7-membered manganacycles 26,'® 272 and 28,3 generated by stoichiometric reaction with
internal alkynes.

39



Chapter 1: Introduction

1.3 Mn(l)-Catalysed C—H Bond Functionalisation

Even though the synthesis of manganese(l)-carbonyl complexes have been known for
many decades and their reactivity has been probed, it was not until 2007 when
Kuninobu and co-workers reported the first synthetic methodology using catalytic
amounts of manganese (Scheme 4).3 They employed MnBr(CO)s 31 as the Mn-
precursor to activate the ortho C—H bond of 2-arylimidazoles, which subsequently
reacted with aldehydes to form the corresponding alcohols. The initial reaction was
however stoichiometric in manganese unless triethylsilane was added, which
generated the silyl ether product and made the reaction catalytic in Mn. The high
temperature (115 °C) and long reaction time (24 hours) are problematic aspects of this
methodology, but it still highlights that Mn(l)-carbonyl catalysed C—H bond

functionalisation is possible.

l_‘
/N ~ N 0 /N /
MnBr(CO)s 31 (5 mol%) Me OSiEt,
HSIEt; (2 eq.)
toluene, 115 °C, N, 24 h O O
OMe

29 (1eq.) 302eq. 3287%

Scheme 4. Mn(l)-catalysed C—H bond functionalisation of 2-arylimidazoles with aldehydes, reported
by Kuninobu and co-workers.®

Despite Kuninobu‘s publication, it took 6 years until the next reported example of a
Mn(I)-catalysed reaction, when Wang and co-workers reported the C-H bond
alkenylation of 2-phenylpyridines to yield the corresponding styrene derivatives
(Scheme 5).34 31 was used once more as pre-catalyst and an amine base additive was
required to generate alkene product 35, as the C-H bond activation of 2-
phenylpyridine 33 did not occur in the absence of base. The reaction tolerated a range
of different 2-phenylpyridines and terminal alkynes, generating the corresponding
alkene products in good yields. However, internal alkynes were found to be inactive
and did not generate any of the desired alkene product under the reaction conditions.
This inactivity could arise from the relatively high stability of the 7-membered
insertion-complexes for internal compared to terminal alkynes.3* An initial
mechanistic investigation was conducted by Wang and co-workers, and it was
combined with computational studies to generate a proposed mechanism, which is

discussed in chapter 2.

40



Chapter 1: Introduction

31 (10 mol%) |
\\ Cy,NH (20 mol%)
+
Ph Et,0, 80 °C, N, 6 h X Ph

N

33(2eq.) 34(1eq.) 3576%

Scheme 5. Mn(l)-catalysed C—H bond alkenylation reaction, reported by Wang and co-workers.3*

After their initial report, Wang and co-workers have expanded their contribution to the
Mn(I)-catalysis field by subsequently reporting a range of new synthetic
methodologies.®® The most relevant to the work presented within this thesis is the
reactions employing acrylates as the unsaturated substrate (Scheme 6),%® which
provided for a catalytic adaptation of the previously mentioned reactions of
manganacycles with acrylates (Scheme 3). The desired alkyl products were generated
in high yields, with 31 and Cy,NH employed as pre-catalyst and base additive
respectively. Interestingly, the ratio of unsaturated substrate to 2-phenylpyridine 33
differs from the alkenylation-methodology (1:2),** where the acrylates (1.5:1) are in
excess. From preliminary mechanistic studies it was suggested that the conjugate acid
of the amine base is responsible for the proton transfer event, which is surprising given

the relatively low acidity of the ammonium protons.

1-(2-pyridyl)indoles have become commonly utilised in Mn(l)-catalysed C-H bond
functionalisation due to their perceived increased reactivity? and one important
example relating to this thesis is the reaction with isocyanates, which was reported by
Ackermann and co-workers (Scheme 6).3” The aminocarbonylation did not require any
base additives, which was a difference to most other methodologies. This suggested
that the isocyanate can act a base in the reaction, as no other significant alterations are
made compared to other similar examples. It was also unclear how the proton transfer
occurred and it was suggested HBr is responsible, though it is unlikely to be generated

with many potential N-containing bases present in solution.
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X
1 (10 mol%) | _N
\)J\ CyzNH (20 mol%) o)
OMe Et,0, 100 °C, Ny, 12 h OMe

33(1.5eq.) 24 (1 eq.) 36 85%
B B
N N
2 Q 31 (10 mol%) 70
N + G N Ph
(b) N Et,0, 100 °C, N, 16 h N
/ “Ph /| H
37 (1 eq.) 38 (1.1 eq.) 39 95%

Scheme 6. Mn(l)-catalysed C—H bond functionalisation reactions of 2-pyridylarenes. (a) Reaction with
acrylate 24, reported by Wang and co-workers.®® (b) Reaction with isocyanate 38, reported by
Ackermann and co-workers.¥’

Many other Mn(l)-catalysed C—H bond functionalisation reactions have been reported
by a range of research groups (see examples in Figure 3), where the methodologies
have a few common features.3* 3 The formation of the new C—-C/X bond have
continuously been proposed to proceed through insertion into a C—Mn bond to form a
7-membered insertion complex. Separately form the reactions involving insertion into
a C—Mn bond, there have been a range of other reactions catalysed by Mn(l)-carbonyl
complexes.? Hydrosilylation,® direct arylation®® and alkyne trimerization®* are
examples showing the versatility of the manganese-complexes.

MnBr(CO)s 31 or Mn2(CO)10 40 have been utilised as pre-catalyst in the majority of
the reported methodologies and there have been surprisingly few studies conducted
into the thermal C—H bond activation mechanism for either manganese complex. This
have likely influenced the suggested mechanism of pre-catalyst activation, where a
manganacycle is commonly proposed to be generated directly from the pre-catalyst,
even though this has mainly been observed for Mn-alkyl species.
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Figure 3. Examples of reported products formed by Mn(l)-catalysed C—H bond functionalisation; 41,%
42,42 43,3 44,4 45,% 46,%6 47,47 48 and 49.° Red bonds highlight the C—-C/N bond formation mediated
by the manganese.

Lynam, Fairlamb and co-workers have provided further mechanistic insight to Mn(l)-
catalysed C-H bond functionalisation, when they characterised 2-pyrone derived 7-
membered insertion complex 54 (Scheme 7).°° The catalytic reaction between
phenylacetylene 34 and 2-pyridyl-2-pyrones was found not to generate any of the
desired alkene-product. Nevertheless, insertion-complex 54 was synthesised from the
corresponding 5-membered manganacycle 50 using UV-light to dissociate one CO-
ligand, to allow for coordination of 34. Low temperatures hindered further reactivity,
while reductive elimination to form 53 took place at room temperature. High
temperatures were however required to produce 53 in the absence of UV-irradiation,
highlighting that thermal CO-loss from the 5-membered manganacycle is difficult. It
also shows that reductive elimination is preferred over protonation for the 2-pyrone
system, which has also been utilised in the C—H bond functionalisation of an imine

derivative.*®

The desired alkene product 52 was generated (28%) if the reaction was performed in
neat 34, with the rest of the manganacycle forming unusual products from Diels-Alder
reactions taking place with the excess alkyne. It seemed as the Diels-Alder reactions
occurred on reductive elimination complex 53, though a separate reaction of 53 in 34

was not performed to confirm this. Another unexpected product synthesised was
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bicyclic product 55, which was formed from a second insertion of 34 on the 7-
membered insertion complex. This was only observed for a manganacycle with
methoxy-substituted pyridine group (51), but the equivalent reactivity had previously

been utilised by Lei, Li and co-workers while functionalising indoles.>*

_N

N X _Ph * Diels-Alder Products (73%)

Me o "0

Me (@) (6]
(1eq.)
50 (R=H)
51 (R = OMe)

Scheme 7. Reactivity of cyclomanganated 4-(2-pyridyl)-2-pyrones with phenylacetylene, reported by
Lynam, Fairlamb and co-workers.>°

1.4 Alternative Synthesis of Styrene Derivatives

The functionalised styrene derivatives generated by Wang and co-workers®* (Scheme
5) are the main type of products studied within this thesis. Styrene derivatives are
important in a wide variety of application, where the main usage is in the synthesis of
various polymers such as polystyrene, synthetic rubbers and medical grade resins.>
Functionalisation of the styrene building blocks may allow for the generation of new
polymers and materials with novel properties. Another use of styrene is as a starting
material in further small molecule modifications, such as for example in transition
metal mediated C—H bond alkylation,> hydrogenation®* and cross-coupling
reactions.® Styrene is also used as a building block in many common organic
reactions, where examples range between hydroboration,®® epoxidation®” and
halogenation reactions.®® The styrene moiety can also be found in many natural
products and drug molecules, such as in Naftifine®® (antifungal drug) and Bexarotene®

(for treating cutaneous T cell lymphoma). The natural products and drugs containing
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styrene derivatives are mostly highly functionalised, which are therefore more
challenging to synthesise than styrene.

Currently, commercial synthesis of styrene proceeds via multiple step pathways, such
as initial Friedel-Crafts alkylation with subsequent dehydrogenation, yielding large
excess of halogenated waste and often requiring higher reaction temperatures.®
Additionally, there are many reported transition metal mediated methodologies to
synthesise functionalised styrene derivatives, which forms the same C—C bond as in
Wang and co-workers Mn(l)-example (Scheme 5). The Pd-catalysed Heck cross-
coupling reaction is one of the most common examples used for this transformation,
requiring the coupling of an alkene with a halogenated arene. As well as the Friedel-
Crafts alkylation, the Heck cross-coupling generates stoichiometric amounts of
undesirable halogenated waste material. The main advantages of this approach,
compared to Wang’s methodology, is the generally low catalyst-loadings required
(with examples using < 0.1 mol% Pd)®? and high functional group tolerance.*
However, the disadvantages include the undesired waste generation, poor atom
economy and generally slightly higher reaction temperatures than that of the Mn(l)-
catalysis.®

In addition to the examples using pre-functionalised arenes, there are a large amount
of reported methodologies forming the same C-C bond via C-H bond
functionalisation, using transition metals such as Ru, Rh, Pd, Pt and Co0.%® Fujiwara
and co-workers reported in 2000 a mild alkenylation of benzenes using alkynes and
Pd(OAc), as the pre-catalyst.% As was the case with the Heck cross-coupling,
Fujuwara’s methodology employs low catalyst loadings (0.02-1 mol%), with the lower
amounts reaching similar yields after extended reaction times. In addition to the low
reaction temperatures (25 °C), the functionalisation of an aryl C—H bond without the
need for a directing group provides further advantages to the Mn(l)-catalysis of Wang
and co-workers. Though, the usage of halogenated solvent (CH2Clz), extended reaction
time (with low catalyst loading) and difficulty in selectively activating a desired C—H
bond are problematic when compared to the manganese catalysed methodology.
Another example of the direct functionalisation of a benzene C—H bond with ethylene
to form styrene has been reported by Gunnoe and co-workers, where they used a
diazobutadiene-containing Rh-catalyst.®* This process requires the use of

stoichiometric copper oxidant and high reaction temperatures (< 200 °C). The Rh-

45



Chapter 1: Introduction

catalyst is however used in very low amounts (1 x 10 mol%) and can produce the
styrene in excellent yields (95%).

47-79%

Scheme 8. Examples of transition metal-catalysed synthesis of functionalised styrene derivatives, using
C—H bond functionalisation. (a) Pd-catalysed synthesis of styrene derivatives, reported by Fujiwara and
co-workers.%* (b) Rh-catalysed synthesis of styrene derivatives, reported by Ellman and co-worker.®®
(c) Ru-catalysed synthesis of styrene derivatives, reported by Zhang and co-workers.¢ (d) Mn-catalysed
synthesis of styrene derivatives, reported by Wang and co-workers.3

There are also many examples of producing styrene derivatives using directing groups
on the arene, and a few reports used the 2-phenylpyridine starting material as the case
was in the Mn(l)-catalysis.®® A report by Ellman and co-worker uses Rh-catalysis to
couple 2-phenylpyridines with vinyl acetates at temperatures comparable to the Mn(l)-
catalysis (65-100 °C).%° The relatively high catalyst loadings (10 mol% Rh) and large
amounts of silver additives (20 mol%) are problematic when compared to Wang’s
protocol, using the same catalyst loading of Mn and an amine base additive. Zhang
and co-workers have developed a Ru-catalysed methodology in forming alkenylated
2-phenylpyridines by coupling the same reagents as in Wang’s Mn(I)-example.®® The
reaction used half the catalyst loading (5 mol%), but required higher reaction
temperatures (150 °C) and an extra additive (benzoyl peroxide). Otherwise the
reactions are comparable with similar yields and reaction times (6 hours). There are
additionally several reported methodologies where the same C—C bond formation is
made as the work mentioned above, but the directing group used (often containing N—

H bonds) allows for a subsequent C—N bond to be formed.®"-"
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As previously shown, there are many methodologies reported for the synthesis of
styrene derivatives in addition to the Mn(l)-catalysed example by Wang and co-
workers.3* There are advantages and disadvantages with all pathways, whether it is the
reaction temperature, catalyst loading, use of additives or excess generation of waste
material. Therefore, a methodology is best chosen based upon the priority of conditions
for a particular process, where for example catalyst recyclability and functional group
tolerance may be of high importance. However, Wang’s methodology has the potential
to be a competitive process as it uses an abundance earth metal which has a large
potential as catalyst for organic transformations? and proceeds under relatively mild
reaction conditions.®® The process also generates relatively low amounts of
halogenated waste (compared to when using halogenated arenes as substrates) and is
atom economic when formally no additional atoms are found in the final product
(besides from the two starting material). The lack of catalyst recyclability of the Mn-
catalyst is problematic for the process efficiency, which also is the case for the high
amounts of catalyst employed (10 mol%). A full analysis of all aspects of the reaction
(cost efficiency, environmental impact, etc.) is required for the comparison to other
methodologies to be made, and it should be noted that some aspects (for example
availability of starting material or catalyst) may change with increased demand and

this should also be taken into account.

