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Abstract

This thesis is concerned with the asymmetric desymmetrisation of meso compounds. It 

commences with an introduction to the areas of two-directional synthesis and asymmetric 

desymmetrisation. This is followed by a review of asymmetric desymmetrisation of achiral 

and meso compounds, illustrating the power of this technique and the diversity of substrates 

and reagents that can be employed.

Chapter one details the asymmetric desymmetrisation of centrosymmetric meso 2-pyridone [4 

+ 4]-photodimer derivatives, as a strategy towards the synthesis of functionalised amino acids. 

The reductive enantioselective desymmetrisation of jY-Boc tetrahydro photodimer 227 using 

Corey’s oxazaborolidine catalyst 236 was achieved in good yield (76%) and excellent ee 

(>97%), representing the first ever asymmetric desymmetrisation of a centrosymmetric 

compound.

Chapter two details the synthesis and asymmetric desymmetrisation of meso decalin diallylc 

alcohols as part of a strategy towards the synthesis of core structures of bioactive 

Celastracecie sesquiterpenes. The two-directional synthesis of diallylic alcohol 298 (a 

classical meso compound containing a plane of symmetry) was completed and its subsequent 

desymmetrisation using a novel Zr modified Sharpless asymmetric epoxidation proceeded in 

reasonable yield (54%) and excellent ee (>95%).
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Abbreviations

Ac acetyl

acac acetylacetonate

Ar aryl

ax axial

bp boiling point

BINAL 2,2’-dihydroxy-l,r-binaphthyl-lithium aluminium hydride

BINAP 2,2’-bis(diphenylphosphino)-l,r-binaphthyl

BINOL binaphthol

Boc terZ-butyloxycarbonyl

br broad

Bn benzyl

BOM benzyloxymethyl

nBu normal-butyl

lBu tert-butyl

Bz benzoyl

CAN ceric ammonium nitrate

cat. catalytic

CBS Corey-Bakshi-Shibata

Celite™ high grade diatomaceous earth used as a filter aid

cod cyclooctadiene

CSA camphorsulfonic acid

d doublet

dba dibenzylideneacetone

DBN l,5-diazabicyclo[4.3.0]non-5-ene

DBU l,8-diazabicyclo[5.4.0]undec-7-ene

DCC dicyclohexylcarbodiimide



DCHT dicyclohexyl tartrate

DDO dimethyldioxirane

de Diastereomeric excess

DHQ dihydroquinine

DIBAL diisobutylaluminium hydride

DIOP 2,3-Oisopropylidine-2,3-dihydroxy-l,4-bis(diphenylphosphino)butane

DIPT diisopropyl tartrate

DMAP 4-dimethylaminopyridine

DMF dimethylformamide

DMP 2,2-dimethoxypropane

DMS dimethylsulfide

DMSO dimethylsulfoxide

DPP diphenylphosphinyl

dr diastereomeric ratio

ee enantiomeric excess

e-g. exempli gratia (Latin: ‘for example’)

eq equatorial

Et ethyl

i.e. id est (Latin: ‘that is’)

h hours

HPLC high performance liquid chromatography

HMPA hexamethylphosphoric acid triamide

IPA isopropyl alcohol

Ipc isocamphenyl

KHMDS potassium hexamethyldisilazide

LDA lithium diisopropylamine

LHMDS lithium hexamethyldisilazide
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Asymmetric Desymmetrisatiou of Achiral or Meso Compounds

Chapter 1: Asymmetric Desymmetrisation of Achiral or Meso

Compounds

M. C. Escher contemplating the mysteries of symmetry and mirror planes.
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Chapter 1

Chapter 1: Asymmetric Desymmetrisation of Achiral or Meso

Compounds

We live in a chiral Universe. All known forms of life, from the very simplest to the most 

complex, are composed from optically active molecules. The origin of this chirality is as yet a 

mystery, but one thing is certain: if we are to understand and probe the biological processes 

that keep us alive then we need to be able to synthesise molecules in an asymmetric fashion.

In recent years the field of asymmetric synthesis and catalysis has undergone a revolution, and 

is currently one of the most active areas of research. In particular, asymmetric 

desymmetrisation is proving to be an extremely powerful strategy for the enantioselective 

synthesis of complex natural products.

It is the purpose of this chapter to review the technique of asymmetric desymmetrisation and 

topics related to it, and to illustrate the power of the technique by reference to some of the 

numerous examples of this method at work.

Two-directional synthesis

Before defining asymmetric desymmetrisation, its original context of two-directional 

synthesis must first be understood.*>2 When contemplating the synthesis of long ‘chain like’ 

natural products, a number of options are open to the synthetic organic chemist. Classical one- 

directional synthesis can be either linear or convergent. Linear synthesis, involving the 

sequential homologation of the chain in one direction, suffers from low efficiency as the 

yields are in series. Convergent synthesis circumvents this problem by synthesising sections 

of the molecule in parallel and joining them together at a late stage, resulting in a more 

efficient process (scheme 1.1).

Linear synthesis

A-B A-B-C
90% 90%

90%

A-B-C-D-E A-B-C-D

overall yield = 65.6%

90%
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Asymmetric Desymmetrisation of Achiral or Meso Compounds

Convergent synthesis
B

A ------------------►
90%

A-B

D

C

90%

E

90%

A-B-C

90%

D-E

overall yield = 72.9%

> -  A-B-C-D-E

Scheme 1.1 One-directional synthesis

An alternative to the one-directional strategy is to synthesise the chain in two directions, 

either sequentially or simultaneously. Sequential homologation is no more efficient than 

linear synthesis. However, simultaneous two-directional synthesis offers significant 

advantages as it involves fewer synthetic steps and is therefore more efficient (scheme 1.2).

Sequential synthesis

B-C B-C-D
90% 90%

90%

A-B-C-D-E -<-----------
90%

overall yield = 65.6%

A-B-C-D

Simultaneous synthesis

c b a
---------- ► B-C-B ----------------- ► A-B-C-B-A
90% 90%

overall yield = 81%

Scheme 1.2 Two-directional synthesis

It is evident that the power of two-directional synthesis lies in the simultaneous synthesis of 

symmetrical molecules. However, few natural products are completely symmetrical, so there 

emerges a need to desymmetrise these symmetrical chains, i.e. differentiate between the two 

chain termini. As a result, the fields of two-directional synthesis and desymmetrisation are 

intimately linked. Schreiber, in his seminal paper, identifies three classes of molecule that 

lend themselves to this strategy, and outlines their requirements for two-directional chain 

synthesis and terminus differentiation.2 All three classes are elongated using standard 

synthetic techniques in a simultaneous two-directional fashion. Where they differ is in the
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Chapter 1

techniques employed to generate new stereocentres and to achieve the final desymmetrisation. 

With all three classes it is desirable to preserve the symmetry for as long as possible in the 

synthesis before carrying out the final desymmetrisation.

Figure 1.1 Achiral and meso chains

Achiral and meso chains are elongated with substrate control where new stereocentres are 

formed, in order to preserve the Cs symmetry. The chain termini of these molecules are 

enantiotopic and therefore can be differentiated using reagent control (i.e. asymmetric 

desymmetrisation).

Figure 1.2 C2 symmetric chains

The elongation of C2 symmetric chains can proceed with either substrate or reagent control. 

The chain termini are identical (i.e. homotopic), therefore desymmetrisation can be achieved 

simply by monofunctionalisation, as altering either of the chain termini gives the same 

product.

Figure 1.3 Pseudo C2 symmetric chains

Pseudo C2 symmetric chains have a central chirotopic (or pseudoasymmetric) carbon which is 

non-stereogenic. As a result, chain elongation must proceed with reagent control. 

Desymmetrisation can be achieved by diastereotopic group selection of one terminus over the 

other.

Of the three classes, the asymmetric desymmetrisation of achiral and meso chains finds by far 

the greatest application in organic chemistry, and this will be the focus of the remainder of 

this chapter.

4



Asymmetric Desymmetrisation of Achiral or Meso Compounds

Asymmetric desymmetrisation

Asymmetric desymmetrisation can be defined as the enantio (or diastereo) selective loss of 

symmetry of an achiral or meso compound by the use of a chiral reagent or catalyst. To 

achieve this the reagent must be able to differentiate between two enantiotopic faces or 

enantiotopic groups. This leads to four possible scenarios (scheme 1.3).

Differentiation of enantiotopic faces

achiral precursor 
with a prochiral 

sp2 centre

e.g. asymmetric 
hydroboration

enantiomerically 
pure product

OH OH

meso precursor

e.g. asymmeytric 
epoxidation

OH OH

enantiomerically 
pure product 
with multiple 
stereocentres

Differentiation of enantiotopic groups

e.g. asymmetric 
de-oxygenation H

R

Me

HO
achiral precursor enantiomerically
with a prochiral Pure Product

sp3 centre

HO OHH
R R 

meso precursor

e.g. asymmetric 
acylation HO OAc

/  \
R R

enantiomerically 
pure product 
with multiple 
stereocentres

Scheme 1.3 Asymmetric desymmetrisation

It is evident that meso compounds offer an advantage over achiral compounds in that multiple 

stereocentres are established in a single desymmetrisation step. Therefore this strategy is of 

great significance and utility when synthesising homochiral natural products as the number of
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Chapter 1

stereocentres is only limited by the complexity of the meso compound.

The imeso trick’

A very interesting phenomenon is associated with asymmetric desymmetrisation, known as 

the ‘meso trick’.3’4 With certain substrates that can react twice with a homochiral reagent, 

products can be obtained with unusually high levels of enantiomeric purity. This is made 

possible by the initial asymmetric reaction being coupled with a kinetic resolution, resulting 

in the increase in enantiomeric excess as the reaction proceeds. The classical example is the 

asymmetric desymmetrisation of diallylic alcohol 1 by Sharpless asymmetric epoxidation 

(scheme 1.4). For simplicity we have assumed complete diastereoselectivity in the 

epoxidation, i.e. only one face of each alkene reacts -  which is not far removed from reality.

The initial asymmetric epoxidation produces (+)-2 in excess (as ki > k2). The reaction of the 

second alkene of the major enantiomer (+)-2 with the homochiral reagent is very slow, 

however the second alkene of the minor enantiomer (-)-2 reacts much faster (as kf > k2') to 

give meso diepoxide 3. This consumption of the minor enantiomer results in the increase in 

the ee of (+)-2 as the reaction proceeds, at the slight expense of the yield. Schrieber has 

devised a mathematical model to predict these trends, as well as demonstrating them in 

practice3 (scheme 1.5).

OH

minor enantiomer

Scheme 1.4 The ‘meso trick’ in theory
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Asymmetric Desymmetrisation of Achiral or Meso Compounds

1

4.8 eq 'BuOOH 
1.36 eq Ti(0¡Pr)4
1.8 eq L-(+)-DIPT

powdered 4 A MS 
CH2CI2

OH

Conditions % ee % de

3 h, -25°C 84 92
24 h, -25°C 93 99.7
140 h, -25°C ¿97 >99.7

Scheme 1.5 The ‘meso trick’ in practice

This phenomenon is a significant advantage of asymmetric desymmetrisation as it allows for 

ees to be obtained that are higher than the intrinsic selectivity of the asymmetric reaction 

employed. Obviously, when desymmetrising advanced intermediates any increase in the ee is 

of great value, making the asymmetric desymmetrisation of achiral or meso compounds a very 

attractive strategy.

Asymmetric desymmetrisation of achiral or meso compounds

This section details some of the many reactions utilised to achieve the asymmetric 

desymmetrisation of achiral or meso compounds, and the numerous substrates on which they 

have been carried out. It is not intended to be comprehensive, but to serve as an indication of 

the scope and versatility of this strategy. A handful of reviews on asymmetric 

desymmetrisation exist1’2’5"7 (particularly noteworthy is the excellent recent review by Willis) 

and they should be referred to for a more complete account of this area. Two areas that are 

covered comprehensively are the asymmetric desymmetrisation of meso imides (by reduction) 

and diallylic alcohols, as they are of paticular relavence to this thesis. Asymmetric 

desymmetrisation by enzymatic means is not covered, as this is an enormous area in itself. 

Also, the desymmetrisation of C2 and pseudo C2 symmetrical substrates are not covered, as 

these are not true asymmetric desymmetrisations. Generally, only transformations that 

achieve enantio or diastereoselectivities of 80% or above are included, unless they are of 
particular significance. The examples are organised first by the class of substrate 

desymmetrised and then further subdivided by the reaction employed.

Anhydride and imide substrates

The asymmetric desymmetrisation of achiral or meso anhydrides and imides is almost always 

performed using a chiral nucleophile to distinguish between the two enantiotopic carbonyl

7



Chapter 1

groups. As reaction of the first carbonyl dramatically reduces the reactivity of the second, the 

enhancement of the ee by the imeso trick’ is not possible (scheme 1.6).

X = NH or O

Nu

Scheme 1.6

Heathcock has reported the diastereoselective desymmetrisation of a range of prochiral 

anhydrides 4 .8>9 The process was diastereo rather than enantioselective as the attack of 

homochiral alcohol 5 resulted in the production of a pair of diastereomers 6. Treatment with 

diazomethane followed by hydrogenolysis yielded the enantiomerically enriched monoesters 

7 (scheme 1.7). Perhaps counter-intuitively, the diastereomeric ratio decreased with increasing 

size of the 4-substituent, suggesting that two or more transition states exist for each 

diastereomeric combination.

4 6  7

R OTBS Me Et Pr Ph 'Bu

dr 50:1 16:1 14:1 7:1 8:1 1:3

CO2M6

Scheme 1.7

A Ti TADDOLate mediated enantioselective desymmetrisation of bicyclic anhydrides has 

been developed by Seebach10 (scheme 1.8). Attack of isopropoxide takes place from the 

convex face of the molecule with excellent enantiotopic carbonyl selectivity for a number of 

bicyclic substrates. Substoichiometric amounts of Ti TADDOLate, with stoichiometric 

amounts of Al(0'Pr)3 also gave good enantiomeric ratios but the reaction times were long (12 

to 24 days).

8



Asymmetric Desymmetrisation of Achiral or Meso Compounds

Scheme 1.8

Seebach has also extended this methodology to include JV-Ms substituted imides11 (scheme 

1.9). The ring-opening proceeded under the same conditions as the anhydride, albeit with 

slightly lower selectivities.

o

N^NHMs

o
11

90% yield 
95% ee

Scheme 1.9

Whereas anhydride desymmetrisation using chiral heteroatom nucleophiles is quite common, 

the use of carbon nucleophiles is comparatively rare. In connection with their thromboxane 

agonist programme, Real and co-workers at Bristol-Myers Squibb developed the chiral 

Grignard desymmetrisation of bicyclic anhydride 12.12 Oxazolidine Grignard 13, from the 

condensation of ortho-bromobenzaldehyde with (-)-pseudoephedrine, attacks the anhydride in 

a diastereoselective fashion to give intermediate 14 which, on treatment with methanol and 

NaBTLi, gives lactone 15 in a reasonable yield and excellent ee (scheme 1.10).

9



Chapter 1

Scheme 1.10

Reductive desymmetrisation of anhydrides and imides can be achieved using homochiral 

hydride reducing agents. For example, Matsuki has employed Noyori’s (R)-BINAL-H(ROH) 

reagent to effect desymmetrisation of a range of bicyclic anhydrides and imides with 

consistently high enantioselectivities13’^  (scheme 1.11).

3.5 eq (R)-BINAL(MeOH)
------------------- ►

N- O THF, -78°C, 18 h O 
I

Ar Ar = p-methoxyphenyl
18 19

94% yield 
91% ee

Scheme 1.11

In the case of the imides, the selectivities are slightly lower, and the hydroxylactams have a 

tendency to epimerise on treatment with acid.

Kang has developed a catalytic enantioselective borane reduction procedure for meso imides 

using chiral thiazincolidine complex 21.15d6 For example, enantioselective reduction of 

imide 22 followed by further reduction and acid catalysed lactonisation of the resulting 

hydroxylactam 23, gives lactone 24 in excellent yield and ee (scheme 1.12).

10



Asymmetric Desymmetrisation of Achiral or Meso Compounds

Ph

0.2 eq f f - s  \__ / 'E t
I Me

Ph 21 Ph

< X  / O

Ph
24

Scheme 1.12

Speckamp has reported the catalytic asymmetric reduction of A-alkyl substituted bicyclic 

imides using Corey’s oxazaborolidine catalyst17-18 (scheme 1.13). Once again, the 

hydroxylactams are prone to epimerisation, but treatment with acidic ethanol afforded the 

ethoxylactams in good yield and excellent enantioselectivities. This procedure is noteworthy 

as A-alkyl substituted imides are less reactive towards nucleophilic attack than the A-aryl 

substituted imides used by Matsuki.

Scheme 1.13

Epoxide and aziridine substrates

The chemistry of these heterocycles can involve nucleophilic opening or deprotonation a  or (1 

to the three membered ring, all of which have been exploited to achieve asymmetric 

desymmetrisation. Once again, due to the nature of these substrates, reaction can only occur 

once so the ‘meso trick’ is not operative.

Achiral and meso epoxides have been opened with both heteroatom and carbon nucleophiles, 

both of which are useful techniques for the synthesis of chiral compounds. Jacobsen has 

explored the use of Cr(salen) complexes as catalysts for the enantioselective opening of meso 

epoxides with TMSN319 (scheme 1.14). Not only is this system extremely catalytically active

11
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and enantioselective, but it has also been shown to operate under solvent free conditions with 

catalyst recycling without a significant drop in the enantioselectivity.

28

Et20, rt, 18 h
80% yield 
98% ee

30

Scheme 1.14

A combinatorial approach towards ligand design has revealed ‘peptoid’ 31/Ti(0'Pr)4 complex 

to be an enantioselective catalyst for the addition of TMSCN to meso epoxides20 (scheme 

1.15).

or
33

65% yield 
86% ee

Scheme 1.15

Asymmetric opening of aziridines has been achieved using 'BuPhSH and a catalyst derived 

from Et2Zn-dicyclohexyl L-(+)-tartrate21’22 (scheme 1.16). Attempts to make the reaction 

catalytic did not affect the yield but reduced the enantioselectivity, giving ees of 78% and 

17% with 50 mol% and 20 mol% of catalyst respectively.

12



Asymmetric Desymmetrisation of Achiral or Meso Compounds

'Bu

Scheme 1.16

Enantioselective deprotonation of epoxides has been extensively studied and the subject is 

covered in a number of reviews.23*27 Isomerisation by deprotonation p to the epoxide can be 

effected in excellent ee by using homochiral Li-amide bases (scheme 1.17) as shown by 

Singh.28-29

MeHN

1 eq "BuLi

benzene, 0°C, 30 h
66% yield 
97% ee

ÓTBS

37

Scheme 1.17

Asami, one of the pioneers in this field, has developed the catalytic enantioselective 

deprotonation of meso epoxides.30 The deprotonation is performed by chiral Li-amide 38, 

which is then regenerated by stoichiometric amounts of less reactive lithium diispropylamide, 

completing the catalytic cycle (scheme 1.18).

75% ee

Scheme 1.18

13
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Very recently, Andersson has optimised this procedure and shown that chiral diamine 40 is a 

remarkable catalyst for the rearrangement of a wide range of meso epoxides, affording the 

corresponding allylic alcohols in excellent yield and ee31 (scheme 1.19).

Scheme 1.19

Hodgeson has reported an elegant enantioselective a-deprotonation-rearrangement sequence 

of meso epoxides to give bicyclic alcohols in very good ee.32 a-Deprotonation of 41 produced 

a carbene which inserted into a C-H bond across the ring to give cis fused bicycle 42 (scheme 

1.20).

2.4 eq 'PrLi
2.5 eq (-)-sparteine----------------- !

Et20, -98°C 
5 h to rt 15 h

41 42

Scheme 1.20

Alkene and diene substrates

Many methods have been used to desymmetrise alkene and diene substrates, almost all of 

which involve the differentiation of two enantiotopic alkene faces. Unlike the previous two 

substrate classes, the potential exists with dienes to react twice with a homochiral reagent, and 

the ‘meso trick’ comes into play. This has been shown previously in the enantioselective 

epoxidation of diallylic alcohol 1 (scheme 1.5).

Diallylic alcohols are common substrates for asymmetric desymmetrisation, and many 

examples have been published of desymmetrisation by Sharpless asymmetric 

epxodation.2’3’33-44 For example, Schrieber has desymmetrised ‘diallylic alcohol’ 43 

exploiting the ‘meso trick’ to achieve essentially complete enantioselectivity during studies 

towards the structure determination of (+)-mycoticins A and B2 (scheme 1.21).

14
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X. .X.HO O O O 0  OH

43

L-(+)-DIPT
'BuOOH
Ti(0'Pr)4

81% yield 
>99.9% ee

Scheme 1.21

Sharpless asymmetric aminohydroxylation has been employed to desymmetrise masked 

diallylic alcohols by Landais.45 Aminohydroxylation of diene 45 was shown to occur with 

complete diastereo and regioselectivity and in reasonable yield and enantioselectivity (scheme 

1.22) .

K2Os0 2(OH)4, (DHQ)2PYR 
H2NC02Et, NaOH, 'BuOCI

'PrOH/H20  1:1, rt, 1 h

SiMe2OH

^ \ ^ N H C 0 2Et

^ 'v' ^ S OH

75% yield
>98% regioselectivity 
>98% de 
68% ee

45 46

Scheme 1.22

The intramolecular hydrosilylation of protected diallylic alcohol 47 has long been known.46 

The silane selectively attacks one of the enantiotopic alkenes in preference to the other on 

treatment with Rh-DIOP complex, and oxidative cleavage of the Si-C bond produces diol 49 

with high enantiomeric purity (scheme 1.23).

OSiAr2H

47

[RhCI(CH2=CH2)2]2/(R,R)-DIOP 
---------------------------------------►

CICH2CH2CI, 30°C, 11 d

Ar = 3,5-dimethylphenyl

66% yield 
93% ee 
>99/1 syn/anti

Scheme 1.23

Recently, Hoveyda and Schrock have disclosed the desymmetrisation of allyl substituted 

diallyl alcohol 50 by ring-closing metathesis using a chiral Mo catalyst 51.47 The catalyst was 

very active and gave the dihydrofuran product 52 in high yield and very high ee (scheme 

1.24). However, reaction under solvent free conditions increased the yield and ee even further, 

thus illustrating the power and utility of this method.
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Ph

51

benzene, 22°C,6 h

50 52

86% yield 
93% ee

Scheme 1.24

Towards their synthesis of (+)-conduritol E, the Takano group desymmetrised meso diene 53 

using Sharpless asymmetric dihydroxylation methodology48 (scheme 1.25). They observed no 

formation of the doubly dihydroxylated product, indicating that for this substrate the ‘meso 

trick’ was not active.

AD mix a 
1 eq MeS02NH2

""P h  ---------------------------- ►
'BuOH/H20, 0°C, 38 h

54

""Ph 81% yield 
87% ee

Scheme 1.25

Taguchi and Inoue have employed catalytic Ti(TADDOLate)2 to effect an interesting 

‘iodocarbocyclisation’ of diene 5549 (scheme 1.26). Ti(TADDOLate)2 deprotonates the 

malonate before complexing to it to form a chiral enolate. This then selectively attacks one of 

the enantiotopic alkenes (activated by I2) to give carbocycle 56, which on heating produces 

bicyclic lactone 57 in excellent yield and ee. Dienes with allyl and homoallyl groups also give 
comparable enantioselectivities.

Scheme 1.26
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Asymmetric Desymmetrisation of Achiral or Meso Compounds

Asymmetric hydroboration using Brown’s diisocamphenyl borane reagent has been reported 

on both alkenes and dienes. As part of their total synthesis of (+)-hirustic acid C, Greene and 

co-workers performed an enantioselective hydroboration on alkene 5850 (scheme 1.27).

1. (+)-lpc2BH 
 ►
2. H20 2, NaOH

73% yield 
92% ee

H

58 59

Scheme 1.27

On the other hand, the same reagent has been used to desymmetrise diene 60, also with 

excellent enantioselectivity51>52 (scheme 1.28). The imeso trick’ is probably at work in this 

second example, which would explain the slightly higher ee.

1. (+)-lpc2BH

2. H20 2, NaOH

50% yield 
94-96% ee

60 61

Scheme 1.28

The asymmetric ene reaction is another transformation that has been utilised to desymmetrise 

both alkenes and dienes. Alkene 62 undergoes reaction with propargyl aldehyde 63 in the 

presence of (7?)-BINOL-TiCl2 complex to give desymmetrised product 6453 (scheme 1.29).

Scheme 1.29

The ‘meso trick’ is clearly at work in the catalytic asymmetric ene reaction of diene 65, 

producing extremely high enantioselectivities54 (scheme 1.30).

17



Chapter 1

o

62% yield 
>99% ee 
>99% syn

Scheme 1.30

Diol and polyol substrates

For diol and polyol substrates, acetal and acylation chemistry are the main areas exploited to 

achieve asymmetric desymmetrisation. Early attempts at diol desymmetrisation employed L- 

menthone to form chiral ketals, usually with reasonable diastereoselectivity (the minor 

diastereomer can be columned away).55'57 These ketals then undergo stereoselective ring 

cleavage followed by protection of the free alcohol and removal of the chiral auxiliary to give 

desymmetrised diol 70 (scheme 1.31).

67

L-menthone, TMSOTf 
---------------------------- * -

c h 2ci2

90%, Pheq:Phax 17:1 de

70

Scheme 1.31

Very recently a procedure employing C2-symmetric bis-sulfoxide 71 to desymmetrise meso 

diols has been published.58 The advantage of using a C2-symmetric auxiliary is that only one 

product is formed on ketal formation as opposed to the mixture of diastereomers obtained 

when using chiral auxiliaries lacking symmetry (e.g. L-menthone). Base promoted 

diastereoselective acetal cleavage followed by alcohol protection and auxiliary removal gave

18



Asymmetric Desymmetrisatioii o f Achiral or Meso Compounds

desymmetrised diol 75 in excellent yield and enantioselectivity (scheme 1.32).

1.3 eq KHMDS
91% 3 eq 18-crown-6
>96% de THF

Y 2. Ac20, DMAP

Scheme 1.32

Harada has used a chiral Lewis acid to selectively cleave acetals of meso 1,2-diols.59’60 The 

chiral Lewis acid 79 facilitates the cleavage of 78 by silyl ketene S,O-acetal, with excellent 

enantioselectivity (scheme 1.33).

1.2 eq 
P h -

OEt

— <
77 OEt

Me*.V 'OH

Me^

l
IO

76

r>—«'° o
-Ph

78

1.2 eq

Me^ ,%OMEM

M e ' "OH 

81

1. MEMCI, Pr2EtN

2. LDA, THF, 0°C 

74%, 96% ee

Scheme 1.33
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Fujioka has recently published a modification to his meso diol desymmetrisation by 

intramolecular haloetherification of ene acetals.61’62 Ene acetal 84 was formed as a single 

diastereomer, and treatment with NBS and methanol effected intramolecular 

haloetherification to give bromide 85. Debromoetherification, benzyl protection and acetal 

cleavage afforded desymmetrised diol 88 in a remarkable 97% ee (scheme 1.34). Phenyl 

substituted norbomene aldehyde 83 was found to be less volatile than its methyl substituted 

counterpart and therefore easier to work with.

88 87 86

Scheme 1.34

The asymmetric desymmetrisation of glycerol has been accomplished by Ley and co-workers 

in an ingenious fashion.63 Reaction of the triol with chiral C2-symmetric dimethyl bis- 

dihydropyran 90 gives dispiroketal 91 with complete diastereoselectivity. This selectivity is 

dictated by the operation of multiple anomeric effects, and the preference of the methyl 
groups to be equatorial. The remaining hydroxymethyl group adopts an equatorial 

conformation and is protected as a benzyl ether on treatment with benzyl bromide/sodium 

hydride. Finally the desymmetrised triol is released by ketal exchange with glycerol, 

regenerating dispiroketal 91 and resulting in a very efficient recycling process (scheme 1.35).
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Scheme 1.35

Achiral and meso diols can be desymmetrised by asymmetric acylation. Fu has applied his 

chiral DMAP catalyst 95 to the asymmetric desymmetrisation of diol 94 with remarkable 

efficiency and selectivity64 (scheme 1.36). The only drawback to this method is the inability 

to perform the reaction at lower temperatures due to the high freezing point of the solvent.

91% yield 
99.7% ee

Scheme 1.36

Oriyama has achieved the asymmetric acylation of 1,2-diols using benzoyl chloride and 

diamine catalyst 98.65’66 Enantioselectivities were consistently high for a range of meso diols, 

and catalyst loading levels were extremely low (scheme 1.37).
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87% yield 
97% ee

97 99

Scheme 1.37

These two examples illustrate the power and potential of asymmetric acylation as a 

desymmetrising tool for achiral and meso diols, with levels of asymmetric induction 

approaching that of enzymes.

Ketone substrates

The chemistry of ketones that has been exploited to achieve asymmetric desymmetrisation 

includes enantioselective deprotonation, chiral ketal formation, attack with chiral nucleophiles 

and ketone rearrangements. With diketone substrates the potential exists for double reaction, 

therefore the ‘'meso trick’ can operate.

The enantioselective deprotonation of ketones using chiral bases is a large and mature 

field,25’26-67 and several highly selective asymmetric desymmetrisations have emerged from 

it. For example, Koga has achieved the enantioselective a-deprotonation of substituted 

cyclohexanones in excellent ee68’69 (scheme 1.38).

0
II

Jû'̂
101 OTMS

|A2.4 eq HMPA, 5 eq TMSCI
r i

51% yieldv THF, -78°C, 10 min 97% ee

. I
'Bu 'Bu

100 102
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Ph

OTMS

THF, -78°C, 10 min
73% yield 
96% ee

103 105

Scheme 1.38

The HMPA is thought to prevent the aggregation of lithium amide bases by co-ordinating to 

the lithium, making a more efficient species for selective deprotonation.

Using C2-symmetric diol 107, Yamamoto has desymmetrised a range of 4-substituted 

cyclohexanones by diastereoselective enolisation using triisobutylaluminium70’71 (scheme 

1.39). Interestingly, changing the 4-substituent to ethyl or tert-butyl did not affect the yields 

or diastereomeric ratio.

o

Me

106

1.1 eq

107

PPTS------------------ 1
benzene, 7 h, 

reflux azeotropically 
89%

...r r
1.4 eq 'Bu3AI, CH2CI2, 

-78°C 0.5 h, 0°C 4 h

2. Ac20, DMAP, Et3N

Me 99%, 80% de

108 109

Scheme 1.39

1,2-Diketones can be desymmetrised by forming the enamine using a proline derivative, then 

performing a diastereofacial attack with an organometallic reagent72 (scheme 1.40).

110

2.5 eq MeLi 

ether, -78C, 2 h 

76%, 98% ee 113

Scheme 1.40

Remarkably, the use of méthylmagnésium bromide in place of methyl lithium gives the
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opposite enantiomer of hydroxylactone 113 in 67% yield and 95% ee.

An early example of asymmetric desymmetrisation came to light in the 1970s in the context 

of steroid synthesis. It was discovered that, in the presence of catalytic amounts of proline, 

triketones such as 114 undergo intramolecular aldol cyclisations to give hydroxyketones in 

essentially optically pure form73"75 (scheme 1.41).

0.3 eq (S)-proline

DMF, 20°C, 20 h Q-

71% yield 
100% ee

115

Scheme 1.41

Desymmetrisation by Wittig and Homer-Wadsworth-Emmons type reactions is another 

strategy that has met with success. Hanessian has used chiral ô/s-phosphonamide 116 to 

desymmetrise 4-/ert-butylcyclohexanone 100 in excellent ee76>77 (scheme 1.42).

Scheme 1.42

Arai and Shioiri have developed a catalytic version of the Homer-Wadsworth-Emmons 

reaction, using quatemised cinchonine alkaloid 119 as a phase transfer catalyst78 (scheme 

1.43). a,(3-Unsaturated ester 120 is produced in reasonable yield and ee, illustrating the 

potential of this approach.
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Scheme 1.43

The final example of ketone desymmetrisation was performed by Aube and co-workers who 

have achieved the asymmetric Schmidt reaction of 4-tert-butylcyclohexanone 100.79>8° 

Treatment with chiral azido alcohol 121 in the presence of a Lewis acid gives ring-expanded 

lactam 122 as a single diastereomer (scheme 1.44).

o

100

Scheme 1.44

Dialdehyde substrates

All examples of dialdehyde desymmetrisation involve the enantiotopic group and face 

selective differentiation of the two enantiotopic carbonyl groups by a homochiral nucleophile. 

As with diketone substrates, the ‘meso trick’ is able to operate.

Roush has discovered that the enantioselectivity of allylboration of dienylaldehydes can be 

significantly improved by performing the reaction on metal carbonyl complexes of the 

substrate.81 >82 He has applied this strategy to dialdehyde 123 to give alcohol 125 in excellent 

ee (scheme 1.45). The selectivity is thought to arise from a dipole effect of the metal carbonyl 

ligand in the stereochemically favoured transition state.
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45:1 dr 
>98% ee

Scheme 1.45

Dialdehyde diene/Fe(C0)3 complex 123 has also been employed as the substrate for the 

asymmetric addition of dialkyl zinc reagents catalysed by proline derivative 12683 (scheme 

1.46). The high selectivity is again explained by dipole-dipole interactions, in this case 

between the metal carbonyl moiety and the dialkyl zinc species.