The environmental impact the process is one of the most important aspects which
needs to be considered in deciding on the suitability of employing a particular
methodology. This is highly difficult to evaluate as a vast range of factors has an
impact on the environment. For example, the catalyst mining, synthesis, recyclability,
efficiency and toxicity of metal species in waste/products are all important when
comparing transition metal catalysts. In the case of Wang’s Mn(I)-catalysis, the use of
toxic CO-ligands on large scale can be problematic when considering the safety
aspects and the lack of catalyst recovery requires the pre-catalyst to be synthesised
before each use. These problems can however be solved with design of improved pre-
catalysts, which can be recycled and uses less toxic ligands. Detailed analysis for all
reagents and solvents used in the process is required for the full environmental impact

to be assessed and therefore to be compared to other competitive methodologies.
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1.5 Mechanisms of C—H Bond Activation

There are several reaction mechanisms for transition metal mediated C—H bond
activation, of which oxidative addition, electrophilic substitution and o-bond
metathesis are the main subdivisions.”* The specific mechanism is not well defined for
these descriptions and they mainly describe the overarching transformation that has
taken place. o-Complex Assisted Metathesis (c-CAM) and Concerted Metallation-
Deprotonation (CMD) or Ambiphilic Metal Ligand Activation (AMLA) are the

mechanisms most applicable to the work presented within this thesis.

o-Bond metathesis reactions have been known for many decades and the involvement
of s-complexes in the mechanism have been proposed for some examples.”> However,
the mechanism which now is referred to as 6-CAM was not proposed until the early
2000s by Sabo-Etienne, Perutz and co-workers.”® " The 6-CAM mechanism for C-H
bond activation starts with an initial c-coordination of the C—H bond to form the
corresponding o-complex (Scheme 9). Thereafter, the hydrogen is transferred in a
concerted fashion to the proton-acceptor, as the new C—M bond is generated. The new
o-complex generated can subsequently dissociate from the metal to complete the C-H
bond activation step. The steps involved in the mechanism are reversible and the
relative strength of the X—H bonds determines which M—X species is generated in the

reaction.
M-Y M M M M-X
+ X~y XY XTI — s
X—H H H Y-H

Scheme 9. General schematic view of transition metal mediated C—H bond activation according to the
o-CAM mechanism.™

The CMD and AMLA mechanisms were developed at a similar time as the 6-CAM
mechanism, by Fagnou and co-workers (CMD)” and Davies, Macgregor and co-
workers (AMLA).”® The mechanisms are highly similar in practice and have been
extensively studied,”> 7" as well as proposed being involved in many transition metal
catalysed C—H bond functionalisation reactions.”® For the AMLA mechanism, a
number following “AMLA” denotes the number of atoms involved in the transition

state, with 6 being the most common number.

An almost identical mechanism to the CMD/AMLA-6 was reported by Ryabov on the
cyclopalladation of benzylamines using palladium acetate, with the main difference of

a proposed positive charge on the arene in the transition state (Wheland intermediate),
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suggesting that an initial electrophilic addition is favourable.” Later computational
studies by Davies, Macgregor and co-worker elucidated a similar mechanism (Scheme
10).”® An agostic-interaction to the C—H bond was important in lowering its acidity,
making CMD/AMLA more favourable than an initial electrophilic addition, before the
acetate-ligand deprotonates the benzylamine in a concerted fashion. The newly formed
acetic acid-complex is lower in energy than the starting acetate-species, meaning that

the reverse reaction was unlikely to occur.

Me, 1 Me
N NMe, NMe, NMe, )\
\ OAc \ OAc \ ,OAc \ O 0
H Pd/ _— ,Pd\ - ,Pd\ - = Pd\ H\
/ N 4 /
OYO |"_| Q . owéo
s /LMe H\ /LMe
Me o] o} Me
56 0 kJ mol’ 57 11.0 kJ mol”’ 58 11.1 kJ mol”’ 59 -13.2 kJ mol”’

Scheme 10. Computationally determined CMD/AMLA-6 mechanism for the acetate-assisted
cyclopalladation of benzylamines, reported by Davies, Macgregor and co-worker.”

The CMD/AMLA mechanism can be employed on a wide-range of substrates and does
not require, for example, cyclometallation to occur nor the presence of specific ligands.
It has commonly been proposed in direct arylation of both electron-rich/poor arenes
and heterocycles.”” 8 There are many similarities between the o-CAM and
CMD/AMLA mechanisms, with both mechanisms including a concreted proton-
transfer step to form a new C—M bond. Both processes are also reversible in principle
and the relative stability of the complexes and X—H bonds determines if the desired

C—H bond activation will take place of not.

1.6 Project Aims and Objectives

The aim of this project is to develop a deeper understanding of the mechanism and
underlying properties of Mn(l)-catalysed C-H bond functionalisation, and to use the
findings in increasing the reaction efficiency. The following objectives were employed

to achieve the aim of the project:

I.  The utilisation of the distinct IR bands of the manganese-carbonyl complexes
and other techniques, to elucidate a full reaction mechanism for Mn(l)-
catalysed C—H bond alkenylation.

Il.  Exploit the photochemical properties of the manganese-carbonyl complexes in

studying the C—C bond formation using time-resolved spectroscopy.
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Investigate the effect of the conjugate acid and other acid additives in the
Mn(I)-catalysed C—H bond functionalisation, using in situ and ex situ analytical

techniques.
Examine fluorine-induced regioselectivity in Mn(l)-mediated C-H bond

functionalisation, using *F NMR and time-resolved spectroscopic techniques.
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Chapter 2: Mechanism of Mn(l)-Catalysed C-H

Bond Alkenylation
2.1 Background

2.1.1 Proposed Reaction Mechanisms

The synthetic methodology reported by Wang and co-workers in 2013 on the Mn(l)-
catalysed C—H bond alkenylation reactions* (Scheme 11, see Chapter 1.3) is truly
ground breaking for utilising an earth-abundant transition metal catalyst in performing
this challenging chemical transformation, which most commonly employs platinum
group metals (see more detail in Chapter 1.4). However, the mechanistic understanding
of this reaction is limited, and current knowledge is based on insufficient experimental
evidence and DFT-studies. Following this work by Wang, the many other research
teams (e.g. Ackermann, Glorius, Kuninobu, Lynam-Fairlamb, etc.) undertaking the
remaining synthetic challenges in this field have been basing their methodology
development and proposed mechanisms on this assumed knowledge. The issues with
this approach are obvious and without further mechanistic work to support or disprove
the current mechanisms, there is a good chance that many synthetic methodologies and

improvements goes undiscovered.

A
L MnBr(CO)s 31 (10 moi%) || |
= \\ Cy,NH (20 mol%) =
+ o
Ph Et,0, 80 °C, N, 6 h X Ph
33(2eq.) 34 (1eq.) 3576%

Scheme 11. Mn(l)-catalysed C—H bond alkenylation reaction to be studied within this chapter, reported
by Wang and co-workers.3*

In order for the remaining mechanistic challenges to be correctly elucidated, a detailed
assessment of Wang’s proposed mechanism®* is required. Initially, the base-assisted
activation of MnBr(CO)s 31 was supported by the stoichiometric preparation (31%
yield of isolated product) of Mn(ppy)(CO)4 10 from 31 (1 eq.), 33 (1 eq.) and Cy-NH
(1 eq.), while the corresponding reaction with the terminal alkyne to form Mn(k1-

CCTol)(CO)s 60 did not yield any observable product.
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Compound 60 was obtainable in 55% yield, when 31 (1 eq.) and tolyl-alkyne 61 (1
eq.) was reacted in the presence of n-BuLi (1 eq.). However, this does not definitively
exclude the manganese from initially reacting with the terminal alkyne, as the
deprotonation mechanism for the different bases could differ. Whether loss of a CO-
ligand is involved will have a major impact on the efficiency of reaction, depending of
the ease of the subsequent recombination. The low efficiency of the cyclomanganation
step (31%) also raises questions, as it suggests that the majority of the manganese is
lost in the pre-catalyst activation pathway and the reaction is only promoted by ~ 3
mol% Mn (of the total 10 mol% Mn available). Still, 10 was found to be a capable pre-
catalyst, while generating the organic product in 9% lower yield than under the
standard reaction conditions. The lower catalytic competence, combined with the
seemingly low amount of 10 formed in solution (~ 3 mol%) highlight the questions
about 10 being a reaction intermediate, due to the seeming negative reaction order in
10.

The proposed mechanism suggests that after pre-catalyst activation, the C-C bond
formation takes place. This is projected to proceed through CO-dissociation, alkyne
coordination to the Mn and subsequent insertion into the C—Mn bond to form a 7-
membered manganacycle. The pathway is supported by literature examples of 7-
membered manganacyle derivatives reported by Nicholson® (phosphite directing
group) and Suarez®! (imidazole directing group), where internal alkynes was used. No
terminal alkyne complexes have been reported to this date. The efficient reaction of
internal alkynes compared to the terminal analogues naturally poses the question of
why the internal alkynes do not afford alkene product under seemingly standard

reaction conditions.

Wang and co-workers did attempt to synthesise the 7-membered manganacycle using
61, but instead found the unexpected formation of a doubly alkenylated 2-
phenylpyridine compound isolated in 29% vyield. An alkyne-assisted protonation
pathway followed by Mn-alkynyl assisted C—H bond activation was suggested for the
catalytic cycle. 60 was employed as a pre-catalyst to probe the proposed reaction
mechanism. The reaction was found to yield relatively low amount of the mono-alkene
product (63% yield of isolated product), when taking into account that the amount of
active manganese should be about three times higher than in the standard reaction

(note: assumed from the inefficient pre-catalyst activation). No kinetic or other
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mechanistic studies were conducted, which are clearly needed in order for the validity
of the proposed protonation mechanism to be probed and alternative identified.
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Scheme 12. Summary of proposed reaction mechanism by Wang and co-workers, highlighting the
issues and remaining challenges of understanding the full mechanism. Key; green = in support of
mechanism, red = in disagreement with mechanism.

Deuterium-labelling studies were used to provide support for the mechanism. These
studies indicated extensive scrambling of deuterium between the organic fragments.
The incorporation of deuterium into both alkene positions, under standard reaction
conditions was in accordance with the proposed mechanism, due to the alkyne C-H

being repeatedly broken and reformed during the reaction. However, the extent of D-
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incorporation was lower than expected (i.e. 50% ought to be achievable if one substrate
is deuterated), suggesting a more complex mechanism. The system thus experienced
extensive H-scrambling, highlighting the importance of further experiments, including

appropriate control reactions being required for accurate conclusions to be drawn.

DFT-calculations were conducted to validate the proposed mechanism enabling
further details about the various steps for the catalytic cycle(s) which had not been
discovered. For example, it was found that the base-assisted cyclomanganation likely
proceeded through a CMD mechanism, while the on-cycle C—H bond activation pass
via a CMD/AMLA-4 pathway. The overall mechanism was supported by the DFT
calculations, even if it should be noted that the common depiction of 16-electron
manganese complexes with vacant coordination sites is slightly alarming. Even the
presumptive resting state of the catalysis 66 (Mn-alkynyl complex with N-bound 33)
is one of these manganese complexes, and similar complexes have not been isolated

to prove their competency as valid reaction intermediates.

Overall, there is a need for further experimental evidence for the mechanistic
hypotheses underpinning this promising synthetic methodology. Obtaining such data
by direct means is highly desired. In particular, the pre-catalyst activation, protonation,
C—H bond activation and catalyst degradation pathways are of interest due to their high
importance to the mechanism and efficiency of the reaction. The nature of the catalyst
resting state is also of interest because of its impact on the rate of reaction and catalyst
degradation, providing an obvious focal point for condition improvements.
Additionally, the difference in reactivity between internal and terminal alkynes
requires rational explanation, to aid in potential reaction improvements and translation
of mechanistic understanding to other relevant systems. Finally, whether the apparent
complexity of the reaction (i.e. derived from the D-labelling experiments) stems from
a complicated reaction mechanism or innocent C—H bond scrambling should by default

be determined if the full reaction mechanism has been determined.

2.1.2 Use of In Operando IR Monitoring in Mechanistic Studies
In operando (in situ) reaction monitoring techniques are some of the most important
analytical techniques in the reaction mechanism elucidation of transition metal

catalysed processes.’ The direct observation of intermediates, as well as the
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acquisition of reliable kinetic information, are of high importance for mechanistic
investigations. Infrared (IR) spectroscopy provides excellent complementarity to other
techniques, due to high peak-specificity and good correlation to bond strengths and
electronic effects. In situ IR spectroscopic techniques have been used extensively in
heterogeneous catalysis, while still being widely applicable to homogeneous
systems.8! IR spectroscopic analysis allows for both reaction kinetics and catalyst
intermediate characterisation to be obtained in the same experiment with little to no
manipulation of experimental data. It can also be employed on a wide range of

timescales from hours or days to ultra-fast picosecond timescale.®2

In situ IR spectroscopy has been an instrumental technique in the development of the
RPKA (Reaction Progress Kinetic Analysis) methodology, reported by Blackmond in
2005.83 The RPKA method creates a standard procedure of how to conduct
mechanistic investigations, which can be used as an alternative to the procedures used
within this thesis. Through the analysis of in situ generated Kkinetic data in a stepwise
manner, the mechanism can be elucidated with minimal redundant experiments

performed.

An example of the use of in situ IR spectroscopic reaction monitoring in the deduction
of a complicated transition metal mediated reaction mechanism, is the work by Bray
et al. on the Pd-catalysed cyanation of 4-bromo-2-pyridone 67 to form 4-cyano-2-
pyridone 68 (Scheme 13).8* In this study the C=0 stretching mode of the 2-pyridone
ring system provide an excellent IR spectroscopic handle for the in operando
monitoring of the reaction progress. This allowed for a wide range of conditions to be
screened so that reagent orders, catalyst heterogeneity, catalyst efficiency (TOF and
TON), could be determined. The data obtained was combined into a full reaction
mechanism where there are both hetero- and homogeneous catalytic cycles taking
place and water concentration was found to be the crucial factor in the determination

of which cycle is active in the reaction.
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Scheme 13. (a) Reaction scheme of the Pd-catalysed cyanation of N-benzyl-4-bromo-6-methyl-2-
pyidone reported by Bray et al.®* (b) Simplified reaction mechanism highlighting impact of water
concentration.

In the study reported by O’Brien and co-workers in 2011 on the asymmetric Pd-
catalysed a-arylation of N-Boc pyrrolidone, several long-lived intermediates were
observed and the kinetics of their formation and depletion could be obtained using in
operando IR spectroscopy (Scheme 14).8% After the initial addition of s-BuLi, the
lithiated pyrrolidine intermediate could be seen forming more quickly than expected
(complete within 60 minutes) in accordance with previous methodologies. Thereafter,
several zincated species were observed, following addition of ZnCl; to the solution
and heating to 20 °C. The final Negishi cross-coupling step with bromobenzene could
also be monitored, where the product formation was observed without any Pd-
intermediates appearing in the IR spectra. This still shows that in situ IR spectroscopic
analysis can allow for the observation of several different reaction intermediates and

kinetic information for their formation and depletion.
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Scheme 14. (a) Reaction scheme of the asymmetric Pd-catalysed Negishi cross-coupling reaction
reported by O’Brien and co-workers.®> (b) Reaction intermediates observed by in operando IR
spectroscopy.

A study by Lei and co-workers employed in situ IR spectroscopy for the direct
observation of key intermediates in the copper-catalysed arylation of B-diketones.%®
This study found [Cu(acac).]” to be the active catalyst in the system through its
presence in the IR spectra. This finding was further supported by additional
experimental data and DFT-calculations. Off-cycle Cu-species could also be observed
and characterised through this study.

In situ IR spectroscopic analysis for the study of reaction mechanisms has also been
utilised in metal carbonyl catalysed reactions, with the hydroformylation of alkenes
being a good example. Both Co and Rh have been utilised as catalysts for this reaction,
however, the Co derivative was the first transition metal-catalysed transformation
employed on an industrial scale in 1938.87 Even as early as 1974, Whyman employed
in situ IR spectroscopy to observe reaction intermediates, such as HCo(CO)3z(PBus),
from the distinct IR bands exhibited by metal carbonyl complexes.®® 8 Many
subsequent IR spectroscopic studies have been performed through the years, leading
to the formulation of the currently accepted reaction mechanism of cobalt-catalysed
hydroformylation reactions (Scheme 15).%° Similar in situ IR spectroscopic studies
have also been performed on the analogous rhodium system, with some early work by

Garland and co-workers.%!
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Scheme 15. (a) General reaction scheme for cobalt-catalysed hydroformylation of alkenes. (b)
Generally accepted mechanism of the hydroformylation of alkenes.*°

Another catalytically relevant study into metal carbonyl systems can be found in early
work by Eischens et al. in 1954, on the chemisorption of CO gas onto Cu, Pt, Pd and
Ni surfaces.?? The IR spectra for the various materials showed how the CO absorbs to
the surface and the various C—M bond strengths is inferred from the respective band

locations.

2.2 IR Monitoring of Mn(l)-Catalysed C—H Alkenylation

2.2.1 Investigation under Standard Reaction Conditions

To investigate the mechanism of Mn(l)-catalysed C—H alkenylation, in operando IR
monitoring (ReactIR™) was chosen as a suitable technique for this purpose. Metal
carbonyls are well-known for their strong and distinct signals in the IR spectrum,
where the peak location has been widely utilized to observe and rational steric and
electronic effects on metal centres.®® Therefore, the predicted changes to the
manganese catalyst should be observable by IR spectroscopy, in a more clear and
distinct fashion than alternative techniques such as NMR spectroscopy, mass
spectrometry or UV/Vis spectroscopy. Organic fragments may also be observable by
the in operando IR technique, meaning that there is potential for direct monitoring of

the reaction kinetics without the need for external sampling.
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When monitoring the changes to the IR bands in the metal carbonyl region using in
operando IR spectroscopy, bands were mainly attributed to common species by
comparing kinetic traces of peaks and time of appearance and/or disappearance (when
Kinetic traces were not obtainable due to spectral overlap). Unknown species in the
solution were assigned by comparison to the IR spectrum of a structurally similar
species or the predicted IR spectrum by DFT calculations (performed by Dr Jason M.
Lynam) or group theory. The kinetic trace of a species in combination with the
knowledge of other reaction intermediates in the solution also supported these

assignments.

Initially, the coupling of 2-phenylpyridine 33 (2 eq.) and phenylacetylene 34 (1 eq.),
using MnBr(CO)s 31 (10 mol%) as pre-catalyst and Cy2NH (20 mol%) as additive,
was investigated (Scheme 11). The reaction was monitored using a Mettler-Toledo
ReactIR™ instrument (IC10) with Si probe (1 min collection interval, + 4 cm™' peak
resolution), at 100 °C under an argon atmosphere. n-Bu.O was chosen as a solvent
substitute for Et,O (due to safety concerns arising from the high reaction temperature),
while the reaction was performed in wet solvent, as the reaction conversion had proven
unaffected by surplus water (76% conversion to 35). The reaction solvent was heated
to reaction temperature under the argon atmosphere (added through deoxygenating via
balloon) without any of the reagents, for the collection an appropriate solvent reference
to be possible. Thereafter, the reagents were added in the order 33, 34, Cy>NH and 31,
to avoid any unwanted degradation or reactions taking place with the manganese
catalyst before reaction monitoring is initiated. These reaction conditions are hereafter

referred to as the standard conditions.

Ar Inlet

Reaction
Solution

Figure 4. Picture and schematic view of in operando IR spectroscopic monitoring setup.
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The reaction initiates immediately after the addition of the 31, where an increase in
temperature (typically 1-3 °C, observed by internal thermocouple) and gas evolution
can be observed. Within the metal carbonyl region (2150-1850 cm™) there are several
new manganese-carbonyl containing species formed within the first minute of the
reaction (Figure 5). From the kinetic trace, 31 (band at 2054 cm™) remains in the
reaction mixture for three minutes, showing that the manganese pre-catalyst is rapidly

consumed and is as expected not a resting state of the catalysis.

Kinetic information of the formation of 35 could be obtained using ex situ *H NMR
spectroscopic analysis, where aliquots were immediately cooled, diluted in CDCl3 and
filtered through a Celite® pad before recording the NMR spectra. Reaction progress
can also be directly obtained from the IR spectra, but due to poor resolution the NMR
spectroscopic assay was chosen for kinetic analysis. 35 can be seen forming in an
exponential fashion in a reaction that lasts for about 30 minutes before tailing off (k =
1.8 £0.4 x 10 st at 100 °C), which may be due to the extensive catalyst degradation
observed. The rate throughout the reaction was also obtained, where a typical curve
can be seen of the rate decreasing as the reaction progressed, arising from a
combination of both lower substrate and catalyst concentrations. Of the newly formed
complexes in the reaction, there is one tetracarbonyl manganese species which show
high similarity to 10. However, closer inspection of the spectrum reveals that there is
a slight difference between these two species and the new complex 71 (bands at 2071,
1987 (br) and 1943 cm* compared to 2078, 1996, 1982 and 1941 cm for 10) is most
likely a manganacycle of high structural similarity to 10. This species is consumed at
k=1.9%+0.2x 103 s? (at 100 °C), which is concomitant with the formation of the
organic product 35 (k = 1.8 + 0.4 x 10 st at 100 °C), indicating that 71 is the identity
of the catalyst resting state. Further experiments are however required for that to be

confirmed.

The inability to observe 10 in solution may arise from it being transient in the reaction
and consumed at too high a rate, making it undetectable on the timescale of the
experiment (1 min). It could alternatively indicate a different pre-catalyst activation
pathway, which does not involve the formation of 10. Such an mechanism is not
unlikely due to the relatively high thermal stability of the tetracarbonyl manganacycle
(10 can be prepared in refluxing hydrocarbon solvents, such as toluene, petrol, hexane

and heptane)?® %, combined with the fast reaction time of about 30 minutes.
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Figure 5. In operando IR study of the reaction between 34 and 33 using 31 as pre-catalyst with Cy,NH
as additive. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints and a
reference spectrum of 10. Key; blue circle = 10, green circle = 31, red circle = 71, grey cross = unknown
Mn-carbonyl species and gold star/diamond = Mn degradation complex. Reaction conditions (in order
of addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 eq.), Cy-NH (0.83 mmol, 20
mol%) and 31 (0.42 mmol, 10 mol%) at 100 °C under argon atmosphere. (b) Kinetic plot of the
formation of alkene product 35 (black squares, determined by ex situ *H NMR spectroscopy) and the
formation and depletion of 31 (green circles, band at 2054 cm™) and 71 (red circles, band at 2071 cm-
1), extracted from (a). (c) Comparison between in situ IR spectra at 30 minutes and two different Mn-
hydroxyl clusters. (d) Change of rate of reaction over time using a 4-point smoothening function.

There are two tricarbonyl manganese species with large absorption coefficients
appearing during the reaction as the other species deplete, strongly suggesting that
these complexes are a result of catalyst degradation. Tricarbonyl manganese-hydroxyl

clusters has been reported by Clerk and Zaworotko® and exhibit strikingly similar IR
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bands to the degradation complexes in this reaction. To probe the validity of this
tentative assignment, two Mn-hydroxyl clusters [(Mn(u-OH)(CO)z)4] 72 and [Mn7(3-
OH)s(CO)1s] 73 were synthesised.® IR spectra of the clusters in n-Bu2O were recorded
at the reaction temperature and compared to a late timepoint spectrum of the reaction
(30 min). This proved that there is a good similarity between the clusters (72 = 2012
and 1900 cm, 73 = 2016 and 1906 cm™) and the degradation complexes (2013 and
1915 cm? for the main species), though they are not the same species. 72 and 73 also
proved not to be catalytically competent and did not produce any 35 under the reaction

conditions.

Carbonyl-containing Ru-alkynyl clusters have been reported by Low and co-workers,
which was synthesised by reaction with terminal alkynes®. It is possible that similar
Mn-alkynyl clusters might be formed in the Mn(l)-catalysis as well, as Mn-alkynyl
species are proposed to be key intermediates in Wang’s mechanism. However,
attempts to isolate and further characterise the degradation complexes proved
unfruitful. Due to the reasons mentioned vide supra, it is highly likely that the
complexes are a variety of manganese-tricarbonyl clusters of which both Mn-hydroxyl
and Mn-alkynyl derivatives are possible. The broadness of the peaks supports that a

mixture of species might be formed in the solution.

2.2.2 Determination of Reaction Order in Reagents

To obtain further information of the Mn(l)-catalysed C—H bond alkenenylation, the
reaction order of the reagents was determined. If the previously proposed mechanism
is correct, then the reaction should most likely be first-order in alkyne 34 as only one
alkyne is involved in any one step (in some steps there are both an alkyne and newly
formed alkene), except from the product liberation. 33 will be zero-order, unless the
product liberation is rate-determining as it will be first-order in that instance. There
should finally be a zero-order dependence of Cy.NH due to it only being involved in
initial catalyst activation, not proposed to be involved in the generation of product.
The reaction order in catalyst would be difficult to obtain, due to the extensive catalyst
deactivation evident throughout the duration of the reaction. Therefore, no order in
MnBr(CO)s was determined.
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Initially, the order in 2-phenylpyridine 33 was determined through the use of an excess
of alkyne 34 (6 eq.) to obtain pseudo-first order reaction conditions (Figure 6). A
higher equivalence of alkyne could not be employed due to the corresponding loss of
solvent. Observed rate constants (kobs) Was used as a measure of reaction rates and was
determined by *H NMR spectroscopic analysis. After varying the equivalence of 33
between 1 and 3, a reaction order of 0.87 + 0.06 was obtained. It is an unexpected
order, which leads to the creation of two alternative explanations. The determination
of the order could be inaccurate and the reaction is in reality first order, but that is
significantly outside the error of the experiment and is therefore unlikely.
Alternatively, the reaction is more complicated than previously envisaged and contain

two or more competing mechanisms, which utilise 33 in different amounts.
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Figure 6. (a) Reaction order determination for 33 using an excess 34 (6 eq.) and amount of 33 was
varied between 1-3 eq. The linear fit gave an order of 0.32 + 0.03 (R? = 0.98). (b) Reaction order
determination for 34 using an excess 33 (4 eg.) and amount of 34 was varied between 0.5-2 eq. The
linear fit gave an order of 0.87 + 0.06 (R% = 0.99).

In the determination of the reaction order in alkyne 34, an excess of 33 (4 eq.) was
used to obtain pseudo-first order conditions (Figure 6). Again, using a larger excess
of 33 was not possible due to the corresponding solvent loss. The equivalence of
alkyne was varied between 0.5 and 2 to give an order in 34 of 0.32 + 0.03, further
supporting the hypothesis of two or more competing reaction mechanisms. A partial
reaction order can arise from heterogeneous catalysis, in which, for example,

nanoparticular metal catalysts are generated in situ.2* However, this is unlikely in this
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case and it is more than likely that the reaction is more complicated than previously
thought.

The final reagent for which the reaction order can determined is the amine base
Cy2NH, which was varied between 5 and 80 mol%, at the same time as the substrate
concentrations remains as in the standard conditions (1 eg. 34 and 2 eq. 33).
Interestingly, a simple linear dependence of In(kons) over In([Cy2NH]) was not obtained
in this study (Figure 7). The rate increases with increasing [Cy.NH] at low
concentration, while a rate-independence of [Cy.NH] was found at higher
concentrations. This can be more clearly seen in the plot of kops vs. Cy2NH:31 ratio,
where 20 mol% (Cy2NH:31 = 2) of the base is optimal for the reaction. The unusual
shape of the curve again suggests that there is a more complicated reaction mechanism
than was previously proposed. Alternatively, it could mean that the pre-catalyst
activation pathway is interfering with the monitoring of the rate of reaction, through

being slow compared to the active catalysis.
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Figure 7. (a) Reaction order determination for Cy,NH under standard reaction conditions. (b) Effect of
the base to manganese ratio, where a 2:1 ratio is found to give the optimal reaction rate.