126

(CsH11)2Zn

toluene, 3 h 

76%

>90% de 
>98% ee

Scheme 1.46

The asymmetric Homer-Wadsworth-Emmons reaction can also be applied to the 

desymmetrisation of meso dialdehydes. Using chiral phosphonate 129, Rein has 

desymmetrised dialdehyde 128 with very good diastereoselectivity84 (scheme 1.47). This 

selectivity was observed to increase even further by adjusting the reaction conditions to 

encourage the ‘meso trick’, and a,(3-unsaturated ester 130 was obtained in a 97:3 

diastereomeric ratio and 36% yield.

o  o tb s  o  

'  V  ̂ H 

128

1 eq KHMDS, 5-6 eq 18-crown-6 
-100°C, 5 h, THF

then NaBH4, MeOH

77%

OTBS

91:9 dr

130

Scheme 1.47
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Oppolzer used his asymmetric aldol methodology to desymmetrise meso dialdehyde 128 en 

route to (-)-denticulatins A and B.85 The aldol product spontaneously cyclised to give 

hemiacetal 132, which revealed that the aldol reaction had proceeded with a diastereomeric 

ratio of greater than 92:8 (scheme 1.48).

Scheme 1.48

OTBS

Me
132

>92:8 dr

Carboxylic acid substrates

Desymmetrisation of these substrates mainly relies on the selective attack of enantiotopic 

carbonyl groups, but has also been achieved by the enantioselective protonation of 

dicarboxylates and via second order asymmetric transformations.

Achiral and meso diacids can be desymmetrised by the double addition of a homochiral 

nucleophile, followed by a diastereoselective reaction of the nonsymmetrical product86 

(scheme 1.49). (-)-Dimenthyl succinate 134 can be deprotonated with lithium 2,2,6,6- 

tetramethylpiperidine to give a dianion, which reacts with bromochloromethane in a 

diastereoselective fashion to give cyclopropane 135 in excellent de.

135

Scheme 1.49
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Oda and co-workers have used C2-symmetric diamine 138 to discriminate between 

enantiotopic carbonyl groups remote from a prochiral centre, albeit in a slightly lengthy 

procedure87’88 (scheme 1.50). Cyclic alcohol 139 underwent a diastereoselective lactonisation 

to give lactone 140 in excellent yield and ee. This compound was transformed into lactone 

142 by further reduction and lactonisation.

o o o

136

Scheme 1.50

In a unique approach, Fuji has desymmetrised a diacid by the enantioselective protonation of 

a dicarboxylate sodium salt.89 Careful neutralisation of sodium 4-hydroxypimelate 143 with 

(+)-camphorsulfonic acid produces the monoacid, which spontaneously lactonises under the 

reaction conditions to give y-lactone 144 in excellent yield and ee (scheme 1.51).

NaOoC OH C02Na 
1 1 1

(+)-CSA
/  9

A A
143

EtOH, -78°C 

>95%, 94% ee H 144

Scheme 1.51
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Fukumoto has devised a method for the asymmetric synthesis of chiral propane-1,3-diols, 

involving a very interesting crystallisation induced asymmetric transformation90 (scheme 

1.52). Coupling of ethyl malonate 145 with menthol gives diastereomeric monoesters 146 and 

147 in an 11:9 ratio. However, leaving this oily mixture for 5 days at room temperature 

induced a second order asymmetric transformation, and crystalline monoester 146 was 

obtained in >99% de and 82% yield from ethyl malonate. Further manipulation gave 

desymmetrised diol 148 in a remarkable >99% ee.

o o

Et

145

HO' OTBS

Et

148

crystallisation
induced

asymmetric 82% from 145 
transformation >99% de

5 d, rt v

1. (COCI)2 then Bu4NBH4, 
CH2CI2, -78°C, 71%

2. TBSCI, DMAP, Et3N, 97%
3. DIBAL, 89%

Scheme 1.52

Protected alcohol substrates

The desymmetrisation of achiral or meso protected alcohol substrates usually involves 

enantiotopic group differentiation, either between two adjacent protons or between two 
protected alcohol moieties.

Sakai has published the asymmetric desymmetrisation of meso inflate 149 by an asymmetric 

elimination induced by base 150.91 The base has the ability to discriminate between the two 

enantiotopic protons antiperiplanar to the OTf to give alkene 151 in a remarkable 99% ee 

(scheme 1.53).
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OMEM

&

151

Scheme 1.53

Desymmetrisation of protected diol 153 has been achieved by enantioselective deprotonation 

with sec-butyllithium/(-)-sparteine complex to give a chiral carbanion, which was then 

quenched with an electrophile to give the product in excellent ee92 (scheme 1.54). A variety 

of electrophiles can be employed, such as Mel, TMSC1, MeiSnCl, and CO2, making this a 

versatile procedure.

= >70%
QTf 99% ee

149

3 eq NaH, THF, rt

H0\ ^ \ / 0H 30 min ,
2 eq RCI, THF, reflux

152 16h 153

1.1.4 eq sBuLi/
(-)-sparteine 
ether, -78°C, 2-6 h

________________ ^  R O ^ ^ ^ ^ O R
2. 1.5 eq Mel

83%
>95% ee

Me
154

1.0.5 eq MsOH 
MeOH, reflux, 16 h 

2. excess Ba(OH)2 
MeOH, reflux, 4 h

n

Me
155

Scheme 1.54

Ogasawara has achieved the asymmetric isomerisation of di-TBS protected enediol 156 using 

a chiral Rh-BINAP reagent.93 Cleavage of the intermediate silyl enol ether on acid workup 

gave silyloxy ketone 158 in excellent chemical and optical yield (scheme 1.55).

Scheme 1.55
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Trost has developed an extremely efficient palladium catalysed desymmetrisation of di­

benzoyl protected enediols and applied it to the total synthesis of (-)-epibatidine.94 Protected 

diol 159 and TMSN3 were treated with a catalyst derived from cyclohexyl ligand 160 and 

(dba)3Pd2-CHCl3 to give azide 161 in almost quantitative yield and excellent enantiomeric 

purity (scheme 1.56).

>95% ee

Scheme 1.56

Trost has recently adapted this chemistry to include the desymmetrisation of meso-bis- 

carbamates.95 Æ/s-carbamate 162 forms n-allyl-Pd complex 163 on treatment with ligand 160 

and a palladium catalyst, which then undergoes a base promoted intramolecular cyclisation to 

give bicyclic oxazolidinone 164 in excellent yield and ee (scheme 1.57).

NHTs

ligand 160 
(dba)3Pd2*CHCI3 

1 eq Et3N
-----------------►

THF, 0°C

Scheme 1.57

Desymmetrisation of aryl triflates has been achieved by palladium catalysed cross-coupling. 

Ditriflate 165, when treated with chiral phosphine-palladium catalyst 167 and 

phenylmagnesium bromide gives axially chiral biaryl 168.96 Even higher enantioselectivities 

were observed for the coupling of the ditriflate with triphenylsilylethynylmagnesium 

bromide97 (scheme 1.58).
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Rs
Me\ M̂e
r N' xiPd
C . /  VCI

Ph Ph

166 R = Bn
167 R = Me

5 mol% 166 
2.1 eq PhMgBr 

1 eq LiBr

ether/toluene 1:1 
-30°C, 48 h

5 mol% 167

2.1 eq 
Ph3Si— -MgBr

1 eq LiBr

ether/toluene 1:1 Ph3Si 
-30°C, 48 h

SiPh,

Scheme 1.58

In both cases the inherent selectivity of the cross-coupling was of the order of 85% ee but 

could be increased significantly by allowing the formation of the di-coupled products 169 and 

171, once again demonstrating the utility of the ‘meso trick’.

Miscellaneous substrates

An asymmetric desymmetrisation of achiral dihalides reported by Chong illustrates the ability 

of the ‘meso trick’ to generate high enantioselectivities from only modestly selective 

transformations.98 The enantiotopic group selective reduction of dihalide 172 proceeds with 

initially low ees but as the reaction progresses and more of the direduced compound 174 is 

produced, the enantioselectivity increases to such an extent as to become synthetically useful 
(scheme 1.59).

OBOM
172

Br

ÔBOM
173

OBOM
174
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Reaction 
time (min)

Product distribution 
172 : 173 : 174

Yield of 173 
(%)

%ee of 173

30 29 69 2 55 25
50 10 86 4 69 42
60 3 91 6 74 53
90 - 77 23 62 60
130 - 60 40 48 74
240 - 18 82 17 87

Scheme 1.59

Another example involving the desymmetrisation of halides is the enantioselective 

elimination of halide 175 using chiral lithium amide bases." The chiral base discriminates 

between the two enantiotopic protons P to the halide to give a,P-unsaturated acid 176 in good 

chemical and optical yield (scheme 1.60).

Scheme 1.60

Desymmetrisation by the catalytic asymmetric C-H insertion reaction of cyclohexyl 

diazoacetates has been reported.100 Diazo decomposition of cyclohexyl diazoacetate 177 

catalysed by chiral dirhodium(II)carboxamide 178 resulted in the formation of cis-fused 

bicyclic lactone 179 in good yield and excellent cis/trans ratio and ee (scheme 1.61).

Scheme 1.61

Enantiotopic group selective C-H oxidation can be employed to desymmetrise prochiral cyclic 

ethers and amines. Mn-salen complex 180 catalyses the oxidation a  to a heteroatom in meso
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tetrahydrofuran and pyrrolidine derivatives in reasonable yield and very good ee101’102 

(scheme 1.62).

R R

M

Scheme 1.62

Summary

To summarise then, it is clear to see from the examples presented above that asymmetric 

desymmetrisation is a powerful and versatile technique, encapsulating a vast array of 

reactions and substrates. When combined with the strategy of two-directional synthesis it 

allows for the efficient and highly selective asymmetric synthesis of a diverse range of 

synthetic targets, as confirmed by the numerous examples already published. In view of this 

proven track record, when considering the synthesis of natural products, we should all be 

challenged to identify elements of symmetry present in molecules to be able to apply this 

expedient technique.
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Chapter 2: Asymmetric Desymmetrisation of 2-Pyridone [4 + 4]- 

Photodimers: ‘Three-Dimensional’ Desymmetrisation

TH'CWV

The perplexities of working in three dimensions.
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Chapter 2: Asymmetric Desymmetrisation of 2-Pyridone [4+4]- 
Photodimers: ‘Three-Dimensional’ Desymmetrisation

The concept: ‘three-dimensional’ asymmetric desymmetrisation

The asymmetric desymmetrisation of meso intermediates is an attractive strategy in organic 

synthesis. However, to the best of our knowledge, this tactic has only been applied to 

‘classical’ meso compounds containing a plane of symmetry.

A meso compound can be defined as a molecule that contains more than one stereocentre (or 

stereochemical element) but is achiral by virtue of overall molecular symmetry. Alternatively, 

a meso compound can be described as ‘an achiral member of a set of diastereomers, at least 

one of which is chiral’. With either of these definitions other types of molecular symmetry are 

not precluded, for example centrosymmetric molecules can be meso and still satisfy both 

descriptions.

We were intrigued by the possibility of the ‘three-dimensional’ asymmetric desymmetrisation 

of molecules containing a centre of symmetry. Of particular interest to us was the prospect of 

desymmetrising centrosymmetric 2-pyridone [4+4]-photodimer derivatives (scheme 2.1).

The centrosymmetry of N-U photodimer 186 renders the pairs of functional groups 

enantiotopic, the result being that selective transformation of one functional group in a pair in 

preference to the other produces a single enantiomer in excess. For example, selective 

hydrolysis of bond a would give one enantiomer of amino-acid 187, whereas exclusive 

hydrolysis of bond b would give the opposite enantiomer, ent-187.

The benefits of this strategy are obvious, four stereocentres are established and a high degree

Photodimérisation

HN

ent-187

Scheme 2.1
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of molecular complexity is attained in just two synthetic steps. Furthermore, as the 

photodimérisation is performed in aqueous solution using ultra-violet light and if enzymes are 

employed catalytically to perform the asymmetric desymmetrisation, the process has the 

potential to be highly environmentally benign.

Further elaboration

The desymmetrised product could conceivably be transformed into pseudoenantiomeric 0- 

carboxyaspartates 188 and 189 in simple steps, opening up a conceptually new route to 

functionalised amino-acids. Further elaboration could lead to many homochiral building 

blocks (scheme 2.2).

/ > - NHP'

oxidative C=C bond cleavage 
and lactam hydrolysis

t
R02Cv X 0 2H H02C . X 0 2H

T + T
h o 2c t ' ' n h p  p ,h n ' ^ c o 2h

188 189

pseudoenantiomeric
ß-carboxyaspartates

Scheme 2.2

This chapter details our efforts towards achieving the asymmetric desymmetrisation of 2- 

pyridone [4+4]-photodimer derivatives and elaborating the products into synthetically useful 

compounds, preceded by a brief introduction to the photodimérisation reaction of 2-pyridone.

The [4+4]-photodimer of 2-pyridone

The photodimérisation of 2-pyridone was first discovered in 1960 by Taylor and Paudler.103 

They observed that 2-pyridone, on irradiation with ultra-violet light in aqueous solution, gives 

a solid dimer to which they assigned structure 190, the product of a [2+2]-photodimerisation. 

Shortly after, the structure of the photodimer was reassessed by De Mayo in the light of new
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data, and the centrosymmetric [4+4]-cycloaddition product 186 was proposed (figure 2.1).104' 
106

o

o
190 186

Figure 2.1

This compound is thought to be formed by a radical mechanism, whereby ultra-violet 

irradiation of 2-pyridone forms a 3,6-diradical 191.107 Depending on the concentration of 2- 

pyridone, this diradical can either undergo an intermolecular [4+4]-cycloaddition reaction 

with a second ground state molecule, or react intramolecularly to form its valence isomer 

192108-110 (scheme 2.3).

Low concentration

'Dewar' structure

Scheme 2.3

Clearly the structure of the photodimer is dependent upon the relative orientation of the 
reacting 2-pyridone molecules, leading to a total of four possible regioisomers (figure 2.2). 

The cis/trans and syn/anti nomenclature refers to the relative orientations of the double bond 

and lactam functions respectively.111

38



Asymmetric Desymmetrisation of Meso 2-Pyridone ¡4 + 41-Photodimers

anti-trans syn-trans anti-cis syn-cis

Figure 2.2

However, the photodimérisation of 2-pyridone in aqueous solution leads to predominantly the 

anti-trans product. This is thought to be the result of preorganisation of the 2-pyridone 

molecules by dipole-dipole interactions, resulting in the appropriate orientation to give the 

anti-trans product on irradiation112 (scheme 2.4).

Scheme 2.4

The synthetic utility of the [4+4]-photodimerisation of 2-pyridone has been demonstrated by 

Sieburth113 in his efforts towards the ring systems of taxol114d!5 and fusicoccin A116' 118 

using tethered 2-pyridones (scheme 2.5).

Scheme 2.5
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Asymmetric desymmetrisation: using lactamases

Our initial strategy to desymmetrise N-H photodimer 186 (hereafter known simply as the V-H 

dimer) was to use lactamases to perform an asymmetric hydrolysis, as shown in scheme 2.1. 

One reason for chosing to investigate lactamases was that the photodimer exhibits a high 

degree of structural homology with bicyclic lactam 193, known as Vince’s lactam (figure

2.3). Each enantiomer of Vince’s lactam is equivalent to one of the photodimer faces.

/t̂ T^nh 

HN-----

Figure 2.3

Vince’s lactam has been the substrate for a number of enzyme catalysed kinetic resolutions, 

and we reasoned that these transformations could be applied to the photodimer system to 

achieve asymmetric desymmetrisation. In particular, kinetic resolution of racemic Vince’s 

lactam (±)-193 by Chiroscience using lactamases appeared interesting119 (scheme 2.6).

o,

0 O 2C'.l„ ^ sy> ''N H 3©  +
NH ENZA 22 

lactamse

O,
NH ENZA 25 V  N.

lactamse 1 INrNH

a  * eoiC^ C r
NH3©

(±)-193

Scheme 2.6

Towards this strategy the N-H dimer 186 was synthesised.107’120 The photoreactions were 

performed in a Rayonet™ photoreactor, which can house ultra-violet bulbs of four 

wavelengths: 254, 300, 310, and 350 nm.

Several experiments were performed with a variety of solvents and wavelengths to 

qualitatively establish the optimum conditions for photodimérisation, resulting in the selection 

of irradiation of a 3 M solution of 2-pyridone in water at 350 nm. The N-H dimer crystallised 

out of solution on formation and at periodic intervals the reaction mixture was filtered and 

irradiation continued. The reactions were typically performed on a 20 g scale over a period of 

2 to 4 weeks, with yields in the range of 40-50% (scheme 2.7). The ¿V-H dimer was isolated as 

a white crystalline solid, on recrystallisation from glacial acetic acid, and as a single anti- 

trans regioisomer.
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3 M

O

185

X = 350 nm

H20

40-50%
186

Scheme 2.7

It became apparent at this stage that the N-H dimer was insoluble in most solvents. The 

compound was only found to be soluble in deuterated trifluoroacetic acid (for the purposes of 

NMR), hot glacial acetic acid (for recrystallisation), and was sparingly soluble in warm water. 

This insolubility was presumably due to the formation of a hydrogen bonded array of 

photodimer molecules (figure 2.4).

Figure 2.4

With the N-H dimer in hand we contacted Chiroscience in order to attempt the enzyme 

catalysed lactam cleavage. Two 1 g samples of the N-H dimer were sent in order for them to 

apply their lactamase systems. However, the insolubility of the photodimer proved to be an 

insurmountable problem for them, and they had no success. Consequently, we explored other 

methods of achieving asymmetric desymmetrisation.

Asymmetric desymmetrisation: using lipases

The inspiration for our second strategy arose from the lipase catalysed resolution of racemic 

iV-hydroxymethyl protected Vince’s lactam (±)-194 by Hongo121>t22 (scheme 2.8).

(±)-194

< ^ 'O A c  
Amano lipase PS

'BuOMe

(->-195 (+J-194

Scheme 2.8
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We envisaged that the asymmetric desymmetrisation of TV-hydroxymethyl and TV- 

acetoxymethyl protected photodimers might be possible using lipases, by enantioselective 

acylation and hydrolysis respectively (scheme 2.9).

Asymmetric 
desymmetrisation 

by enantioselective 
acylation

HO^/

AcO-^/
lipase

^^OAc

197

enantiomers

196

ent-197

OAc

Asymmetric 
desymmetrisation 

by enantioselective 
hydrolysis

Scheme 2.9

Once desymmetrised, 197 and ent-197 could be transformed into products resembling 187 

and ent-187 from scheme 2.1 by hydroxymethyl deprotection followed by selective 

hydrolysis of the primary amide in the presence of the secondary.

When synthesising TV-protected photodimers, two options present themselves; direct 

protection of the TV-H photodimer, or protection of 2-pyridone followed by photodimérisation. 

Direct TV-hydroxymethyl protection of the TV-H dimer by heating to 120°C with 

paraformaldehyde in a sealed container failed, so the TV-hydroxymethyl protection of 2- 

pyridone was investigated (table 2.1).

Entry Conditions

1 2 eq trioxane,b NaOH, EtOH, reflux, 3 h123
2 1.1 eq paraformaldehyde, 100°C, sealed container, 3 fd 24
3 1.2 eq paraformaldehyde, 5 mol% DMAP, 110°C, sealed container, 3.5 h
4 2 eq aqueous formaldehyde, catalytic K2 CO3 , MeOH, reflux , 2 days^2^d26
5 2 eq paraformaldehyde, catalytic K2CO3, H20, sonication, 24 fd 2 ^>125

3 by 'H NMR;b a cyclic trimer of formaldehyde

Ratio3 (%)
185
100 0
80 20
93 7
13 87
17 83

199

Table 2.1
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The sonication conditions (entry 5) were considered optimum as they consistently yielded the 

cleanest products. The hydroxymethyl group had a tendency to fall off on silica and to a lesser 

extent during recrystallisation from chloroform, however, despite this clean 77- 

hydroxymethyl-2-pyridone was routinely isolated in yields of 47-58%.

Attempts to synthesise the TV-acetoxymethyl dimer from 77-acetoxymethyl-2-pyridone 200127 

resulted in ester hydrolysis during the photodimérisation, giving the 77-hydroxymethyl dimer 

196 (scheme 2.10).

199

3 eq Ac20  
5 mol% Sc(OTf)3

--------------- ►
MeOH, 2 weeks

95%

OAc

200

Scheme 2.10

'OH

O

Photodimérisation of jV-hydroxymethyl-2-pyridone gave 77-hydroxymethyl dimer 196, albeit 

in low yield, and acylation furnished rV-acetoxymethyl dimer 198 almost quantitatively, 

providing the two substrates for the lipase catalysed desymmetrisations (scheme 2.11).

o
'OAc

Scheme 2.11

Prior to performing the asymmetric desymmetrisations however, it was decided to 

characterise the expected desymmetrised product. Therefore, the partial hydrolysis of the 77- 

acetoxymethyl dimer was performed with 1 equivalent of lithium hydroxide, to give the 

racemic N-acetoxymethyl/W-hydroxymethyl dimer (±)-197 (scheme 2.12).

(with pyrolysis, see text) 29% 2% 25%

Scheme 2.12
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It was found that heating the crude residue to 150°C under vacuum for 1 hour as part of the 

workup effected hydroxymethyl deprotection. This in situ deprotection differentiates more 

decisively between the two amides, paving the way to compounds like 187 and ent-187 

(scheme 2.1).

The asymmetric acylation of the TV-hydroxymethyl dimer was attempted using Amano lipase 

PS and vinyl acetate in tert-butyl methyl ether.121-128 However, no reaction was observed 

after 24 hours and starting material was recovered (scheme 2.13).

HO^/
196

5 eq

lipase PS

'BuOMe, rt, 24 h

no reaction - 
recovered starting 

material

Scheme 2.13

Similarly, the asymmetric hydrolysis of the A-acetoxymethyl dimer was attempted using 

Amano lipase PS in diisopropyl ether (washed with aqueous sodium sulfite solution to 

remove peroxides) saturated with water. Once again, no reaction was observed (scheme 2.14).

AcO-^/

/ '̂OAc
lipase PS

------------------ *■
H20  saturated 'Pr20  

rt, 24 h

no reaction - 
recovered starting 

material

Scheme 2.14

At this point the activity of the enzymes was called into question. Therefore, a series of 

hydrolysis experiments was performed, with a variety of lipases and phenyl acetate as the 

substrate, to confirm the catalytic activity of the enzymes (table 2.2). Two control reactions 

were set up, one containing no lipase (entry 4), and the other containing no lipase and a drop 

of acetic acid (entry 5) to monitor the background rates of hydrolysis.

20 mg
5 mg lipase (see table)
-------------------►

acetone/H20, rt

Entry Lipase Outcome3

1 Porcine pancreatic lipase (2.55 U / mg) partial hydrolysis
2 Lipase from Pseudomonas cepacia (609 U / mg) complete hydrolysis

3 Lipase from Pseudomonas fluorescens (42.5 U / mg) complete hydrolysis

4 Control -  no lipase no hydrolysis

5 Control -  no lipase and 1 drop of acetic acid no hydrolysis

3 by TLC after 1 h

Table 2.2
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After a period of 1 hour, the reactions containing Pseudomonas cepacia and Pseudomonas 

fluorescens had gone to completion (entries 2 and 3), and the reaction containing Porcine 

pancreatic lipase showed evidence of reaction (entry 1). Both control reactions showed no 

reaction at all, indicating a relatively slow background hydrolysis rate, even in the presence of 

acetic acid (entries 4 and 5).

With the activity of the enzymes established, a more detailed study of the asymmetric 

hydrolysis of the jV-acetoxymethyl dimer was undertaken. Six reactions were set up in a stem 

block, each containing 1 mg of the JV-acetoxymethyl dimer in 0.05 M pH 7.2 buffer/acetone 

(table 2.3). Once again a control reaction was performed to gauge the uncatalysed rate of 

hydrolysis (entry 6).

Entry Lipase Amount of lipase

1 Porcine liver esterase (PLE), suspension in 3.2 M (NH«)2SO« (19 
mg protein / ml, 210 U / mg protein)

100 mg

2 Porcine pancreatic lipase (~23 mg protein, 61-200 U / mg protein) 8 mg
3 Pseudomonas fluorescens (31.5 U / mg) 6 mg
4 Candida antartica (3.3 U/ mg) 7.5 mg
5 ‘Amano’ lipase PS (870 U / mg) 7.5 mg
6 Control -  no lipase -

Table 2.3

After stirring for 24 hours at room temperature very little reaction was observed, so the 

temperature was increased to 35°C and the stirring continued for another 4 days. Formation of 

the jV-acetoxymethyl/N-hydroxymethyl dimer and small amounts of the A-acetoxymethyl/iV-H 

dimer were observed by TLC, however, they were present in all reactions to an equal extent, 

including the control reaction containing no lipase. The reactions were stirred for a total of 8 
days, and conversion was estimated to be 50% in all cases.

These results suggested that the hydrolysis that took place was not catalysed by the lipases, 

but was instead the result of the labile nature of the ester. It is possible that this ester is 

particularly prone to hydrolysis due to neighbouring group participation of the lactam 

nitrogen (scheme 2.15).
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OH,

Scheme 2.15

It was apparent that the lipases were not participating in the reaction, perhaps indicating that 

the photodimer molecules are too big to fit into the active sites of these enzymes.

In the light of these complications and the success of other desymmetrisation strategies, we 

decided to focus our efforts elsewhere.

Asymmetric desymmetrisation: by enantioselective reduction of the lactam carbonyl

Another strategy we considered was the asymmetric desymmetrisation of the photodimers by 

enantioselective reduction.129’130 A homochiral hydride reducing agent could potentially 

differentiate between the two enantiotopic carbonyl groups and give ring opened amino- 

aldehyde 203 or ent-203 in excess (scheme 2.16).

o

185

Photodimérisation

UV light

h 2o

186

Enantioselective
reduction

reduction of 
amide a __

NH2
CHO<CP̂CHi

203

enantiomers

reduction of 
amide b

Scheme 2.16

The amino-aldehydes 203 and ent-203 differ only in oxidation state to the compounds 187 

and ent-187 presented in the original concept (scheme 2.1).

Literature precedents

At the outset of our work, only one account existed in the literature pertaining to the hydride 

reduction of a photodimer system. Paquette has reported the reduction of a tetrahydro
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derivative of an A-methyl protected photodimer with lithium aluminium hydride107 (scheme 

2.17). However, in our case, complete reduction of the carbonyl groups to methylenes is 

undesirable, as subsequent ring opening would become more problematic.

Scheme 2.17

Reports on the enantioselective hydride reduction of amidic compounds are limited to the 

asymmetric desymmetrisation of cyclic meso imides. Both Speckamp17’18 and K a n g 6 

have achieved this catalytically, using Corey’s oxazaborolidine catalyst131 and a 

thiazincolidine complex respectively (schemes 1.13 and 1.12), and Matsuki13’14 using 

stiochiometric amounts of Noyori’s (/?)-BINAL-H(ROH) reagent132’133 (scheme 1.11) as 

reported in chapter 1.

,/V-Alkyl protection

Our initial investigations in this area involved the synthesis and reduction of various TV-alkyl 

substituted photodimers. In all cases it was more efficient to alkylate 2-pyridone prior to 

photodimérisation than to directly alkylate the N-H dimer itself, as its insolubility proved 

problematic. In this way the known rV-Me103’104 and novel A-Bn photodimers were prepared 

(scheme 2.18), both of which were far more soluble in organic solvents than the 7V-H dimer. 

The 7V-Bn dimer offered the added advantage of being easier to deprotect than the N-Me 

dimer.

o

£ 207

X = 350 nm 
--------------------- ►
H20 , 1 week

41%

O

185

3 eq BnCI 
microwave 
irradiation

10 min 

quantitative

,Bn

208

X = 350 nm

MeOH, 1 day 

41%

►

209

Scheme 2.18
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A remarkable reaction was employed for the synthesis of A-Bn-2-pyridone 208 which used 

microwave irradiation. Depending on the benzyl halide, the N versus C alkylation selectivity 

can be completely reversed by simply changing the power of the microwave irradiation or by 

using conventional heating.134*135

Subjection of the N-H and A-alkyl substituted photodimers to diisobutylaluminium hydride136 

did not yield the anticipated reduction products, but instead afforded the 2-pyridone 

‘monomers’ (scheme 2.19).

Scheme 2.19

Similarly, treatment of the ¿V-H dimer with 3 equivalents of lithium aluminium hydride in 

refluxing tetrahydrofuran for 5 hours gave a small amount of 2-pyridone with mainly starting 

material.

There appear to be two possible factors contributing to the tendency of these photodimers to 

cyclorevert. Firstly, the photodimer molecules have a certain degree of strain brought about 

by the close contacts between the ‘pyridone’ rings. This manifests itself in a long ‘inter 

monomer’ C-C bond length, i.e. 1.60 A compared with the average C-C bond length of 1.54 

A (in the case of the N-Me dimer,137 figure 2.5). Relief of this strain may be a contributing 

factor to cycloreversion.
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1.60 A

204

Figure 2.5

Secondly, the cycloreversion produces two aromatic ‘monomers’, the two molecules of 2- 

pyridone. This gain in aromaticity may be a contributing factor to cycloreversion.

Furthermore, we speculated that the cycloreversion could be facilitated by the Lewis acidity 

of organoaluminium compounds (scheme 2.20).

LA

Scheme 2.20

It seems likely that Paquette chose to hydrogenate the photodimers prior to treatment with 

lithium aluminium hydride (scheme 2.17) in order to remove one of the driving forces for 

cycloreversion, namely the gain in aromaticity.

A'-Methoxymethyl protection

In an effort to encourage lactam reduction in preference to cycloreversion, we investigated the 

reduction of A-MOM photodimer 211. Mori and co-workers have reported the selective 

reduction of A-MOM protected amides in the presence of tertiary amides as the final step in 

their total synthesis of Pretomaymycin138 (scheme 2.21).

Scheme 2.21
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It is thought that this selectivity arises from the coordination of the reducing agent to the 

methoxymethyl substituent, thus directing the hydride on to the amide carbonyl (figure 2.6).

RI
N-

• Y - H' -k\-H
I
H

Me

Figure 2.6

TV-MOM protection of 2-pyridone by treatment with methoxymethyl chloride and Hünigs base 

afforded TV-MOM-2-pyridone 210 in excellent yield,138 which was then photodimerised to TV- 

MOM dimer 211. The TV-MOM dimer was also synthesised by direct alkylation of theTV-H 

dimer, but not as efficiently (scheme 2.22).

o

185

2 eq MOMCI
2 eq Pr2EtN 

-------------------- *
CH2CI2, 24 h

93%

MOM X = 350 nm

210

MeOH, 2 weeks 

36% MOM

MOM

10 eq MOMCI 
12 eq 'Pr2EtN 

---------------------►
CH2CI2, 24 h

,M OM

186

Scheme 2.22

Attempted reduction of the TV-MOM dimer with 10 equivalents of sodium borohydride in 

ethanol/dichloromethane138 resulted in no reaction, and the starting material was recovered in 

94% yield. However, treatment of the TV-MOM dimer with diisobutylaluminium hydride 

resulted in quantitative cycloreversion to TV-MOM-2-pyridone, an analogous result to the 

other TV-alkyl substituted photodimers (scheme 2.23).

MOM

MOM

5 eq DIBAL

CH2CI2, 1 h 

quantitative

CT
210

Scheme 2.23
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It became clear at this point that more would have to be done to activate the photodimers 

towards reduction, and protecting groups would have to be selected that increase the 

electrophi licity of the lactam carbonyls.

Lactam activation: by A-protection

The electrophilicity of an amide carbonyl is compromised by conjugation of the adjacent 

nitrogen lone pair. It therefore follows that the presence of electronegative or conjugating 

groups on nitrogen increase the electrophilicity of the carbonyl by drawing electron density 

away from it. Examples of protecting groups that perform this function are nitroso, carbamate, 

sulfonyl, and phosphinyl, amongst others.

As A-nitroso lactams have recently been shown to be highly activated towards hydride 

reduction, even in the presence of methyl esters, initial attempts were made to synthesise the 

A-nitroso dimer.139' 141 However, only trace amounts of the mono protected A-nitroso/A-H 

dimer 212 were isolated, along with recovered starting material (scheme 2.24).

HN" ^

4 eq N20 4, 5 eq NaOAc 
 ►

CH2CI2, rt, 2 days

<C P ^ = o
trace amounts

186 212

Scheme 2.24

In view of this, and the hazardous nature of A-nitroso compounds, it was decided to pursue 

other options.

The next protecting group attempted was the /ert-butoxycarbonyl (Boc) group. Efforts to 

synthesise the A-Boc dimer 213 were hindered by the low solubility of the jV-H dimer. 

Extensive experimentation revealed three sets of conditions for A-Boc protection (table 2.4).

Entry Conditions Yield

1 6 eq Boc20, 2.1 eq DMAP, MeCN, rt, 4 days142'143 19-91%

2 4 eq, Boc20, 2 eq DMAP, NMP, 100°C, 24 h 35%
3 2.5 eq Boc20, 2.2 "BuLi, THF, 0°C, 30 min to rt, 2 days 80%

Table 2.4
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Treatment of the A-H dimer with Boc20  and stoichiometric DMAP in acetonitrile afforded A- 

Boc dimer 213 (entry 1), however, the initially high yields fell significantly when the reaction 

was scaled up. Alternative conditions employed A-methyl pyrrolidinone (NMP) as a solvent, 

with heating to 100°C to encourage the A-H dimer into solution. Unfortunately, the removal 

of the NMP proved problematic, involving multiple washes with water and recrystallisations, 

leading to a low isolated yield of the A-Boc dimer (entry 2). The eventual conditions 

elaborated involved treatment of a suspension of the A-H dimer in THF with nBuLi, followed 

by the addition of Boc20. This procedure routinely gave the A-Boc dimer in high yields, even 

on scale-up, and used less equivalents of the expensive Boc20  reagent than the previous 

methods (entry 3).