In summary, it has been determined that the reaction order in reagents 33, 34 and
Cy2NH, are all complicated, inferring the operation of a complex mechanism, perhaps

involving multiple mechanisms taking place. Critically, the pre-catalyst activation
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could be interfering in the order determination. Thus, further experimental evidence is
required for more precise elucidation of the reaction mechanism operative under

standard conditions.

2.2.3 Variation of Manganese Pre-Catalyst

In an attempt to avoid the pre-catalyst activation step, the reaction was performed using
10 as pre-catalyst (Figure 8). This study should provide additional evidence for the
validity of 10 being an intermediate in the entrance into the catalytic cycle. Despite the
low yielding cyclomanganation step starting from 31 and Cy>NH (31% as shown by
Wang and co-workers®"), 10 mol% pre-catalyst loading was employed to allow for
direct comparison to the standard conditions.

Complex 10 could be seen depleting throughout the reaction between 33 (2 eq.) and
34 (1 eq.), using 10 (10 mol%) as pre-catalyst (Figure 8). This outcome suggests it is
unlikely as an intermediate in the standard reaction, as it cannot be observed under
those conditions. Nevertheless, the amount of 10 depletes at a rate of 5.4 + 0.5 103 st
(at 100 °C), which coincides with the appearance of 71 (k = 6.1 + 0.8 103 s at 100
°C). Once more, the consumption of 71 (k = 1.1 + 0.1 103 s at 100 °C) matches the
rate of product 35 generation (k= 1.2 + 0.3 10 st at 100 °C). It becomes obvious that

10 is the pre-catalyst and 71 the catalyst resting state in this reaction.

The rate of formation of 71 is clearly slower in this reaction (k = 6.1 + 0.8 102 s? at
100 °C) than starting from 31 and Cy>NH, which is too fast for the rate to be accurately
determined. This creates a paradox if the proposed mechanism is correct, as 10 cannot
react slower than 31, if 10 is formed as an intermediate in the activation of 31. The
generation of 35 is also slightly slower using 10 (Kobs = 2.6 + 0.3 x 10* mol dm= s at
100 °C for 31 and Kops = 1.8 + 0.1 x 10 mol dm= s at 100 °C for 10), which is
unexpected for the above-mentioned reason of the inefficient cyclomanganation
reaction to form 10. The rate of product formation throughout the reaction follows a
similar trend as observed for 31, where it decays over time as the reagents are

consumed.
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Figure 8. In operando IR study of the reaction between 34 and 33 using 10 as pre-catalyst. (a) IR spectra
of the reaction in the metal carbonyl region at various timepoints. Key; blue circle = 10, red circle = 71,
grey cross = unknown Mn-carbonyl species and gold star/diamond = Mn degradation complexes.
Reaction conditions (in order of addition); n-Bu,O (10 ml), 33 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1
eq.) and 10 (0.42 mmol, 10 mol%) at 100 °C under argon atmosphere. (b) Kinetic plot of the formation
of alkene product 35 (black squares, determined by ex situ *H NMR spectroscopy), the depletion of 10
(blue circles, band at 2078 cm™?) and the formation and depletion of 71 (red circles, band at 2071 cm™),
extracted from (a). (c) Comparison between measured and simulated masses obtained from LIFDI-MS
analysis. (d) Change of rate of reaction over time using a 4-point smoothening function.

An attempt to find the identity of 71 was conducted using mass spectrometry and
LIFDI-ionisation (LIFDI-MS), which is a mild technique well suited for the
observation of transition metal complexes. In the LIFDI-MS spectrum a species

corresponding to the tetracarbonyl version of the 7-membered insertion complex (peak
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at 423.03 m/z) is observed, which is formed after C—C bond formation and
recombination with the displaced CO-ligand. The tricarbonyl derivative can also be
seen, but in a less intense peak. It is easy to envisage that 71 is the species observed in
the LIFDI-MS, due to the IR bands expected to be very similar to 10 and the tricarbonyl
derivative being an anticipated intermediate in the reaction. If the protonation is slow
and C—C bond formation is fast, it is not unlikely that the spare CO in solution can
coordinate to the manganese. The binding of CO should be more favourable than =-
coordination to an alkyne and was calculated to be 79 kJ mol™* stronger (all DFT-

calculations in this chapter was performed by Dr Jason M. Lynam).

The degradation species which was present in the reaction using 31 and Cy>NH was
formed in this reaction as well (distinct peaks at 2015 and 1993 cm™), though in
different amounts. This suggests that the active catalysis proceeds through the same
mechanism(s) independent of pre-catalyst, while the preference of a specific
mechanism or degradation pathway is affected by the reaction conditions employed.
The presence of Cy>NH and HBr-derived compounds may be the reason for this
observed difference. There is also a previously unobserved band appearing at 1821
cmtin the reaction employing 10 as pre-catalyst, likely corresponding to a degradation

species unobtainable from 31 for the reasons mentioned above.

MnBn(CO)s 19 is a well-known precursor for cyclomanganation reactions'* and is
therefore much more likely to form 10 as a reaction intermediate compared to 31. 71
is observed forming (k =5.4 + 1.6 103 s at 100 °C) as 19 is consumed (k = 6.1 + 0.4
102 s at 100 °C), in the reaction between 33 (2 eq.) and 34 (1 eq.). Once more, no
formation of any intermediate species, such as 10, is observed in the solution (Figure
9). It is of note that the rate of formation of 71 is within error for both 19 and 10 (k =
54+1.6103%stat 100 °C and 6.1 + 0.8 103 s at 100 °C respectively), with 31 being
faster (formation complete within 3 minutes). At first glance this might indicate that
the reaction proceeds via 10, but cyclomangantion using MnBn(CO)s to form 10
usually takes several hours to complete, so it would be unlikely that this step would
not affect the rate of the process. Interestingly, for the rate of depletion of 71, 19 (k =
1.5+0.2103 st at 100 °C) is in the middle between 31 (k=1.9 £ 0.2 x 103 s at 100
°C)and 10 (k = 1.1 + 0.1 10 s at 100 °C), highlighting that 31 and Cy.NH provide
a more efficient catalyst system.
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Figure 9. In operando IR study of the reaction between 34 and 33 using 19 as pre-catalyst. (a) IR spectra
of the reaction in the metal carbonyl region at various timepoints. Key; cyan circle = 19, red circle = 71,
grey diamond = unknown Mn-carbonyl species and gold star/diamond = Mn degradation complexes.
Reaction conditions (in order of addition); n-Bu,O (10 ml), 33 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1
eg.) and 19 (0.42 mmol, 10 mol%) at 100 °C under argon atmosphere. (b) Kinetic plot of the depletion
of 19 (cyan circles, band at 2109 cm™) and the formation and depletion of 71 (band at 2071 cm™) from
the different pre-catalysts (red circles = 19, green hollow circles = 31 and blue hollow circles = 10).

The catalyst degradation complexes discussed vide supra are once again generated in
this reaction, together with the unknown species at 1821 cm™. This further supports a
similarity in mechanism to that of using 10 as pre-catalyst. However, the ratio between
the different species is different and the observed similarity is much more likely to
arise from the lack of Cyo,NH and “HBr” in solution than pre-catalyst activation

proceeding via a common pathway.

One further pre-catalyst was tested in the reaction, Mn2(CQO)1o 40 is widely used as
pre-catalyst in Mn(l)-catalysed C—H bond functionalisation®® and also for the
alkenylation reaction yielding 58% of 35.3* Only 22% conversion was observed in the
reaction between 33 (2 eq.) and 34 (1 eq.) using 40 (10 mol%) as pre-catalyst and
Cy2NH (20 mol%) as additive, suggesting a more water sensitive reaction than
observed with the other pre-catalysts. No new manganese carbonyl containing species
could be observed in the IR spectra and the product formation show a linear zero-order

curve. This is unexpected and indicates that the reaction mechanism is different for
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this complex than the others, possibly involving manganese-radicals. However, this

warrants further investigation for any conclusions to be drawn.

2.3 Investigation of Pre-Catalyst Activation Pathway

2.3.1 Selective Monitoring of Pre-Catalyst Activation

Either the generation of 71 from 31, or the subsequent formation of the organic product
35, is higher in energy, demanding the high reaction temperatures employed in the
reaction. Even though 71 is observed as a reaction intermediate, one must take into
account the many turnovers a catalyst must make in the reaction. The temperature was
lowered to investigate if 71 could be selectively synthesised and potentially isolated.
The initial temperature was set to 40 °C and was thereafter increased by increments of
10 °C. At 40 °C no formation of 71 could be observed, while a slow generation
occurred at 50 °C and a relatively quick transformation occurred at 60 °C. 71 remained
in solution for a significant duration of time at 60 °C without noticeable degradation
taking place, leading to future investigations being performed at 60 °C. It should be
noted that efforts to isolate 71 from the reaction solution proved challenging and no

successful attempts were made.

The reaction between 33 (2 eq.) and 34 (1 eq.) using 31 as precursor (10 mol%) with
Cy2NH (20 mol%), starting at 60 °C under an argon atmosphere (Figure 10), showed
the aforementioned 71 forming and remaining in solution. Through crude *H NMR
spectroscopy a similar compound to the organic product 35 could be seen at 8%
conversion, containing an alkene proton (7.04 ppm) close to the position of 35 (7.07
ppm). The rate of formation of 71 (k = 3.6 + 0.8 x 10 s at 60 °C) matches the
depletion of 31 (k = 3.4 £ 0.7 x 103 s at 60 °C) and no transient intermediates could
be observed. The lack of observation of 10 in solution further invalidates 10 being a
reaction intermediate, in particularly as the rate of formation and depletion of 10
cannot be quicker at 60 °C than 100 °C which would be necessary if it is an
unobservable intermediate. There are degradation complexes formed in the solution as

well, which grows in as the reaction progresses.
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Figure 10. In operando IR study of the reaction between 34 and 33 under standard reaction conditions
at 60 °C. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints. Key; green
circle = 31, red circle = 71, grey cross = unknown Mn-carbonyl species and gold star/diamond = Mn
degradation complexes. Reaction conditions (in order of addition); n-Bu,O (10 ml), 33 (8.32 mmol, 2
eq.), 34 (4.16 mmol, 1 eq.), Cy>NH (0.83 mmol, 20 mol%) and 31 (0.42 mmol, 10 mol%) at 60 °C under
argon atmosphere. Propionic acid (1.25 mmol, 0.3 eq.) was added after 30 minutes. (b) Kinetic plot of
the formation of the depletion of 31 (green circles, band at 2054 cm™) and the formation and depletion
of 71 (red circles, band at 2071 cm?), extracted from (a).

If 71 is the tetracarbonyl derivative of 7-membered insertion complex 64, then it is
likely to be sensitive to acid additives. The addition of propionic acid (3 eg. with
respect to Mn) led to rapid decomposition of 71 and formation of 35 at 5% conversion,
further supporting the assignment of 71 being the tetracarbonyl insertion complex post
C—C bond formation. The 8% conversion to the insertion complex is much cleaner
than the cyclomanganation methodology with Cy>NH as previously shown by Wang
and co-workers,3* providing a rational for the efficient catalysis taking place under the

standard reaction conditions.

Reagents were removed from the reaction in order to further probe the precise
mechanism of pre-catalyst activation. Firstly, the reaction was performed without
Cy2NH, using 33 (2 eq.), 34 (1 eq.) and 31 (10 mol%) at 60 °C (Figure 11). As
expected, no formation of 71 took place while 31 was seen slowly degrading, leading
to the addition of Cy>NH (20 mol%) after 25 minutes. No kinetic information could

be obtained for this slow degradation due to the addition of the amine base before the
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degradation of 31 was complete. The base additive did allow for the generation of 71,
which formed at the same rate as previously seen under the standard conditions at 60
°C(k=4.2+0.7x10%stat 60 °C and k =3.6 + 0.8 x 102 s at 60 °C respectively).
This experiment highlights the proposed necessity of the base additive in the pre-

catalyst activation step.
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Figure 11. In operando IR study of the reaction between 34 and 33 using 31 as Mn-precursor and no
base additive at 60 °C. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints.
Key; green circle = 31, red circle = 71, grey cross = unknown Mn-carbonyl species and gold
star/diamond = Mn degradation complexes. Reaction conditions (in order of addition); n-Bu2O (10 ml),
33 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 eq.) and 31 (0.42 mmol, 10 mol%) at 60 °C under argon
atmosphere. Cy2NH (0.83 mmol, 20 mol%) was added after 25 minutes. (b) Kinetic plot of the formation
of the depletion of 31 (green circles, band at 2054 cm™) and the formation and depletion of 71 (red
circles, band at 2071 cm?), extracted from (a).

Next the alkyne 34 was removed from the solution (Figure 12) to force the reaction to
proceed through the formation of 10, in addition to rationalise the reportedly low
efficiency of this step.3* Apart from the manganacycle, a degradation complex (bands
at 2025 and 1918 (br) cm™) is formed, which grows over time in a much slower fashion
than 10, indicating it is formed post cyclomanganation or in a separate process
altogether. In a separate experiment it was found that this species is generated from
simply heating of 10 in n-Bu.O.
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Figure 12. In operando IR study of the reaction without 34, using 31 as Mn-precursor at 60 °C. (a) IR
spectra of the reaction in the metal carbonyl region at various timepoints. Key; green circle = 31, blue
circle = 10, red circle = 71 and grey triangle = unknown Mn-carbonyl species. Reaction conditions (in
order of addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), Cy-NH (0.83 mmol, 20 mol%) and 31 (0.42
mmol, 10 mol%) at 60 °C under argon atmosphere. 34 (4.16 mmol, 1 eq.) was added after 10 hours. (b)
Kinetic plot of the formation of the depletion of 31 (green circles, band at 2054 cm™), the formation of
the depletion of 10 (blue circles, band at 2078 cm™') and the formation and depletion of 71 (red circles,
band at 2071 cm™?), extracted from (a).