As anticipated, the two Boc groups rendered the A-Boc photodimer more soluble in organic 

solvents than the A-H dimer, making it much easier to work with.

Reduction of the A-Boc dimer

With the A-Boc dimer synthesised, the next step was to attempt the hydride reduction.144 

Promisingly, initial attempts using DIBAL yielded small amounts of mono and di reduced 

products (±)-214 and 215 along with recovered starting material, with no evidence of 

cycloreversion. Interestingly, the isolated reduction products were not the expected ring 

opened amino-aldehydes (as in scheme 2.16) but instead the ring closed lactamols* (figure 

2.7).This is perhaps due to the rigid nature of the cage like photodimer structure, holding the 

lactamol ring closed.

Figure 2.7

An interesting stereochemical feature of this reduction became apparent at this point. Only 

one face of each carbonyl group is available for nucleophilic attack, the other face is obscured 

by the alkene moiety of the opposite ‘pyridone’ ring (figure 2.8).

* We prefer the term lactamol144 in preference to cyclic hemi-aminal, by analogy with lactone —+ lactol, lactam 
—* lactamol.
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H0

ent-214

Figure 2.8

The result of this is that only ‘axial’ attack of hydride takes place, giving rise to products with 

an axial hydrogen, as depicted in figure 2.7. No other epimers of mono or di lactamols were 

observed by ]H NMR, and x-ray crystal structures of other reduced photodimer derivatives 

also showed only axial* epimers (for example, see figures 2.11, 2.14 and 2.20).

However, it could be argued that the conformation of the lactamol centre can interconvert via 

iV-acyl iminium ion 216 (scheme 2.25), and we are simply observing the thermodynamic 

product.

'axial' epimer 214

Scheme 2.25

This is not thought to be the case for two reasons. Firstly, if the equilibrium exists as depicted 

in scheme 2.25 then one would predict that the major isomer would be the equatorial epimer 

217. This is because the equatorial attack of H2O to give axial epimer 214 is unfeasible due to 

the steric hindrance of the second pyridone ring. Secondly, the only time an equatorial epimer 

was observed was during attempts to protect the lactamol hydroxyl group of a monoreduced 

photodimer derivative as a (+)-camphorsulfonyl ester (scheme 2.41). This suggests that the 

equilibrium depicted in scheme 2.25 is not in operation unless the lactamol hydroxyl function 

is made into a better leaving group.

* With respect to hydrogen.
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The yields and recovery of the initial reduction attempts were low. This was thought to be the 

result of aluminium salts complexing to the lactamols, making their isolation problematic. 

Therefore the optimisation of the ¿A-reduction of A-Boc dimer 213 was undertaken (table 

2.5).

Entry Conditions1 Workup Yield 215

1 5 eq DIBAL, 1 h 0.2 M HCI 64%
2 2 eq DIBAL, 5 min Rochelle’s saltb145 43%

3 2 eq DIBAL, 5 min saturated KF then 10% NaOH146 58%

4 2 eq DIBAL, 1 h saturated KOAc and NH,CI144 71%

5 2.5 eq DIBAL, 10 min 10% citric acid 73%

* All reactions were performed in CH2CI2 at r t .b Rochelles salt = sodium potassium tartrate.

Table 2.5

Exposure of the A-Boc dimer to 5 equivalents of DIBAL followed by workup with 0.2 M HC1 

furnished jV-Boc dilactamol 215 in reasonable yield (entry 1). However, we were reluctant to 

increase the acidity of the workup much further for fear of deprotecting the Boc groups. The 

employment of workups designed to solubilise aluminium salts failed to improve the situation 

(entries 2 and 3). Workup with saturated KOAc and NH4C1 gave good yields of the A-Boc 

dilactamol, but the procedure was laborious and messy (entry 4). The optimum procedure in 

terms of yield and practicability involved workup with 10 % citric acid solution, affording N- 

Boc dilactamol 215 in 73% yield.

Interestingly, and subsequent to our studies, Sieburth published the hydride reduction of the 

A-Boc protected lactam of photodimer system 218147 (scheme 2.26). Lactamol 219 was 

isolated, but the stereochemistry of the lactamol centre was not established (by analogy with 
our work, the lactamol hydroxyl is probably oriented equatorially). Furthermore, he found that 

refluxing the lactamol with excess reducing agent afforded ring-opened amino-alcohol 220, a 

transformation that could be of use to us when further elaborating the desymmetrised 

products.
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218

Boc

OH 10 eq UBH4 
-----------------------►
THF, reflux, 0.5 h

87%

/^ -^ N H B o c  

H O ^ T C Q OH

nBu" 220

With the reduction procedure optimised, another reduction was performed using 1 equivalent 

of DIBAL in order to isolate and characterise the racemic A-Boc monolactamol (±)-214

(scheme 2.27).

Boc'

Boc

213

14% 9% traces

+ 70% recovered starting material 213

Scheme 2.27

Surprisingly, iV-Boc monolactamol (±)-214 was isolated in smaller quantities than the 

dilactamol. Statistically, on treatment with 1 equivalent of reducing agent one would expect 

the monolactamol to be present in greater amounts than the dilactamol (figure 2.9), assuming 

that reaction at each carbonyl occurs independently.

Boc

O

Figure 2.9

This result suggests that there are co-operative effects in operation, i.e. that the reactivity of 

one carbonyl is increased on reaction of the other. Co-operative effects were also observed 

during the DIBAL reduction of other photodimer derivatives (scheme 2.35, and 2.83). We 

initially speculated that this was probably the result of subtle conformation changes of the 

photodimer induced by the first reduction. However, this theory was later disproved when the 

borane reduction of a photodimer derivative gave the monolactamol as the major product
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(table 2.6, entry 1), indicating that this phenomenon was the result of the reagent and not the 

substrate. This co-operativity of reduction with DIBAL and not borane is difficult to 

rationalise, but we speculate that the first reduction produces an aluminium alkoxide species 

which then aggregates with other DIBAL molecules to form a complex that allows ‘quasi- 

intramolecular’ reduction of the second carbonyl.

In preparation for the asymmetric reduction, a chiral HPLC assay was developed and the two 

enantiomers of the racemic jV-Boc lactamol were baseline resolved.

Asymmetric reduction of the A-Boc dimer

Investigations into the enantioselective hydride reduction of the TV-Boc dimer began with (R)- 

Alpine Hydride®, a chiral substituted borohydride reagent.148 No reaction was observed on 

treatment of the A-Boc dimer with stoichiometric amounts of (/?)-Alpine Hydride® (scheme 

2.28).

213

no reaction - 
recovered starting 

material

Scheme 2.28

The second homochiral reducing agent attempted was Noyori’s (Æ)-BINAL(EtOH) reagent 

223, prepared from LiAlH4, (/?)-binaphthol 222, and EtOH1̂ ’18̂  (scheme 2.29). The LiAlH4 

was titrated to ensure the exact stoichiometry.

Scheme 2.29

However, no reaction was observed on exposure of the A-Boc dimer to 2.5 equivalents of the
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(5)-BINAL(EtOH) reagent (scheme 2.30), the same conditions employed by Matsuki for his 

reduction of meso im id e s 13’ 14 (scheme 1 .1 1 ).

Boc'

Boc

2.5 eq (R)-BINAL(EtOH) 223
----------------------------- ►

THF, rt, 24 h

213

no reaction - 
recovered starting 

material

Scheme 2.30

Speckamp’s conditions for the reduction of meso imides^d8 (scheme 1.13) using Corey’s 

oxazaborolidine catalyst131 were then applied to the jV-Boc dimer. Catecholborane was used 

as the stoichiometric hydride source to prevent hydroboration of the alkenes, but once again 

no reaction was observed (scheme 2.31).

224

H Ph Ph
3 eq BH3-THF 

THF, reflux, 24 h

225 H

213

0.1 eq CBS catalyst 225 
1.5 eq catcholborane
--------------------------

CH2CI2, rt, 2 d

no reaction - 
recovered starting 

material

Scheme 2.31

Reduction with 5-methyl oxazaborolidine catalyst 226 also met with no success (scheme 

2.32). This was probably due to the poor quality of the commercial catalyst which was shown 

to be both wet and impure by 'H NMR.*

Indeed, in a test reaction, the commercial catalyst completely failed to reduce acetophenone. Conditions: 0.1 eq 
catalyst, 0.6 eq BH3THF, THF, rt, 24 h.149
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Boc’

Boc

0.1 eq

1.5 eq catcholborane 
---------------------------------------►
CH2CI2, -78°C, 2 h to rt, 24 h

213

no reaction - 
recovered starting 

material

Scheme 2.32

The poor reactivity of the N-Boc dimer towards these homochiral reducing agents was 

puzzling, especially in the light of the successful DIBAL reductions. So, it was decided to 

select an asymmetric reduction system and investigate it in more depth. We chose Corey’s 

oxazaborolidine system as it was catalytic and had the most potential for optimisation, for 

example by variation of the substituent on boron, the geminal aryl groups, and the 

stoichiometric hydride source. A recent review has shown that it is possible to perform the 

CBS* reduction in the prescence of alkenes,131 but we decided to perform the optimisations 

on A-Boc tetrahydro dimer 227 to eliminate any complications associated with competing 

alkene hydroboration.

Preparation of the W-Boc tetrahydro dimer

According to Paquette’s procedure,107 the catalytic hydrogenation of the N-H dimer using 

Adam’s catalyst yielded N-H tetrahydro dimer 228, but the insolubility of the N-H dimer 

made it very difficult to drive the reaction to completion. Boc protection of the products 

showed an approximately 5:1 ratio of A-Boc tetrahydro dimer 227 to A-Boc dimer 213, which 

were difficult to separate by chromatography (scheme 2.33).

H2, 0.1 eq Pt02
------------►
EtOAc, rt, 24 h

186 228

6 eq Boc20  
2.1 eq DMAP

MeCN, rt, 2 d

plus some 186 42% from 186

Scheme 2.33

* CBS = Corey-Bakshi-Shibata.
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However, hydrogenation of the more soluble A-Boc dimer gave A-Boc tetrahydro dimer 227 

almost quantitatively (scheme 2.34).

H2 (3 bar), 0,2 eq Pt02 

EtOAc, rt, 2 d

99%

Scheme 2.34

An x-ray crystal structure of A-Boc tetrahydro dimer 227 clearly showed the centrosymmetry 

of the molecule and the anti-trarts orientation of the ‘pyridone’ rings relative to one another. 

Also, the carbonyls of the Boc groups are co-planar with the lactam carbonyl groups, which 

can be interpreted as evidence of the Boc groups withdrawing electron density from the 

lactam carbonyls and increasing their electrophilicity, providing a similar conformation exists 

in solution (figure 2.10).

Figure 2.10

Boc

Boc

227

As before, the A-Boc tetrahydro dimer was subjected to DIBAL in order to isolate and 

characterise the reduction products. Treatment with 2 equivalents of DIBAL yielded both the 

jV-Boc tetrahydro di and monolactamols 230 and (±)-229, recovered starting material 227, and 

also trace amounts of two over-reduction products 231 and 232 formed by reduction of the 

Boc carbonyl (scheme 2.35).
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traces

plus 21% recovered starting material 227

Scheme 2.35

An x-ray crystal structure of racemic A-Boc tetrahydro monolactamol (±)-229 was obtained, 

which clearly showed the hydrogen of the lactamol centre to be axial, thereby confirming the 

stereochemistry of reduction (figure 2.11).

H

Figure 2.11

The peaks corresponding to the two jV-Boc tetrahydro monolactamol enantiomers were 

resolved by chiral HPLC, providing an assay to monitor the ees of the asymmetric reduction. 

Unusually, better resolution was obtained on increasing the temperature of the chiral column.

Preparation of the 5-methyloxazaborolidine catalyst

In view of the poor quality of the commercially available catalyst, we chose to synthesise the 

5-methyloxazaborolidine/borane complex 236 according to the procedure of Mathre,150 as it 

is known that the borane complex of the catalyst is both easier to handle and less air and 

moisture sensitive than the free catalyst. Also, as commercial (.S)-diphenylprolinol is 

expensive we chose to synthesise the catalyst from (*S)-proline (scheme 2.36). Proline was 

reacted with phosgene followed by Et3N to give the A-carboxyanhydride 234. Treatment of 

this compound with excess phenylmagnesium chloride followed by an acidic workup gave 

(S)-diphenylprolinol sulfate, which was neutralised with NaOH to give (S)-diphenylprolinol 

224.
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o

233

1. 1.2 eq COCI2 
THF, 15°C, 1.5 h

2. 1 eq Et3N 
THF, 0°C, 1 h

234 O

1. 3 eq PhMgCI, THF 
-10°C, 3 h tort, 24 h

2. NaOH, THF, rt, 1 h

224

19% from 233

Scheme 2.36

The preparation of 5-methyloxazaborolidine/borane complex 236 (hereafter known as B-Me 

CBS BH3) involved the exposure of (5>diphenylprolinol 224 to trimethyl boroxine followed 

by borane/dimethylsulfide (BH3DMS). The Z?-Me CBSBH3 catalyst was crystallised on 

addition of hexane to give a white, free flowing solid which is stable at 4°C under nitrogen for 

extended periods (scheme 2.36).

Me

224

72% from 224

Scheme 2.37

To determine the quality of the catalyst, a test reaction was performed on acetophenone.149 

Treatment of acetophenone 237 with 10 mol% of 5-Me CBSBH3 and 0.6 equivalents of 

BH3-DMS gave (Æ)-l-phenylethanol 238 quantitatively and in excellent ee (scheme 2.38).

o

237

10 mol% ß-Me CBSBH3 
0.6 eq BH3 DMS

CH2Cl2, rt, 45 min

quantitative, 94.7% ee

OH

238

Scheme 2.38

Asymmetric reduction of the iV-Boc tetrahydro dimer

With the CBS catalyst in hand and its quality established, our attention turned towards the 

asymmetric reduction of the WBoc tetrahydro dimer. The first reaction conditions attempted 

involved the treatment of the N-Boc tetrahydro dimer with 10 mol% of #-Me CBSBH3
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complex and 0.6 equivalents of BH3DMS in CH2C12 at room temperature for 26 hours. We 

were delighted to observe the fonnation of WBoc tetrahydro monolactamol 229 in 23% yield 
and 62.2% ee (scheme 2.39).

Boc'

Boc

227

10 mol% B-Me CBSBH3 
0.6 eq BH3-DMS

CH2CI2i rt, 26 h

23%
62.2% ee

59% recovered 
starting material

Scheme 2.39

A systematic investigation of the asymmetric reduction was then undertaken, with a view to 

determining the optimum conditions (table 2.6).

227 230 (+)-229 227

Entry3 Equivalents 
of B-Me 
CBSBHa

Equivalents 
of BHj-DMS

Time
(h)

Solvent (mL) Dilactamol
230

Monolactamol
(+)-229

Starting 
material 227

Yield6 (%) Yield" (%) Ee" (%) Yield" (%)

1 0 1.2 22 CH2CI2 (10) 0 16 0 75
2 d 0.1 0.6 26 CH2CI2 (10) 1 23 62.2 59
3 0.2 1.2 22 CH2CI2 (10) 2 34 66.2 42
4 0.2 1.2 6 CH2CI2 (10) 0 16 64.1 65

5 1 2 6 CH2CI2 (10) 4 41 86.0 22
6 1 1 14 CH2CI2 (10) 6 57 93.6 19
7 1 1 14 CHCI3 (5) 7 63 96.0 7

8 0.5 0.5 14 CHCls (2) 1 49 297 20
9 0.5 0.5 22 CHCI3 (1) 9 76 297 6

10d 0.5 0.5 22 CHCI3 (2) 5 42 95.2 18
11 0.5 0.4 22 CHCI3 (1) 3 57 96.3 14

12 0.2 0.4 22 CHCI3 (1) 1 43 94.1 42
13 0.2 0.4 44 CHCI3 (1) 3 58 92.4 28
14 0.2 0.4 66 CHCI3 (1) 4 55 91.3 29

3 All reactions performed on a 100 mg scale unless otherwise noted. In all cases, small amounts ( -6%) of a 
mixture of A/-Boc/W-H tetrahydro dimer 231 and N-Boc/N-H tetrahydro monolactamol 232 were isolated. 
b Isolated yields after column chromatography.c Determined by chiral HPLC [Column: Chiralcel OD (25 x 0.46 
cm), eluting with 99.2:0.8 hexane 'PrOH, 1.0 mL min'', 40°C, UV detection at 225 nm],a Performed on a 200 mg 
scale.

Table 2.6

The uncatalysed reduction with BHyDMS was found to be slow but significant, yielding 16% 

of the TV-Boc tetrahydro monolactamol after 22 hours (entry 1). Initial reactions employing 

catalytic amounts of Z?-Me CBSBH3 and excess BHyDMS gave moderate ees and low
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conversions, thought to be the due to competing reduction by BH3DMS and low catalyst 

loading respectively (entries 2-4). The use of stoichiometric amounts of 5-Me CBSBH3 and 

fewer equivalents of BH3-DMS significantly improved both the yields and ees (entries 5-7). 

Performing the reactions at higher concentration in CHC13 permitted the use of sub- 

stoichiometric amounts of the catalyst (entries 8-11), and gave the N-Boc tetrahydro 

monolactamol (+)-229 in 76% yield and an excellent >97% enantiomeric excess (entry 9). 

Further investigations revealed that catalytic amounts of 5-Me CBSBH3 could in fact be 

employed to give very good ees and reasonable yields, when the amount of BH3DMS was 

lowered (compare entries 12-14 with 2-4). The presence of the dilactamol in most of the 

reactions suggests that the ‘meso trick’ may be operation, but this possibility was not further 

investigated.

With the asymmetric desymmetrisation successfully achieved, it remained to establish the 

absolute stereochemistry of the enantiomerically pure jV -B oc  tetrahydro monolactamol (+)- 

229 {[(x]d +8.0, [a]365 +90.2 (c = 0.5 CHCI3)}. The model proposed by Liotta151 suggests that 

the 5-Me CBSBH3 complex forms a six-membered chair transition state with the carbonyl of 

the compound to be reduced. The larger substituent of the carbonyl adopts an equatorial 

position to avoid an unfavourable 1,3-diaxial or syn-pentane interaction with the 5-methyl 

group of the catalyst (figure 2.12).

Ph

Figure 2.12

Speckamp applies this model to his meso imide substrates, and suggests that the N-alkyl 

substituent is the larger group that adopts the equatorial position1748 (figure 2.12).

Figure 2.12
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Based on these models, we predicted that reduction would take place at the carbonyl with the 

Re-face exposed, with the larger A-Boc substituent orientated equatorially (figure 2.13).

Ph

Boc

Figure 2.13

To confirm this prediction and determine the absolute configuration of the homochiral A-Boc 

tetrahydro monolactamol, several attempts were made to protect the lactamol hydroxyl group 

with chiral auxiliaries and obtain an x-ray crystal structure. Attempts to form the Mosher 

ester152>153 of the monolactamol resulted in no reaction and recovered starting material 

(scheme 2.40).

1.2 eq R-(+)-MTPACI 
3 eq Et3N, 0.8 eq DMAP

CH2CI2, rt, 24 h
recovered 

starting material

Scheme 2.40

Treatment of the A-Boc tetrahydro monolactamol with (+)-camphorsulfonyl chloride and 

DMAP in refluxing MeCN gave a product which appeared to be that resulting from the 

épimérisation of the lactamol centre (scheme 2.41).

1.5 eq (+)-camphorsulfonyl 
chloride, 2 eq DMAP

------------------------------►
MeCN, reflux, 2 d O

26% Boc''

H0 N"
Boc

239

4% recovered 
starting material

Scheme 2.41

To rationalise this result, we speculated that (+)-camphorsulfonyl protection converted the 

lactamol into a good leaving group, which was displaced to give the A-acyl iminium ion. This 

was then attacked by H2O to give the A-Boc tetrahydro monolactamol epimer 239 (scheme
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2.42).

Scheme 2.42

Attempts to protect the lactamol with /?-methyl chloroformate resulted in protection of the 

hydroxy group, followed by ring-opening and proton loss to give the enol carbonates 241 and 

242 as a 1:1 mixture of isomers (scheme 2.43).

+ 36% recovered starting material

Scheme 2.43

Unfortunately, these derivatives were not crystalline and consequently an x-ray crystal 

structure could not be obtained.

However, eventually we were able to grow x-ray quality crystals of the underivatised jV-Boc 

tetrahydro monolactamol and performed a single crystal x-ray structure determination using 

the Bijvoet method employing Cu-Ka irradiation. This established the absolute configuration 

of monolactamol (+)-229 as being (IS, 2 S, 3 R, 5 R, 6R), as predicted (figure 2.14).
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Figure 2.14

Asymmetric reduction of the A-Boc dimer

Having achieved the asymmetric reduction of the tetrahydro compound, our attention turned 

to the enantioselective reduction of the unsaturated jV -B oc  dimer. Reduction of the A-Boc 

dimer under the optimised conditions failed to produce the N-Boc monolactamol 214 in 

significant quantities (scheme 2.44).

0.5 eq B-Me CBSBH3 
0.5 eq BH3 DMS

CHCI3i ft, 22 h

Scheme 2.44

A variety of conditions were then investigated in an attempt to increase the yield of the yV-Boc 

monolactamol (table 2.7).

Boc'

Boc

See table

213

,Boc
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Entry Conditions Monolactamol 214 Starting material 213

Yield (%) Ee (%) Yield (%)

1 0.2 eq 6 -Me CBS-BH3, 1.2 eq BH3 DMS, 
CH2CI2, rt, 26 h

3 49.9 12

2 0.2 eq e-Me CBS BH3| 1.2 eq BHj-THF, 
CH2CI2, rt, 26 h

2 297 64

3 0.2 eq e-Me CBSBH3, 1.2 eq BH3DMS, 
0.19 eq DIBAL, CH2CI2, rt, 26 h154

1 33

4 0.2 eq 6 -Me CBSBH3, 1.2 eq BH3-THF, 
0.19 eq Yb(OTf)3, CH2CI2, rt, 26 h

9 6.7 42

5 1 eq e-Me CBSBH3, 1.2 eq BH3THF, 
CH2CI2, rt, 26 h

63

Table 2.7

Reactions employing catalytic amounts of Z?-Me CBSBH3 gave small amounts of the 

monolactamol and in varying ee (entries 1 and 2). The addition of an organoaluminium 

promoter failed to improve the situation (entry 3), and the use of Yb(OTf)3 increased the yield 

slightly but at the expense of the ee, suggesting that the Lewis acid promoter was accelerating 

the uncatalysed borane reduction (entry 4). Finally, stoichiometric amounts of 5-Me 

CBSBH3 did not improve the yield of the monolactamol (entry 5).

It was interesting to note that the total recovery of material in these reactions was quite low. 

This could be the result of competing alkene hydroboration, and that in the absence of an 

oxidative workup the trialkylboranes were remaining on the silica after chromatography.

Faced with the possibility that hydroboration was competing with reduction, two options were 

open to us. Firstly, the competing hydroboration could potentially be reduced by employing a 

less reactive stoichiometric borane source. Secondly, the electrophilicity of the lactam 

carbonyl could be increased further by employing different protecting groups on nitrogen.

Catecholborane can be used as the stoichiometric reductant in the CBS system,155 and it 

known to be much less reactive towards alkene hydroboration than borane. In preparation for 

using catecholborane in the asymmetric reduction of the photodimers, we performed a test 
reaction on acetophenone (scheme 2.45).

10 mol% B-Me CBS BH3 QH
1 eq catecholborane =

quantitative, 73.2% ee
238

Scheme 2.45
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While the reaction was observed to proceed quantitatively, the ee was inferior to those 

obtained with BH3DMS (scheme 2.38). Substitution of BH3DMS for catecholborane in the 

reduction of the A-Boc tetrahydro dimer gave A-Boc tetrahydro monolactamol (±)-229 in 

lower yield and ee than the procedures employing borane (table 2.6). Also, significantly more 

over-reduction products were observed (scheme 2.46).

1 eq 6 -Me CBS BH3 
1 eq catecholborane

CH2CI2, rt, 22 h

30% over-reduction products 231 and 232

Scheme 2.46

In the light of these compromised yields and ees, we decided to focus our efforts on 

alternative nitrogen protecting groups that would increase the reactivity of the lactam 

carbonyl towards reduction.

Lactam activation: by A-sulfonyl protection

We envisaged that a sulfonyl protecting group would increase the electrophilicity of the 

lactam carbonyl to a greater extent than a Boc group. A sulfonyl group is more efficient at 

drawing electron density away from an amide nitrogen as sulfur is more electronegative than 

nitrogen, and the sulfur-oxygen double bonds can conjugate with the nitrogen lone pair.

Many reports of A-tosyl lactam formation exist in the literature. Of particular interest to us 

was an account published by Weinreb in which A-tosyl lactam 243 is synthesised and reduced 

by DIBAL as part of a synthetic strategy towards the marine alkaloid sarain A156 (scheme 

2.47).

Scheme 2.47
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Another interesting report was the A-tosyl protection of Vince’s lactam157 (scheme 2.48), 

particularly relevant to our efforts in view of its structural similarity to the A-H photodimer 

(figure 2.3).

193

1.1 eq NaH, Et20, rt, 1 h

then 1.1 eq TsCI, rt, 24 h 

46% 244

Scheme 2.48

With this literature precedent we were optimistic about synthesising A-Ts dimer 246, and 

investigations were carried out to delineate conditions for direct protection of the A-H dimer 

(table 2.8).

Entry Conditions Result

1 3 eq NaH, 3 eq TsCI, 0.5 eq DMAP, THF, rt, 24 h157 3% N-Js/N-H dimer
2 4 eq NaH, 4 eq TsCI, 2.5 eq DMAP, 0.2 eq 'BuOK, THF, reflux, 24 h157 no reaction
3 3 eq nBuLi, THF, -78°C, 15 min, then 4 eq TsCI, 0.5 eq DMAP, rt, 24 h158 no reaction
4 4 eq KH, 4 eq TsCI, Et20, rt, 24 h no reaction

5 2.2 eq TsCI, 30% aq NaOH, 0.1 eq BnEt3NCI, CH2CI2, rt, 24 h159 no reaction
6 3 eq TsCI, 2.5 eq Cs2C03, 2.5 eq AgCN, H20:acetone, 1:1, rt, 24 h no reaction
7 4 eq TsCI, 30% aq NaOH, H20, Et20, rt, 24 h160 traces ofO-Ts-2- 

pyridone
8 6 eq TsCI, 2.1 eq DMAP, MeCN, rt, 3 d no reaction
9 5 eq TsCI, 3 eq LHMDS, DMF:HMPA 1:1, 150°C, 2 h to 100°C, 24 h156' 158 29% O-Ts-2- 

pyridone
10 5 eq TsCI, 3 eq LHMDS, DMF, 100°C, 10 min to rt, 24 h156’158 Me2NTs plus 2- 

pyridone derivatives
11 5 eq TsCI, 140°C, 24 h no reaction
12 4 eq NaH, 8 eq TsCI, 140”C, 24 h traces of 2-pyridone 

derivatives

Table 2.8

Initial experiments involved the deprotonation of a suspension of the A-H dimer in ethereal 

solvents by a variety of bases, followed by treatment with TsCI and DMAP (entries 1-4). No 

reaction was observed, except for the production of a small amount of the A-Ts/A-H dimer 

245 (entry 1). To overcome solubility problems, a number of biphasic experiments were 

performed using aqueous base as the A-H dimer is sparingly soluble in water (entries 5-7). No 

reaction was observed on employing a phase transfer catalyst (entry 5) or AgCN (entry 6), but
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a small amount of O-Ts-2-pyridone was isolated in entry 7. To encourage the /V-H dimer into 

solution, a series of reactions involving heat and/or polar solvents were carried out (entries 8- 

10). However, only O-Ts-2-pyridone (from the heat induced cycloreversion of the A-H dimer, 

entry 9) and A-Ts-dimethylamine (from the decomposition of DMF, entry 10) were isolated. 

Finally, two reactions were performed under solvent free conditions in molten TsCl with and 

without base (entries 11 and 12) but to no avail.

At this point we suspected that TsCl might not be reactive enough to protect the photodimer, 

so the more reactive TsBr161 248 and TsI162 2 49 were synthesised from the sodium salt of 

/wa-toluenesulfmic acid 247 (scheme 2.49).

o o o

247 72% 248

O O O

247 39% 249

Scheme 2.49

However, both reagents failed to react with the A-H dimer (scheme 2.50).

2.2 eq nBul_i, THF
no

reaction

186

Scheme 2.50

Our next strategy was to synthesise and photodimerise A-Ts-2-pyridone.158 Tosyl protection 

of 2-pyridone proceeded in good yield, but irradiation with ultra-violet light did not afford the 

expected A-Ts dimer but instead gave rearranged 5-Ts-2-pyridone (scheme 2.51).
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A- 2.2 eq "BuLl.THF 
0°C, 20 min iV _X =350 nm

.U then 1.1 eq TsCl, rt, 24 h u MeOH, 2 d V
185 81% 250 12% I

Ts 2

Scheme 2.51

The protection of the rV-H dimer with other sulfonyl protecting groups such as 

methanesulfonyl and trifluoromethanesulfonyl was also investigated. Part of the reasoning 

behind the use of the Ms group was that it is well known that MsCl can undergo elimination 

to form a reactive sulfene, which is the active sulfonylating agent. This pathway is not 

believed to operate for TsCl. Two attempts to mesylate the N-H dimer were made, with MsCl 

and M s 20 ,  and "BuLi, but both met with failure with butylmethylsulfone isolated on both 

occasions (scheme 2.52).

° t C >

2.5 eq nBuü, THF 
-78°C, 15 min

then 4 eq MsCl or 
Ms20, rt, 2 d

recovered 
starting material

Scheme 2.52

Small amounts of the N-Tf/N-H dimer 252 was isolated on treatment of 7V-H dimer 186 with 

Tf20  in pyridine (scheme 2.53).

186

3 eq Tf20

pyridine, rt, 2 d 

4% 252

Scheme 2.53

TV-Sulfonyl protection: oxidation strategy

With all attempts to directly sulfonyl protect the N-H dimer proving unsuccessful, an 

alternative route to TV-sulfonyl lactams was considered, involving Wsulfmyl or N- 

sulfenyl163d64 protection followed by oxidation with mCPBA or H20 2. Once again, many 

precedents for this strategy exist in the literature.

Our efforts began with the synthesis of p-toluenesulfinyl chloride 253 from /»-toluenesulfinic 

acid 247. However, attempted A-sulfinyl protection of the N-H dimer failed (scheme 2.54).
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247

7.5 eq SOCI2

rt, 2 h

32%

OII

253

/ ^ t " nh

186

2.2 eq nBuLi, THF 
0°C, 30 min

then 2.5 eq p-toluenesulfenyl 
chloride, rt, 24 h

no
reaction

Scheme 2.54

The synthesis of /»-toluenesulfenyl chloride 255 proceeded almost quantitatively by the 

treatment of/»-thiocresol 254 with chlorine (scheme 2.55).

254

CCI4 saturated with Cl2

0°C, 1 h, dark 

99%
255

Scheme 2.55

Two attempts were made to ,/V-sulfenyl protect165 the N-H dimer. The first resulted in the 

formation of nBuLi//?-toluenesulfenyl chloride adduct 256, and the second showed no reaction 

(scheme 2.56).

186

2.2 eq nBuLi, THF 
0oC, 30 min

then 2.5 eq p-toluenesulfenyl 
chloride, rt, 24 h

recovered 
starting material

256

6 eq p-toluenesulfenyl chloride 
1 eq DMAP

MeCN, rt, 24 h
no

reaction

Scheme 2.56

We then planned to synthesise the vV-sulfenyl dimer by the Wsulfenyl protection of 2- 

pyridone followed by photodimérisation. The first attempt at synthesising N-p- 

toluenesulfenyl-2-pyridone 258 using NaH gave 10% of 5-p-toluenesulfenyl-2-pyridone 257. 

However, the second attempt using nBuLi gave very small amounts of the desired product, N-
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p-toluenesulfenyl-2-pyridone, although photodimérisation of this compound led to 

decomposition and no A-sulfenyl dimer was formed (scheme 2.57).

o

185

1.1 eq nBuLi, THF, 0°C, 30 min
-------------------------- ►

then 1.2 eq p-toluenesulfenyl 
chloride, rt, 24 h 

1%

X = 350 nm

MeOH, 3 d

258

decomposition

Scheme 2.57

Our final attempts to introduce a sulfonyl group to the N-H dimer relied on the reaction of 

lactam derived TMS lactim ethers with TsCl. A test reaction of 2-pyridone with trimethylsilyl 

trichloroacetate166 gave 2-(trimethylsilyloxy)-pyridine in a 1:1.4 ratio with starting material. 

As the lactim ether was hydrolysed on silica, the crude mixture was used directly for the next 

reaction. However, treatment with CsF and TsCl gave no 7V-Ts-2-pyridone (scheme 2.58).

o

185

o
1.2 eq J l

TMSO CCI3

2 mol% K2CO3 
2 mol% 18-crown-6

110°C, 1.5 h

259 1 :1 .4  185

1 eq CsF 
1.1 eq TsCl

DMF, rt, 3 d
no A/-Ts-2-pyridone 

isolated

Scheme 2.58

Application of these conditions to the N-H dimer failed to give the TMS lactim ether (scheme 
2.59).

o
2.4 eq II

TMSO CCI3

186

4 mol% K2C 03 
4 mol% 18-crown-6 

100°C, 2h
----------------------------► no reaction
then THF, reflux, 24 h

Scheme 2.59

73



Chapter 2

At this stage we had exhausted most of the possibilities for A-sulfonyl protection of an amide, 

and the Wsulfonyl dimer still remained elusive. Consequently, we decided to move on to 

other amide protecting groups.

Lactam activation: by A'-phosphinyl protection

The failure to TV-sulfonyl protect the photodimers inspired attempts to protect the lactam 

nitrogen with other protecting groups in order to increase the electrophilicity of the lactam 

carbonyl.

We were interested in introducing the A-phosphinyl protecting group as it has been shown by 

Sweeney to be a powerful electron withdrawing group, for which nucleophilic attack at 

phosphorus is slow, and which can be deprotected with mild acid.167068 Treatment of the N- 

H dimer with "BuLi followed by diphenylphosphinyl chloride gave traces of the A-DPP dimer 

260 and A-DPP/W-H dimer 261, along with significant quantities of the unexpected DPP 

adducts 262 and 263 (scheme 2.60).

186

DPP

rt, 24 h

DPP

O
II

P h '^ O ^ ^
Ph

263

62%*

* yields with respect to DPPCI

Scheme 2.60

Product 262 presumably arises from direct nucleophilic attack of BuLi on DPPCI. We 

reasoned that product 263 was formed by base induced fragmentation of THF, followed by 

reaction of the resulting enolate with DPPCI (scheme 2.61).

Scheme 2.61

oii

Ph

263
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Interestingly, database searches revealed that the DPP enol-ether is a novel compound which 

might find potential application as a dienophile in inverse electron demand Diels-Alder 

reactions.

Further investigation of this side reaction revealed that the formation of 

diphenylbutylphosphine oxide 262 versus DPP enol-ether 263 is dependent on the order of 

addition of the reagents (scheme 2.62).

0
II

to a solution of 264 in THF 
was added 1.1 eq nBuLi 0

II

U 1S 1
Ph

rt, 24 h PtW l ^  
Ph

264 78% 262

O 1.1 eq nBuLi, THF 0
II rt, 30 min II

U ^ c i
Ph

then 264, rt, 24 h piU  i A o^
Ph

264 65% 263

Scheme 2.62

When "BuLi is added directly to a solution of DPPC1 in THF, only diphenylbutylphosphine 

oxide 262 is produced. Alternatively, when "BuLi is stirred in THF for 30 minutes prior to the 

addition of DPPC1, then DPP enol-ether 263 is formed exclusively, as the enolate will have 

had time to form. These observations suggest that the A-H dimer is very unreactive towards 

deprotonation, since during the 30 minutes prior to adding the DPPC1 the nBuLi preferentially 

reacts with THF.

Attempts to increase the yield of the A-DPP dimer by employing "BuLi in DMF, dioxane and 

CH2CI2, and by using NaH in DMF failed, with only the DPPC1 adducts and no A-DPP dimer 

being formed.

Unfortunately, the yields of A-DPP dimer obtained were too low to be synthetically useful, 

and no attempts were made to reduce these dimers.

Lactam activation: by A-pivaloyl protection

A further strategy utilised the pivaloyl (/eA-butylcarbonyl) group as an amide protecting 

group. We envisaged that this group would withdraw electron density to a greater extent than 

the Boc group due to the lack of a carbamate oxygen, and that reduction of the pivaloyl 

carbonyl in preference to the lactam carbonyl would be discouraged by the bulky tert-butyl 
group.
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A-Pivaloyl protection of the N-H dimer proceeded in 56% yield under similar conditions to 
the Boo protection (scheme 2.63).

2.5 eq "BuLi.THF
. 0

0°C, 30 min >CL
Jz

--------------------------- ►
then 4 eq pivaloyl 
chloride, rt, 24 h

Piv— N

cr
O7

186 56% 265

Scheme 2.63

Subsequently, the A-pivaloyl dimer 265 was treated with 3 equivalents of DIBAL (scheme 

2.64).

Scheme 2.64

However, no lactamols were isolated, and instead the A-pivaloyl/A-H dimer 266 and N- 

pivaloyl/A-H a,P-unsaturated amino-aldehyde 267 were observed. The formation of both of 

these products involves reduction of the pivaloyl carbonyl. Examination of molecular models 

revealed that it is not possible for the pivaloyl carbonyl and the lactam carbonyl to be co- 

planar without an unfavourable steric interaction of the /er/-butyl group with either the lactam 

oxygen or the protons a  to the carbonyl (figure 2.15).

Figure 2.15

Therefore the pivaloyl group will adopt a conformation out of the plane of the lactam, and as 

a result renders the pivaloyl carbonyl more electrophilic and the lactam carbonyl less
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electrophilic, due to the disruption of the conjugation between the two groups.

This explains the isolation of products with the pivaloyl group cleaved, and the isolation of a 

low amount of lactam reduction products. It may also explain the low mass recovery of the 

reaction as double pivaloyl cleavage would form the insoluble N-H dimer, and a precipitate 

was observed during the workup of this reaction.

The a,(3-unsaturated amino-aldehyde 267 was presumably formed as the result of ring 

opening and double bond tautomerism of the Ar-pivaloyI/ALH monolactamol 268, probably 

during the mildly acidic workup (scheme 2.65).

©

Scheme 2.65

In the light of these results, it was clear that the pivaloyl group was unsuitable for our 

purposes.

Summary of TV-protection

The upshot of all the aforementioned ,/V-protection studies was that we had successfully 

achieved the carbamate (Boc) and amide (pivaloyl) protection of the Ar-H dimer, but had been 

unable to achieve analogous sulfonamide (Ts, Ms) or phosphinamide (DPP) protection.

The most important difference between these groups is the geometry of the atom by which 

they are attached to the lactam nitrogen, sp2 hybridised carbon (trigonal planar) versus sp3 
hybridised sulfur or phosphorus (tetrahedral) (figure 2.16).

o
A ,

VS.
O OX or

'R

O, Ph\\ /
^ P^P h

Figure 2.16

Not only is the tetrahedral geometry more sterically demanding, but sulfur and phosphorus are 

significantly larger than carbon. This would explain the failure to achieve 7V-sulfonyl and N- 
phosphinyl protection.
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Furthermore, these effects would be exaggerated in the photodimer system, where the rigid 

structure will not permit the relief of steric interactions by undergoing conformational change.

Lactam activation: by carbonyl thionation

In a final attempt to increase the electrophilicity of the lactam carbonyls of the photodimer, 

we tried the thionation of the A'-Boc tetrahydro dimer using Lawesson’s reagent169 (scheme 

2.66). Unfortunately, no reaction was observed in both refluxing benzene and CH2CI2.

,Boc

1 eq Lawesson's reagent recovered
7 I  7~ starting materialbezene, reflux, 1 d

or CH2CI2, reflux, 4 d

Scheme 2.66

At this point, and in view of the amount of time already invested, we decided to abandon 

attempts to increase the electrophilicity of the lactam carbonyl, and concentrate on other 

methods of minimising competing alkene hydroboration during the asymmetric reduction of 

the unsaturated ¿V-Boc dimer.

Alkene protection

Another way to avoid competing hydroboration is to temporarily protect the alkenes. We 

considered the Diels-Alder reaction as a potential strategy because it is known to be 

reversible, but we anticipated that the size of commonly employed protecting groups (e.g. 

anthracene and its derivatives170) would probably be too sterically demanding and interfere 

with reduction.

Another option was to oxidise the alkenes, either to the diol or to the epoxide. These were 

attractive methods because we planned to oxidatively cleave the alkenes at a later stage, 

which can be achieved directly on diols and epoxides.

Literature precedents exist for the dihydroxylation of Vince’s lactam derivatives. Generally, 

c/s-dihydroxylation takes place exclusively from the less hindered exo face.171 However, 

when the exo face is blocked, dihydroxylation can take place from the endo face,172 a result 

that bodes well for the dihydroxylation of the photodimer systems (scheme 2.67).
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KMn04
--------------------------i
exo dihydroxylation 

91%

cat. Os04 
NMO

endo dihydroxylation 

62%

Scheme 2.67

However, when the N-Boc dimer was subjected to Warren’s racemic dihydroxylation 

conditions173 no reaction took place (scheme 2.68).

1 mol% 0 s0 4 
2 eq K3Fe(CN)6

4 mol% quinuclidine
2 eq K2CO3

lBuOH/H20, rt, 24 h

72% recovered 
starting material

Scheme 2.68

Exposure of the jV-Boc dimer to the Upjohn dihydroxylation conditions also gave recovered 

starting material (scheme 2.69).

Boc'

Boc

213

0.1 eq 0 s0 4 
3.4 eq NMO

acetone^O , rt, 2 d

recovered 
starting material

Scheme 2.69

We considered the possibility that any diols formed might be water soluble and thus be 

remaining in the aqueous phase. However, two reactions (on the WBoc and iV-MOM dimers) 

where the aqueous extracts were evaporated to dryness following workup and the residues 

treated with 2,2-dimethoxypropane and TsOH (acetonide protection) showed no sign of the 

desired products (scheme 2.70).
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213 R = Boc 
211 R = MOM

10 mol% K2Os0 2(OH)4 
3 eq K3Fe(CN)6 

15 mol% quinuclidine 
3 eq K2C03 

1 eq MeS02NH2 
fBuOH/H20, rt, 2 d

then 4 eq 2,2-DMP 
0.1 eq TsOH 

CH2CI2, rt, 4 h

no acetonides 
isolated

Scheme 2.70

This unreactivity was perplexing, especially considering the fact that the Vince’s lactam and 

derivatives undergo dihydroxylation readily. As a result, we redirected our efforts towards 
epoxidation.

A variety of conditions was investigated to epoxidise the V-Boc dimer (table 2.8).

Entry Conditions
diepoxide

269

Yield (%) 
monoepoxide 

270
A/-Boc 

dimer 213

1 10 eq DDO, CH2CI2, rt, 24h174 traces 29 60
2 10 eq DDO, CH2CI2, rt, 15 d174 10 42 44
3 2.5 eq mCPBA, CH2CI2, reflux, 24 h - 22 68
4 5 eq mCPBA, 5 mol%, radical inhibitor,3 CH2CI2, reflux, 6 d175 43 12 0
5 5 eq mCPBA, 5 mol%, radical inhibitor,3 CICH2CH2CI, reflux, 3 d175 2 3 -
6 20 eq mCPBA, 20 eq Na2HPO„, CH2CI2, H20, rt, 11 d 20 - -

7 5 eq (CF3C0)20, 20 eq UHP, 17.5 eq Na2HP04, CH2CI2, rt, 3 d176 19 79

3 5-fert-butyl-4-hydroxy-2-methylphenylsulfide

Table 2.8

Epoxidation with dimethyldioxirane failed to give substantial quantities of the diepoxide, 

even after extended reaction periods (entries 1 and 2). Epoxidation with mCPBA gave the best 

yield of the diepoxide, 43% with a radical inhibitor in refluxing CH2C12 for 6 days (entries 3 

and 4), but increasing the temperature of the reflux by using 1,2-dichloroethane caused 

decomposition (entry 5). Finally, the use of trifluoroperacetic acid (entry 6) and mCPBA 

under biphasic conditions (entry 7) failed to improve on entry 5.

With the N-Boc dimer diepoxide in hand, the racemic and asymmetric reduction of this 

compound were explored. Treatment of this compound with 3 equivalents of DIBAL resulted
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in the consumption of starting material into uncharacterisable products, and no lactamols were 

detected (scheme 2.71).

O y Boc

^ eq DIBAL uncharacterised

0 = ^ S  CH2CI2,r t,2 d  ^  pr0dUCtS

Boc^ O
269

Scheme 2.71

Nonetheless, we proceeded with investigations into the asymmetric reduction 

are summarised in table 2.9.

a u u  i u c  i c b u u s

Boc'

Boc

see table

Boc'

Boc

269 271

Entry Conditions Result

1 3 eq BH3-DMS, CH2CI2, rt, 4 d recovered starting material
2 0.5 eq S-Me CBS BH3, 0.5 eq BH3-DMS, CH2CI2, rt, 22 h recovered starting material
3 2 eq 6-Me CBS BH3, 2 eq BH3-DMS, CH2CI2, rt, 5 d recovered starting material

Table 2.9

Borane alone was not reactive enough to reduce the TV-Boc dimer diepoxide (entry 1) and 

starting material was recovered. Both catalytic and stoichiometric amounts ofi?-Me CBSBH3 

resulted in no reaction at all, and no lactamols were observed (entries 2 and 3).

We speculated that the failure of the diepoxide to be reduced was the result of the epoxide 

blocking the trajectory of hydride attack (figure 2.17). The epoxide group, though small, 

could impede the Burgi-Dunitz trajectory of the nucleophile177 by a steric interaction, or by 

an electrostatic repulsion of the negatively charged nucleophile by the epoxide oxygen lone 
pairs.

Figure 2.17
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Asymmetric desymmetrisation: by alkene oxidation

Given the success of the epoxidation of the A-Boc dimer, we couldn’t resist the opportunity to 

attempt the asymmetric desymmetrisation of the N-Boc dimer by enantioselective 

epoxidation. The A-Boc dimer was submitted to Jacobsen’s catalytic asymmetric epoxidation 

conditions178 (scheme 2.72).

5 mol% Jacobsen's catalyst 
NaOCI

CH2CI2, rt, 4 d

94% starting material 
plus traces of 

monoepoxide 270

Scheme 2.72

Unfortunately, only traces of monoepoxide were observed by crude ‘H NMR, and time 

constraints prevented us from pursuing this avenue of research further.

Asymmetric hydrosilylation

As part of the investigations into achieving the asymmetric reduction of the A-Boc dimer, we 

considered the possibility of asymmetric hydrosilylation of the lactam carbonyls. This has the 

advantage that, on workup, the same lactamols are produced as are observed on hydride 

reduction. Once again, the possibility exists of competing reaction of the alkenes, but there are 

numerous examples in the literature of carbonyl hydrosilylation in the presence of alkenes.

To investigate this chemistry, the C2 symmetric Pybox-RhCl3 catalyst 273 was synthesised179 

(scheme 2.73).

Scheme 2.73

With catalyst in hand, the asymmetric hydrosilylation of acetophenone was carried out to test 

the procedure (scheme 2.74). The ee was not as high as that reported in the literature179 (94% 

ee), perhaps due to the quality of the extremely air and moisture sensitive reagents.
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o

237

0.4 eq Pybox 272 
0.1 eq Pybox-RhCl3 273

Scheme 2.74

The asymmetric hydrosilylation was attempted first on the (V-Boc tetrahydro dimer, under a 

variety of conditions (table 2.10).

Entry Conditions Result

1 4 mol% Pybox, 1 mol% Pybox-RhCb, 2 mol% AgBF4, 1.6 eq Ph2SiH2, CH2CI2, rt, 2 d starting material
2 0.4 eq Pybox, 0.1 eq Pybox-RhCI3, 0.2 eq AgBF4, 2 eq Ph2SiH2, CH2CI2, rt, 5 d starting material
3 0.4 eq Pybox, 0.1 eq Pybox-RhCb, 0.2 eq AgBF4, 2 eq Ph2SIH2, THF, rt, 3 d starting material

Table 2.10

No reaction was observed on any of the attempts, indicating that asymmetric hydrosilylation 

is not a reactive enough method to reduce the A-Boc tetrahydro dimer, and therefore almost 

certainly not reactive enough to reduce the unsaturated A-Boc dimer. In view of this, 

asymmetric hydrosilylation was pursued no further.

a-Methyl substituted photodimer systems

Another avenue of research that we pursued involved the synthesis and reduction of 

substituted photodimer systems. The [4+4]-photodimerisation of 2-pyridones is tolerant of a 

wide variety of substituents on the pyridone ring, allowing access to functionalised 
photodimers.

We decided to investigate the unsaturated and tetrahydro a-methyl A-Boc photodimer 

systems 274 and 275 (figure 2.18), synthesised from 3-methyl-2-pyridone.
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i r 0
N—Boc

Boc—N Boc— N

274 275

Figure 2.18

Substitution a  to the carbonyl offers several advantages over the unfunctionalised photodimer 

systems. Firstly, it opens up a route to more highly functionalised amino-acids possessing an 

extra substituent at the p position (scheme 2.75).

Secondly, there is a significant possibility of epimerisation at the p-position of the amino- 

acids presented in scheme 2.2, due to the acidity of the p-proton. Substitution at this position 

would prevent epimeristion, and therefore preserve the stereochemical integrity of the amino-

Finally, this strategy represents a method of synthesising quaternary chiral centres, which 

remains a difficult task in organic chemistry. A variety of substituents could be introduced a  

to the carbonyl in the photodimer systems by photodimerising the appropriate 3-substituted-2- 

pyridones, synthesised from the palladium catalysed cross-coupling of 3-bromo-2-pyridone. 

This has been demonstrated by Iain Lingard, an MChem project student in our group, who 

achieved the Stille coupling of 3-bromo-2-pyridone and tetramethyl stannane, illustrating the

potential of this route (scheme 2.76).

,o

p'HNT^>
R02c y ^ /

276

oxidative C=C bond cleavage 
and lactam hydrolysis

H02C NHP 
277

P'HN ^ C 0 2H 

278

pseudoenantiomeric
|i-methyl-p-carboxyaspartates

Scheme 2.75

acids.
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o

279

0.9 eq Me4Sn, cat (Ph3P)4Pd
------------------------- »

DMF, 120°C, 24 h

present by 
crude 1H NMR

280

Scheme 2.76

However, for initial studies the a-methyl jV-Boc dimer 274 was synthesised by the 

diazotisation of commercially available 2-amino-3-methylpyridine 281,*20 followed by the 

photodimérisation of 3-methyl-2-pyridone 280120 and Boc protection of a-methyl jV-H dimer 

282 in NMP (scheme 2.77).

Scheme 2.77

Once again, in preparation for the asymmetric reduction, the achiral reduction of the a-methyl 

A-Boc dimer with DIBAL was performed, and the mono and dilactamols (±)-283 and 284 

isolated (scheme 2.78).

+ 19% recovered 274

Scheme 2.78

Interestingly, a small amount of 3-methylpyridine was observed in the crude ‘H NMR, 

probably the result of the reductive cleavage of the dilactamol Boc groups, followed by 

elimination of H2O and cycloreversion (scheme 2.79).
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Scheme 2.79

Furthermore, the a-methyl A-Boc tetrahydro dimer was prepared by catalytic hydrogenation, 

which proceeded almost quantitatively (scheme 2.80).

Scheme 2.80

The x-ray crystal structure of this compound was obtained, which clearly showed the 

quaternary methyl groups a  to the carbonyls (figure 2.19).

Figure 2.19

Reduction of the a-methyl A-Boc tetrahydro dimer with 5 equivalents of DIBAL gave 

dilactamol 285, along with a substantial quantity of a-methyl A-Boc/A-H tetrahydro 

monolactamol 286, the product of reductive cleavage of a Boc group (scheme 2.81).
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H H

Be

O
CH2CI2, rt, 1 h

5 eq DIBAL

275 H 285 286

36% 44%

Scheme 2.81

An x-ray crystal structure of dilactamol 285 was obtained, and the ‘axial’ epimer at each 

lactamol centre was observed, once again confirming the axial attack of hydride (figure 2.20).

Examination of the COSY spectrum of compound 286 revealed that a lactam Boc group 

rather than a lactamol Boc group had been removed. This makes sense chemically, as the 

carbonyl of a lactam Boc group is more electrophilic as the electron density of the nitrogen 

lone pair is withdrawn to a certain extent by the lactam carbonyl.

We reasoned that the large excess of reducing agent was the cause of the over-reduction, and 

so performed a reaction employing only 2 equivalents of DIBAL (scheme 2.82).

:~o h
N— Boc

285

Figure 2.20
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H

Scheme 2.82

However, large amounts of over-reduced products 286 and 288 were again observed. This led 

us to speculate that perhaps the extra steric hindrance of the a-methyl group was slowing the 

rate of reaction down and allowing reductive cleavage to compete to a greater extent than 

observed in the a-H N-Boc tetrahydro photodimer system. To minimise the formation of these 

over-reduction products, the reaction was performed at -78°C (scheme 2.83).

The lower temperature significantly reduced the amount of Boc cleavage during the reaction. 

What became apparent at this point was the large amount of dilactamol 285 relative to 

monolactamol (±)-287, indicating co-operativity of reduction again, and to a greater extent 

than that observed for the iV-Boc dimer (scheme 2.27). The reason behind this could be that, 

with a slower rate of reduction, the subtle co-operative effects become more significant and 

have a greater bearing on the selectivity.
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With the reduction products of the unsaturated and tetrahydro a-methyl A-Boc dimers 

isolated and characterised, work proceeded on the asymmetric reduction of these compounds. 

The a-methyl A-Boc tetrahydro dimer was treated with 5-Me CBSBH3 complex and 

BH3DMS, but no reaction was observed despite a number of attempts (scheme 2.84).

1 eq B-Me CBS-BH3 
6 eq BH3-DMS

CH2CI2, rt. 24 h
no

reaction

Scheme 2.84

Application of the transition state model to this compound revealed a severe steric clash of the 

a-methyl group with the 5-methyl substituent of the catalyst, which could explain the lack of 

reaction (figure 2.21). Subsequent to this work, Knochel published the observation that ketone 

subtrates containg tertiary centres a  to the carbonyl undergo CBS reduction with greatly 

reduced yields and selectivities.180

Ph

Figure 2.21

In the light of this, work on the a-methyl photodimer systems ceased, as the potential 

advantages of the a-methyl group were far outweighed by its interference in the crucial 

asymmetric desymmetrisation step.

Further elaboration of the desymmetrised products

In parallel with the asymmetric desymmetrisation studies, we investigated the further 

elaboration of the desymmetrised lactamols, and explored their chemistry.

Attempts were made to further reduce the lactamols using NaBH3CN, which is known to ne 

able to reduce A-Boc lactamols and not A-Boc lactams.181 Treatment of A-Boc dilactamol 

215 with NaBH3CN and AcOH afforded a product which seemed to correspond to TV-Boc
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diamine 289, but the analytical data was inconclusive and the compound remained 

uncharacterised (scheme 2.85).

Boc'

Boc

289

?

Scheme 2.85

One of the most useful reactions we wanted to achieve was the acid catalysed lactamol 

opening to give the ring opened amino-aldehydes. Initial attempts involved the treatment of 

the di and mono lactamols 215 and (±)-214 with TsOH (scheme 2.86).

H

0.1 eq TsOH 

CH2CI2, rt, 24 h

recovered 
starting material

Scheme 2.86

Both compounds were resistant to lactamol opening, with a small amount of pyridine 

produced in the case of the dilactamol, the result of acid catalysed Boc removal, elimination 

of H2O and cycloreversion (scheme 2.87).

It was thought that the resistance to lactamol opening of these compounds was due to the rigid
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‘cage-like’ photodimer structure holding the lactmols closed, and the stabilisation of the 

lactamols by hydrogen bonding to the Boc carbonyl (figure 2.22). The signals corresponding 

to the hydroxyl groups in the IR spectra of these lactamols are broadened, which can be 

interpreted as evidence for hydrogen bonding. Furthermore, all of the x-ray crystal structures 

obtained for N-Boc lactamol photodimer derivatives show the hydrogen of the lactamol 

hydroxyl group oriented towards the Boc carbonyl, providing additional evidence for 

hydrogen bonding (figures 2.11, 2.14, and 2.20).

H

Figure 2.22

To disrupt this hydrogen bonding, we attempted the simultaneous Boc deprotection and 

lactamol opening with TFA (scheme 2.88).

small amounts 
+ of 2-pyridone 

and pyridine

Scheme 2.88

Treatment of the dilactamol with TFA resulted in Boc deprotection, H20  elimination, and 

cycloreversion to give pyridinium trifluoroacetate in a similar manner to that proposed in 

scheme 2.87. However, the monolactamol underwent Boc deprotection and lactamol opening, 

followed by an acid catalysed double bond isomerisation to give a, P-unsaturated amino- 

aldehyde 290 (scheme 2.89). The fact that small amounts of 2-pyridone and pyridine were 

observed illustrated that it also possible for the monolactamol to cyclorevert.
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iO H

Scheme 2.89

We reasoned that the methyl group of the a-methyl WBoc monolactamol (±)-283 would 

prevent the double bond shift and yield the amino-aldehyde, and so treated monolactamol (±)- 

283 with TFA (scheme 2.90).

Scheme 2.90

However, instead of isolating the ring-opened amino-aldehyde, we observed complete 

conversion of the monolactamol into 3-methyl-2-pyridone 280 and 3-methylpyridine 291, the 

products of cycloreversion.

These results suggest that the following equilibrium exists (scheme 2.91).

R

Scheme 2.91

When R = methyl, double bond tautomerism cannot take place and the equilibrium proceeds
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to the left hand side, resulting in irreversible cycloreversion. When R = H however, double 

bond tautomerism can occur and the a,p-unsaturated amino-aldehyde product is favoured. 

The observation that the amounts of 2-pyridone and pyridine increase with time during the 

reaction of yV-Boc monolactamol (±)-214 with TFA, suggests all of the a,p-unsaturated 

amino-aldehyde will eventually cyclorevert given sufficient time.

Finally, an attempt to open the lactamols by trapping the amino-aldehyde with a Homer- 

Wadsworth-Emmons reaction was made by treating a-methyl N-Boc tetrahydro dilactamol 

285 with trimethylphosphonoacetate and NaH, but only starting material was recovered 

(scheme 2.92).

recovered 
starting material

Scheme 2.92

Conclusion

In conclusion, we have achieved the 5-Me CBSBH3 catalysed reduction of the A-Boc 

tetrahydro dimer with virtually complete enantiotopic group selectivity (>97% ee) and in 

good yield (76%). Unfortunately we were unable to transfer these conditions on to the 

unsaturated A-Boc dimer and therefore unable synthesise the functionalised amino-acids as 

planned. However, the asymmetric desymmetrisation of the iV-Boc tetrahydro dimer 

represents the first ever asymmetric desymmetrisation of a centrosymmetric meso compound, 

and establishes five stereocentres in a single step. It is also the first example of an asymmetric 

reduction of a meso diamide, and as such represents a significant extension of the scope and 
versatility of the CBS reduction process.

Future work

A number of options for future work are open.

The lactamase catalysed enantioselective lactam hydrolysis of the N-H dimer should be 

reinvestigated. Chiroscience encountered solubility problems with the 7V-H dimer, however it
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is sparingly soluble in warm water and therefore, with optimisation, asymmetric 

desymmetrisation using lactamases may be possible.

Potential still exists for asymmetric desymmetrisation using lipases. The A-hydroxyethyl 

dimer 292 (figure 2.23) is known,107 and it may be possible to achieve the enantioselective 

acylation of this compound using lipases. Longer alkyl chains may permit access of the 

hydroxyethyl groups to the enzyme active site, and precedent does exist for lipase catalysed 

acylations of alcohols remote from prochiral centres with excellent selectivity.

-OH

Figure 2.23

It has recently been shown that a 2:1 complex of DMAP-OSO4 is an effective reagent for the 

dihydroxylation of sterically hindered alkenes.182 This reagent may be reactive enough to 

effect dihydroxylation of a photodimer system, and the use of chiral DMAP derivatives may 

permit oxidative asymmetric desymmetrisation.

Finally, the formation of a small amount of monoepoxide during the enantioselective 

epoxidation of the A-Boc dimer with Jacobsen’s catalyst (scheme 2.73) provides hope for the 

epoxidative asymmetric desymmetrisation strategy. Further optimisation and the use of more 

active catalysts may prove successful, and may yet provide a route to functionalised amino- 

acids.
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Chapter 3: Asymmetric Desymmetrisation of Meso Decalin Diallylic 

Alcohols: Towards the Synthesis of Celastraceae Sesqiterpenoids

A gentleman chewing ‘khat’, a natural product of the Celastraceae.
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Chapter 3: Asymmetric Desymmetrisation of Meso Decalin Diallylic 

Alcohols: Towards the Synthesis of Celastraceae Sesqiterpenoids

Natural products of the Celastraceae

The Celastraceae family consists of approximately 55 genera and 850 species of plant, 

indigenous to the tropical and sub-tropical regions of the world, namely Africa, Asia, and 

South America. Crude extracts of the Celastraceae have been valued since antiquity for a 

wide variety of biological activity, and a diverse array of natural products from many classes 

of compound have been isolated from these plants183 (figure 3.1).

o

phenalkylamines 
e.g. (-)-cathinone 

stimulant

Me

anti-tumour, anti-leukemic

immunosuppressant

antibiotic

Figure 3.1

Of significant social importance in north eastern parts of Africa such as Ethiopia and the 

Yemen, is the addiction known as ‘khatism’. The leaves of the Catha eclulis (‘khaf) plant are 
chewed for their stimulant and appetite-suppressive effects, thought to be caused by (-)- 

cathinone,184 which has a similar structure to (+)-amphetamine (figure 3.2). This addiction is 

becoming increasingly widespread and is blamed for many of the region’s social and 

economic problems.
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(+)-amphetamine

Figure 3.2

However, other natural products of the Celastraceae are of considerably more benefit to 

mankind, exhibiting immunosuppressant, anti-tumour, anti-leukemic, antibiotic, anti-arthritic, 

insect repellent, and memory restorative effects.183

Celastraceae sesquiterpenoids

Prevalent amongst the natural products of the Celastraceae is a large family of 

polyhydroxylated sesquiterpene esters containing a dihydro-P-agarofuran skeleton (figure

3.3).

Figure 3.3

Many members of this family, particularly esters of three polyhydroxylated agarofurans: 

euonyminol, 4p-hydroxyalatol, and 14-deoxyalatol, exhibit significant biological activity185- 

188 (figure 3.4).

euonyminol
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wilforine
insecticidal

Figure 3.4

In particular, hypogluanine B and related macrocyclic lactone derivatives of euonyminol have 

recently been shown to display significant anti-HIV activity189-190 (figure 3.5).

hypoglaunine B
anti-HIV

Figure 3.5

Synthetic strategy

A striking feature of the three core structures common to these natural products is the 

symmetric array of hydroxyl groups on the top face of the ‘northern hemisphere’ of these 

molecules. The synthetic strategy devised by our group planned to exploit this symmetry to
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facilitate the synthesis of these compounds. Epoxy-alcohol I was identified as a pivotal 

intermediate for the preparation of all three core structures, and it was envisaged that the two- 

directional synthesis of meso diallylic alcohol II, followed by epoxidative asymmetric 

desymmetrisation would provide an efficient, stereoselective route to this intermediate 

(scheme 3.1).

euonyminol: R1p R2, R3, R4 = OH 
4p-hydroxyalatol: R-i, R3 = OH, R2, R4 = H 

14-deoxyalatol: R1p R2, R3, R4 = H

Scheme 3.1

The two-directional synthesis of epoxy-alcohol intermediate 293 was designed as follows 

(scheme 3.2).

294

known
chemistry

CN

OH
296

t>/s-epoxidation

CN

P'O'

d/s-elimination

OP
VI

"OP'

B r , .
dfs-ring-openmg

1
CN

•o;

OR
297 R = H 

III R = P

d/s-dihydroxylation

VII R = P'

VIII R = H

IX R = Ms

298 R = H

Scheme 3.2
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Known epoxide 295, synthesised from naphthalene 294, could undergo ring-opening with 

cyanide to give cyanohydrin 296, with the nitrile acting as a masked hydroxymethyl group. 

#A-epoxidation of diene 296 directed on to the bottom face by the tertiary alcohol, followed 

by trans diaxial epoxide ring-opening of protected fr/s-epoxide III was expected to give 

dibromide V on protection of the two hydroxyl groups. Zh's-ehrnination of this compound and 

subsequent diastereoselective 6A-dihydroxylation and acetonide protection was expected to 

give AA-acetonide VII. It was then envisaged that protecting group exchange to would give 

dimesylate IX, which on elimination and deprotection would furnish meso diallylic alcohol 

298, the substrate for the final asymmetric desymmetrisation by Sharpless asymmetric 

epoxidation191’192 to give intermediate epoxy-alcohol 299.

Previous work

Our group has been working towards the total synthesis of Celastraceae sesquiterpenoids 

since 1995. Work was initiated by Steven Woodhead during his PhD, who made substantial 

progress towards the synthesis of meso diallylic alcohol 298. Another student, Matthew 

Weston, currently entering the final year of his PhD, has successfully achieved the synthesis 

and epoxidative asymmetric desymmetrisation of model system 300 (figure 3.6).

Figure 3.6

This section details the progress these students have made, and establishes the context for my 

work in this area.

Towards the synthesis of meso diallylic alcohol (298)

Steven Woodhead made significant progress on the two-directional strategy of the synthesis 

of meso diallylic alcohol 298 detailed above. His synthesis began with the preparation of 

known epoxide 295 from naphthalene 294 (scheme 3.3). Birch reduction of naphthalene gave 

isotetralin 301,193 and epoxidation of the most electron rich double bond furnished epoxide 

295 in good yield.194
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This epoxide proved resistant to nucleophilic opening with a variety of reagents, but was 

eventually achieved with diethylaluminium cyanide195 to give cyanohydrin 296 in excellent 

yield (scheme 3.4). An x-ray crystal structure of this compound confirmed the trans geometry 

of the ring junction.

295

1.2 eq Et2AICN
----------------- )
CH2Cl2, rt, 10 min

98%

Scheme 3.4

The nitrile was considered to be a useful ‘masking group’ which could be hydrolysed and 

reduced at a later stage to give the hydroxymethyl group commonly observed in the 

sesquiterpenoid natural products.

The next step involved diastereoselective epoxidation of the bottom face of the two alkenes 

directed by the hydroxy group, followed by benzyl protection (scheme 3.5).