The rate of cyclomanganation (k = 3.2 + 0.8 x 102 s at 60 °C) is roughly the same as
the rate of formation of 71 with 34 present (k = 3.6 + 0.8 x 103 s at 60 °C). The rate
of C—-C bond formation from 10 has already been established to be slow (k = 1.8 + 0.4
x 10 st at 100 °C) relative to the cyclomanganation, but 34 (1 eq.) was still added to
this reaction from which the rate could be determined at 60 °C. At this temperature the
rate of 71 formation was found to be k = 1.25 + 0.06 x 10 s (at 60 °C), meaning that
10 would be observed under the standard reaction if it is an intermediate in the pre-
catalyst activation. However, it does not elucidate whether the manganese initially
reacts with 34 or 33.

The reaction was thereafter performed in the absence of 33 at 60 °C (Figure 13), where
neither 71 nor 10 can be formed. 31 was found to still be consumed at a fast rate (k =
5.4 + 0.3 x 103 s at 60 °C), which is twice that of reaction with 33 instead of the
alkyne (k= 2.9 + 0.4 x 102 s at 60 °C). This shows that even though the pyridyl 33

is expected to be a better ligand, the alkyne 34 is seemingly reacting faster with the
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manganese, also despite 33 being in excess (2:1). The degradation complexes observed
in the reaction are those found under the standard reaction conditions at 60 °C, and
Kinetic traces shows that they are formed directly from 31 with no observable transient
intermediates.
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Figure 13. In operando IR study of the reaction without 33, using 31 as Mn-precursor at 60 °C. (a) IR
spectra of the reaction in the metal carbonyl region at various timepoints. Key; green circle = 31, grey
cross = unknown Mn-carbonyl species and gold star/diamond = Mn degradation complexes. Reaction
conditions (in order of addition); n-Bu2O (10 ml), 34 (4.16 mmol, 1 eq.), Cy2NH (0.83 mmol, 20 mol%)
and 31 (0.42 mmol, 10 mol%) at 60 °C under argon atmosphere. (b) Kinetic plot of the formation of the
depletion of 31 (green circles, band at 2054 cm™) and the formation of two new manganese species
(grey crosses, band at 2044 cm™ and gold stars, band at 2022 cm'?), extracted from (a).

The reaction was performed without both substrates to probe the interaction between
the base and manganese, coupled with an attempt to detect further reaction
intermediates (Figure 14). In this reaction using 31 and Cy>NH under catalytic
conditions at 60 °C, it was found that 31 is consumed much slower (k=4.9 + 0.2 x 10°
4s1at 60 °C) than in previous reactions (k= 5.4 + 0.3 x 102 s at 60 °C with 34 added
and k =2.9 £ 0.4 x 10 s at 60 °C with 33 added). This shows that a substrate (34 or
33) in combination with Cy>NH is required for rapid reaction with 31, as removing the

substrates or the base significantly slows down the pre-catalyst consumption.

When the spectra obtained from the various reactions is compared (Figure 14), the
reaction without the alkyne 34 is distinctly different in the degradation complexes

formed. Only the reaction without 33 allows for the formation of the same species as
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observed in the standard reaction at 60 °C, supporting the activation pathway
proceeding through initial reaction with the alkyne.
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Figure 14. In operando IR study of the reaction without 34 and 33 using 31 as Mn-precursor at 60 °C.

(a) IR spectra of the reaction in the metal carbonyl region at various timepoints. Key; green circle = 31

and grey triangle = unknown Mn-carbonyl species. Reaction conditions (in order of addition); n-Bu,O

(210 ml), Cy2NH (0.83 mmol, 20 mol%) and 31 (0.42 mmol, 10 mol%) at 60 °C under argon atmosphere.

(b) Comparison of the IR spectra taken at 15 minutes under various reaction conditions.

In addition, the manganese is clearly not able to activate either of the C—H bonds
without additives. This likely arise due to limitations of the 6-CAM mechanism, where
the bromide is a poor proton acceptor. The energy of the H-Br o-complex is, for
example, predicted (by DFT-calculations) to be 163 kJ mol?! higher than the
corresponding H-Bn complex, leading to an unfavourable reaction. In the reaction
conducted without exogenous base CO is released from 31 allowing for the
coordination of a substrate which cannot react further, except for in degradation
pathways. The lack of observation of [MnBr(substrate)(CO)a] intermediates, joint with
the slow manganese degradation suggest that the substrate binding is reversible with
an opportunity to degrade. Cy>NH should also be able to reversibly coordinate to form
a [MnBr(Cy2NH)(CO)4] species in the same manner as for 33 and 34.

Pentacarbonyl Mn-alkynyl complex 60 was synthesised to probe the activation
pathway proceeding through initial reaction with the alkyne. Therefore, the reaction
between 33 (2 eq.) and 34 (1 eqg.) was performed using 60 (10 mol%) as precursor
(Figure 15), with no base required due to the initial C—H activation already taken
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place. 60 was found to be remarkably stable as 71 is formed slowly over the course of
3hours (k=2.3+1.3x10*s? at 60 °C compared to k = 3.6 + 0.8 x 102 s at 60 °C
starting from 31). The slow reaction rate must arise from the high stability of the pre-
catalyst, as the degradation processes are also slow. Therefore, the initial CO-loss is
likely rate determining and no useful kinetic information can be obtained from this
experiment. Due to the small amount of 71 in solution, acetic acid was added to

confirm the presence of the complex.
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Figure 15. In operando IR study of the reaction between 34 and 33 using 60 as Mn-precursor at 60 °C.
(a) IR spectra of the reaction in the metal carbonyl region at various timepoints. Key; dark grey circle
=60, red circle = 71 and gold star/diamond = Mn degradation complexes. Reaction conditions (in order
of addition); n-Bu,O (10 ml), 33 (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 eqg.) and 60 (0.42 mmol, 10
mol%) at 60 °C under argon atmosphere. Acetic acid (4.16 mmol, 1 eq.) was added after 4.5 hours. (b)
Kinetic plot of the depletion of 60 (dark grey circles, band at 2138 cm™) and the formation and depletion
of 71 (red circles, band at 2071 cm?), extracted from (a).

The thermal degradation of the pre-catalyst 31 in n-Bu.O at 100 °C was also
investigated (Figure 16). The reaction revealed an interesting observation, where a
clean spectrum of Mn2(CQO)10 40 was obtained within an hour of heating. 31 quickly
reacted to form two new species within 4 minutes, one is an unknown tricarbonyl
complex at 2028 and 1940 cm™*. The other complex is a tetracarbonyl species at 2101,
2046, 2015 and 1981 cm, which correlate well to the literature values for the dimer
[Mn(uz-Br)(CO)4]2 74 (2099, 2042, 2011, 1975 cm™).%” This dimeric manganese
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complex is synthesised through the simple heating of 31 in hydrocarbon solvent, which
supports the structural assignment of 74.
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Figure 16. In operando IR study of the heating 31 in n-Bu;O at 60 °C. (a) IR spectra of the reaction in
the metal carbonyl region at various timepoints. Key; green circle = 31, orange circle = 74 and purple
circle = 40. Reaction conditions (in order of addition); n-Bu,O (10 ml) and 31 (0.42 mmol, 1 eq.) at 60
°C under argon atmosphere. (b) Kinetic plot of the depletion of 31 (green circles, band at 2154 cm™),
the formation and depletion of 74 (orange circles, band at 2102 cm) and the formation of 40 (purple
circles, band at 2013 cm?), extracted from (a).

Species 74 can thereafter react further in the ultimate formation of Mn2(CO)10 40. Due
to the substantial spectral overlap between 74 and 40 no kinetic information of 40
formation can be obtained. The observed formation of the manganese-dimer shows the
reason for why 40 is formed under these conditions. The consumption of 74
presumably leads to the degradation of a significant portion of the manganese, possibly
through the formation of MnBrz or MnOa. There is a requirement of surplus CO, which
is why a plausible version of the reaction can be described as; 2[MnBr(CQO)s]. —
2MnBr2 + Mnz(CO)10 + 6CO. Further studies are required to determine the exact

mechanism of this process.

2.3.2 Deuterium-Labelling Experiments

To supplement the investigation, vide supra, deuterium-labelling studies were
conducted under the reaction conditions at 60 °C. If the pre-catalyst activation
proceeds via initial cyclomangnation of 33, then there should be no kinetic isotope
effect (KIE) nor deuterium-erosion in 35 (after addition of acid) if 34-D is used in the
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reaction. However, the opposite is true if the reaction proceeds through reaction with
the alkyne first. The reversed trend to 34-D is expected when 33-Ds is used.

Initially, the reaction using 33 (2 eq.), 31 (10 mol%) and Cy>NH (20 mol%) was treated
with 34-D (1 eq., 96% D) in n-Bu20 at 60 °C under an argon atmosphere (Figure 17).
As expected, 71 is seen forming in the IR spectra, concomitantly with the anticipated
manganese complexes formed by degradation. The rate of formation was found to be
identical with the reaction using 34-H, which infers a KIE of 1. At first glance this is
in support of the previously proposed mechanism, where the alkyne C—H bond is not
broken until the protonation step of the catalytic cycle. Even though that is true, a KIE
for the Mn-alkynyl pathway might not be expected either. The KIE arises from the
H/D-effects on the rate determining step of the reaction, which for an Mn-alkynyl
pathway is likely taking place after the initial activation of the alkyne C—H bond
(following initial alkyne-manganese coordination). Therefore, a distinct differentiation
between the two different activation pathways cannot be determined based on the KIE

obtained.

After the completion of the reaction and addition of AcOH (1 eq.), the organic product
35 was isolated by flash column chromatography to determine the amount of
deuterium-incorporation into the two alkene positions. It can be seen that there is 76%
deuterium at the C1 position, where either 0 or 100% was expected (0% for initial
reaction with 34, and 100% with 33). The alkyne-exchange in the m-coordinated
complex Mn(ppy)(34)(CO)s 63 (which is formed as an intermediate regardless of
activation pathway) can explain the unexpected D-incorporation. If exchange is rapid,
a substantial amount of deuterium in the product is expected. A small amount of
deuterium (8%) can be observed in the C2-position and ?H NMR spectroscopy was

additionally recorded to confirm the observed deuterium-incorporation.
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Figure 17. In operando IR study of the reaction between 34-D and 33 under standard reaction conditions
at 60 °C. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints. Key; green
circle = 31, red circle = 71, grey cross = unknown Mn-carbonyl species, black circle = unknown Mn-
carbonyl species and gold star/diamond = Mn degradation complexes. Reaction conditions (in order of
addition); n-Bu2O (10 ml), 33 (8.32 mmol, 2 eq.), 34-D (4.16 mmol, 1 eq.), Cy.NH (0.83 mmol, 20
mol%) and 31 (0.42 mmol, 10 mol%) at 60 °C under argon atmosphere. Acetic acid (4.16 mmol, 1 eq.)
was added after 30 minutes. (b) Kinetic plot of the formation of the depletion of 31 (green circles, band
at 2054 cm™) and the formation and depletion of 71 from both 34-D (red circles, band at 2071 cm™Y),
extracted from (a), and 34 (hollow red circles).

When the reaction using 34 (1 eq.), 31 (10 mol%) and Cy2NH (20 mol%) in n-Bu.O
at 60 °C under an argon atmosphere was treated with 33-Ds (2 eq., >99% D), 71 was
found to form in smaller amounts than previously observed (Figure 18). A KIE of 1.29
+ 0.16 was obtained, possibly indicating a secondary KIE in this system where the C—
H bond is not broken in the rate determining step yet still has an impact. However, it
could also suggest a very small primary KIE, as values around 1.3 has previously been
used to rationalise both primary and secondary KIEs.%® % The CO-loss from 63 is
likely either the rate determining (which might be affected by the H/D-exchange
leading to a secondary effect) or a competitive step (lowering the value of the primary
KIE) in the Mn-alkynyl pathway. Further mechanistic evidence is required to
determine if the effect is primary or secondary. Nevertheless, this supports of an
activation pathway which proceeds via initial reaction with the alkyne, as it is likely

that the cyclomanganation of 33 would have a much larger primary KIE.
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Following the addition of acetic acid and isolation of 35, no deuterium incorporation
was observed at the C2-position. The 37% incorporation observed could on the other
hand be seen at the C1-position, again differing from the predicted 0 or 100% (0% for
initial reaction with 33, and 100% with 34). The exchange of alkyne-ligand on 63 could
again explain this observation. The differential between predicted and measure D-
incorporation in the two experiments are similar (76 and 63%), consistent with a
mechanism that is affected by alkyne exchange from the surrounding solution. It could
also be possible that the lower than expected deuterium incorporation could arise from
a D/H-exchange taking place before the alkyne reacting with the manganese. Taken
together, the deuterium-labelling experiments are still in support of the mechanism

with initial reaction with the alkyne to proceed via a Mn-alkynyl complex.
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Figure 18. In operando IR study of the reaction between 34 and 33-Ds under standard reaction
conditions at 60 °C. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints.
Key; green circle = 31, red circle = 71, grey cross = unknown Mn-carbonyl species and gold
star/diamond = Mn degradation complexes. Reaction conditions (in order of addition); n-Bu2O (10 ml),
33-Ds (8.32 mmol, 2 eq.), 34 (4.16 mmol, 1 eq.), Cy>NH (0.83 mmol, 20 mol%) and 31 (0.42 mmol, 10
mol%) at 60 °C under argon atmosphere. Acetic acid (4.16 mmol, 1 eq.) was added after 30 minutes.
(b) Kinetic plot of the formation of the depletion of 31 (green circles, band at 2054 cm™) and the
formation and depletion of 71 from both 33-Ds (red circles, band at 2071 cm™), extracted from (a), and
33 (hollow red circles).
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2.4 Investigation of Protonation Pathways

2.4.1 Examination through Stoichiometric Reactions

Following the pre-catalyst activation investigation, the focus shifted towards the
catalytic cycle itself. The reaction step involving the depletion of the rate determining
state is a suitable starting point for the investigation into the mechanism of catalysis.
The protonation pathway has therefore been studied, and the identity of the proton
source requires identification and verification. A relatively straight-forward way to test
the viability of various substrates as the proton source, was to perform stoichiometric
(with respect to Mn) reactions and thereby limiting the manganese to less than one
turnover. Variations in reagent amounts should affect product generation and thereby
the ability of a substrate to perform the protonation can be elucidated. The reactions
were also run using 10 as the Mn-precursor to avoid implications of pre-catalyst

activation and the compulsory addition of 33.

Initially, the reaction between 10 (1 eq.) and 34 (1 eq.) was performed in n-Bu20O at
100 °C under an argon atmosphere, where the conversion was determined by ex situ
'H NMR spectroscopic analysis of the crude reaction mixture after 30 minutes (Figure
19). If the alkyne is responsible for the protonation, then 50% conversion to 35 would
be the maximum for this reaction. However, only 7% of 35 was observed, while full
consumption of 10 has occurred and the remaining 2-phenylpyridine was found in two
unknown compounds and free 33. First is the doubly-alkenylated 2-phenylpyridine 76,
which was isolated by flash column chromatography (in a separate experiment) and is
the result from the manganese enabling a further turnover. Compound 76 was formed

with 5% conversion in this reaction.

The second unknown compound exhibited four highly distinct peaks in the *H NMR
spectra (6.57, 5.70, 4.16 and 3.23 ppm), which are even more shielded than the
observed alkene proton (6.88 ppm). Distinct IR CO-stretching bands were also
observed by analysis of the crude reaction mixture (1983 and 1896 cm™), suggesting
the presence of a “Mn(CO)3” moiety. This compound (75) was isolated as a brown
solid through crystallisation from CH,Cl./pentane, where both the *H NMR and IR
stretching bands were retained. After obtaining supporting characterisation data (*3C
NMR spectroscopy, ESI-mass spectrometry and melting point), 75 was assigned as

being the reductive elimination complex formed from the tricarbonyl insertion
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complex 77. A manganese-tricarbonyl anion is still coordinated to the pyridinium
cation generated from the reductive elimination, rationalising the large shielding of the
pyridinium protons in the *H NMR spectrum.

Next, the equivalents of 34 was increased to assess the viability of the terminal alkyne
as a proton source to be probed. Performing the reaction using two equivalents of the
alkyne allowed for a slight increase in the generation of 35 to 12% conversion, while
the amount of 76 significantly increased to 25%. The amount of the reductive
elimination product 75 did decrease to 64%, arising from the protonation taking place
more readily. When the equivalents were increased to four, the observed trend
continued where 35 (17%) and 76 (51%) both boasted higher conversions. The
conversion to 75 thus significantly decreased to 32%, leading to 76 being the major

product of the reaction.

X
_N
\
Mn(CO),

=—Ph 34 (1eq.)

n-Bu,O, 100 °C, Ar, 30 min

10 (1 eq.) 76

34 (equiv.)
1 2 4

Figure 19. The effect of increasing amount of 34 in the stoichiometric reaction between 10 and 34.
Reaction conditions; 10 (0.025 mmol, 1 eq.), 34 (0.025-0.100 mmol, 1-4 eq.) and n-BuO (0.6 ml) at
100 °C under argon atmosphere for 30 minutes.

The trend emerging is one where the alkyne can perform the proton transfer to form

the desired organic product 35. However, the formation of 17% 35 using four
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equivalents of alkyne is inadequate for 34 to solely be responsible for the protonation.
The large amount of double-alkene product 76 formed under these conditions further
supports the analysis, as none can be seen under catalytic conditions. There must be
something in the solution which hinders the reaction from forming 76. Species 33
could be responsible and can accelerate product liberation through competitive binding
to the manganese. The reductive elimination complex 75 only appears to be formed
when there is a small amount of accessible proton source in solution, making the

reductive elimination pathway competitive.

To study the viability of 2-phenylpyridine 33 as a proton source, the reaction was
performed using 10 (1 eq.), 34 (1 eq.) and 33 (1.15 eq., determined by *H NMR
spectroscopy) in n-Bu2O at 100 °C under an argon atmosphere (Figure 20). The
generation of 35 significantly increased to 59% conversion in this reaction, signalling
a large impact of 33 on the efficiency of the protonation step. 53% of 75 was generated
and the total conversion was over 100% due to the limitation of the experiment set by
the one equivalent of 34 used. No doubly-alkenylated compound 76 could be seen,

partially explaining the large increase in 35 formation.

It is unclear if the positive effect of 33 on the reaction arises from the protonation event
itself or from the product liberation step. To deconvolute this, pyridine (1 eq.) replaced
33 as an additive, achieving 22% of 35 and 68% of 75. Again, no formation of 76 was
observed, leading to the conclusion that the 2-phenylpyridine has a large impact on
both steps within the mechanism. The large increase in 35 formation is mostly due to
its proton transfer capability, while the lack of 76 generation must arise from the

product liberation ability.

The final proton source to be tested was H-O, due to its presence in the wet reaction
solvent and relatively acidic protons compared to 34 and 33. Running the reaction
between 10 (1 eq.) and 34 (1 eqg.) with additional H2O (10 eq.) added leads to a large
increase in 35 formation (42%). 76 is still formed (9%) in the reaction, while the
reductive elimination product 75 is only generated in 44% conversion. This result
confirms that water is capable of performing the protonation in the reaction, while

finding the competitive coordination in the product liberation step difficult.
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X
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n-Bu,0, 100 °C, Ar, 30 min

10 (1 eq.) 75

34 (1 eq.) / additive (eq.)
33(1.15) | HyO(10) | pyridine (1)

Figure 20. The effect of external additives in the stoichiometric reaction between 10 and 34. Reaction
conditions; 10 (0.025 mmol, 1 eq.), 34 (0.025 mmol, 1 eq.), n-Bu20 (0.6 ml) and H20 (0.25 mmol, 10
eq.) or 33 (0.029 mmol, 1.15 eq.) or pyridine (0.025 mmol, 1 eq.) at 100 °C under argon for 30 minutes.

2.4.2 Deuterium-Labelling Studies

To confirm the ability of the three reagents (34, 33 and H20) to act as acids in the
reaction, deuterium-labelling experiments were conducted. Employing deuterated
additives allows for the monitoring of the deuterium incorporation into the relevant
alkene position, and thereby providing supportive evidence for the different

protonation pathways.

Initially, the reaction between 10 (1 eq.) and 34-D (4 eq., 96% D) was performed in n-
Bu20 at 100 °C (Scheme 16). The organic products formed post-protonation (35 and
76) were isolated by flash column chromatography and characterised with *H and 2H
NMR spectroscopy. The generation of 35 mirrored the result seen using 34 (17 and
21% respectively), while formation of 76 was lowered to 29% (51% using 34) and 75
increased to 50% conversion (32% using 34). This shift in observed conversion might
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arise from the deuterated analogue finding the protonation step more difficult than the
protio-derivative. This infers that 75 becomes favoured as the reductive elimination is
more competitive in this reaction. Comparing the rates of protonation and reductive

elimination can allow for the confirmation of this hypothesis.

N
LN
=N D—==—Ph 34-D (4 eq.)
Mn(CO
(CO)k 84,0, 100 °C. Ar, 30 min  H Ph
Do.60
10 (1 eq.) 35 21% 75 50% 76 29%

Scheme 16. Stoichiometric reaction between 10 and 34-D and observation of the deuterium-
incorporation into the organic products.

The deuterium-incorporation into 35 and 76 was monitored and a mixture of deuterated
alkene-positions were observed. In 35 60% D was found in the C2-position, supporting
the capability of 34 to perform protonation in the reaction. Unexpectedly, there was
65% D observed at the C1-position, which indicated a reversibility of the protonation
step. This reversibility allows for the subsequent C—H bond activation to take place on
both the alkene (reversed protonation) and on the arene (towards double alkenylation),
leading to H/D exchange to take place. A similar deuterium distribution was observed
in 76 (67% D in C1 and 54% D C2), arising for the reasons stated above.

Utilising 33-Ds (1 eq.) in the reaction between 10 (1 eqg.) and 34 (1 eq.), afforded a
similar amount of 76 (60%, 53% using 33) and 75 (2%, 0% using 33). The amount of
the desired alkene product 35 was however significantly lowered to 29% (59% using
33). This reduction is likely the result of a KIE, which makes protonation more
challenging for the substrate.
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Figure 21. Stoichiometric reaction between 10, 34 and 33-Ds and determination of the deuterium-
incorporation into the organic products by ESI-MS.

The monitoring of D-incorporation becomes challenging due to the large amount of
aromatic C-D bonds in the product. Therefore ESI-MS was utilised to perform this
task, where a plot of the relative abundance (%) of the possible isomers can be obtained
from the peak intensities. In this plot the most abundant configuration contains no
deuterium atoms (m/z 257.1204, 48% abundance, 14% conversion), whereas the
desired product with one deuterium is present in 17% abundance (5% conversion). The
products containing four (m/z 261.1456) and five (m/z 262.1518) deuterium atoms
exhibit a similar trend (17 and 12% abundance, 5 and 3% conversion, respectively),
where the extra deuterium originate from 33-Ds being incorporated into the reaction.
The deuterium-labelling observed is supportive of the ability of 33 to perform the
protonation step in the reaction, while the competition by 34 and H20 most likely is

responsible for the reduced incorporation observed.

The final additive to be tested was H20O, whereas D>O (10 eq.) was added to the
reaction between 10 (1 eq.) and 34 (1 eq.) at 100 °C (Scheme 17). This reaction showed
large similarities to the protio-version, for the generation of 35 (52%, 42% using H20),
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76 (8%, 9% using H20) and 75 (40%, 44% using H20). The deuterium-labelling
resulted as expected in no incorporation into the C1-position and a large amount in the
C2-position (83%). This is in strong support of water being involved in the protonation

step within the catalysis.

0)

B =Ph 34 (1 3 [
eq N

N D,0 (10eq) 4

Mn(CO
(€O 78,0, 100 °C, Ar, 30 min N Ph A XPh
Do 83

10 (1 eq.) 35 52% 75 40% 76 8%

Scheme 17. Stoichiometric reaction between 10, 34 and H,O and determination of the deuterium-
incorporation into the organic products.

2.4.3 Computational Studies

The involvement of three different proton sources in the reaction, automatically creates
three different catalytic cycles. It is highly unlikely that these cycles converge before
the common alkyne-coordinated Mn(k2-ppy)(34)(CO)s is formed. It is difficult to
experimentally determine the full catalytic cycles due to the lack of observable
intermediates and direct kinetic information. The mechanism of the catalytic cycles
involving 34, 33 and H>O were instead investigated using DFT-calculations. The
computational approach may allow for the exclusion of certain reaction pathways
(with experimental support) while providing supporting evidence for others, even
though caution should be taken with the application of gas-phase calculations to
solution-phase reactions. The validity of the computational model used is discussed in
Chapter 3.3.1.

The catalytic cycle resulting from protonation by the terminal alkyne was investigated
using 10 as a reference point (Scheme 18). The C—C bond is initially formed through
the predicted pathway reported by Wang,* where initial alkyne-coordination is
followed by insertion into the C—Mn bond. After the formation of the 7-membered
insertion complex, the tetracarbonyl version 71 is significantly lower in energy than
tricarbonyl 77 (AG = -51 and -16 kJ mol respectively) This shows why 71 is observed
as the catalyst resting state. Nevertheless, 77 arises from the calculations as being the
divergence point, where the catalyst can proceed through either protonation, reductive

elimination or double insertion, i.e. where the fate of the products formed is decided.
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Using 34 as the substrate leads to a high energy transition state TS77-75 (AG = +106 kJ
mol™?) and product 75 (AG =+67 kJ mol™?) for the reductive elimination pathway. This
is significantly larger than the highest energy transition state TS79-65s (AG = +80 kJ
mol™?) in the protonation pathway by the terminal alkyne, highlighting why forcing
stoichiometric reaction conditions are required for 75 to be generated.

The protonation pathway for 34 (from 77) starts with formation of the alkyne-bound
complex 78 (AG = +46 kJ mol™?), before rearrangement to bind as a c-complex to the
terminal C—H bond in complex 79 (AG = +69 kJ mol™) occurs. This place the proton
in position to be transferred across the C—Mn bond through transition state T S7e-65 (AG
= +80 kJ mol™?). The energy suggested by theory explains the high temperatures
required for the protonation to proceed experimentally. The proton-transfer finally
generate Mn-alkynyl species 65, with product 35 still k2-bound to the manganese. 65
is lower in energy (AG = -49 kJ mol ™) by 33 kJ mol than 77, suggesting protonation
could be irreversible. However, the similar energy of TS77-75 to the required input
energy needed to reverse the protonation (AG = 122 and 129 kJ mol™ respectively)
shows that proton transfer can be reversed in the reaction.

The protonation step by 33 is initiated by the N-coordination of the 2-phenylpyridine
to form complex 80 (AG = +18 kJ mol™?). Thereafter the rearrangement to form a -
complex to an ortho C—H bond in 81 (AG =+51 kJ mol™) occurs, before the subsequent
proton transfer event takes place via transition state TSei-82 (AG = +84 kJ mol ™). After
protonation the alkene product 35 is still bound as a o-complex in 82 (AG = -19 kJ
mol™), which is replaced by a low energy n-complex 83 (AG = -16 kJ mol™). The final
complex to be formed in these calculations is the N-bound complex (AG = -54 kJ mol
1y and as expected is the thermodynamically most favourable configuration. The
relatively high energy of 82 suggests that this process is reversible as the activation

barrier for reverse proton transfer is 3 kJ mol™ lower in energy.
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Scheme 18. DFT-calculated protonation pathways for 34, 33 and H,O. Calculations were performed at
the (R1-)BP86/SV(P) level. Energies are zero-point energy-corrected energies (top) and Gibbs energies
at 298 K (bottom) in kJ mol*. (a) C-C bond formation step from 10 and 34, followed by all three
possible protonation pathways and structures relating to 34. A comparison to the reductive elimination
pathway for 34 is also included. (b) Structures relating to the protonation pathway mediated by 33. (c)
Structures relating to the protonation pathway mediated by H2O.