CN 0.05 eq VO(acac)2 
5 eq 'BuOOH

CN

<ct>
2 eq NaH, BnBr 
0.1 eq nBu4Nl

CN

<CDCH2CI2, 50°C NMP, 50°C
ÔH

76%
ÔH 77% ÔBn

296 297 302

Scheme 3.5

Epoxidation using mCPBA gave significant quantities of other diastereomers, however, the 

Sharpless procedure196 gave ôA-epoxide 297 with almost complete diastereoselectivity. 

Initially, protection of the hindered tertiary alcohol of 297 proved problematic, but this was 

eventually achieved using benzyl bromide with tetra-/7-butylammonium iodide as a promoter 

in A-methyl pyrrolidinone. The x-ray crystal structure of benzyl ether 302 showed the 

stereochemistry of the two epoxides to be syn to the benzyl ether group.
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His synthesis continued with fra/zs-diaxial ring opening of 6/s-epoxide 302 with Br2/PPh3197 

to give bromohydrin 303, followed by TBS protection and elimination to give diene 305 

(scheme 3.6).

Scheme 3.6

Although this sequence was efficient, attempts were made to achieve the same transformation 

in a one-pot procedure using TBSOTf and DBU,198-200 but with no success.

With diene 305 synthesised, his efforts turned to establishing the symmetrical hydroxyl array 

on the ‘northern hemisphere’ of the molecule. According to Kishi’s empirical rule, 

dihydroxylation of diene 305 was expected to occur from the top face (i.e. anti to the TBS 

ether C-0 bonds),201 and this diastereoselectivity was expected to be reinforced by the steric 

bulk of the TBS groups blocking the bottom face.

Attempted ¿A-dihydroxylation using the Upjohn conditions202'203 only gave the diol 306, 

which was protected with 2,2-dimethoxypropane to give acetonide 307 (scheme 3.7). This 

termination of the ¿w-dihydroxylation of dialkene substrates after only one oxidation is often 

observed in the literature.204

CN 5 mol% OSO4 
4 eq NMO

OH
C N I Ql_j 4 eq DMP 

■S' 0.1 eq TsOH

O
C N1

- V
O

TBS B S 
OBn

305

acetone/H20  TQcrV* " \ ,  
rt, 20 h TBbu 

79%
¿Bn

306

CHoCIo, rt, 1 h 
OTBS * *  TBSO

91% ¿Bn
307

"''OTBS

Scheme 3.7

Interestingly, he observed that if the dihydroxylation reaction was prolonged, imidolactone 

308 was also isolated, the result of attack of the y-hydroxyl on the nitrile (figure 3.7). 

Attempted dihydroxylation of diene 305 under the more basic Warren dihydroxylation 

conditions173 resulted in quantitative conversion to this imidolactone.
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Figure 3.7

He found that this imidolactone could be hydrolysed to the lactone and reduced to give the 

hydroxymethyl compound, a potentially useful sequence for ‘unmasking’ the nitrile.

Attempted dihydroxylation of the second alkene of mono acetonide 307 under the Upjohn 

conditions failed, and treatment with the Warren conditions was expected to deliver the 

imidolactone/acetonide 309 (figure 3.8).

307 309

Figure 3.8

However, to his surprise he isolated diol/acetonide 310 in 69% yield, with 

imidolactone/acetonide 309 present in only 7% yield. The diol/acteonide was protected with

2,2-dimethoxypropane to give symmetrical ¿us-acetonide 311 (scheme 3.8).

TBSO'

2 mol% K20 s0 2(0H )4 
3 eq K3Fe(CN)6 

10 mol% quinudidine 
O 3 eq K2C03

1 eq MeS02NH2 MU 
---------------------------- ►

OTBS tBu0 H/H2°  TBSO"" 
rt, dark

69%

4 eq DMP 
0.1 eq TsOH

'OTBS
CH2CI2, rt, 2 h 

91%
TBSO' 'OTBS

Scheme 3.8

This reduced inclination to form the imidolactone on the second dihydroxylation compared 

with the first is possibly the result of increased rigidity of the decalin system induced by the 

acetonide ring. It is also possible that a conformational change has taken place such that the y- 

hydroxyl group is further removed from the nitrile, thus reducing the propensity to form the 

imidolactone.
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Crystals of bis-acetonide 311 were grown and an x-ray crystal structure obtained which 

confirmed the diastereoselectivity of the dihydroxylations. However, the quality of the data 

was not sufficient for publication.

The synthesis was continued with the silyl deprotection, mesylation and elimination of bis- 

acetonide 311 (scheme 3.9), which proceeded to give benzyl protected diallylic alcohol 314 in 

good yield, although the elimination was slow.

Scheme 3.9

However, numerous attempts to cleave the benzyl ether were unsuccessful, despite extensive 

experimentation. Faced with these problems, he was forced to consider alternative routes to 

diallylic alcohol 298, as well as alternative methods of asymmetric desymmetrisation.

Cogniscent of the work of Sakai on the asymmetric desymmetrisation of meso triflates by 

enantioselective deprotonation using chiral bases91 (see chapter 1, scheme 1.53), he attempted 

the asymmetric desymmetrisation of dimesylate 313 (scheme 3.10). Unfortunately, the mono 

eliminated products was obtained as a racemate.

Scheme 3.10

As a result, efforts were redirected into the synthesis of diallylic alcohol 298. Attempts to 

deprotect the benzyl ether prior to elimination eventually succeeded. The treatment of 

protected triol 311 with dissolving metal reduction conditions gave a mixture of diol 316 and 

triol 317 (scheme 3.11).
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64% 29%

Scheme 3.11

The remaining TBS group was deprotected with TBAF and the secondary alcohols of triol 

317 selectively mesylated (scheme 3.12).

316 317 318

Scheme 3.12

He then investigated the elimination of dimesylate 318 in DBU (scheme 3.13). The reaction 

proceeded very slowly as in previous attempts, but even with heating to 70°C only the mono 

eliminated product 319 was obtained.

Scheme 3.13

Reasoning that the leaving group ability of mesylates was insufficient for this elimination, he 
attempted the synthesis and elimination of ditriflate 320 (scheme 3.14).

Scheme 3.14
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Unfortunately, the ditriflate was very prone to decomposition, which affected both the yields 

of preparation and elimination, and no diallylic alcohol was observed.

At this point, lack of time and material prevented him from finally completing the synthesis, 

and his studies came to a close with the diallylic alcohol just out of sight. However, he did 

succeed in establishing the majority of the groundwork required for the synthesis of this 

compound, and passed the baton on to Matthew Weston and myself to achieve the synthesis 

of the elusive diallylic alcohol 298 and its asymmetric desymmetrisation.

Synthesis and epoxidative asymmetric desymmetrisation of model system (300)

Matthew Weston has, since 1998, been involved in studies towards the synthesis and 

desymmetrisation of model diallylic alochol 300 as part of his PhD in our group. In order to 

fully investigate the enantioselective epoxidation of meso diallylic alcohols, the model system 

300 was proposed. It lacks the symmetrical hydroxyl array on the ‘northern hemisphere’ of 

the real system and is therefore easier to synthesise, furthermore the ‘southern hemisphere’ is 

identical.

His synthesis of model diallylic alcohol 300 began from 6/s-epoxide 297. 7Vans-diaxial 

opening of the epoxide functions with trimethylaluminium gave triol 322, which was 

selectively mesylated to give dimesylate 323. Exposure to neat DBU and heating at 100°C 

(compared to 70°C for the real system) was required to effect elimination and furnish the 

model diallylic alcohol 300 in 92% yield (scheme 3.15).

o::.

CNCD* Me3AI DBU

CH2CI2,40°C R0/ \ / k ^ ' " 'O R
100-C

6 h 6 h
88%

92% OH

297
322 R = H ----------

323 R -  Ms -------

MsCI, Et3N 
CH2CI2, rt

9 7 %

300

Scheme 3.15

The diallylic alcohol was prone to [ 1,3]-allylic rearrangement on contact with acid to give 

conjugated 324 (scheme 3.16), so chromatography was performed on alumina.
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Scheme 3.16

In preparation for the enantioselective epoxidation, he performed the catalytic epoxidation of 

the diallylic alcohol and isolated and characterised racemic epoxy-alcohol (±)-325 and meso 

bis-epoxide 326 (scheme 3.17).

34% 16%

Scheme 3.17

Sharpless asymmetric epoxidation191’192’205 using either catalytic of stoichiometric amounts 

of Ti(0'Pr)4/D(-)-DIPT gave epoxy-alcohol (->-325 in yields of up to 70%, but despite 

extensive experimentation the ee never exceeded 17%. Known variations employing other 

tartrate or tartramide ligands206 and promoters such as CaH2 and silica207 failed to improve 

the situation.

It was believed that the chiral Ti complex was not binding to the tertiary 

alcohol,191’192’208’209 and that as a result competing oxidation by Ti(0'Pr)4 and 'BuOOH 

without the chiral ligand was lowering the ees. In order to circumvent this problem, the use of 

Zr in place of Ti was explored, the reasoning being that the increased bond length of Zr-0 

compared with Ti-0 would facilitate complex formation.210’211 Indeed, stoichiometric 

Zr(OnPr)4/ dicyclohexyltartramide has been shown to effect the asymmetric epoxidation of 

homoallylic alcohols, albeit in poor yields and ee.210

To his delight, he found that substituting Ti(0'Pr)4 for commercial ZrtO'PrV'PrOH gave (+)- 

325 in excellent ee (scheme 3.18).
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1 eq 2r(OiPr)4-iPrOH
1.1 eq D(-)-DIPT
1.2 eq 'BuOOH

CH2CI2, -20°C, 3 d 

76%, 92% ee
(+)-325

Scheme 3.18

The use of the opposite enantiomer of the ligand, L(+)-DIPT, gave epoxy alcohol (-)-325 in 

90% yield and 92% ee. Unfortunately, attempts to employ sub-stoichiometric amounts of 

Zr(0'Pr)4 have so far been unsuccessful. An interesting observation during these studies was 

that, using the same enantiomer of tartrate, opposite enantiomers of the epoxy-alcohol were 

obtained when the two metals (Ti and Zr) were exchanged, indicating that topologically 

distinct metal-ligand complexes may be involved.

At this juncture, Matthew Weston’s studies took him in the direction of establishing the 

‘southern hemisphere’ functionality present in euonyminol using the model system, leaving 

the epoxidative asymmetric desymmetrisation of the real system for me to achieve.

Aims

My aims then, at the outset of this work, were to achieve the following:

• Obtain an x-ray quality crystal of 6A-acetonide 311 in order to confirm the relative 

stereochemistry established in the sequential dihydroxylation sequence.

• Overcome the problematic elimination step and synthesise diallylic alcohol 298 of the real 

system.

• Apply the Zr based enantioselective epoxidation to the real system and achieve the 

asymmetric desymmetrisation of meso diallylic alcohol 298.

• Adapt and optimise the synthetic procedure of diallylic alcohol 298 for large scale 

synthesis, as a number of reactions had proved difficult to scale-up.

Synthesis of meso diene (305)

The synthesis began with the Birch reduction of naphthalene which was performed on a 48 g 

scale, according to the literature procedure, giving isotetralin 301 in a 74% recrystallised 

yield. Epoxidation of isotetralin proceeded to give epoxide 295 in a significantly improved 

yield to the original procedure (scheme 3.19).
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Na/NH3

EtOH CD
1.2 eq CH3 CO3 H 

1.5 eq NaOAc r
I r -

Et2 0 , -78°C, 4 h CH2 CI2, 0°C, 2  h ^
: L"

294 74% 301 97% 295

Scheme 3.19

Epoxide opening with diethylaluminium cyanide, followed by A/s-epoxidation and benzyl

protection proceeded smoothly (scheme 3.20). The yield of benzyl ether 302 was improved by 

rigorously drying the apparatus and reagents, and by monitoring hydrogen evolution to ensure

complete deprotonation of alcohol 297.

CN 0.13 eq VO(acac) 2 CN

( r ^ r C ì i  1-1eqEl2AICN r
5 eq 'BuOOH <ct>benzene, 0°C, 2 h CH2 CI2, reflux, 48 h

93%
295

OH

296
69%

297 R = H -----

302 R = Bn

OR
3 eq NaH, 3 eq BnBr 
0.1 eq nBu4 NI, NMP 

50°C, 24 h, 83%

Scheme 3.20

The subsequent epoxide opening and TBS protection sequence had proven difficult to scale- 

up. Steven Woodhead performed the reactions on 2.77 g of benzyl ether 302, isolating 

bromohydrin 303 in 82% yield, which on TBS protection afforded only 31% of the required 

di-TBS ether 304 and 47% of what was thought to be di-TBS ether 327, the result of benzyl 

ether cleavage and TBS group migration (scheme 3.21).

o::„
CN

OBn
302

CN

31%

2.5 eq TBSOTf 
3 eq 2,6-lutidine

, CH2 CI2, rt

CN
BrV / \ l D

+ i
\ y ^ Br

TBSO'""C\ / P ^ '
ÓTBS

327

47%

Scheme 3.21
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Similarly, when I performed the above sequence on a larger scale, bromohydrin 303 was 

produced in only 43% yield, and subsequent TBS protection led to a mixture of products, with 

the required di-TBS ether in very low yield (scheme 3.22).

CN

>

OBn

302

2.2 eq TBSOTf 
2.5 eq 2,6-lutidine 

CH2 CI2, rt, 8  h

CN CN CN

15% 1% 37%

plus other uncharacterisable products

Scheme 3.22

Compounds 327 and 328 were believed to have been formed by intra and intermolecular 

nucleophilic attack on oxonium ion 329 by the pendant hydroxyl group and triflate anion 

respectively (scheme 3.23).

CN

Scheme 3.23

Subsequently however, the structure of compound 327 was revised on obtaining an x-ray 

crystal structure, and shown to be cyclic ether 330 (figure 3.9).
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This compound may not be a synthetic ‘dead end’ however, as the potential exists for 

tetrahydrofuran ring to be opened with nucleophilic bromide to restore the symmetrical 

decalin system.

Steven Woodhead isolated a similar cyclic ether during studies towards an alternative route to 

diallylic alcohol 298. Dibromide 331 was treated with DBU to effect double elimination, but 

intramolecular ether formation occurred preferentially to give cyclic ether 332 (scheme 3.24), 

the structure of which was confirmed by x-ray crystallography.

In the light of these complications, attempts were made to determine conditions for epoxide 

opening that were more suitable for large scale work (table 3.1).

<cf> see table

OBn
302

• < f r
"OH

OBn OBn
303 333

OH
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Entry Conditions Results

1 3 eq LiBr, 6  eq AcOH, 
THF, reflux, 24 h2 1 2

9% bromohydrin 303, 46% monobromide 333, 
39% diepoxide 302

2 3,2 eq CuBr2, 6.4 eq LiBr, 
THF, reflux, 72 h2 1 3

only monobromide 333 observed

3 6  eq Bu4 NBr, 0.6 eq CAN, 
MeCN, reflux, 48 h2 1 4

only monobromide 333 observed

4 3 eq PPh3, 3 eq Br2, 
CH2 CI2, rt, 3 h1 9 7

71% bromohydrin 303

Table 3.1

A variety of conditions were investigated, but none were more effective than the original 

Br2/PPh3 procedure. However, these studies did demonstrate that bromohydrin 303 was 

unstable to alumina and to prolonged exposure to silica, so chromatography had to be 

performed quickly.

Also, the oily foam of the bromohydrin was observed to decompose on standing at room 

temperature for a few days, and an odour of benzyl bromide was detected. This gave us clues 

as to the mechanism of formation of bridged ether compound 330 (scheme 3.25).

Scheme 3.25

This indicated that the problems associated with this sequence lie not in the TBS protection 

step as originally thought, but in the decomposition of the bromohydrin prior to protection. 

Re-examination of Steven Woodhead’s work revealed a 5 day delay between bromohydrin 

formation and TBS protection, explaining his reduced yield of di-TBS ether (scheme 3.21).

It was found that formation of the bromohydrin by the Br2/PPh3 procedure with rapid 
columning on silica and storage in the freezer, followed by immediate TBS protection gave 

di-TBS ether 304 in excellent yield, even on a 10 g scale (scheme 3.26). Subsequent 

elimination of dibromide 304 proceeded slowly, but in good yield to give diene 305.
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CN

o; ,::o
3 eq PPh3 
3 eq Br2

OBn

302

CH2CI2, rt, 2 h R0^

87%
OBn

15 eq DBU

, CH2CI2, rt, 8 d 
'OR  ̂ TBSO

85%
303 R = H ■ 

304 R = TBS •

2.2 eq TBSOTf 
2.5 eq pyridine 

CH2CI2, rt, 2 h, 98%

'OTBS

Scheme 3.26

Synthesis of Z»/s-acetonide (311)

With diene 305 synthesised, our attention turned to the dihydroxylation steps. We wanted to 

effect the dihydroxylations in a simultaneous fashion rather than sequentially, and envisaged 

Narasaka’s modification of the Upjohn procedure to be a potential solution as it has been 

shown to permit the simultaneous dihydroxylation of polyenes215-216 (scheme 3.27).

2.2 eq PhB(OH)2

85%

Scheme 3.27

The reaction is performed under anhydrous conditions and phenylboronic acid replaces H20  

as the agent that releases OsOq from the diol. Also, reaction times are decreased compared 

with the standard Upjohn procedure. We reasoned that, on application of these conditions to 

diene 305, the in situ boronate ester protection would prevent the first diol from interfering 

with the formation of the second, thus facilitating 6A-dihydroxylation. Potentially, the 

boronate esters could be cleaved using peroxide or by exchange with excess diol,217-218 and 

the tetrol acetonide protected to give 6A-acetonide 311 in two less synthetic steps than the 

sequential procedure.

However, treatment of the diene under the Narasaka conditions gave only recovered starting 

material and phenol, the product of oxidative cleavage of phenylboronic acid (scheme 3.28).

305

2.2
2.2 eq PhB(OH)2 
NMO, 5 mol% Os04

CH2 CI2, rt, 72 h
recovered 

starting material + phenol

Scheme 3.28
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Rather than pursue this strategy further, it was decided that the priority should be the 

synthesis and desymmetrisation of diallylic alcohol 298, so the synthesis was continued with 

the original sequential oxidation steps.

The first dihydroxylation using the Upjohn procedure gave diol 306 in reasonable yield, along 

with a small amount of imidolactone 308, suggesting that the reaction should have been 

worked up sooner (scheme 3.29).

48% 14%

+ 9% recovered starting material 305

Scheme 3.29

Subsequent acetonide protection proceeded in excellent yield to give mono-acetonide 307 

(scheme 3.30). Anhydrous reagents and solvents proved crucial for attaining high yields.

Scheme 3.30

The second dihydroxylation using the Warren procedure gave diol/acetonide 310 in good 

yield, with only a small amount of imidolactone/acetonide 309 (scheme 3.31).

TBSO'

5 mol% K20 s0 2(0H )4 
3 eq K3Fe(CN)6 

25 mol% quinuclidine 
3 eq K2C03 

1 eq MeS02NH2 
-----------------------------►

"""OTBS ‘BuOH/H20, 1:1 TBSO'''
ÔBn rt, dark, 42.5 h OBn

307 310

60%

'OTBS TBSO' 'OTBS

+ 16% recovered starting material 307

Scheme 3.31
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Once again, acetonide protection proceeded almost quantitatively to give 6/s-acetonide 311 

(scheme 3.32).

Scheme 3.32

Good quality crystals of Mv-acetonide 311 were grown, and an x-ray structure was obtained, 

thereby confirming the diastereofacial selectivity of the dihydroxylation steps (figure 3.10).

Synthesis of meso diallylic alcohol (298)

With the synthesis of ¿¿s-acetonide 311 accomplished, it remained to tackle the problematic 

final elimination step and complete the synthesis of diallylic alcohol 298.

Treatment of protected triol 311 with sodium in liquid ammonia effected deprotection of the 

benzyl ether with concomitant silyl ether cleavage (scheme 3.33). Prolonging the reaction 

time was found to increase the proportion of triol 317 but to the detriment of the total 

recovery.
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70% 18%

Scheme 3.33

Subsequent deprotection of silyl ether 316 with TBAF and ¿w-mesylation proceeded in 

excellent yield, significantly improving on the original mesylation yield (scheme 3.34).

Scheme 3.34

Investigations were then initiated into the elimination of dimesylate 318 to give diallylic 

alcohol 298 (table 3.2).

Entry Conditions Results

1“
2b
3
4
5 
6b

neat DBU, ^O 'C , 20 h 
neat DBU, 100°C, 10 h 
20 eq DBU, CH2CI2, reflux, 48 h 
20 eq DBU, THF, reflux, 48 h 
20 eq DBU, toluene, reflux, 48 h 
20 eq DBN, toluene, reflux, 20 h

15% diallylic alcohol 298
15% mono monomesylate 319,14% diallylic alcohol 298 
no reaction
1:1 ratio of dimesylate 318 to monomesylate 319 
1:1 ratio of dimesylate 318 to monomesylate 319 
67% diallylic alcohol 298

* chromatography performed on alumina,b chromatography performed on silica

Table 3.2

Elimination in neat DBU at higher temperatures than those attempted by Steven Woodhead 

gave small amounts of the monomesylate 319 and diallylic alcohol 298 (entries 1 and 2). 

Unfortunately the total recovery of material was low, mainly due to difficulties associated
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with removing the excess DBU. However, diallylic alcohol 298 was less prone to [l,3]-allylic 

rearrangement than the model diallylic alcohol 300, and chromatography could be performed 

on silica. Subsequently, a series of reactions were performed with 20 equivalents of DBU in 

refluxing solvents with increasing boiling points, but no diallylic alcohol was observed 

(entries 3 to 5). We were delighted to eventually find that the substitution of DBU for DBN in 

refluxing toluene furnished diallylic alcohol 298 in a respectable 67% yield (entry 6).

We rationalised that the reason that DBN is more effective than DBU for this elimination is 

because it is smaller (figure 3.11), a crucial factor in this sterically demanding elimination.

DBU DBN

Figure 3.11

Epoxidative asymmetric desymmetrisation of diallylic alcohol (298)

Prior to any enantioselective epxodation attempts, the racemic epoxidation of diallylic alcohol 

298 was performed in order to isolate and characterise epoxy-alcohol (±)-299 and develop a 

chiral HPLC assay (scheme 3.35).

Scheme 3.35

Efforts then turned to the Zr-based enantioselective epoxidation of diallylic alcohol 298 (table
3.3).
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Entry Conditions meso bis- epoxy-alcohol 299 starting
epoxide 335 material 298

Yield (%) Yield (%) Ee (%) Yield (%)

1a 3 eq Zr(OiPr)4, 3.15 eq L(+)-DIPT, 3.3 eq 'BuOOH,
4 A MS, CH2CI2, -20 °C, 74 h

10 42 (-) £95 20
2b 3 eq Zr(0'Pr)4, 3.3 eq L(+)-DIPT, 3.4 eq 'BuOOH,

4 A MS, CH2CI2, -20 °C, 69 h
19 54 (-) ¡>95d 24

3b 3 eq Zr(0'Pr)4, 3.3 eq D(-)-DIPT, 3.4 eq 'BuOOH,
4 A MS, CH2CI2, -20 °C, 69 h

21 44 (+) £95e 20
4a 3 eq Ti(0'Pr)4, 3.3 eq L(+)-DIPT, 3.4 eq 'BuOOH,

4 A  MS, CH2CI2, -20 °C, 71 h
7 40 (+) 13.8 40

5 C

a A r\ ~

3 eq Zr(0’Pr)4, 3.3 eq L(+)-DIPT, 3.4 eq 'BuOOH,
4 A MS, CH2CI2, -20 °C, 24 h

__ 1 „ b or» __ 1 _ C A 0 __ 1 _ d r 1 r \n  n o  e

8 37 (-) 81.3 26

[a]D = +30.5°

Table 3.3

We were extremely pleased to observe the formation of epoxy-alcohol (-)-299 in 54% yield 

and excellent enantioselectivity on treatment of diallylic alcohol 298 with Zr(0'Pr)4, L(+)- 

DIPT and ‘BuOOH (entry 2). An analogous reaction using D(-)-DIPT produced the opposite 

enantiomer, epoxy-alcohol (+)-299, in 44% yield and excellent ee (entry 3).

Epoxidation using standard Sharpless asymmetric epoxidation conditions with Ti(0'Pr)4 and 

L(+)-DIPT, gave epoxy-alcohol (+)-299 in only 13.8% ee (entry 4), illustrating the 

importance of employing Zr in place of Ti for this type of substrate. It was also interesting to 

note the reversal in the sense of asymmetric induction on exchanging Zr for Ti, with L(+)- 

DIPT as the chiral ligand in both cases (compare entries 2 and 4), as for the model system.

Finally, the observation of the formation of meso 6/s-epoxide 335 suggested that the meso 

trick may have been in operation. To test this theory, we performed an enantioselective 

epoxidation under the Zr(0'Pr)4/L(+)-DIPT conditions, but worked up the reaction after only 

one day instead of three (compare entries 5 and 2). As expected, both the proportion of meso 

6A-epoxide 335 and the ee of epoxy-alcohol (-)-299 were lower than that observed on 

prolonging the reaction time, indicating that the meso trick, the enhancement of ee as a 

function of time, was indeed in operation.

Conclusions

To conclude, the problematic elimination step has been overcome and the synthesis of meso 

diallylic alcohol 298 achieved, with a good quality x-ray crystal structure of 6A-acetonide 311 

obtained en route. The conditions of some of the reactions in the synthetic strategy have been 

optimised for large scale work, and many of the yields improved upon compared with the 

original procedure.
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Most importantly, the asymmetric desymmetrisation of meso diallylic alcohol 298 has been 

achieved in good yield using a new Zr modified Sharpless asymmetric epoxidation procedure, 

establishing eight contiguous stereocentres with >95% ee in a single step. This represents an 

almost completely enantioselective synthesis of epoxy-alcohol (-)-299, a key intermediate in a 

potentially expedient synthesis of core structures of bioactive Celastraceae sequiterpenoids.

Future work

The absolute configuration of epoxy-alcohol (-)-299 should be established to determine which 

enantiomer of DIPT is to be employed in the asymmetric epoxidation to give the correct 

enantiomer of (-)-euonyminol, and also to aid rationalisation of the stereochemical induction 

of the Zr/DIPT epoxidation system. An x-ray crystal structure of epoxy-alcohol (-)-299 

should be obtained, either with a chiral auxiliary attached, or using the Bijvoet method to 

obtain the absolute configuration directly.

That Zr is effective for the asymmetric epoxidation of tertiary allylic alcohols is a potentially 

very important finding, and it will be interesting to delineate the scope of this modified 

Sharpless asymmetric epoxidation procedure by screening a number of tertiary allylic 

alcohols to further demonstrate the synthetic utility of this reaction.

The next step towards the synthesis of Celastraceae sesquiterpene cores involves establishing 

the dimethyltetrahydrofuranyl C-ring. Studies are underway in our group to achieve this by a 

[l,3]-dipolar cycloaddition of nitrile oxide (scheme 3.36).

euonyminol

Scheme 3.36

The strategy is to control the diastereofacial and regioselectivity of the cycloaddition by co­

ordination of the nitrile oxide to the tertiary alcohol via a metal (figure 3.12), and thus use this 

hydroxyl group to establish the stereochemistry of the functionality of both sides of the 

‘southern hemisphere’.
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Figure 3.12

Obviously, once this is achieved, the goal should be to further elaborate the ‘southern 

hemisphere’ of this system in order to synthesise (-)-euonyminol, and eventually 

hypoglaunine B.
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Chapter 4: Experimental

General Directions

Solvents and reagents: See appendices 1 and 2. Chromatography: Flash chromatography 

was performed on silica gel (Merck Kieselgel 60 F254 230-400 mesh) according to the method 

of W. C. Still.219 TLC was performed on aluminium backed plates pre-coated with silica (0.2 

mm, 60 F254) which were developed using standard visualising agents: UV fluorescence (254 

and 366 nm), iodine, bromocresol green with heating, molybdic acid with heating, 

anisaldehyde with heating and KMn04 with heating. Melting points: These were detennined 

on a Khofler hot stage. Optical rotations: These were recorded on a Perkin-Elmer 241 

polarimeter at 589 nm (Na D-line), and with a path length of 0.1 dm. Concentrations (c) are 

quoted in g/100 ml. Infra red spectra: These were recorded as thin films, KBr disks, or as 

solutions in CH2C12 or CHC13, on a Perkin-Elmer Paragon 1000 fourier transform 

spectrometer. Only selected absorbances (umax) are reported. ]H  NMR spectra: These were 

recorded at either 250 or 400 MHz on Bruker AC-250, or Bruker AM-400 instruments 

respectively. Chemical shifts (5) are quoted in parts per million (ppm), referenced to the 

appropriate residual solvent peak. Coupling constants (J) are reported to the nearest 0.1 Hz. 

13C NMR spectra: These were recorded at either 63 or 100 MHz on Bruker AC-250 or Bruker 

AM-400 instruments respectively. Chemical shifts (6) are quoted in ppm, referenced to the 

appropriate solvent peak. Degenerate peaks are suffixed by the number of carbons. Mass 

spectra: Low-resolution mass spectra (m/z) were recorded on either a VG platform or VG 

prospec spectrometers, with only molecular ions (M+), and major peaks being reported. High- 

resolution mass spectra were recorded on a VG Prospec spectrometer. Microanalysis: These 

were performed using a Perkin Elmer 2400 CHN elemental analyser by A. H. Jones at the 

Department of Chemistry, University of Sheffield. X-ray crystallography. See appendix 3.
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Experimental for Chapter 2

Traits-3,7-diazatricyclo[4.2.2.22’5Jdodeca-9,ll-diene-4,8-dione (186).103

185 186

O

A solution of 2-pyridone 185 (28.5 g, 3 M) in degassed water (100 mL) in a Pyrex reaction 

vessel was irradiated with ultra-violet light (350 nm) over a period of 2 weeks, whereupon the 

N-H dimer 186 separated out of solution. The reaction mixture was periodically filtered and 

irradiation continued. The A-H dimer was recrystallised from glacial AcOH to give 14.94 g 

(52%) of white 'needle-like' crystals: mp 222.0-222.6°C (c f  literature mp 225.5-227.5°C103); 

'H NMR (CF3CO2D, 400 MHz) 6 7.25 (ddd, J  8.0, 6.5, 1.5 Hz, 2 H), 6.68 (ddd, J  8.0, 6.5, 1.5 

Hz, 2 H), 4.88 (ddd, J  10.0, 6.5, 1.5 Hz, 2 H), 4.26 (ddd, J  10.0, 6.5, 1.5 Hz, 2 H), NH protons 

absent; ,3C NMR (CF3C 02D, 100 MHz) 8 185.4 (2 C), 136.3 (2 C), 132.7 (2 C), 53.3 (2 C), 

52.4 (2 C); IR (nujol mull) 1667 cm'1; MS (CI+) m/z 191 M+, 130, 113, 96; HRMS (CI+) 

calculated for C10H11N2O2 (M + H)+ 191.0821, found 191.0821; Elemental analysis, 

calculated for Q o H ^ C ^ : C, 63.15; H, 5.25; N, 14.66%. Found C, 62.87; H, 5.30; N, 

14.73%.

1 -Hydroxymethyl-lH-pyridin-2-one (199).124

A solution of 2-pyridone 185 (2 g, 21 mmol), paraformaldehyde (1.26 g, 42 mmol), and 

K2CO3 (100 mg, 0.72 mmol) in distilled H2O (10 mL) was sonicated and stirred under 

nitrogen. After 24 h the reaction mixture was concentrated in vacuo and the solid recrystalised 

from CHCI3, affording A-CH2OH-2-pyridone 199 as a cream coloured solid (2.19 g, 83%):

JH NMR (CDCI3, 250 MHz) 8 7.43 (ddd, J=  6.7, 2.1, 0.6 Hz, 1 H), 7.35 (ddd, J -  9.2, 6.7,

2.1 Hz, 1 H), 6.51 (ddd, J  = 9.2, 1.2, 0.6 Hz, 1 H), 6.20 (ddd, J  = 6.7, 6.7, 1.2 Hz, 1 H), 5.68 

(s, 2 H), OH proton absent; 13C NMR (CDCI3, 63 MHz) 8 163.3, 140.9, 136.9, 120.8, 106.7,
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74.1; MS (CI+) m/z 126 (M + H)+, 113, 96, 67.

1 -Acetoxymetliyl-1 H-pyridin-2-one (200).

To a solution of N-CH20H-2-pyridone 199 (0.93 g, 9.7 mmol) and Sc(OTf)3 (240 mg, 0.49 

mmol) in MeCN (25 mL) was added AC2O (2.76 mL, 29.2 mmol), and the reaction stirred 

overnight at room temperature under nitrogen. The reaction mixture was evaporated to 

dryness, 0.1 M HC1 (50 mL) added, and the aqueous phase extracted with CH2CI2 (2 x 50 

mL). The organic fractions were combined, washed with 0.1 M HC1 (20 mL), dried (MgSCTO, 

and evaporated to dryness to afford 7V-CH20Ac-2-pyridone 200 as a peach coloured oil (1.71 

g, 95%) after flash chromatography (petrol/EtOAc 1:3): Rf= 0.76 (MeCN): *H NMR (CDCI3, 

250 MHz) 6 7.49 (ddd, J=  6.9, 2.1, 0.7 Hz, 1 H), 7.33 (ddd, J  = 9.2, 6.7, 2.1 Hz, 1 H), 6.58 

(ddd, J=  9.2, 1.5, 0.7 Hz, 1 H), 6.15 (ddd, J  = 6.9, 6.7, 1.5 Hz, 1 H), 5.85 (s, 2 H), 2.12 (s, 3 

H); 13C NMR (CDCI3, 63 MHz) 5 170.8, 162.5, 140.7, 138.1, 121.5, 106.1, 70.5, 20.7; IR 

(CHCI3) 3009, 1745, 1670, 1604, 1543, 1368, 1245, 1179, 1151, 1028 cm"1; MS (EI+) m/z 

167 M+, 137, 124, 108, 95; HRMS (EI+) calculated for C8H9N ,0 3 M+ 167.0582, found 

167.0579.

3,7-Bis-hydroxymet/iyl-trans-3,7-diaza-tricyclo[4.2.2.22’5/dodeca-9.11-diene-4,8-dione

(196).

199 196

A solution of N-CH20H-2-pyridone 199 (9.2 g, 2.45 M) in MeOH (30 mL) in a Pyrex 

reaction vessel was irradiated with ultra-violet light (350 nm) over a period of 1 week, 

whereupon the A-CH2OH photodimer 196 separated out of solution. The reaction mixture was 

periodically filtered and irradiation continued. The A-CH2OH dimer was washed with MeOH 

and dried in vacuo to give a white solid (2.43 g, 27%): Elemental analysis, calculated for 

C12HMN2O4: C, 57.59; H, 5.64; N, 11.19%. Found C, 57.79; H, 5.56; N, 11.46%.

123



Chapter 4

3,7-Bis-acetoxymethyl-trans-3,7-diaza-tricyclo[4.2.2.22’5]dodeca-9,ll-diene-4,8-dione (198).

196

To a suspension of A-CH2OH dimer 196 (500 mg, 2 mmol) and DMAP (24 mg, 0.2 mmol) in 

pyridine (10 mL) was added AC2O (0.57 mL, 6 mmol) and the reaction stirred overnight at 

room temperature under nitrogen. The pyridine was removed in vacuo, water added (20 mL), 

and the aqueous phase extracted with CH2CI2 (5 x 20 mL). The organic fractions were 

combined, dried (MgSC>4), and evaporated to dryness to give clean A-CH2OAC dimer 198 as 

a white solid (664 mg, 99%): lR NMR (CDCI3, 250 MHz) 5 6.63 (ddd, J=  8.2, 6.7, 1.5 Hz, 2 

H), 6.02 (ddd, J=  8.2, 7.0, 1.3 Hz, 2 H), 5.24 (d, J=  10.4 Hz, 2 H), 5.08 (d, 7 =  10.4 Hz, 2 H), 

4.53 (ddd, J=  10.4, 6.7, 1.3 Hz, 2 H), 3.68 (ddd, J=  10.4, 7.0, 1.5 Hz, 2 H), 2.07 (s, 6 H); 13C 

NMR (CDCI3, 63 MHz) 5 174.9 (2 C), 171.2 (2 C), 134.6 (2 C), 130.6 (2 C), 70.4 (2 C), 57.1 

(2 C), 50.1 (2 C), 20.8 (2 C); IR (CHC13) 1739, 1677, 1240, 1209, 1193, 1017 cm'1; MS (CI+) 

m/z 335 (M + H)+, 292, 275, 185, 168; HRMS (CI+) calculated for Ci6Hi9N206 (M + H)+ 

335.1243, found 335.1227; Elemental analysis, calculated for Ci6Hi8N20 6: C, 57.48; H, 5.43; 

N, 8.38%. Found C, 57.64; H, 5.48; N, 8.45%.

3-Acetoxymethyl-7-hydroxymethyl-trans-3, 7-diaza-tricyclo[4.2.2.22'5]dodeca-9,l l-diene-4,8- 

dione (±)-(197) and 3-acetoxymethyl-trans-3,7-diaza-tricyclo[4.2.2.22,5]dodeca-9,ll-diene- 

4, 8-dione (201).

To a solution of A-CH2OAc dimer 198 (100 mg, 0.3 mmol) in H20/THF (4 mL, 1:1) was 

added LiOH (13 mg, 0.3 mmol) and the reaction left to stir for 1 hour. The reaction mixture 

was then evaporated to dryness, water added (10 mL), and the aqueous phase extracted with 

CH2C12 (5 x 20 mL). The combined organic fractions were dried (MgS04) and evaporated to 

dryness. Flash chromatography, eluting with CH2Cl2/MeOH, 49:1 gave:
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/V-CH2OAc dimer 198 as a white amorphous solid (23 mg, 23%): Rf = 0.61 (5% 

MeOH/EtOAc); analytical data as reported above.

/V-CH2OAc//V-CH2OH dimer (±)-197 as a white amorphous solid (19 mg, 22%): Rf=  0.25 

(5% MeOH/EtOAc); 'H NMR (CDC13, 250 MHz) 6 6.67 (ddd, 7  = 8.4, 6.6, 1.5 Hz, 1 H), 6.59 

(ddd, J=  8.4, 6.9, 1.8 Hz, 1 H), 6.15 (ddd, 7 = 8.4, 7.3, 1.5 Hz, 1 H), 6.04 (ddd, 7 =  8.4, 6.9,

1.5 Hz, 1 H), 5.25 (d, 7 = 10.4 Hz, 1 H), 5.08 (d, 7  = 10.4 Hz, 1 H), 4.76 (d, 7 = 10.6 Hz, 1 H), 

4.65 (d, 7  = 10.6, 1 H), 4.53 (ddd, 7  = 10.2, 7.0, 1.5 Hz, 1 H), 4.34 (ddd, 7  = 10.2, 6.9, 1.5 Hz, 

1 H), 3.68 (ddd, 7 =  10.2, 6.9, 1.5 Hz, 1 H), 3.61 (ddd, 7 =  10.2, 6.9, 1.8 Hz, 1 H), 2.08 (s, 3 

H), OH not present; l3C NMR (CDC13, 63 MHz) S 175.0, 171.1, 134.6, 133.8, 131.1, 130.6,

71.1, 70.2, 57.1, 55.8, 50.1, 49.9, 20.7; MS (CI+) m/z 293 (M + H)+, 277, 203, 168, 96; 

HRMS (CI+) calculated for CmHi7N205 (M + H)+ 293.1137, found 293.1144.

The reaction was also performed with an alternative workup on a 51 mg scale. After stirring 

for 1 hour the solvents were evaporated off and the residue heated at 150°C under vacuum for 

1 hour. Flash chromatography, eluting with a gradient of 1% to 7% MeOH/EtOAc gave:

A-CH2OAc dimer 198 as a white amorphous solid (15 mg, 29%): Rf  = 0.61 (5% 

MeOH/EtOAc); analytical data as reported above.

A-CH2OAc/A-CH2OH dimer (±)-197 as a white amorphous solid (1 mg, 2%): Rf = 0.25 (5% 

MeOH/EtOAc); analytical data as reported above.

/V-CH2OAc//V-H dimer 201 as a white amorphous solid (10 mg, 25%): Rf = 0.17 (5% 

MeOH/EtOAc); 'H NMR (CDCI3, 250 MHz) 5 6.74 (ddd, 7 = 8.2, 6.7, 1.5 Hz, 1 H), 6.68- 

6.60 (m, 1 H), 6.37 (br d, 1 H), 6.13 (ddd, 7 =  8.6, 7.3, 1.5 Hz, 1 H), 6.05 (ddd, 7 =  8.2, 7.0,

1.2 Hz, 1 H), 5.26 (d, 7 =  10.4 Hz, 1 H), 5.08 (d, J=  10.4 Hz, 1 H), 4.51 (ddd, 7 =  10.1, 6.7,

1.5 Hz, 1 H), 4.24 (m, 1 H), 3.65 (ddd, 7=  10.1, 7.0, 1.5 Hz, 1 H), 3.62-3.52 (m, 1 H), 2.07 (s,

3 H); 13C NMR (CDC13, 63 MHz) 6 177.4, 175.5, 171.2, 135.7, 134.4, 130.9, 130.5, 70.4,

57.6, 51.6, 50.9, 50.4, 20.8; MS (ES+) m/z 285 (M + Na)+; HRMS (ES+) calculated for 
C]3Hl4N20 4Na (M + Na)+ 285.0851, found 285.0854.

Enzymatic hydrolysis o f  phenyl acetate.
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Five reactions were performed, three containing lipases, one control containing no lipase, and 

one control containing no lipase with a drop of AcOH. To solutions of phenyl acetate (20 mg) 

in acetone/water (1:1, lmL) were added lipase and the reactions stirred at room temperature 

for one hour. The reactions were monitored by TLC by comparison with an authentic sample 

of phenol. The products were not isolated due to their volatility.

Reaction Lipase Amount Outcome

1 Porcine pancreatic lipase (2.55 U / mg) 5 mg partial hydrolysis
2 Lipase from Pseudomonas cepacia (609 U / mg) 5 mg complete hydrolysis
3 Lipase from Pseudomonas fluorescens (42.5 U / mg) 5 mg complete hydrolysis
4 Control -  no lipase - no hydrolysis
5 Control -  no lipase and 1 drop of acetic acid - no hydrolysis

Enzymatic hydrolysis of 3,7-bis-acetoxymetliyl-trans-3,7-diaza-tricyclo[4.2.2.22,5]dodeca- 

9,11 -diene-4,8-dione (198).

AcO^^

OAc

198
A c O ^ /

(±)-197

Six reactions were performed in a stem block, five containing lipases and one control reaction 

without lipase. To solutions of TV-CTLOAc dimer 198 in buffer (pH 7.2, 0.05 M)/acetone (1:1, 

lmL) were added lipase and the reactions stirred for 1 day at room temperature. No reaction 

was observed by TLC so the reactions were heated to 35°C and stirred for a further 4 days. At 

this point, formation of the A-CH2OAC/A-CH2OH dimer (±)-197 and A-CH2OAc/A-H dimer 

201 were observed in all six reactions, including the control, to equal extents (an estimated 

50%).

Reaction Lipase Amount

1 Porcine liver esterase (PLE), suspension in 3.2 M (NH4)2S04 (19 
mg protein / ml, 210 U / mg protein)

100 mg

2 Porcine pancreatic lipase (-23 mg protein, 61-200 U / mg protein) 8 mg

3 Pseudomonas fluorescens (31.5 U / mg) 6 mg
4 Candida antartica (3.3 U/ mg) 7.5 mg
5 ‘Amano’ lipase PS (870 U / mg) 7.5 mg
6 Control -  no lipase -

3,7-Dimethyl-trans-3,7-diazatricyclo[4.2.2.22>5Jdodeca-9,11-diene-4,8-dione (204).103

o

207

Me
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A solution of A-Me-2-pyridone 207 (28.5 g, 3 M) in degassed water (100 mL) in a Pyrex 

reaction vessel was irradiated with ultra-violet light (350 nm) for a period of 1 week. The 

solution was then extracted with CHCI3 (3 x 100 mL), dried (MgSCL), and evaporated to 

dryness. The crude product was recrystallised from EtOH/Et20 to give N-Me dimer 204 as 

white 'needle-like' crystals (13.46 g, 41%): mp 221.1—222.4°C (c f  literature mp 222- 

222.5°C103); 'H NMR (CDCI3, 250 MHz) 5 6.61 (ddd, /  8.2, 6.7, 1.7 Hz, 2 H), 6.17 (ddd, J

8.2, 7.0, 1.3 Hz, 2 H), 3.96 (ddd, J  10.0, 6.7, 1.3 Hz, 2 H), 3.57 (ddd, J  10.0, 7.0, 1.7 Hz, 2 H), 

2.78 (s, 6 H); ,3C NMR (CDC13, 63 MHz) 5 173.9 (2 C), 135.5 (2 C), 129.2 (2 C), 58.2 (2 C), 

50.6 (2 C), 35.6 (2 C); IR (CHC13) 2990, 1661, 1650 cm'1; MS (FAB+) m/z 437 (2M + H)+, 

391,372, 328, 219 (M + H)+.

1-Benzyl-1 H-pyridin-2-one (208).135

A mixture of 2-pyridone 185 (0.95 g, 10 mmol) and benzyl chloride (3.46 mL, 30 mmol) was 

subjected to microwave irradiation for 10 minutes, with the reaction mixture reaching a 

maximum temperature of 203°C. The excess benzyl chloride was evaporated off under the 

conditions of the reaction to give A-Bn-2-pyridone 208 as a yellow oil 1.85 g (100%): 'H 

NMR (CDCI3, 250 MHz) Ô 7.35-7.22 (s, 7 H), 6.61 (ddd, ./ = 9.2, 1.2, 0.9 Hz, 1 H), 6.14 (ddd, 

J=  6.7, 6.7, 1.2 Hz, 1 H), 5.14 (s, 2 H); MS (FAB+) m/z 371 (2M + H)+, 186 (M + H)+.

3,7-Dibenzyl-trans-3,7-diazatricyclo[4.2.2.22’5]dodeca-9,ll-diene-4,8-dione (209).

A solution of iV-Bn-2-pyridone 208 (771 mg) in MeOH (2.25 mL) in a Pyrex reaction vessel 

was irradiated with ultra-violet light (350 nm). After one day of irradiation, A-Bn photodimer 

209 had separated out of solution as clear cubic crystals (344 mg, 43.4%): 'H NMR (CDCI3, 

250 MHz) 6 7.30-7.22 (m, 6 H), 7.13-7.08 (m, 4 H), 6.51 (ddd, J=  8.2, 6.7, 1.5 Hz, 2 H), 6.02 

(ddd, J=  8.2, 7.0, 1.2 Hz, 2 H), 5.08 (d, J=  15.0, 2 H), 3.99 (ddd, 7 =  10.1, 6.7, 1.2 Hz, 2 H),

127



Chapter 4

3.57 (ddd,y= 10.1,6.7, 1.5 Hz, 2 H), 3.56 (d ,/  = 15.0 Hz, 2 H); 13C NMR (CDC13, 63 MHz) 

5 173.9 (2 C), 136.0 (2 C), 135.0 (2 C), 130.3 (2 C), 128.8 (4 C), 128.0 (4 C), 127.7 (2 C),

55.1 (2 C), 50.6 (2 C), 50.3 (2 C); MS (FAB+) m/z 741 (2M + H)+, 524, 460, 391, 371 (M + 

H)+; HRMS (FAB+) calculated for C24H23N2O2 (M + H)+ 371.1760, found 371.1757.

1 -Methoxymethyl-1 H-pyridin-2-one (210).220

To a solution of 2-pyridone 185 (1 g, 10.5 mmol) in CH2CI2 (50 mL) was added ip^EtN 

(1.83 mL, 21.1 mmol) followed by MOMC1 (1.6 mL, 21.1 mmol) and stirred overnight, 

whereupon the solution turned from colourless to deep red/purple. The reaction mixture was 

evaporated to dryness, the residue partitioned between 0.2 M aqueous HC1 (20 mL) and 

CH2CI2 (30 mL), and the aqueous fraction extracted with CH2CI2 (2 x 30 mL). The combined 

organic fractions were washed with 0.1 M HC1 (20 mL), dried (MgSdj) and concentrated in 

vacuo to give A-MOM-2-pyridone 210 as an orange/brown oil (1.37 g, 93%): Rf= 0.73 (10% 

H20/MeCN); lH NMR (CDCI3, 250 MHz) 5 7.35 (ddd, J=  6.7, 2.1, 0.9 Hz, 1 H), 7.30 (ddd, 

J=  9.2, 6.7, 2.1 Hz, 1 H), 6.55 ( d d d , / - 9.2, 1.2, 0.9 Hz, 1 H), 6.20 (ddd,/ =  6.7, 6.7, 1.2 Hz, 

1 H), 5.30 (s, 2 H), 3.35 (s, 3 H); MS (CI+) m/z 140 (M + H)+, 124, 109, 96.

3,7-Dimethoxymethyl-trans-3,7-diazatricyclo[4.2.2.22’5]dodeca-9,11 -diene-4,8-dione (211).

o

¿ MOM

r
210

A solution of A-MOM-2-pyridone 210 (1.36 g, 9.75 mmol) in MeOH (2 mL) in a Pyrex 
reaction vessel was irradiated with ultra-violet light (350 nm) over a period of 2 weeks, 

whereupon the A-MOM dimer 211 separated out of solution. The reaction mixture was 

periodically filtered and irradiation continued. The A-MOM dimer was washed with MeOH 

and dried in vacuo to give white cubic crystals (482 mg, 36%): Rf= 0.47 (MeCN); *H NMR 

(CDCI3, 250 MHz) 6 6.65 (ddd, / -  8.2, 6.7, 1.5 Hz, 2 H), 6.15 (ddd, / =  8.2, 7.0, 1.5 Hz, 2 

H), 4.95 (d, / -  10.4 Hz, 2 H), 4.30 (ddd, 10.4, 6.7, 1.5 Hz, 2 H), 4.15 (d, J =  10.4 Hz, 2
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H), 3.65 (ddd, J  = 10.4, 7.0, 1.5 Hz, 2 H), 3.20 (s, 6 H); 13C NMR (CDC13, 63 MHz) 5 175.0 

(2 C), 134.3 (2 C), 130.9 (2 C), 77.3 (2 C), 56.3 (2 C), 54.1 (2 C), 50.1 (2 C); IR (CHCI3) 

3007, 1666, 1447, 1385, 1260, 1176, 1077 cm’1; MS (CI+) m/z 279 (M + H)+, 247, 140, 124, 

109, 96; HRMS (CI+) calculated for C14H19N2O4 (M + H)+ 279.1345, found 279.1335.

3,7-Dimethoxymethyl-trans-3,7-diazatricyclo/4.2.2.22’5Jdodeca-9,l 1-diene-4,8-dione (211).

To a suspension of M-H dimer 186 (100 mg, 0.53 mmol) in CH2CI2 (5 mL) was added 

‘P^EtN (1.09 mL, 6.26 mmol) followed by MOMC1 (0.42 mL, 5.47 mmol) and stirred 

overnight, whereupon the suspension turned from white to orange/brown. The reaction 

mixture was evaporated to dryness, the residue partitioned between 0.1 M aqueous HC1 (20 

mL) and CHCI3 (30 mL), and the aqueous phase extracted with CHCI3 (2 x 30 mL). The 

combined organic fractions were dried (MgSC>4) and concentrated in vacuo to yield AMViOM 

dimer 211 as white cubic crystals (36 mg, 25%): Rf = 0.47 (MeCN); analytical data as 

reported above.

DIBAL reduction of 3,7-dimethoxymethyl-trans-3,7-diazatricyclo[4.2.2.22<5]dodeca-9,11- 

diene-4,8-dione (211).

To a solution of N-MOM dimer 211 (100 mg, 0.36 mmol) in CH2C12 (5 mL) at room 

temperature under nitrogen was added DIBAL (1.8 mL, 1 M solution in toluene, 1.80 mmol) 
for 1 hour, during which the reaction turned from colourless to red. The reaction was 

quenched by adding saturated KOAc solution (3 mL) and saturated NH4C1/CH2C12 solution 

(1:3, 25 mL) and stirring for 30 minutes, whereupon the mixture was filtered through Celite 

and the aqueous phase extracted with CH2C12 (3 x 10 mL). The combined organic fractions 

were washed with saturated NH4CI solution (10 mL), dried (MgStAj), and evaporated to 

dryness to give the red/brown oil of A-MOM-2-pyridone 210 (101 mg, 100%): Rf = 0.50
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(MeCN); analytical data as reported above.

3,7-Di-tert-butoxycarbonyl-trans-3,7-diazatricyclo[4.2.2.22>5]dodeca-9,ll-diene-4,8-dione
(213).

To a suspension of A-H dimer 186 (2.83 g, 14.9 mmol) in THF at 0°C under nitrogen was 

added nBuLi (13.11 mL, 2.5 M solution in hexanes, 32.8 mmol) and the reaction stirred for 30 

minutes, whereupon Boc20  (8.55 mL, 37.2 mmol) was added. The reaction was stirred for 2 

days at room temperature, during which the white suspension turned to a peach colour. The 

solvent was evaporated off and the residue partitioned between CH2C12 (200 mL) and water 

(100 mL), and the aqueous phase extracted with CH2C12 (2 x 100 mL). The combined organic 

fractions were dried (MgSCL) and evaporated to dryness to give an oily yellow solid which 

was recrystallised from ‘PrOH affording A-Boc dimer 213 as a white solid (4.60 g, 80%), Rf = 

0.17 (petrol/EtOAc, 3:1): ]H NMR (CDC13, 250 MHz) 5 6.55 (ddd, J  = 8.2, 7.0, 1.5 Hz, 2 H), 

6.10 (ddd, J  = 8.2, 7.2, 1.5 Hz, 2 H), 4.95 (ddd, J=  10.4, 7.0, 1.5 Hz, 2 H), 3.75 (ddd, J  =

10.4, 7.2, 1.5 Hz, 2 H), 1.45 (s, 18 H); 13C NMR (CDCI3, 63 MHz) 6 171.5 (2 C), 151.4 (2 

C), 133.9 (2 C), 130.8 (2 C), 84.0 (2 C), 53.5 (2 C), 52.7 (2 C), 28.0 (6 C); IR (CHC13) 2984, 

1773, 1720, 1389, 1371, 1297, 1245, 1149 cm'1; MS (CI+) m/z 391 (M + N)+, 314, 285, 276, 

96; HRMS (CI+) calculated for C20H27N2O6 (M + H)+ 391.1869, found 391.1858.; Elemental 

analysis, calculated for C2oH26N2C>6: C, 61.53; H, 6.71; N, 7.17%. Found C, 61.42; H, 6.75; N, 

7.11%.

3,7-Di-tert-butoxycarbonyl-4,8-dihydroxy-trans-3,7-diazatricyclo[4.2.2.22’5]dodeca-9,11- 

diene (215).

,Boc

Boc' 213

To a solution of A-Boc dimer 213 (300 mg, 0.77 mmol) in CH2CI2 (10 mL) at room 

temperature under nitrogen was added DIBAL (1.92 mL, 1 M solution in CH2C12, 1.92
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mmol). The reaction was stirred for 10 minutes before 10% aqueous citric acid solution (10 

mL) was added. The aqueous phase was extracted with CH2CI2 (3 x 20 mL), and the 

combined organic fractions dried (MgSOa) and evaporated to dryness to give TV-Boc 

dilactamol 215 as a white solid (222 mg, 73%), %), Rf= 0.75 (petrol/EtOAc, 3:1): 'H NMR 

(CDCI3, 250 MHz) 8 6.55 (ddd, 7 = 8.6, 7.3, 1.2 Hz, 2 H), 5.90 (dd, 7  = 8.6, 8.2 Hz, 2 H), 

5.55 (d, 7  = 1.8 Hz, 2 H), 5.30 (dd, 7 =  3.7, 1.8 Hz, 2 H), 4.8 (dd, 7 = 9.8, 7.3 Hz, 2 H), 3.10 

(dddd, 7 =  9.8, 8.2, 3.7, 1.2 Hz, 2 H), 1.45 (s, 18 H); NMR (CDCI3, 63 MHz) 8 155.2 (2 

C), 135.8 (2 C), 126.8 (2 C), 81.8 (2 C), 80.6 (2 C), 55.3 (2 C), 42.9 (2 C), 28.5 (6 C); IR 

(CHCI3) 3429, 2980, 1661, 1415, 1337, 1314, 1240, 1170 cm'1; MS (CI+, NH3) m/z 412 (M + 

NH4)+, 395 (M + H)+, 377, 356, 340; HRMS (CI+) calculated for C2oH3iN20 6 (M + H)+ 

395.2182, found 395.2194.

3,7-Di-tert-butoxycarbonyl-4,8-dihydroxy-trans-3,7-diazatricyclo[4.2.2.22,5]dodeca-9,11- 

diene (215), 3,7-di-tert-butoxycarbonyl-4-hydroxy-8-oxo-trans-3,7-diazatricyclo[4.2.2.22,5] 

dodeca-9,11-diene (±)-(214), and 3-tert-butoxy carbonyl-3,7-diazatricyclo[4.2.2.22’5] dodeca-

9,1 l-diene-4,8-dione (221).

To a solution of N-Boc dimer 213 (200mg, 0.51 mmol) in CH2CI2 (10 mL) at -78°C under 

nitrogen was added DIBAL (0.513 mL, 1 M solution in CH2CI2, 0.51 mmol). The reaction 

stirred for 3 hours, whereupon saturated NH4CI solution/CTLCL (1:2, 30 mL) was added and 

the mixture tirred for 3 hours at room temperature. The mixture was filtered through Celite 

and the aqueous phase extracted with CH2C12 (4 x 20 mL). The combined organic fractions 

were dried (MgS04) and evaporated to dryness to give 193 mg of crude residue. Flash 

chromatography, eluting with a gradient of 8:8:1 to 5:5:1 CH2Cl2/petrol/EtOAc then 10% 
MeOH/EtOAc gave:

A-Boc dilactamol 215 as a white solid (28 mg, 14%), Rf = 0.72 (petrol/EtOAc, 3:1): analytical 

data as reported above.

A-Boc monolactamol (±)-214 as a white solid (17 mg, 9%), 0.33 (petrol/EtOAc, 3:1): *H

NMR (CDCI3, 250 MHz) 8 6.69 (ddd, 7 -  6.9, 6.6, 1.8 Hz, 1 H), 6.40 (ddd, 7 -  8.8, 7.0, 1.5
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Hz, 1 H), 6.04 (dd,7 = 8.4, 8.0 Hz, 1 H), 5.90 (ddd,/ =  8.0, 7.3, 1.1 Hz, 1 H), 5.66 (d,J =  1.5 

Hz, 1 H), 5.25 (dd, J=  3.7, 1.5 Hz, 1 H), 4.88 (dd, J  = 9.9, 7.3 Hz, 1 H), 3.61 (ddd, J  = 10.2,

7.3, 1.8 Hz, 1 H), 3.36 (dddd,7= 10.0, 8.0, 3.7, 1.1 Hz, 1 H), 1.51 (s, 9 H), 1.45 (s, 9 H), OH 

proton absent; 13C NMR (CDC13, 63 MHz) 6 173.0, 151.3 (2 C), 136.8, 132.8, 130.1, 126.1,

83.0, 81.3, 79.9, 56.2, 54.1, 53.3, 43.7, 28.2 (3 C), 27.9 (3 C); IR (CHCI3) 3436, 2982, 2249, 

1770, 1711, 1667, 1370, 1252, 1154 cm'1; MS (CI+, NH3) m/z 393 (M + H)+, 377, 354, 293, 

180, 96; HRMS (CI+) calculated for C2oH29N20 6 (M + H)+ 393.2026, found 393.2014.

A-Boc dimer 213 as a white solid (139 mg, 70%), Rf=  0.22 (petrol/EtOAc, 3:1): analytical 

data as reported above.

A-Boc/A-H dimer 221 as a white solid (traces), Rf= 0.05 (petrol/EtOAc, 3:1): analytical data 

as reported above.

Trans-3,7-diazatricyclo[4.2.2.22’5]dodeca-4,8-dione (228).103

A suspension of A-H dimer 186 (300 mg, 1.58 mmol) and Pt02 (72 mg, 0.32 mmol) in EtOAc 

was stirred vigorously under an atmosphere of hydrogen (3 bar) for 2 days. The solvent was 

evaporated off affording 359 mg of crude solid which was recrystallised from glacial AcOH 

to give 128 mg of a 5:1 mixture of A-H tetrahydro dimer 228 and A-H dimer 186.

A-H dimer 186, R f-  0.37 (10% H20/MeCN): analytical data as reported above.

A-H tetrahydro dimer 228, Rf = 0.24 (10% H20/MeCN): *H NMR (CDCI3, 250 MHz) 5 3.86 

(dd, 7 = 11.3, 6.2 Hz, 2 H), 2.71 (ddd, J=  11.0, 5.5, 1.5 Hz, 2 H), 1.55-2.08 (m, 8 H).

3,7-Di-tert-butoxycarbonyl-trans-3,7-diazatricyclof4.2.2.22>5]dodeca-4,8-dione (227).

228 186

A suspension of crude A-H tetrahydro dimer 228 (300 mg, 1.55 mmol) containing a small
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amount of A-H dimer 186 in MeCN (15 mL) at room temperature under nitrogen was treated 

with DMAP (396 mg, 3.25 mmol), followed by three portions of B0C2O (2.13 mL, 9.28 

mmol) at periodic intervals (3 eq at Oh, 1.5 eq at 8 h, and 1.5 eq 24 h) with rapid stirring. 

After 2 days the solvent was evaporated off and the residue partitioned between CHCI3 (20 

mL) and 0.1 M aqueous HC1 (20 mL). The aqueous phase was extracted with CHCI3 (3 x 20 

mL) and the combined organic fractions dried (MgS04) and evaporated to dryness, to give a 

light red solid which was washed with MeOH and dried in vacuo to yield 264 mg of a 3:1 

mixture of TV-Boc tetrahydro dimer 227 and A-Boc dimer 213.

3,7-Di-tert-butoxycarbonyl-trans-3,7-diaz,atricyclo[4.2.2.22>5Jdodeca -4,8-dione (227).

A vigorously stirred suspension of A-Boc dimer 213 (1 g, 2.56 mmol) and Pt02 (116 mg, 0.51 

mmol) in EtOAc (30 mL) was subjected to an atmosphere of hydrogen (3 bar) for 2 days. The 

solvent was removed in vacuo and the residue dissolved in CH2CI2 (30 mL). The suspension 

was filtered through Celite and evaporated to dryness to afford A-Boc tetrahydro dimer 227 as 

a white solid (l.OOlg, 99%), Rf = 0.39 (2:1, petrol/EtOAc): 'H NMR (CDC13, 250 MHz) 5 

4.90 (ddd, J  = 11.6, 5.2, 2.4 Hz, 2 H), 3.16 (ddd, J=  11.6, 3.7, 3.4 Hz, 2 H), 2.10-1.99 (m, 4 

H), 1.94-1.83 (m, 4 H), 1.52 (s, 18 H); 13C NMR (CDC13, 63 MHz) 8 173.1 (2 C), 152.0 (2 C),

84.0 (2 C), 51.9 (2 C), 47.9 (2 C), 28.0 (6 C), 24.1 (2 C), 19.9 (2 C); IR (CHC13) 2985, 1766, 

1720, 1287, 1250, 1145 cnf1; MS (CI+) m/z 395 (M + H)+, 383, 366, 295, 279, 195; HRMS 

(CI+) calculated for C2oH3iN20 6 (M + H)+ 395.2182, found 395.2173.

3.7- Di-tert-butoxycarbonyl-4,8-dihydroxy-trans-3,7-diazatricyclo[4.2.2.22'5]dodecane (230),

3.7- di-tert-butoxycarbonyl-4-hydroxy-trans-3,7-diazatricyclo[4.2.2.22,5]dodecane (±)-(229), 
3-tert-butoxycarbonyl-trans-3,7-diazatricyclo/4.2.2.22>5Jdodeca-4,8-dione (231), and 3-di- 
tert-butoxycarbonyl-4-hydroxy-trans-3,7-diazatricyclo[4.2.2.22,5]dodecane (232).

227 230 (±)-229 231 232
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To a solution of A-Boc tetrahydro dimer 227 (200 mg, 0.51 mmol) in CH2CI2 (10 mL) at -  

78°C under nitrogen was added DIBAL (1.015 mL, 1 M solution in CH2CI2, 1.02 mmol). The 

reaction was stirred for 1.5 hours, whereupon saturated NH4CI solution/CtfjCb (1:2, 30 mL) 

was added and the mixture stirred for 1 hour at room temperature. The aqueous phase was 

extracted with CH2CI2 (5 x 20 mL) and the combined organic fractions dried (MgS04) and 

evaporated to dryness to give 190 mg of crude products. Flash chromatography, eluting with 

30:1 CH2Cl2/EtOAc, gave:

A-Boc tetrahydro dilactamol 230 as a white solid, Rf=  0.61 (4:1, petrol/EtOAc): 'H NMR 

(CDCI3, 250 MHz) 8 5.43 (d, 7  = 2.2 Hz, 2 H), 5.31 (dd, 7  = 3.3, 2.6 Hz, 2 H), 4.37 (ddd, 7  =

11.0, 5.5, 1.5 Hz, 2 H), 2.86-2.99 (m, 2 H), 2.41-2.52 (m, 2 H), 1.83-1.97 (m, 2 H), 1.52-1.67 

(m, 4 H), 1.46 (s, 18 H); 1R (CHC13) 3692, 3497, 2979, 2932, 1656, 1414, 1336 cm'1; MS 

(EI+) m/z 398 M+, 280, 268, 251, 224, 180; HRMS (EI+) calculated for C20H34N2O6 M+ 

398.2417, found 398.2423.

A-Boc tetrahydro monolactamol (±)-229 as a white solid, Rf=  0.29 (4:1, petrol/EtOAc): 'H 

NMR (CDCI3, 250 MHz) 8 5.46 (d, 7  = 2.2 Hz, 1 H), 5.25 (dd, 7  = 2.9, 2.6 Hz, 1 H), 4.74- 

4.83 (m, 1 H), 4.47 (dd, 7=5 .5 , 11.0 Hz, 1 H), 2.98-3.19 (m, 2 H), 2.60-2.71 (m, 1 H), 1.63-

2.01 (m, 7 H), 1.56 (s, 9 H), 1.53 (s, 9 H); I3C NMR (CDC13, 63 MHz) 8 174.5, 156.6, 151.8,

83.0, 81.3, 80.8, 52.5, 50.5, 48.2, 37.4, 28.2 (3 C), 27.9 (3 C), 23.8, 23.0, 21.1, 20.4; IR 

(CHCI3) 3690, 3506, 2981, 1764, 1712, 1665, 1294, 1149 cm'1; MS (EI+) m/z 396 M+, 296, 

267, 196, 179, 151; HRMS (EI+) calculated for C20H32N2O6 M+ 396.2260, found 396.2279. 

Elemental analysis, calculated for C20H32N2O6: C, 60.59; H, 8.13; N, 7.06%. Found C, 60.38; 

H, 8.07; N, 6.83%.