H-0 is also found to be an efficient ligand in initial binding to the manganese to form
O-bound complex 84 (AG =+28 kJ mol ™). No rearrangement is required for the proton
transfer, thus the process proceeds through high energy transition state TSs4-85 (AG =
+112 kJ mol?) to form hydroxyl-complex 85 (AG = -8 kJ mol™). The high energy
transition state is problematic for this pathway to be competitive, but it is still possible
that it occurs when enough water is present in solution. The process should also be

reversible as the reverse proton transfer is 8 kJ mol™ lower in energy.

2.5 Reaction with Internal Alkyne

The ability of 33 and H2O to perform the protonation in the reaction raises questions
about why the internal alkynes are not productive in the formation of the alkene
product 89. Whether the lack of reactivity arises from inability to take part in the proton

transfer step (accepting the proton from 33 or H20), inhibition of the manganese
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catalyst or inability for the pre-catalyst activation step to proceed, will have a large
impact on the understanding of the catalytic system. Therefore, studies into this

“unreactive” system were conducted.

The reaction between 33 (2 eq.) and diphenylacetylene 21 (1 eq.) was performed under
the standard reaction conditions using 31 (10 mol%) as pre-catalyst (Figure 22).
Species 31 was again rapidly consumed in the reaction (< 3 min) and replaced by a
few new species, of which one is a transient unknown tricarbonyl manganese complex
(band at 1991, 1907 and 1897 cm™). 10 can, as expected, be observed in the reaction
(distinct peak at 2078 cm™) next to a species which resembles 71. This species was
tentatively assigned as tetracarbonyl insertion complex 91, formed post C—C bond
formation with 21 (distinct band at 2069 cm™). These two manganese complexes
exhibit similar reaction rates, in the rapid formation and subsequent depletion on 10—
20 minute timescale, from which a new tricarbonyl complex 86 is generated. There
was still a minor species remaining after the reaction was seemingly complete but has

transformed into 86 after several hours, rendering only 86 present in the IR spectrum.

M (CO)
n
AN 3
| \ Ph MnBr(CO)s 31 (10 mol%) || NCh.
SN Cy,NH (20 mol%) Z |
Ph  n-Bu,O, 100 °C, Ar Ph
33(2eq.) 21(1eq.) 86
(a) o oo (b)

.U
w N g
o O oo
L ]
o >0
[ 1]
N
(=}
{3. {01
35 =>
o o
> ®
[ ]
'.
o
Ooo
%}
~ >

T
4]

< - 'Y =
< <
E 50 1 : ® Opo E o0 £
g - 10 min 3 o ® 3%
S 25 ° e 804- 3
5 (o] ~— o 0, c
2 0- e ° 3 s ¢ S
8 40+ % ® 9o = o " 2 €
2 ° 5min @ ® . e
<20 ee 2024 o . e
0 ° —— < o ... .. 1 <
- . e ®
e L ® LY 00 o Og0
201 # ne # , © e
10-Mm 0.0+, ’ .o""l"‘-.. Lo
O T T T T 1 T T T T T
2100 2050 2000 1950 1900 1850 0 10 ] 20 . 30 40
Wavenumber / cm™1 Time / min

Figure 22. In operando IR study of the reaction between 33 and 21 using 31 as pre-catalyst with Cy,NH
as additive. (a) IR spectra of the reaction in the metal carbonyl region at various timepoints. Key; blue
circle = 10, green circle = 31, red circle = 91, hollow black circles = 86 and grey cross/hash = unknown
Mn-carbonyl species. Reaction conditions (in order of addition); n-Bu.O (10 ml), 33 (8.32 mmol, 2 eq.),
21 (4.16 mmol, 1 eq.), Cy2NH (0.83 mmol, 20 mol%) and 31 (0.42 mmol, 10 mol%) at 100 °C under
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argon atmosphere. (b) Kinetic plot of the formation of reductive elimination product 86 (hollow black
circles, band at 1897 cm) and the formation and depletion of 10 (blue circles, band at 2078 cm!) and
71 (red circles, band at 2071 cm?), extracted from (a).

This new tricarbonyl complex 86 show a large resemblance to the reductive
elimination complex for the terminal alkyne and was successfully isolated by
crystallisation from CH2Cl2/pentane. It was found to be stable where strong acid (HCI)
or silica gel was required for degradation of the complex. The distinctive *H NMR
spectroscopic peaks for the pyridinium-protons are present and an X-ray structure was
solved for this complex (Figure 23), where it was confirmed that the manganese
tricarbonyl anion has emerged as coordinated to the pyridinium ring. Mn—C bond
distances confirms that the four C—H atoms in the pyridinium are coordinated to the
manganese. This Mn-coordination allows for the planar pyridinium ring to distort and

form a boat-conformation, suggesting a loss of aromaticity.

Figure 23. X-ray crystallographic structure of reductive elimination complex 86.

The rate of consumption of the manganese intermediates provide insight into the
relative ease of the reductive elimination process. The slower rate of decay and
linearity for 10 (k = 2.0 + 0.4 x 10 st at 100 °C) compared to 91 (k =5.1 + 0.6 x 10°
351 at 100 °C), indicates that the reductive elimination proceeds at a slightly quicker
rate than the C-C bond formation. Therefore, the consumption of 10 (CO-loss)
becomes rate determining for the formation of the reductive elimination complex (k =
2.4+0.1x103%stat 100 °C).

Additionally, DFT-calculations were employed to explore the rationale behind the
preference for reductive elimination over any protonation pathways. Starting from the

tricarbonyl manganese insertion complex, the transition state for reductive elimination
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and protonation by 2-phenylpyridine 33 (+123 kJ mol? and +104 kJ mol*
respectively) were found to be highly similar as when using terminal alkyne 34
(Scheme 18). Therefore, no insight into why the reductive elimination is favoured for

the internal alkyne were obtainable through the DFT-calculations.

The reaction was repeated using 10 (10 mol%) as the pre-catalyst and no amine base
additive was employed (Figure 24). The cleanliness of the IR spectrum recorded is
quite striking, where only 10, 91 and 86 can be observed, suggesting complete
conversion with respect to manganese. The rate of formation of 86 (k = 2.4 £ 0.1 x
102 s at 100 °C) is identical (within error) to the reaction starting from 31 (k = 2.4 +
0.1 x 103 s at 100 °C). This result supports the rapid base-assisted cyclomanganation
pathway to form 10 from 31, proceeding via tetracarbonyl manganese intermediates,
suggesting that 10 is a reaction intermediate rather than an off-cycle species. This also
highlights that 10 should be observed in the reactions using the terminal alkynes, if the

pre-catalyst activation pathway proceeds through this manganacycle.
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Figure 24. In operando IR study of the reaction between 33 and 21 using 10 as pre-catalyst. (a) IR
spectra of the reaction in the metal carbonyl region at various timepoints. Key; blue circle = 10, red
circle = 91 and hollow black circles = 86. Reaction conditions (in order of addition); n-Bu.O (10 ml),
33 (8.32 mmol, 2 eq.), 21 (4.16 mmol, 1 eq.) and 10 (0.42 mmol, 10 mol%) at 100 °C under argon
atmosphere. (b) Kinetic plot of the formation of reductive elimination product 86 for both precursors
10 (hollow black circles, band at 1897 cm™) and 31 (hollow green circles).

91



Chapter 2: Mechanism of Mn(I)-Catalysed C—H Bond Alkenylation

Monitoring the reaction between 33 (2 eq.) and 21 (1 eq.) at 60 °C using 31 (10 mol%)
and Cy>NH (20 mol%), produced a significantly slower reaction profile (reaction
complete after ~ 5 hours) but the reductive elimination product 86 was still produced.
This shows that the reductive elimination for internal alkynes is even more favourable
and readily accessible than the protonation and reductive elimination pathways for the
terminal alkynes. Small amounts of new degradation complexes could be observed at
longer times, most likely arising due to the slow C—C bond formation. These are not

common with those observed for the terminal alkyne under the same reaction

conditions.
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Figure 25. Stoichiometric reaction between 10 and 21 at 100 °C in n-Bu,O, monitored by in situ *H
NMR spectroscopy. (a) Unlocked *H NMR spectra in the aromatic region through the reaction progress.

(b) Kinetic trace for the depletion of 10 (blue circles) and formation of 86 (hollow black circles),
extracted from (a).

The C-C bond formation step was also monitored using in situ NMR spectroscopy,
where a Young’s tap NMR tube containing the reaction mixture was inserted into the
NMR spectrometer and heated to 100 °C. Recording *H NMR spectra every 5 minutes
allowed for the observation of the reductive elimination product 86 forming (Figure
25). The kinetic curve halts at 62%, which is likely caused by the lack of stirring in

solution. More important is the lack of paramagnetic manganese species generated.
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These complexes are readily formed under standard reaction conditions and this
experiment shows that the pre-catalyst activation and protonation pathways are most
likely the cause for these species forming, with only minor loss of resolution within

the *H NMR spectrum occurring.

2.6 Formulation of a Full Reaction Mechanism

2.6.1 Analysis of Results

The various parts of the reaction mechanism have been investigated in this study and
links to the previously proposed mechanism have been made, leading to both
supporting and contradictive results. The outcomes from these experiments can be
compiled in the generation of a full reaction mechanism for the Mn(l)-catalysed C-H

bond alkenylation, using both terminal and internal alkynes.

Firstly, understanding the pre-catalyst activation pathway is important for future pre-
catalyst development, among other reasons. Wang and co-workers proposed a pre-
catalyst activation that proceeds through initial C—H bond activation of the 2-
phenylpyridine 33.3* This proposal has been widely accepted as a general pre-catalyst
activation pathway in the Mn(l)-catalysed C—H bond functionalisation field.3? The
main supporting experimental data for this pathway is the ability of 33 to

cyclomanganate in the presence of amine base Cy2NH to form Mn(ppy)(CO)4 10.

The existence of a base-mediated cyclomanganation step was confirmed in this study,
where the in operando IR spectroscopic data show a rapid (k = 3.2 + 0.8 x 102 s, at
60 °C) C-H bond activation step. However, the addition of phenylacetylene 34 to this
solution resulted in sluggish (k = 1.25 + 0.06 x 10* s, at 60 °C) C—C bond formation.
For obvious reasons this raises doubts in the validity of this being the pre-catalyst
activation pathway in this reaction, when the initial C—C bond formation with all
reagents present is significantly quicker (k = 3.6 + 0.8 x 102 s%, at 60 °C). Additional
doubts arise from the lack of 10 observed in the standard reaction at both 60 and 100
°C, while showing the formation and depletion of 7-membered insertion complex and

resting state 71 instead.

As a rationale for the slow C-C bond formation, questions might arise about the
reaction proceeding directly to a tricarbonyl manganese species instead of the
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tetracarbonyl 10. However, DFT-calculations support a mechanism proceeding via a
tetracarbonyl pathway, which does not require a second CO-loss from the precursor
MnBr(CO)s 31. Additionally, in the event of a Mn(ppy)(S)(CO)z species forming in
the reaction, there will be a competition between 34 (C—-C bond formation) and CO
(10 formation) for the substitution of the solvent ligand. CO is a much stronger ligand
than both 34 and the internal alkyne 21, which are predicted (through DFT-
calculations) to be much weaker ligands than CO (+79 and +81 kJ mol™ respectively).
This means that even if a tricarbonyl cyclomanganation mechanism is correct, the
formation of 10 would still occur and it should be observed in many of the reactions
conducted.
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Scheme 19. Simplified pre-catalyst activation pathways identified in this study.

An alternative pre-catalyst activation pathway must be occurring, where either Cy>NH
and/or 34 are involved from the start. The reaction between 31 and Cy,NH at 60 °C
disproved the initial formation of a manganese-amine complex, due to a slow reaction
(consumption of 31; k = 4.9 + 0.2 x 10* s at 60 °C) between the two reagents being
observed, forming species that are not observable under the standard conditions at the

same temperature. The reaction under standard conditions at 60 °C, withholding the
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base-additive, proved that Cy2NH is required in the initial pre-catalyst activation. This
means that the combination between terminal alkyne 34 and Cy.NH is most likely

responsible for the rapid pre-catalyst activation.

Performing the standard reaction at 60 °C in the absence of 33 leads to the rapid
consumption of 31, even faster than with 33 in the solution (k =5.4 +0.3 x 103 st at
60 °C and k = 3.4 + 0.7 x 10 s at 60 °C respectively). The process is also quicker
than the base-assisted cyclomanganation of 33 (k = 3.2 £ 0.8 x 10 st at 60 °C), which
explains why the pre-catalyst activation pathway proceeds via initial reaction with the
terminal alkyne. The degradation species observed in this reaction match those seen
under the standard conditions, further supporting reaction with 34 being the initial pre-
catalyst activation step. The slower rate under standard conditions indicates that the
initial substrate binding is reversible, as 33 is expected to bind better than 34 and is
additionally in excess (2:1). As the subsequent C—H bond activation is evidently faster
for the terminal alkyne than the 2-phenylpyridine, a preference for a pathway involving
the formation of Mn-alkynyl species is evident. Interestingly, none of the manganese
species appear to proceed via the cyclomanganation pathway as even small amounts
of 10 or corresponding degradation complexes should be observed in the various

experiments performed.