A-Boc tetrahydro dimer 227 as a white solid, Rf= 0.16 (4:1, petrol/EtOAc): analytical data as 

reported above.

A-Boc/A-H tetrahydro dimer 231 as a white solid, R/=  0.05 (4:1, petrol/EtOAc): 'H NMR 

(CDCI3, 250 MHz) 5 6.40-6.50 (br d, 7  = 5.8 Hz, 1 H), 4.93 (dd, 7  = 11.3, 5.8 Hz, 1 H), 3.88- 

3.99 (m, 1 H), 2.98-3.12 (m, 2 H), 1.85-3.12 (m, 8 H), 1.55 (s, 9 H); MS (TSP+) m/z 295 (M + 

H)+, 195; HRMS (ES+) calculated for C,5 ^ 2 ^ 0 4 ^  (M + Na)+ 317.1477, found 317.1463.

A-Boc/A-H tetrahydro monolactamol 232 as a white solid, R/= 0.05 (4:1, petrol/EtOAc): !H 

NMR (CDCI3, 250 MHz) 8 6.75 (br d, 1 H), 5.52 (d, 1 H), 5.25 (d, 1 H), 4.50 (dd, 1 H), 3.82 

(m, 1 H), 3.10 (dd, 1 H), 2.85 (dd, 1 H), 2.52 (m, 1 H), 2.13-1.65 (m, 7 H), 1.46 (s, 9 H); MS 

(TS+) m/z 297 (M + H)+, 268, 254, 197.
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(S)-Proline-N-carboxyanhydride (234).150

A three necked 500 mL round-bottomed flask was fitted with a nitrogen inlet tube, a 

thermometer, a pressure-equalising dropping funnel and a magnetic stirrer bar. The apparatus 

was flushed with nitrogen and charged with (^-proline 233 (10 g, 86.9 mmol) and THF (100 

mL) and the suspension cooled to 15°C. Phosgene (54 mL, 104.2 mmol) was added via the 

pressure equalising dropping funnel over a period of 20 minutes, maintaining the temperature 

below 20 °C. The reaction mixture was aged for 30 minutes at 35°C until the suspension went 

homogeneous, whereupon it was aged a further 30 minutes. The solution was concentrated to 

13 mL under reduced pressure, maintaining the temperature below 20 °C, to remove excess 

phosgene and HC1. THF (lOOmL) was added and the solution cooled to 0°C. Et3N (12.1 mL, 

86.9 mmol) was added over a period of 20 minutes and the solution was aged for a further 30 

minutes at 0-5°C whereupon a white precipitate of Et3NCl was observed. The suspension was 

then filtered into a 250 mL pressure-equalising dropping funnel via a Schlenk funnel. The 

Et3NCl cake was washed with THF (3 x 20 mL), and the filtrate and washes in the 250 mL 

pressure-equalising dropping funnel were used for the next step.

Diphenylprolinol (224).150

224

A three-necked 500 mL round-bottomed flask was fitted with a nitrogen inlet tube, a 

thermometer, a magnetic stirrer bar, and a pressure-equalising dropping funnel containing (S)- 
proline-A-carboxyanhydride 234 in THF. The reaction vessel was flushed with nitrogen and 

charged with PhMgCl (133 mL, 2 M solution in THF, 266 mmol) and cooled to -10°C. The 

solution of (5)-proline-A-carboxyanhydride in THF was added slowly over a period of 1 hour, 

maintaining the temperature at -10°C. The reaction was stirred for 3 hours at -15°C before 

being allowed to warm to room temperature overnight. The reaction was quenched by pouring 

into 2 M H2SO4 (175 mL, 0.348 mmol) solution at 0°C over a period of 30 minutes. The
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mixture was aged for 1 hour at 0-5°C whereupon a white precipitate of MgS04 was formed 

which was filtered off and the MgS04 cake washed with THF (3 x 85 mL). The filtrate and 

washings were combined and concentrated to a volume o f -166 mL and the mixture cooled to 

0°C for 1 hour. The white precipitate of (S)-diphenylprolinol sulfate was then filtered off, 

washed with water at 5°C (2x17 mL) and EtOAc (3 x 30 mL), and dried in vacuo.

A two-necked 250 mL round-bottomed flask was fitted with a nitrogen inlet tube, a 

thermometer, and a magnetic stirrer bar. To the reaction vessel was added (S)- 

diphenylprolinol sulfate, THF (18.5 mL), and 2 M NaOH (18.5 mL) and the mixture was 

stirred at room temperature for 30 minutes until everything had dissolved. Then toluene (76 

mL) was added and the mixture was aged for 30 minutes, whereupon the two-phase mixture 

was filtered through a sinter and partitioned. The organic phase was washed with water (10 

mL) and evaporated to dryness to give an oil which crystallised on standing at room 

temperature to give diphenylprolinol 224 as light-tan crystals (5.08 g). Recrystallisation from 

a small volume of hexane afforded clean diphenylprolinol (4.17 g, 19% from (6)-proline 233).

3,3-Diphenyl-l-methyl-tetrahydro-pyrrolo[l,2-c][l,3,2]oxazaborole-borane complex (236). 
150

A two-necked 100 mL round-bottomed flask was fitted with a nitrogen inlet tube with a teflon 

tap, a one-piece distillation head, and a magnetic stirrer bar. The flask was charged with (S)- 

diphenylprolinol 224 (3.513 g, 13.9 mmol) and xylene (17 mL). To the vigorously stirred 

solution at room temperature was added trimethylboroxine (1.494 mL, 10.7 mmol) in THF 

(1.5 mL) dropwise over a period of 10 minutes. At this point an exothermic reaction occurred 

and a precipitate of bismethylboronic acid was observed. The mixture was stirred for 30 
minutes and heated and concentrated by distillation to a volume of ~8 mL. The mixture was 

cooled, xylenes added (17 mL) and removed by distillation once more to give an oil, which 

was heated to 170°C for 30 minutes then cooled to room temperature. The oil was diluted 

with xylenes (8 mL). At this point the distillation head was replaced with a sinter funnel, and 

a pressure-equalising dropping funnel was attached between the round-bottomed flask and the 

nitrogen inlet tube. To the stirred solution was added BH3.DMS (1.397 mL, 14.7 mmol) over
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a five minute period via syringe, and the mixture was stirred for 30 minutes. The mixture was 

slowly diluted with hexane and the reaction stirred at room temperature overnight, and the B- 

Me CBSBH3 complex 236 crystallised out of solution. The apparatus was inverted and the 

white precipitate filtered, washed with hexane ( 3 x 1 0  mL) and dried over a gentle flow of 

nitrogen to afford the B-Me CBSBH3 complex as a white crystalline solid (2.92 g, 72%): !H 

NMR (CDC13, 250 MHz) 5 7.50 (m, 2 H), 7.20-7.40 (m, 8 H), 4.60 (m, 1 H), 3.35 (m, 1 H), 

3.20 (m, 1 H), 1.90 (m, 1 H), 1.60 (m, 1 H), 1.30 (m, 2 H), 0.70 (s, 3 H).

(R)-l-Phenyl-ethanol (238).149

237 238

To a solution of£-Me CBS.BH3 (12.5 mg, 0.04 mmol) and BH3.DMS (0.024 mL, 0.26 mmol) 

in CH2C12 (5 mL) at room temperature under nitrogen was added acetophenone 237 (0.05 mL, 

0.43 mmol). The reaction was stirred for 55 minutes before being quenched with MeOH (0.5 

mL), stirred for 1.5 hours, and evaporated down. Flash chromatography, eluting with CH2CI2, 

gave (R)-l-phenyl-ethanol 238 as a colourless oil (quantitative). 'H NMR (CDC13, 250 MHz) 

5 7.25-7.40 (m, 5 H), 4.90 (qd, 7=6.4, 1.8 Hz, 1 H), 1.99 (d,J=  1.8 Hz, 1 H), 1.49 (d, 7=6.4 

Hz, 3 H); Chiral HPLC [Daicel Chiralcel OD (4.6 x 25 cm), eluting with 90:10 hexane/'PrOH, 

10°C, 0.5 mL min'1, retention times of enantiomers: (a) 15.2 min, (b) 17.4 min] showed the 

alcohol to have a 94.7% ee of the (a) enantiomer.

Reduction of N-Boc tetrahydro dimer (227) with borane.

To a solution of N-Boc tetrahydro dimer 227 (100 mg, 0.25 mmol) in CH2C12 (10 mL) at 

room temperature under nitrogen was added BH3 DMS (0.029 mL, 0.30 mmol) and the 

reaction stirred for 22 hours. The reaction was quenched by adding MeOH (0.5 mL) and 

stirring for 30 minutes. The solvents were removed in vacuo, MeOH (10 mL) added, and 

refluxed for 30 minutes. The solution was then evaporated to dryness to give a white solid.
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Flash chromatography, eluting with a solvent gradient of C^CL/petrol/EtOAc 1:1:0 to 5:5:2, 
gave:

A-Boc tetrahydro monolactamol (±)-229 as a white solid (16 mg, 16%), Rf = 0.39 (3:1, 

petrol/EtOAc): analytical data as reported above. Chiral HPLC [Column: Chiralcel OD (25 x 

0.46 cm), eluting with 99.2:0.8 hexane/'PrOH, 1.0 mL min'1, 40°C, UV detection at 225 nm] 

showed the monolactamol to be racemic.

A-Boc tetrahydro dimer 227 as a white solid (75 mg, 75%), Rf=  0.24 (3:1, petrol/EtOAc): 

analytical data as reported above.

Column flush with EtOAc/MeOH, 9:1 gave 6 mg of a mixture of A-Boc/A-H tetrahydro 

dimer 231 and a small amount of A-Boc/A-H tetrahydro monolactamol 232, analytical data 

for both compounds as reported above.

Reduction of A-Boc tetrahydro dimer (227) with 2?-Me CBS’BH3.

To a solution of A-Boc tetrahydro dimer 227 (100 mg, 0.25 mmol) and B-Me CBSBH3 (37 

mg, 0.13 mmol) in CH2CI2 (10 mL) at room temperature under nitrogen was added BH3DMS 

(0.012 mL, 0.13 mmol) and the reaction stirred for 22 hours. The reaction was quenched by 

adding MeOH (0.5 mL) and stirring for 30 minutes. The solvents were removed in vacuo, 

MeOH (10 mL) added, and refluxed for 30 minutes. The solution was then evaporated to 

dryness to give a white solid. Flash chromatography, eluting with a solvent gradient of 

CH2Cl2/petrol/EtOAc 1:1:0 to 1:1:1, gave:

A-Boc tetrahydro dilactamol 230 as a white solid (9 mg, 9%), Rf= 0.67 (3:1, petrol/EtOAc): 

analytical data as reported above.

A-Boc tetrahydro monolactamol (+)-229 as a white solid (76 mg, 76%), Rf = 0.39 (3:1, 

petrol/EtOAc): Chiral HPLC [Column: Chiralcel OD (25 x 0.46 cm), eluting with 99.2:0.8 

hexane 'PrOH, 1.0 mL min'1, 40°C, UV detection at 225 nm] showed the monolactamol to 

have an ee of >97%; [cc]D +8.0, [a]365 +90.2 (c = 0.5, CHC13); analytical data as reported
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above.

A-Boc tetrahydro dimer 227 as a white solid (6 mg, 6%), Rf = 0.24 (3:1, petrol/EtOAc): 

analytical data as reported above.

Column flush with 10% MeOH/EtOAc gave 7 mg of a mixture of A-Boc/A-H tetrahydro 

dimer 231 and A-Boc/A-H tetrahydro monolactamol 232, analytical data for both compounds 

as reported above.

(+)-Camphorsulfonyl protection of N-Boc tetrahydro monolactamol (+)-(229).

A solution of A-Boc tetrahydro monolactamol (+)-229 (50 mg, 0.13 mmol), (+)- 

camphorsulfonyl chloride (48 mg, 0.19 mmol), and DMAP (31 mg, 0.25 mmol) in MeCN (10 

mL) under nitrogen was refluxed for 2 days. The solvent was removed in vacuo to give a 

crude residue. Flash chromatography, eluting with a solvent gradient of CH2Cl2/EtOAc 19:1 

to 5:1, gave:

A-Boc tetrahydro monolactamol (+)-229 as a white solid (2 mg, 4%): Rf = 0.42 

(CH2Cl2/EtOAc, 9:1); analytical data as previously reported.

A-Boc tetrahydro monolactamol epimer 239 as a white solid (13 mg, 26%): Rf = 0.15 

(CH2Cl2/EtOAc, 9:1); ‘H NMR (CDC13, 250 MHz) 6 5.58-5.63 (br s, 1 H), 4.77-4.89 (m, 1 

H), 4.31-4.40 (m, 1 H), 2.91-3.00 (m, 1 H), 2.62-2.72 (m, 1 H), 1.69-2.18 (m, 8 H), 1.52 (s, 9 

H), 1.46 (s, 9 H), OH proton absent.

2-tert-Butoxycarbonylamino-8-oxo-cis-5-menthyloxycarbonyloxymethylene-7-az,a-bicyclo 
[4.2.2]decane-7-carboxylic acid tert-butyl ester (241) and 2-tert-Butoxycarbonylamino-8- 

oxo-trans-5-menthyloxycarbonyloxymethylene-7-aza-bicyclo[4.2.2]decane-7-carboxylic 
acid tert-butyl ester (242).
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A solution of A-Boc tetrahydro monolactamol (+)-229 (50 mg, 0.13 mmol), (R)- 

menthylchloroformate (0.054 mL, 0.25 mmol), and DMAP (31 mg, 0.25 mmol) in MeCN (2 

mL) under nitrogen was refluxed for 2 days. The solvent was removed in vacuo to give a 

crude residue. Flash chromatography, eluting with a solvent gradient of CH2Cl2/EtOAc 20:1 

to 5:1, gave:

A-Boc tetrahydro monolactamol (+)-229 as a white solid (18 mg, 36%): Rf  = 0.27 

(CH2Cl2/EtOAc, 10:1); analytical data as previously reported.

Cis enol carbonate 241 as a glass (14 mg, 19%): Rf=  0.53 (CH2Cl2/EtOAc, 5:1); 'H NMR 

(CDC13, 250 MHz) S 6.99 (s, 1 H), 4.95 (br d, J  = 5.5 Hz, 1 H), 4.57 (ddd, J=  4.3, 11.0 Hz, 1 

H), 4.40-4.64 (br s, 1 H), 3.97-4.14 (br s, 1 H), 3.11-3.20 (br s, 1H), 2.79 (dd, J  = 15.3, 8.9 

Hz, 1 H), 1.35-2.32 (m, 14 H), 1.50 (s, 9 H), 1.44 (s, 9 H), 0.79-1.14 (m, 2 H), 0.91 (dd, J  =

6.7, 2.4 Hz, 6 H), 0.78 (d, J = 7.02 Hz, 3 H); MS (CI+, NH3) m/z 596 (M + NH4)+, 579 (M + 

H)+, 496, 479, 423, 297; HRMS (CI+) calculated for C3iH5iN20 8 (M + H)+ 579.3645, found 

579.3632.

Trans enol carbonate 242 as a glass (17 mg, 23%): Rf -  0.45 (CH2Cl2/EtOAc, 5:1); 6.92 (s, 1 

H), 5.42-5.35 (br dd, 1 H), 4.57 (ddd, J = 10.7, 10.7, 4.3 Hz, 1 H), 4.50-4.32 (br s, 1 H), 4.09- 

3.92 (br s, 1 H), 3.12 (ddd, 7 -  9.8, 2.8, 2.4 Hz, 1 H), 2.26-0.78 (m, 17 H), 1.47 (s, 9 H), 1.43 

(s, 9 H), 0.91 (t, J=  6.4 Hz, 6 H), 0.75 (d, J=  7.0 Hz, 3 H).

Reduction of TV-Boc dimer (213) with Z?-Me CBS-BH3.

Boc

Boc'
213

,Boc

O

To a solution of A-Boc dimer 213 (200 mg, 0.51 mmol) and Z?-Me CBSBH3 (30 mg, 0.10 

mmol) in CH2C12 (10 mL) at room temperature under nitrogen was added BHyTHF (0.615 

mL, 0.62 mmol) and the reaction stirred for 26 hours. The reaction was quenched by adding
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MeOH (0.25 mL) and stirring for 20 minutes. The solution was then evaporated to dryness to 

give a white solid. Flash chromatography, eluting with a solvent gradient of 

CH2Cl2/petrol/EtOAc 1:1:0 to 1:1:1, gave:

iV-Boc monolactamol 214 as a white solid (17 mg, 9%), Rf = 0.33 (petrol/EtOAc, 3:1 

analytical data as reported above.

A-Boc dimer 213 as a white solid (139 mg, 70%), Rf=  0.22 (petrol/EtOAc, 3:1): analytical 

data as reported above.

(R)-l-Phenyl-ethanol (238).155

237 238

To a solution of £-Me CBS.BH3 (25 mg, 0.09 mmol) and catecholborane (0.091 mL, 0.86 

mmol) in CH2C12 (10 mL) at room temperature under nitrogen was added acetophenone 237 

(0.1 mL, 0.86 mmol). The reaction was stirred for 8 hours before being quenched with MeOH 

(0.5 mL), stirred for 10 minutes, and the solvents removed in vacuo. The residue was 

dissolved in Et20  (20 mL) and the organic phase washed with pH 13 buffer (1 M 

NaOH/saturated NaHC03, 2:1) until the aqueous washes were colourless. The aqueous 

fractions were extracted with Et20  ( 2 x 1 0  mL) and the combined organic fractions washed 

with brine, dried (MgS04), and evaporated to dryness to give (/?)-l-phenyl-ethanol 238 as a 

colourless oil (109 mg, 100%): Rf = 0.23 (petrol/EtOAc, 8:1); analytical data as reported 

above. Chiral HPLC [Daicel Chiralcel OD (4.6 x 25 cm), eluting with 90:10 hexane/'PrOH, 

10°C, 0.5 mL min ', retention times of enantiomers: (a) 15.2 min, (b) 17.4 min] showed the 

alcohol to have a 73.2% ee of the (a) enantiomer.

Reduction of A-Boc tetrahydro dimer (227) with 2?-Me CBS*BH3 and catecholborane.

,Boc

Boc'
227

To a solution of A-Boc tetrahydro dimer 227 (100 mg, 0.25 mmol) and 5-Me CBSBH3 (74 

mg, 0.25 mmol) in CH2C12 (10 mL) at room temperature under nitrogen was added
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catecholborane (0.027 mL, 0.25 mmol) and the reaction stirred for 14 hours. The reaction was 

quenched by adding MeOH (0.5 mL) and stirring for 30 minutes. The solvents were removed 

in vacuo, MeOH (10 mL) added, and refluxed for 30 minutes. The solution was then 

evaporated to dryness to give a white solid which was dissolved in CH2CI2 (20 mL). The 

organic phase was washed with pH 13 buffer (1 M NaOH/saturated NaHC03, 2:1). Flash 

chromatography, eluting with a solvent gradient of C^Ch/petrol/EtOAc 1:1:0 to 1:1:1, gave:

A-Boc tetrahydro monolactamol (+)-229 as a white solid (22 mg, 22%), Rf = 0.40 

(petrol/EtOAc, 3:1): analytical data as reported above. Chiral HPLC [Column: Chiralcel OD 

(25 x 0.46 cm), eluting with 99.2:0.8 hexane 'PrOH, 1.0 mL min"1, 40°C, UV detection at 225 

nm] showed the monolactamol to have an ee of >82.2%.

A-Boc tetrahydro dimer 227 as a white solid (21 mg, 21%), Rf=  0.21 (petrol/EtOAc, 3:1): 

analytical data as reported above.

Column flush with 10% MeOH/EtOAc gave 22 mg of a mixture of A-Boc/A-H tetrahydro 

dimer 231 and A-Boc/A-H tetrahydro monolactamol 232, analytical data for both compounds 

as reported above.

3-(p-Toliienesulfonyl)-trans-3,7-diaz(itricyclo[4.2.2.22’5]dodeca-9,ll-diene-4,8-dione (245).

To a suspension of NaH (60% dispersion in oil, 126 mg, 3.16 mmol) in THF (15 mL) at room 

temperature under nitrogen was added A-H dimer 186 (200 mg, 1.05 mmol) and the reaction 

stirred for 15 minutes. A suspension of TsCl (602 mg, 3.16 mmol) and DMAP (64 mg, 0.53 

mmol) in THF (5 mL) was added and the reaction stirred for 24 hours. The solvent was 

evaporated off and, the residue partitioned between CH2CI2 (100 mL) and aqueous 0.1 M HC1 

solution (100 mL) and the aqueous phase extracted with CH2C12 (2 x 50 mL). The combined 

organic fractions were dried (MgSCL) and evaporated to dryness to give a crude residue. Flash 

chromatography, eluting with a solvent gradient of C^Ch/EtOAc 1:1 to 0:1 gave A-Ts/A-H 

dimer 245 as a white solid (6 mg, 3%): Rf=  0.19 (EtOAc); :H NMR (CDCI3, 250 MHz) 8 

7.83 (d, ./=  8.2 Hz, 2 H), 7.31 (d, J=  8.2 Hz, 2 H), 6.80 (dd, J  = 7.9, 5.5 Hz, 1 H), 6.63 (dd, J  

= 7.6, 6.7 Hz, 1 H), 6.19 (dd, J  = 8.2, 8.2 Hz, 1 H), 6.12 (dd, J=  8.6, 7.9 Hz, 1 H), 5.77-5.84 

(br s, 1 H), 5.33 (dd, J  = 10.7, 7.3 Hz, 1 H), 4.10-4.24 (m, 1 H), 3.69-3.78 (m, 1 H), 3.54-3.64 

(m, 1 H), 2.42 (s, 3 H); IR (CHC13) 3691, 2928, 1708, 1686, 1601, 1355, 1171 cm'1.

186 245

142



Experimental

p-Toluenesulfonyl bromide (248).

247 248

To a vigorously stirred suspension of sodium p-toluenesulfinate 247 (5 g, 28.1 mmol) in 

benzene (15 mL) was slowly added bromine (1.45 mL, 28.1 mmol) until the bromine colour 

persisted. A further portion of sodium /)-toluenesulfinate was added turning the suspension 

colourless. The mixture was filtered to remove precipitated NaBr and the filtrate evaporated 

to dryness to give a white solid, which was recrystallised from hexane to give TsBr 248 as 

white prisms (4.777 g, 72%): mp 97.0-97.3°C; 'H NMR (CDCI3, 250 MHz) 8 7.88 (d, J  = 8.6 

Hz, 2 H), 7.39 (d, J=  8.6 Hz, 2 H), 2.49 (s, 3 H); MS (CI+) m/z 237, 235 M+, 157, 155, 139.

p-Toluenesulfonyl

A solution of iodine (4.77 g, 18.8 mmol) in toluene (50 mL) was added to a solution of 

sodium /7-toluenesulfinate 247 (5 g, 28.1 mmol) in H2O (60 mL), and the mixture stirred 

vigorously at room temperature in the dark for 1 hour. The organic phase was then separated, 

washed with water (2x 50 mL), and dried (MgSCL). An equal volume of hexane was added 

(50 mL) and the solution stored overnight at -20°C, whereupon yellow crystals formed. The 

crystals were filtered off, washed with cold hexane and dried in vacuo to give TsI 249 as 

yellow prisms (3.053 g, 39%): mp 93.8-95.1°C (cf. literature 88-89°C162) ’H NMR (CDCI3, 

250 MHz) 8 7.75 (d, J=  8.6 Hz, 2 H), 7.34 88 (d, J=  7.9 Hz, 2 H), 2.47 (s, 3 H); MS (CI+) 
m/z 283 (M + H)+, 255, 185, 157, 139.

l-p-Toluenesulfonyl-2-pyridone (250).221
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To a solution of 2-pyridone 185 (1 g, 10.5 mmol) in THF (20 mL) at 0°C under nitrogen was 

added nBuLi (1.8 M solution in hexane, 5.58 mL, 11.6 mmol) and the reaction stirred for 20 

minutes. A solution of TsCl (2.2 g, 11.6 mmol) in THF (10 mL) was added and the reaction 

stirred at room temperature for 24 hours. The reaction mixture was poured onto H2O (50 mL) 

and the aqueous phase extracted with Et20 (2 x 100 mL). The combined organic fractions 

were dried (MgSO**) and evaporated to dryness to give A-Ts-2-pyridone 250 (2.132 g, 81 %): 

Rf = 0.85 (EtOAc); 'H NMR (CDCI3, 250 MHz) 5 8.09 (ddd, 7 = 7.6, 1.8, 0.6 Hz, 1 H), 7.99 

(d, 7 = 8.2 Hz, 2 H), 7.35 (d, 7 -  8.2 Hz, 2 H), 7.30 (ddd, J=  9.5, 6.4, 1.8 Hz, 1 H), 6.41 (ddd, 

7 = 9.5, 1.2, 0.6 Hz, 1 H), 6.24 (ddd, 7 =  7.6, 6.4, 1.2 Hz, 1 H), 2.44 (s, 3 H); MS (CI+) m/z 

250 (M + H)+, 246, 185, 155, 108, 96.

5-p-Toluenesulfonyl-2-pyridone (251).

A solution of iV-Ts-2-pyridone 250 (850 mg, 3.41 mmol) in MeOH (60 mL) in a Pyrex test 

tube was irradiated with ultra-violet light (A. = 350 nm) for 2 days. The solvent was removed 

in vacuo to give a yellow oil. Flash chromatography, eluting with C^Ch/EtOAc, 1:1 gave 5- 

Ts-2-pyridone 251 as a white solid: Rf -  0.58 (petrol/EtOAc, 1:1); *H NMR (CDCI3, 250 

MHz) 5 12.75-12.96 (br s, 1 H), 8.11 (dd, 7 =  2.8, 0.6 Hz, 1 H), 7.77 (d, 7=  8.5 Hz, 2 H), 7.71 

(dd, 7 =  9.8, 2.8 Hz, 1 H), 7.32 (d, 7  = 8.2 Hz, 2 H), 6.57 (dd, J = 9.8, 0.6 Hz, 1 H), 2.41 (s, 3 

H); 13C NMR (CDC13, 63 MHz) 5 164.2, 144.6, 138.2, 138.2, 137.8, 130.1 (2 C), 127.3 (2 C),

122.3, 120.9, 21.4; IR (CHC13) 2866 (br), 1681, 1659, 1615, 1324, 1161, 1115 cm'1; MS 

(CI+) m/z 250 (M + H)+, 189, 154, 108, 96; HRMS (CI+) calculated for Ci2H,,N03S M+ 

249.0460, found 249.0455.

3-Trifluoromethanesulfonyl-3,7-diazatncyclo[4.2.2.22’5]dodeca-9,ll-diene-4,8-dione (252).
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To a suspension of A-H dimer 186 (100 mg, 0.53 mmol) in pyridine (10 mL) at room 

temperature under nitrogen was added Tf20 (0.266 mL, 1.58 mmol) and the reaction stirred 

for 24 hours. The solvent was removed in vacuo and the residue dissolved in CH2CI2 (60 mL). 

The organic phase was washed with aqueous C11SO4 solution (3 x 60 mL) and the aqueous 

fractions back extracted with CH2CI2 (60 mL). The combined organic fractions were dried 

(MgS04) and evaporated to dryness to give a yellow/brown residue. Flash chromatography, 

eluting with EtOAc gave N-Ti/N-W dimer 252 as a white solid (7 mg, 4%): Rf  = 0.40 

(EtOAc): 'H NMR (CDC13, 250 MHz) 5 6.76-6.84 (m, 2 H), 6.41-6.48 (br s, 1 H), 6.37 (ddd, 

J = 8.6, 7.0, 1.2 Hz, 1 H), 6.26 (ddd, J  = 8.2, 7.3, 1.2 Hz, 1 H), 5.06 (dd, J  = 9.8, 7.3 Hz, 1 H), 

4.26-4.37 (m, 1 H), 3.85 (ddd, J  = 10.1, 7.3, 1.5 Hz, 1 H), 3.71-3.80 (m, 1 H); ,3C NMR 

(CDCI3, 63 MHz) 5 175.7, 170.6, 134.9, 133.8, 131.5, 131.4, 57.8, 53.0, 51.0, 50.3; IR 

(CHCI3) 3425, 2928, 1746, 1689, 1411, 1229, 1140 cm'1; MS (CI+, NH3) m/z 340 (M + 

NH4)+, 323 (M + H)+, 245, 228, 96; HRMS (CI+) calculated for CnHioN204F3S (M + H)+ 

323.0313, found 323.0299.

p-Toluenesulfinyl chloride (253).222

247 253

To thionyl chloride (15.3 mL, 210.4 mmol) in a 50 mL round-bottomed flask at room 

temperature was added sodium /7-toluenesulfmate 247 (5 g, 28.1 mmol) in portions over 15 

minutes. A vigorous reaction occurred, with the evolution of a white gas, resulting in the 

formation of a white solid and a clear yellow liquid. The flask was protected from moisture by 

fitting a CaCl2 drying tube and left to stand for 2 hours, during which time effervescence 

continued and the white solid disintegrated into a fine translucent deposit. The excess thionyl 

chloride was removed by distillation followed by co-evaporation with Et20 ( 2 x 1 0  mL) to 

give a dark green/yellow oil and a white granular inorganic solid. The oil was dissolved in 

Et20, decanted away from the solid, and the solvent removed in vacuo to give a crude dark 

green/yellow oil, which was distilled to give /?-toluenesulfinyl chloride 253 as a yellow oil 

(1.549 g, 32%): 'H NMR (CDC13, 250 MHz) 5 7.78 (d, J=  8.6 Hz, 2 H), 7.40 (d, J=  7.9 Hz, 

2 H), 2.47 (s, 3 H); MS (EI+) m/z 174 M+, 155, 139, 91.
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p-Toluenesulfenyl chloride (255).223

254 255

A two-necked 250 mL round-bottomed flask was fitted with a gas bubbler, a gas inlet tube 

and a magnetic stirrer bar. The flask was charged with CCI4 (60 mL) and chlorine gas bubbled 

through until the CCI4 was saturated (7.25 g of CI2, 1.25 hours), producing a yellow solution. 

The gas inlet tube was replaced with a septum, the reaction vessel protected from light with a 

towel and cooled to 0°C with an ice bath. A solution of/i-toluenethiol 254 (4.4 g, 35.4 mmol) 

in CCI4 (10 mL) was added slowly and the reaction stirred for 1 hour. A gas was evolved, and 

a slow flow of nitrogen was maintained trough the apparatus to prevent suck-back. The 

orange solution was transferred to a single-necked round-bottomed flask and the CCI4 and CI2 

removed in vacuo to give /»-toluenesulfenyl chloride 255 as an orange oil (5.56 g, 99%): 'H 

NMR (CDCh, 250 MHz) § 7.62 (d, J=  8.2 Hz, 2 H), 7.23 (d, J=  7.9 Hz, 2 H), 2.40 (s, 3 H).

5-p-Toluenesulfenyl-2-pyridone (257).

To a solution of NaH (0.38 g, 15.8 mmol) in THF (10 mL) at room temperature under 

nitrogen was added 2-pyridone 185 (1 g, 10.5 mmol) as a solution in THF (10 mL), and the 

volume of hydrogen evolved was measured (observed 225 mL evolved, expected 236 mL). 

After 10 minutes a solution of/»-toluenesulfenyl chloride (2.5 g, 15.8 mmol) in THF (10 mL) 
was added and the reaction stirred for 24 hours. The solvent was removed in vacuo and the 

residue taken up into CH2C12 (40 mL) and H20  (40 mL). The aqueous phase was extracted 

with CH2CI2 (2 x 40 mL) and the combined organic fractions dried (MgS04) and evaporated 

to dryness to give a crude yellow oily solid. Flash chromatography, eluting with a solvent 

gradient of CH2Cl2/EtOAc 1:0 to 1:1 gave 5-/?-toluenesulfenyl-2-pyridone 257 as a pale 

yellow solid (232 mg, 10%): Rf=  0.35 (C^C^/EtOAc, 1:1): 'H NMR (CDCI3, 250 MHz) 5

146



Experimental

7.58 (d,J=  2.1 Hz, 1 H), 7.50 (dd, / =  9.5, 2.7 Hz, 1 H), 7.06-7.17 (m, 4 H), 6.58 (dd, J=  9.5, 

0.61 Hz, 1 H), 2.31 (s, 3 H), NH proton absent; 13C NMR (CDC13, 63 MHz) 6 164.7, 147.1,

139.0, 136.9, 132.8, 130.0 (2 C), 129.1 (2 C), 121.0, 112.9, 21.0; MS (EI+) m/z 217 M+, 190, 

174, 129, 91; HRMS (EI+) calculated forC12HnNOS M+217.0561, found 217.0572.

l-p-Toluenesulfenyl-2-pyridone (258).