Potentially impacting the initial C—H bond activation, is the unexpected deuterium-
labelling studies performed for the pre-catalyst activation pathway where loss/gain on
the C1 alkene position took place. These reactions suggests that C—H bond activation
might be reversible but likely not readily, due to the intermolecular nature and low
acidity of the conjugate ammonium acid. However, this cannot be completely excluded
without further examination. A more probable explanation of the unexpected results is
the possible exchange of alkyne ligand from the alkyne-coordinated complex 63
formed after the second C—H bond activation. Nonetheless, these results do not support
the cyclomanganation activation pathway, as no H/D-erosion should be observed

regardless of potential alkyne-exchange processes.

Under the standard reaction conditions at 100 °C, 10 can, as expected, not be observed.
Instead 71 forms and disappears as the reaction progresses, exhibiting the same
behaviour as the reaction at 60 °C but at a faster rate. The reaction utilising 10 as pre-

catalyst with no base additive showed a significantly slower rate of formation and
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depletion of 71, again supporting the Mn-alkynyl activation pathway. Even the known
cyclomanganation precursor MnBn(CO)s 19 is found to proceed via the alternative
activation pathway, though in a slightly slower fashion. These results show that the
mechanistic interpretation made at 60 °C holds true even at higher reaction

temperatures.

As a final comment on the pre-catalyst activation pathway, it should be mentioned that
the involvement of a Mn-alkynyl pathway is not necessarily thermodynamically
preferred, but the preference arises instead from the process being kinetically driven.
There is a narrow difference between the two pathways, which means that small

alterations to the substrates may have a large impact on the pre-catalyst activation.

The reaction with internal alkyne 21 under the standard reaction conditions is found to
proceed with 10 being a reaction intermediate to eventually form the reductive
elimination product 86 (Scheme 19). In this reaction there is no choice of pre-catalyst
activation pathway and the only accessible version is utilised. In the reaction, both 10
and 91 are observed forming and disappearing as the reaction progresses, with slower
rate of depletion for 10 (k = 2.0 + 0.4 x 10 s*at 100 °C for 10 and k = 5.1 + 0. 6 x
102 s at 100 °C for 91). This means that the reductive elimination and C—C bond
formation is of similar rate, with the former being slightly faster. The overall reaction
time of roughly 20 minutes shows that a reaction progressing through the initial
cyclomanganation pathway does not necessarily need to exhibit a significantly slower

reaction rate.

The reaction using 10 as the pre-catalyst exhibit nearly identical formation of 86,
highlighting the C—C bond formation being much slower than the initial C-H bond
activation for this pathway. This again supports that 10 should have been observed in
the reactions with the terminal alkyne, if this was a true reaction intermediate in those

cases.
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Scheme 20. Reaction pathway for internal alkynes.

Through both the experimental results mentioned above and supplementary DFT-
calculations, the rational for the internal alkyne being unproductive in the desired
alkenylation reaction is due to the strong preference for the reductive elimination
(Scheme 20). The reductive elimination is energetically favourable compared to the
protonation pathways, which combined with the process being intramolecular makes
the protonation pathways inaccessible using any reagents in this methodology (see
progress made in Chapter 4). In contrast, the reductive elimination for the terminal
alkyne is substantially higher in energy than the protonation pathways and is only

accessible under forcing stoichiometric conditions.

The mechanism of the C-C bond formation step, preceding any protonation or
reductive elimination pathways, is thought to proceed via the previously proposed
mechanism,* where the alkyne is m-coordinated to a “Mn(ic2-ppy)(CO)s” moiety
before inserting in a concerted fashion into the C—Mn bond. This directly generates
the tricarbonyl manganese insertion complex, which rapidly converts to the
tetracarbonyl resting state in 71 or 91. DFT-calculations support this mechanism, in
addition to the extensive studies on these and related C—C bond formations discussed
in Chapter 3.
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The second of the main alterations to Wang’s proposed mechanism®* (in addition to
the pre-catalyst activation pathway) is the addition of two further catalytic cycles.
Through stoichiometric reactions between manganacycle 10 and terminal alkyne 34,
the protonation pathway by the alkyne was validated, though the observed efficiency
was found to be lower than expected if it is the sole acid in the reaction. The addition
of 33 and H20 (in separate experiments) showed that both 2-phenylpyridine and water
are more than capable to perform the protonation step (Scheme 21). These results were
supported by deuterium labelling-experiments, where the incorporation of deuterium
into the C2 alkene position occurred using deuterated additives. Computational studies
were also employed and revealed that all three pathways are achievable in the reaction,

with the protonation by water being higher in energy than the other two.

It is clear from these results that there are three distinct protonation pathways in the
reaction, yet the ability of these to proceed through a subsequent C—H activation step
is not necessarily certain. It does appear from the results that the alkyne is able to
complete the catalytic cycle, due to the large formation of the double alkene product
76 under stoichiometric conditions. The C—H bond activation step results directly from
the proton transfer for 33, while the ability of the water (Mn-OH species) to perform
this task is not confirmed. However, it is easily envisaged that the resulting Mn-
hydroxyl complex formed post protonation can perform the C—H bond activation. This
needs further experimental support, such as isolation and testing of one of the Mn-OH
intermediates, to allow for the confirmation of this reaction pathway. The invalidation

of this mechanism is, however, not possible for the same reasons stated.

The presence of three different catalytic cycles explains the reaction orders for 33 (0.87
+0.06) and 34 (0.32 £ 0.03). The quantities of each reagent required differs in each of
the catalytic cycles, leading to complex orders as a result. If the cycles were to be
investigated individually, the preference for each cycle can be linked back to the order

obtained, requiring further studies to be performed.
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Scheme 21. Simplified scheme of the possible protonation pathways in the Mn(l)-catalysed C—H
alkenylation reaction.

The final part of the mechanism that has been studied is the catalyst degradation
process, which previously has not been investigated in detail. It was found that the
degradation species in the reaction show large similarities in the IR stretching bands
to the Mn-hydroxyl clusters. Such species were independently synthesised and
compared to the reaction solution. The clusters can easily be envisaged forming as
side-products from the H>O catalytic cycle, but could alternatively form by from
interference of water in the other cycles. The broadness of the bands indicates a
mixture of Mn-hydroxyl cluster species being present, which is expected due to a
number of different configurations being possible. They are also not formed until the
protonation pathways are accessible, as the reactions at 60 °C showed no formation of
these species. Of note is the lack of isolated and characterised species from the
reaction, meaning that the presence of the proposed clusters cannot be definitively
proven. However, the resemblance of the IR bands and the formation as a result from
the catalytic cycles, is enough for a tentative assignment of these degraded catalyst

species being Mn-hydroxyl clusters.
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As mentioned, these Mn-hydroxyl clusters are not formed at lower reaction
temperatures, with new species being observed instead. Through the exclusion of
reagents from the standard reaction at 60 °C, it could be seen that they are not formed
when reacting with 2-phenylpyridine 33 in the absence of the alkyne. Additionally,
they were not formed under standard reaction conditions for the internal alkyne at 60
°C, but only when the terminal alkyne and Cy>NH was present. This suggests that
these species are formed from the initial C—H bond activation step of the terminal
alkyne and is likely arising from the degradation of the alkynyl-complex
Mn(S)(34)(CO)4 87. Mn-alkynyl clusters are likely the endpoint in these degradation
pathways and similar compounds are known for other transition metals, supporting a
tentative assignment of these as Mn-clusters. They should also be formed under the
standard reaction conditions as 87 is an intermediate in the terminal alkyne catalytic

cycle.

2.6.2 Description of Mechanism

The reaction between 33 (2 eq.) and 34 (1 eq.) employing Cy>NH (20 mol%) and 31
(10 mol%) as the pre-catalyst must start with a CO-loss to form a solvated
MnBr(S)(CO)a4 species 92, which may thereafter proceed through three different
pathways (Scheme 22). Any of 33, 34 or Cy>NH can coordinate to the manganese,
where Cy2NH is unproductive and will cause degradation to occur but is present in
relatively small quantities. The coordination should be reversible and can thereby
allow for the terminal alkyne to preferentially react, even though the coordination
should favour the 2-phenylpyridine.

In Pathway A, the initial C—H activation of the terminal alkyne (not accessible for
internal alkynes) proceed via a alkyne-coordinated MnBr(34)(CO)s complex 93,
where the acidity of the terminal C—H bond should be significantly increased. Cy>NH
aids in the deprotonation of this species to form Mn-alkynyl complex 87, which leads
to the formal loss of [Cy2NH:]Br 62. 87 is likely prone to degradation to form Mn-
alkynyl clusters, but may also N-coordinate a 2-phenylpyridine ligand to form complex
Mn(34)(33)(CO)4 94. From this tetracarbonyl species, CO-loss is required before the
ortho-C—H bond (on 33) can coordinate via a c-complex. The proton is thereafter

transferred to the alkyne through the 6-CAM mechanism to form species 63, where
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the alkyne is coordinated to the manganese and the 2-phenylpyridine is
cyclomanganated. This species marks completion of the pre-catalyst activation via

Pathway A and can proceed to react further.

In contrast, Pathway B proceed by initial coordination of the 2-phenylpyridine to form
MnBr(33)(CO)4 95, which requires Cy>NH to perform the C—H bond activation and in
the process release the bromide, formally generating 62. The C—H activation proceeds
concerted via a CMD-type mechanism to eventually form Mn(ppy)(CO)s 10. This
reaction intermediate can thereafter release one of its CO-ligands and n-coordinate an
alkyne to form species 63, converging the two pre-catalyst activation pathways. It
should be noted that the terminal alkynes show a preference for Pathway A, exhibiting
favourable rates. The internal alkynes cannot proceed via this pathway and are thereby

limited to the slower Pathway B.

Following formation of intermediate 63, the alkyne can insert into the C—Mn bond to
generate tricarbonyl insertion-complex 77, which is in equilibrium with the
tetracarbonyl derivative 71. The latter species is the energetically more favourable
configuration and is the off-cycle resting state of the catalysis. For further reaction
steps to proceed, one of the CO-ligands must be lost for a vacant coordination site and

a reactive 16-electron complex to be generated.

There are four possibilities in which 77 can react further (excluding CO-coordination),
deriving from three different protonation pathways and catalytic cycles. Firstly, 77 can
react with another terminal alkyne, in which the alkyne n-coordinate (78) then form a
o-complex (79) to the terminal C—H bond. This c-complex can transfer its proton in a
reversible fashion to the alkynyl-ligand, generating the alkene- and alkynyl-bound
manganese complex 65 (cycle 1). Following release of the organic alkene product a
solvent molecule can coordinate to generate species 87, from which the C-H bond

activation will proceed via the same mechanism as pre-catalyst activation Pathway A.
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Scheme 22. Reaction mechanism of Mn(l)-catalysed C—H alkenylation.

The second catalytic cycle (cycle 2) involves initial reaction with 2-phenylpyridine,
where the N-coordinated complex 80 is formed, before rearranging to the o-complex
81. After the proton has been transferred to the alkynyl-ligand, the “new” 2-
phenylpyridine has become cyclomanganated. Product release, followed by

coordination of an alkyne is only required to regenerate 63, completing the catalytic
cycle.
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The third cycle (cycle 3) is that of H2O, in which the water coordinate to 77 forming
complex 84. The reversible proton transfer thereafter takes place generating complex
85, where the alkene product still is coordinated to the manganese. After product
release and 2-phenylpyridine coordination, the N-bound c-complex 96 can transfer a
proton to the hydroxyl-ligand, forming water and facilitating cyclomanganation of the
2-phenylpyridine. All these tricarbonyl water/hydroxyl-complexes are prone to
degradation to form Mn-hydroxyl clusters. Following ligand exchange between the

water and an alkyne, 63 is regenerated and the cycle is completed.

The final reaction pathway of 77 is the reductive elimination to form the corresponding
tricyclic pyridinium complex with a manganese-tricarbonyl anion still coordinated.
This pathway is the preferred pathway for internal alkynes, outcompeting the above-
mentioned catalytic cycles. The reductive elimination for the terminal alkynes is only
accessible through limiting the rate of protonation, rendering the reductive elimination

competitive.

In conclusion, the remaining mechanistic challenges identified for Mn(I)-catalysed C—
H alkenylation have been met. Through this study different substrate-controlled pre-
catalyst activation pathways has been observed. Direct experimental evidence to
support the proposed catalytic cycle, in addition to two new catalytic cycles has been
obtained. All of the catalytic cycles are unfavourable for the internal alkynes and
reductive elimination is preferred. The observation of several reversible reaction steps

explains the observed deuterium-scrambling in this complex catalyst system.
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Chapter 3: Direct Observation of C-C Bond

Formation and Related Processes

3.1 Background

3.1.1 Time-Resolved InfraRed (TRIR) Spectroscopy
Time-resolved infrared (TRIR) spectroscopy is a powerful analytical technique that
allows for the monitoring of physical, chemical and biological processes taking place

on as low as sub-picosecond timescale.®

IR spectroscopy is highly suitable for ultra-
fast measurements due to its high temporal resolution, which is much greater than, for
example NMR spectroscopy. Additionally, metal carbonyls are good reporters due to
their high intensity and discrete vibrational transitions in a region (2150-1800 cm-)

removed from most other measured IR bands.

One of the challenges in ultra-fast time-resolved spectroscopy is the precision in time
determination and the initiation of the process to be observed. Using photolysis to
initiate the reaction is advantageous due to the ease in controlling the sample
irradiation and high precision lasers are often used in “pump-probe” experimental
setups.® Irradiation can induce a range of processes due to the reactivity of the
generated excited state, such as non-dissociative fluorescence or phosphorescence and
ligand dissociation to promote further reactivity. The pump pulse (often UV/Vis) is
used to excite or activate the sample to be studied and the probe pulse observes the
changes in the IR spectrum. By varying the delay between these two beams, the

evolution of the sample over a number of timescales can be monitored.

A further challenge is vibrational relaxation or cooling, which poses a large problem
for femtosecond TRIR experiments due to resulting in extensive peak-broadening.
Transition metal complexes typically cool on picosecond timescales and this effect
arises from the excited state 