To a solution of 2-pyridone 185 (500 mg, 5.26 mmol) in THF (10 mL) at 0°C under nitrogen 

was added "BuLi (2.02 M solution in hexane, 2.86 mL, 5.78 mmol) and the reaction stirred 

for 30 minutes, whereupon a precipitate was observed. A solution of /?-toluenesulfenyl 

chloride ( lg, 6.31 mmol) in THF (10 mL) was added and the reaction stirred for 24 hours at 

room temperature. The solvent was removed in vacuo and the residue taken up into CHCI3 

(20 mL) and H20  (20 mL). The aqueous phase was extracted with CHC13 (2 x 20 mL) and the 

combined organic fractions dried (MgSCL) and evaporated to dryness to give a crude 

orange/brown solid. Flash chromatography, eluting with a solvent gradient of petrol/CH2Cl2 

1:1 to CH2Cl2/EtOAc 3:1 gave A-/?-toluenesulfenyl-2-pyridone 258 as a pale yellow solid (14 

mg, 1%): Rf = 0.16 (petrol/EtOAc, 3:1): 'H NMR (CDC13, 250 MHz) 5 7.44 (d, J  = 7.9 Hz, 2 

H), 7.26 (dd,y= 5.5, 1.8 Hz, 1 H), 7.23 (d, J=  8.5 Hz, 2 H), 6.82 (dd, J=  7.3, 1.8 Hz, 1 H), 

6.16 (dd, J  = 7.3, 6.7 Hz, 1 H), 2.38 (s, 3 H); MS (EI+) m/z 217 M+, 200, 184, 167, 149, 94; 

HRMS (EI+) calculated forC:2HnNOS M+217.0561, found 217.0565.

Bis-(diphenylphosphinyl)-trans-3,7-diazatricyclo[4.2.2.22,5Jdodeca-9,11-diene-4,8-dione 

(260), 3-(diphenylphosphinyl)-trans-3,7-diazatricyclo[4.2.2.22,5jJdodeca-9,11 -diene-4,8-

dione (261), l-(diphenylphospliinyl)-butane (262), and diphenyl-phosphinic acid vinyl ester 

(263).

262 263
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To a suspension of A-H dimer 186 (200 mg, 1.05 mmol) in THF (20 mL) at room temperature 

under nitrogen was added nBuLi (2.07 M solution in hexane, 1.12 mL, 2.32 mmol) and the 

reaction stirred for 30 minutes, whereupon DPPC1 (0.502 mL, 2.63 mmol) was added and the 

reaction stirred for 24 hours. The solvent was removed in vacuo and the residue taken up into 

CH2CI2 (20 mL) and H2O (20 mL). The aqueous phase was extracted with CH2CI2 (2 x 20 

mL) and the combined organic fractions dried (MgS04) and evaporated to dryness to give a 

crude yellow oil. Flash chromatography, eluting with a solvent gradient of CH2Cl2/EtOAc 1:0 

to 1:1 to EtOAc/MeOH 9:1 gave:

A-DPP dimer 260 as a white solid (17 mg, 3%): Rf = 0.47 (EtOAc); 'H NMR (CDC13, 250 

MHz) 5 7.21-8.07 (m, 20 H), 6.45 (ddd, J=  7.9, 6.7, 1.2 Hz, 2 H), 5.81 (ddd, J  = 7.9, 6.7, 1.2 

Hz, 2 H), 5.23-5.35 (m, 2 H), 3.71 (dddd, J=  11.0, 6.1, 4.0, 1.2 Hz, 2 H); MS (CI+) m/z 591 

(M + H)+, 517, 497, 391, 333, 259; HRMS (CI+) calculated for C34H29N20 4P2 (M + H)+ 

591.1603, found 591.1580.

A-DPP/A-H dimer 261 as a white solid (35 mg, 9%): Rf — 0.08 (EtOAc): 'H NMR (CDCI3, 

250 MHz) 5 7.36 (m, 10 H), 6.93 (ddd, J=  7.9, 7.0, 0.9 Hz, 1 H), 6.22-6.32 (m, 3 H), 5.71 

(ddd, J=  8.2, 7.0, 1.2 Hz, 1 H), 5.28-5.40 (m, 1 H), 4.04-4.15 (m, 1 H), 3.54-3.70 (m, 2 H); 

MS (CI+) m/z 391 (M + H)+, 323, 296, 255, 232, 219.

Diphenylphosphinyl butane 262 as a pale yellow oil (15 mg, 4% wrt DPPC1): 'H NMR 

(CDCI3, 250 MHz) 8 7.42-7.78 (m, 10 H), 2.21-2.33 (m, 2 H), 1.52-1.69 (m, 2 H), 1.42 (tq, J  

= 7.3, 7.3 Hz, 2 H), 0.89 ( t , J= 7.32 Hz, 3 H); MS (EI+) m/z 258 M+, 229, 215, 201, 183, 155.

Diphenylphosphinyl enol ether 263 as a pale yellow oil (572 mg, 62% wrt DPPC1): Rf= 0.24 

(CH2Cl2/EtOAc, 3:1): ‘H NMR (CDC13, 250 MHz) 8 7.76-7.89 (m, 4 H), 7.42-7.60 (m, 6 H), 

6.67 (ddd, J=  13.7, 7.6, 5.8 Hz, 1 H), 4.98 (ddd, 7 =  13.7, 1.83, 1.53 Hz, 1 H), 4.59 (ddd, J=

5.8, 1.8, 0.6 Hz, 1 H); 13C NMR (CDC13, 63 MHz) 8 141.1, 132.6 (2 C), 131.7 (4 C), 129.4,

128.7 (4 C), 100.7 (2 C); MS (EI+) m/z 244 M+, 201, 183, 152, 104; HRMS (EI+) calculated 

for C14H130 2P M+ 244.0653, found 244.0660.

l-(Diphenylphosphinyl)-butane (262).

0 11
/ p\PtA I Cl 

Ph

264 262
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To a solution of DPPC1 264 (0.2 mL, 1.05 mmol) in THF (10 mL) at room temperature under 

nitrogen was added nBuLi (2.21 M solution in hexane, 0.522 mL, 1.15 mmol), and the 

solution turned orange from colourless. The reaction was stirred for 24 hours, whereupon a 

yellow solution and a white precipitate were formed. The solvent was removed in vacuo and 

the residue taken up into CH2CI2 (10 mL) and H2O (10 mL). The aqueous phase was extracted 

with CH2CI2 ( 2x10  mL) and the combined organic fractions dried (MgS04) and evaporated 

to dryness to give DPP-butane 262 as a colourless oil (211 mg, 78%): analytical data as 

reported as above.

Diphenyl-phosphinic acid vinyl ester (263).

o o11   11
P h ^ ^ C I

Ph Ph

264 263

To THF (10 mL) at room temperature under nitrogen was added "BuLi (2.21 M solution in 

hexane, 0.522 mL, 1.15 mmol) and the reaction stirred for 30 minutes. To this solution was 

added DPPC1 263 (0.2 mL, 1.05 mmol) and the reaction stirred for 24 hours. As the DPPC1 

was added the solution turned orange from colourless, but the colour disappeared almost 

immediately. After stirring overnight the reaction mixture was a pale yellow solution with a 

white suspension. The solvent was removed in vacuo and the residue taken up into CH2CI2 

(20 mL) and H20  (10 mL). The aqueous phase was extracted with CH2C12 (2 x 20 mL) and 

the combined organic fractions dried (MgS04) and evaporated to dryness to give DPP-enol 

ether 264 as a yellow oil (167 mg, 65%): analytical data as reported as above.

3,7-Bis-(2,2-dimethyl-propanoyl)-trans-3,7-diazatricyclo/4.2.2.225Jdodeca-9,11-diene-4,8- 

dione (265).

To a suspension of A-H dimer 186 (200 mg, 1.05 mmol) in THF (10 mL) at 0°C under 

nitrogen was added nBuLi (1.50 M solution in hexane, 1.76 mL, 2.63 mmol) and the solution 

stirred for 30 minutes under nitrogen. To this solution was added pivaloyl chloride (0.519 mL, 

4.21 mmol) and the reaction stirred for 24 hours at room temperature. The solvent was
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removed in vacuo and the residue taken up into CH2CI2 (20 mL) and H2O (20 mL). The 

aqueous phase was extracted with CH2CI2 (2 x 20 mL) and the combined organic fractions 

dried (MgSCL) and evaporated to dryness to give a crude oily yellow solid. Flash 

chromatography, eluting with petrol/CFLCL 1:3 gave A-pivaloyl dimer 265 as a white solid 

(209 mg, 56%): Rf = 0.28 (petrol/CH2Cl2, 1:3); ‘H NMR (CDC13, 250 MHz) 8 6.51 (ddd, 7  =

8.4, 7.0, 1.5 Hz, 2 H), 6.17 (ddd, 7 = 8.4, 7.0, 1.5 Hz, 2 H), 4.73 (ddd, 7  = 10.6, 7.3, 1.5 Hz, 2 

H), 3.79 (ddd, 7 =  10.6, 7.0, 1.5 Hz, 2 H), 1.28 (s, 18 H); I3C NMR (CDC13, 63 MHz) 5 185.8 

(2 C), 172.1 (2 C), 134.1 (2 C), 131.0 (2 C), 53.9 (2 C), 52.7 (2 C), 42.9 (2 C), 26.7 (6 C); MS 

(CI+) m/z 359 (M + H)+, 264, 208, 180, 96; HRMS (CI+) calculated for C20H27N2O4 (M + H)+ 

359.1971, found 359.1958.

3-(2,2-dimethyl-propanoyl)-trans-3,7-diazatricyclo[4.2.2.22'5/dodeca-9,11-diene-4,8-dione 

(266) and N-(5-formyl-8-oxo- 7-aza-bicyclo[4.2.2]deca-4,9-dien-2-yl)-2,2-dimetliyl- 

propionamide (267).

o

To a solution of A-pivaloyl dimer 265 (100 mg, 0.28 mmol) in CH2CI2 (10 mL) at -78°C 

under nitrogen was added DIBAL (1 M solution in CH2CI2, 0.279 mL, 0.28 mmol) and the 

reaction stirred for 1 hour at -78°C and 24 hours at room temperature. No reaction was 

observed by TLC so a further portion of DIBAL (0.559 mL, 0.56 mmol) was added and the 

reaction stirred for 24 hours. The reaction was quenched by adding C^CL/saturated aqueous 

NH4CI (2:1, 30 mL) and stirring for 2 hours. H20  (10 mL) was added and the aqueous phase 

extracted with CH2CI2 (3 x 20 mL). The combined organic fractions were dried (MgSCL) and 

evaporated to dryness to give the crude products. Flash chromatography, eluting with EtOAc 

gave:

A-Pivaolyl/A-H dimer 266 as a white solid (6 mg, 8%): Rf = 0.31 (EtOAc); 'H NMR (CDC13, 

250 MHz) 8 6.69 (ddd, 7 =  8.5, 7.0, 1.5 Hz, 1 H), 6.57 (ddd, 7 =  7.9, 7.0, 0.9 Hz, 1 H), 6.44- 

6.52 (br s, 1 H), 6.23 (ddd, 7 -  8.2, 7.0, 1.2 Hz, 1 H), 6.11 (ddd, 7 =  8.2, 7.0, 1.2 Hz, 1 H), 

4.72 (ddd, 7 =  10.4, 7.0, 1.5 Hz, 1 H), 4.14-4.24 (m, 1 H), 3.62-3.72 (m, 2 H), 1.28 (s, 9 H); 

13C NMR (CDCI3, 63 MHz) 8 185.7, 177.3, 172.5, 135.5, 134.1, 131.3, 130.1, 54.7, 53.5,
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51.3, 50.0, 42.7, 26.6 (3 C); IR (CHC13) 3427, 2970, 1682, 1396, 1248, 1158 cm'1; MS (CI+) 

m/z 275 (M + H)+, 180, 96, 85, 67; HRMS (CI+) calculated for C15H19N2O3 (M + H)+ 

275.1396, found 275.1382.

iV-Pivaloyl/W-H amino a,ß-unsaturated aldehyde 267 as a white solid (5 mg, 7%): Rf = 0.31 

(EtOAc); 'H NMR (CDC13, 250 MHz) S 9.33 (s, 1 H), 6.57 (dd, J  = 7.3, 6.1 Hz, 1 H), 6.30 

(dd, J — 9.2, 6.4 Hz, 1 H), 6.22-6.30 (br s, 1 H), 6.02 (dd, J  = 8.9, 6.4 Hz, 1 H), 5.65-5.74 (br 

d, J  = 8.55 Hz, 1 H), 5.09 (dd, .7=6.1, 5.2 Hz, 1 H), 4.61-4.73 (m, 1 H), 3.54-3.61 (m, 1 H),

3.02 (ddd, J=  16.2, 6.1,3.4 Hz, 1 H), 2.84 (ddd, ./=  16.2, 7.3, 7.0 Hz, 1 H), 1.17 (s, 9 H); l3C 

NMR (CDCI3, 63 MHz) 5 192.0, 177.4, 173.3, 148.5, 148.2, 128.9, 126.4, 49.7, 47.7, 47.3,

38.7, 32.0, 27.3 (3 C); MS (CI+, NH3) m/z 294 (M + NH4)+, 277 (M + H)+, 251, 175, 102, 96; 

HRMS (CI+) calculated for C15H21N2O3 (M + H)+ 277.1552, found 277.1549.

Epoxidation of N-Boc dimer (213).

213 269 270

A solution ofA-Boc dimer 213 (100 mg, 0.26 mmol), mCPBA (442 mg, 1.28 mmol), and 5- 

tert-butyl-4-hydroxy-2-methylphenylsulfide (5 mg, 0.014 mmol) in CH2C12 (10 mL) was 

refluxed for 6 days. The organic phase was washed with saturated aqueous NaHCC>3 solution 

(20 mL), dried (MgS04), and evaporated to dryness to give a crude solid. Flash 

chromatography, eluting with a solvent gradient of CH2Cl2/EtOAc 30:1 to 10:1 gave:

A-Boc diepoxide 269 as a white solid (46 mg, 43%): Rf = 0.53 (CH2Cl2/EtOAc, 8:1); ]H NMR 

(CDCI3, 250 MHz) 5 5.22 (ddd, J=  10.4, 4.3, 1.2 Hz, 2 H), 3.76 (ddd, J=  10.4, 4.3, 1.2 Hz, 2 

H), 3.62 (ddd, J=  4.3, 4.0, 1.2 Hz, 2 H), 3.35 (ddd, J=  4.3, 4.3, 1.2 Hz, 2 H), 1.52 (s, 18 H); 

l3C NMR (CDCI3, 63 MHz) 6 166.1 (2 C), 151.1 (2 C), 85.1 (2 C), 49.7 (2 C), 49.6 (2 C), 

48.8 (2 C), 47.8 (2 C), 28.0 (6 C); MS (CI+, NH3) m/z 440 (M + NH4)+, 423 (M + H)+, 367, 

340, 323, 240; HRMS (CI+) calculated for C20H27N2O8 (M + H)+ 423.1767, found 423.1750.

jV-Boc monoepoxide 270 as a white solid (12 mg, 12%): Rf = 0.47 (CH2Cl2/EtOAc, 8:1); 'H 

NMR (CDCI3, 250 MHz) 5 6.51 (ddd, /  = 8.5, 7.3, 1.5 Hz, 1 H), 6.08 (ddd, J=  8.2, 7.0, 0.9 

Hz, 1 H), 5.20 (ddd, J  = 10.7, 7.3, 1.2 Hz, 1 H), 5.08 (ddd, J=  10.4, 4.3, 1.5 Hz, 1 H), 3.83
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(ddd, J  = 10.4, 7.3, 1.5 Hz, 1 H), 3.70-3.78 (m, 2 H), 3.41 (ddd, J  = 4.3, 4.3, 1.5 Hz, 1 H), 

1.54 (s, 9 H), 1.51 (s, 9 H); 13C NMR (CDC13, 63 MHz) 8 170.2, 167.0, 151.1, 151.0, 133.1,

130.1, 84.8, 84.3, 51.9, 51.7, 51.3, 51.1,49.8, 49.5, 28.0 (3 C), 27.9 (3 C); MS (CI+, NH3) m/z 

424 (M + NH4)+, 407 (M + H)+, 351, 324, 307, 224; HRMS (CI+) calculated for C2oH27N20 7 
(M + H)+ 407.1818, found 407.1829.

Pybox-RhCh (273).224

A solution of pybox 272 (400 mg, 1.3 mmol) and RhCl3 (342 mg, 1.3 mmol) in EtOH (5 mL) 

under nitrogen was refluxed overnight. The solvent was removed in vacuo to give a brown 

residue. Flash chromatography, eluting with a solvent gradient of EtOAc/MeOH 1:0 to 9:1 

gave pybox-RhCF complex 273 as an orange solid (486 mg, 72%): Rf= 0.23 (EtOAc/MeOH, 

19:1); 'H NMR (CDC13, 250 MHz) 5 8.27 (t, 1 H), 8.00 (d, 2 H), 4.96 (m, 4 H), 4.64 (m, 2 H),

3.07 (m, 2 H), 1.00 (m, 12 H).

A solution of pybox (100 mg, 0.33 mmol), pybox-RhCl3 (43 mg, 0.08 mmol), and AgBF4 (32 

mg, 0.17 mmol) in THF (5 mL) was stirred for 1 hour at room temperature under nitrogen. To 

this solution was added acetophenone 237 (0.097 mL, 0.83 mmol) and the reaction vessel was 

cooled to -15°C with an ethylene glycol/dry ice bath. Ph2SiH2 (0.309 mL, 1.66 mmol) was 

added and the reaction allowed to warm slowly to room temperature. No reaction was 

observed by TLC so the reaction was stirred for 3 days. The reaction was quenched with 

MeOH (0.5 mL) and stirred for 30 minutes before being poured onto 1 M aqueous HC1 

solution (10 mL) and stirred for 1 hour. The aqueous phase extracted with Et20  (5 x 20 mL) 

and combined organic fractions were dried (MgS04) and evaporated to dryness to give a 

crude yellow/orange semisolid. Flash chromatography, eluting with petrol/EtOAc 8:1
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gave (¿>1 -phenyl-ethanol 238 as a colourless oil (47 mg, 46%): Rf = 0.18 (petrol/EtOAc, 

8:1); analytical data as reported above. Chiral HPLC [Daicel Chiralcel OD (4.6 x 25 cm), 

eluting with 90:10 hexane/'PrOH, 10°C, 0.5 mL min'1, retention times of enantiomers: (a)

15.2 min, (b) 17.4 min] showed the alcohol to have a 85.5% ee of the (b) enantiomer.

3-Methyl-lH-pyridin-2-one (280).120

To a solution of 2-amino-3-methyl pyridine 281 (20 g, 185 mmol) was added concentrated

H2S04 (32 mL) and the resulting solution cooled to 15°C. Crushed ice (72 g) was added 

followed by a solution of NaNCL (14.8 g, 214 mmol) in H2O (37 mL) which was added 

slowly to keep the reaction temperature below 10°C. After addition was complete the mixture 

was slowly heated to boiling in an oil bath and refluxed for 15 minutes. The pH of the cooled 

mixture was adjusted to 7 by the addition of solid Na2CC>3. The aqueous phase was then 

extracted with CHCI3 (10 x 100 mL), the combined organic fractions dried (MgSCL), and 

evaporated to dryness to give 3-methyl-2-pyridone 280 as brown needles (19.7 g, 98%): mp 

145.6-146.5°C; Rf = 0.23 (EtOAc); 'H NMR (CDC13, 250 MHz) 5 13.12-13.30 (br s, 1 H), 

7.28-7.35 (m, 2 H), 6.21 (dd, J = 6.7, 6.4 Hz, 1 H), 2.17 (s, 3 H); MS (EI+) m/z 109 M+, 91,

80, 57, 53.

1,5-Dim ethyl-3,7-diaza-tricyclo[4.2.2.22,5Jdodeca-9, ll-diene-4,8-dione (282).120

A solution of 3-methyl-2-pyridone 280 (4.5 g) in H20  (15 mL) was irradiated at 350 nm for 9 

days. The a-methyl A-H dimer precipitated out of solution on formation and was periodically 

filtered off and irradiation continued. The solid was recrystallised from glacial AcOH to give 

the a-methyl A-H dimer 282 as colourless needles (2.95 g, 66%): !H NMR (CF3C02D, 400 

MHz) 8 6.67-6.63 (dd,7=  7, 9 Hz, 2 H), 5.84-5.81 (d, J  = 9 Hz, 2 H), 3.75-3.73 (d, 7, 2

H), 1.41 (s, 6 H), NH protons absent; ,3C NMR (CF3C 02D, 100 MHz) 8 185.0 (2 C), 138.1 (2 

C), 133.2 (2 C), 61.5 (2 C), 54.6 (2 C), 20.4 (2 C); MS (CI+) m/z 219 (M + H)+, 110, 80, 53; 

HRMS (CI+) calculated for C12H15N2O2 (M + H)+ 219.1134, found 219.1132.
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1,5-Dimethyl-4,8-dioxo-3,7-diaza-3,7-di-tert-butoxycarbonyl-tricyclo[4.2.2.22’5Jdodeca-9,11- 
diene (274).

To a solution of a-methyl N-H dimer 282 (1,1 g, 5.0 mmol) in NMP (60 mL) was added 

DMAP (1.54 g, 12.6 mmol) and B0C2O (6.95 mL, 30.2 mmol). The reaction mixture was 

stirred for 24 hours at 85°C under nitrogen before being diluted with CH2CI2 (100 mL). The 

organic phase was washed with 0.1 M aqueous HC1 solution (10 x 100 mL), dried (MsS04), 

and evaporated to dryness. Recrystallisation from EtOH yielded the a-methyl TV-Boc dimer 

274 as white cubes (1.27 g, 60%): R/= 0.30 (petrol/EtOAc, 3:1); ]H NMR (CDC13, 250 MHz) 

5 6.50 (dd,y=  8.4, 7.3 Hz, 2 H), 5.81 (d d ,J=  8.4, 1.5 Hz, 2 H), 4.48 (dd,J = 7.3, 1.5 Hz, 2 

H), 1.62 (s, 6 H), 1.54 (s, 18 H); 13C NMR (CDCI3, 63 MHz) 8 173.7 (2 C), 152.5 (2 C),

137.2 (2 C), 132.3 (2 C), 83.9 (2 C), 62.4 (2 C), 54.8 (2 C), 28.1 (6 C), 23.0 (2 C); IR (CHC13) 

2985, 2930, 1773, 1714, 1380, 1253 cm'1; MS (CI+, NH3) m/z 419 (M + H)+, 380, 363, 319, 

210, 110; HRMS (CI+) calculated for C22H31N2O6 (M + H)+ 419.2182, found 419.2165; 

Elemental analysis, calculated for C22H30N2O6: C, 63.14; H, 7.23; N, 6.69%. Found C, 62.98;

H, 7.12; N, 6.65%.

I, 5-Dimethyl-4,8-dioxo-3,7-diaza-3,7-di-tert-butoxycarbonyl-tricyclo[4.2.2.22,5]dodecane 

(275).

The a-methyl AABoc tetrahydro dimer 274 (1 g, 2.39 mmol) was suspended in EtOAc (100 

mL) and stirred vigorously for 2 days in an atmosphere of hydrogen (3.4 bar). The reaction 

mixture was evaporated off, the residue re-dissolved in CHCI3 and decolourising charcoal 

added. The solution was then filtered through Celite and evaporated to dryness to give the a- 

methyl Â -Boc tetrahydro dimer 275 as white cubes (989 mg, 98%); Rf= 0.23 (petrol/EtOAc, 

3:1); ‘H NMR (CDC13, 250 MHz) 8 4.46 (dd, J=  5.1, 2.2 Hz, 2 H), 2.07-1.93 (m, 6 H), 1.65-
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1.56 (m, 2 H), 1.56 (s, 18 H), 1.32 (s, 6 H); 13C NMR (CDC13, 63 MHz) 6 175.1 (2 C), 152.8 

(2 C), 83.9 (2 C), 59.9 (2 C), 49.1 (2 C), 28.8 (2 C), 28.0 (6 C), 26.6 (2 C), 23.4 (2 C); MS 

(CI+) m/z 423 (M + H)+, 407, 395, 367, 323, 267, 222; HRMS (CI+) calculated for 

C22H35N2O6 (M + H)+ 423.2495, found 423.2480; Elemental analysis, calculated for 

C22H34N2O6: C, 62.54; H, 8.11; N, 6.63%. Found C, 62.51; H, 8.14; N, 6.43%.

Reduction of a-methyl N-Boc tetrahydro dimer (275) with 5 eq DIBAL.

275 285 286

To a solution of a-methyl A-Boc tetrahydro dimer 275 (200 mg, 0.47 mmol) in CH2C12 (10 

mL) at room temperature under nitrogen was added DIBAL (1 M solution in CH2C12, 2.37 

mL, 2.37 mmol) and the reaction stirred for 1 hour. The reaction was quenched with 

CH2Cl2/saturated aqueous NH4CI solution (2:1, 30 mL), allowed to warm to room 

temperature, and stirred vigorously for 2 hours. The suspension was then filtered through 

Celite and the aqueous phase extracted with CH2C12 (2 x 20 mL). The combined organic 

fractions were dried (MgSCL) and evaporated to dryness to give the crude products. Flash 

chromatography, eluting with CH2Cl2/EtOAc 29:1 gave:

a-Methyl A-Boc tetrahydro dilactamol 285 as clear prisms (73 mg, 36%): mp 213.4-214.0°C; 

Rf = 0.63 (petrol/EtOAc, 8:1): 'H NMR (CDCI3, 400 MHz) 6 5.37 (d, J=  2.2 Hz, 2 H), 5.00 

(d, J = 2.6 Hz, 2 H), 3.98 (dd, J  = 6.6, 1.8 Hz, 2 H), 3.00-2.86 (m, 2 H), 1.88 (ddd, J=  13.9,

11.3, 5.8 Hz, 2 H), 1.70-1.50 (m, 2 H), 1.51 (s, 18 H), 1.35-1.15 (m, 2 H), 1.15 (s, 6 H); 13C 

NMR (CDCI3, 63 MHz) 6 156.8 (2 C), 85.6 (2 C), 80.7 (2 C), 57.3 (2 C), 40.5 (2 C), 31.4 (2 

C), 29.1 (2 C), 28.4 (6 C), 22.6 (2 C); IR (CHC13) 2979, 1655, 1415, 1368, 1149 cm'1; MS 

(CI+) m/z 426 M+, 408, 380, 308, 252, 224; HRMS (EI+) calculated for C22H38N20 6 M+ 
426.2730, found 426.2717.

a-Methyl A-Boc/A-H tetrahydro monolactamol 286 (67 mg, 44%): 'H NMR (CDC13, 400 

MHz) 5 6.66-6.61 (br d, J=  6.8 Hz, 1 H), 5.50 (d, J=  2.4 Hz, 1 H), 4.93 (d, J  = 2.6 Hz, 1 H), 

3.96 (dd, J=  6.5, 1.8 Hz, 1 H), 3.35 (ddd, J=  7.3, 7.3, 1.2 Hz, 1 H), 3.10 (ddd, J=  13.8, 10.9, 

2.9 Hz, 1 H), 2.07-1.95 (m, 2 H), 1.88-1.65 (m, 3 H), 1.50 (s, 9 H), 1.48-1.40 (m, 1 H), 1.24-
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1.14 (m, 1 H), 1.18 (s, 3 H), 1.13 (s, 3 H); 13C NMR (CDCI3, 63 MHz) 6 178.6, 156.8, 85.2,

81.3, 60.0, 56.9, 46.0, 42.0, 30.7, 30.6, 29.2, 28.3 (3 C), 25.6, 23.7, 22.8; IR (CHC13) 2979, 

1660, 1468, 1406, 1344, 1155 cm'1; MS (CI+) m/z 324 M+, 306, 268, 224, 207; HRMS (EI+) 

calculated for C17H28N2O4 M+ 324.2049, found 324.2046.

Reduction of a-methyl N-Boc tetrahydro dimer (275) with 2 eq DIBAL.

286 288

To a solution of a-methyl A-Boc tetrahydro dimer 275 (200 mg, 0.47 mmol) in CH2CI2 (10 

mL) at room temperature under nitrogen was added DIBAL (1 M solution in CH2CI2, 0.95 

mL, 0.95 mmol) and the reaction stirred for 1 hour. The reaction was quenched with 

CH2Cl2/saturated aqueous NH4CI solution (2:1, 30 mL), allowed to warm to room 

temperature, and stirred vigorously for 1 hour. The suspension was then filtered through 

Celite and the aqueous phase extracted with CH2CI2 (2 x 20 mL). The combined organic 

fractions were dried (MgS04) and evaporated to dryness to give the crude products. Flash 

chromatography, eluting with C^CVEtOAc 29:1 gave:

a-Methyl A-Boc tetrahydro dilactamol 285 as a white amorphous solid (64 mg, 38%): Rf = 

0.49 (petrol/EtOAc, 8:1): analytical data as reported previously.

a-Methyl 7V-Boc tetrahydro monolactamol (±)-287 as a white amorphous solid (5 mg, 3%): Rf 

-0 .19  (petrol/EtOAc, 8:1); 'H NMR (CDCI3, 400 MHz) 5 5.37 (d, J=  2.4 Hz, 1 H), 4.93 (d, J  

-2 .6  Hz, 1 H), 4.45 (dd, .7-7.1, 1.8 Hz, 1 H), 3.99 (dd, J=  6.2, 2.6 Hz, 1 H), 3.14-3.06 (m, 1 

H), 2.11-2.02 (m, 1 H), 1.83-1.68 (m, 4 H), 1.55 (s, 9 H), 1.53-1.45 (m, 1 H), 1.49 (s, 9 H), 

1.26 (s, 3 H), 1.24-1.16 (m, 1 H), 1.22 (s, 3 H).

Recovered starting material a-methyl jV-Boc tetrahydro dimer 275 as a white amorphous solid
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(26 mg, 16%): Rf = 0.14 (petrol/EtOAc, 8:1); analytical data as previously reported.

a-Methyl A-Boc//V-H tetrahydro monolactamol 286 (45 mg, 29%): analytical data as 

previously reported.

a-Methyl /V-Boc/vV-H tetrahydro dimer 288 (20 mg, 13%): ]H NMR (CDC13, 250 MHz) 5 

6.84-6.77 (m, 1 H), 4.47-4.41 (m, 1 H), 3.42-3.31 (m, 1 H), 2.30-1.10 (m, 8 H), 1.55 (s, 9 H), 

1.19 (s, 3 H), 1.13 (s, 3 H).

4,8-Diliydroxy-3,7-diaza-3,7-di-tert-butoxycarbonyl-tricyclo[4.2.2.22S]dodecane (285) and 

8-hydroxy-4-oxo-3,7-diaza-3,7-di-tert-butoxycarbonyl-tricyclo[4.2.2.22 5]dodecane (±)-(287).

286 288

To a solution of a-methyl jV-Boc tetrahydro dimer 275 (200 mg, 0.47 mmol) in dry CH2CI2 

(10 mL) at -78°C under nitrogen was added a 1 M solution of DIBAL in CH2C12 (0.521 mL, 

0.52 mmol), and the reaction stirred for 1 hour. The reaction was quenched with 

CH2Cl2/saturated aqueous NH4CI solution (2:1, 30 mL), allowed to warm to room 

temperature, and stirred vigorously for 1 hour. The suspension was then filtered through 

Celite and the aqueous phase extracted with CH2C12 (2 x 20 mL). The combined organic 

fractions were dried (MgSCL) and evaporated to dryness to give the crude products. Flash 
chromatography, eluting with C^Ch/EtOAc 29:1 gave:

a-Methyl A-Boc tetrahydro dilactamol 285 as a white amorphous solid (55 mg, 27%): Rf  = 

0.56 (petrol/EtOAc, 8:1); analytical data as previously reported.

a-Methyl A-Boc tetrahydro monolactamol (±)-287 as a white amorphous solid (5 mg, 2%): Rf 

= 0.24 (petrol/EtOAc, 8:1); analytical data as previously reported.
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Recovered starting material a-methyl TV-Boc tetrahydro dimer 275 as a white amorphous solid 

(122 mg, 61%): R/= 0.14 (petrol/EtOAc, 8:1); analytical data as previously reported.

a-Methyl A-BocAV-H tetrahydro monolactamol 286 (6 mg, 4%): analytical data as previously 

reported.

a-Methyl jV-Boc/A-H tetrahydro dimer 288 (5 mg, 3%): analytical data as previously 

reported.

5-Formyl-8-oxo-7-aza-bicyclo[4.2.2]deca-4,9-dien-2-yl-ammonium; trifluoro-acetate (290).

To a mixture of dilactamol 215 and monolactamol 214 (252 mg) dissolved in anhydrous 

CH2CI2 was added distilled TFA (5 mL). The solution was stirred for 24 hours at room 

temperature under nitrogen and then evaporated to dryness, yielding a black/brown oil. 'H 

NMR revealed the presence of protonated pyridine [Sh (D2O, 250MHz) 8.05 (2H, t), 8.59 

(1H, m), 8.70 (2H, d)] which was removed by basification and extraction. To the black/brown 

oil was added 5 mL distilled H2O and brought up to pH = 8 by the addition of aqueous NH3 

solution. The basified solution was then filtered through Celite and the pyridine removed by 

washing with CH2CI2 (6 x 50 mL). The aqueous phase was then evaporated to dryness 

yielding a mixture of the amino aldehyde TFA salt 290 and 2-pyridone 185 as a brown 

amorphous solid.

а ,  p-unsaturated amino-aldehyde 290: 'H NMR (D2O, 250 MHz) 5 9.25 (s, 1 H), 6.78 (dd, J  = 

7.6, 5.5 Hz, 1 H), 6.36 (dd,7 = 8.9, 6.1 Hz, 1 H), 6.22 (dd, J=  8.9, 6.1 Hz, 1 H), 5.08 (d, J  =

б. 1 Hz, 1 H), 3.91 (ddd, J=  8.9, 4.0, 3.4 Hz, 1 H), 3.51 (dd, J  = 6.1, 3.4 Hz, 1 H), 2.92 (dd, J  

= 7.6, 4.0 Hz, 1 H), 2.88 (dd, 7 =  8.9, 5.5 Hz, 1 H), NH protons absent; 13C NMR (D20, 63 

MHz) 5 195.4, 173.9, 162.8 (q, 7=0 .56  ppm), 149.4, 146.4, 129.4, 124.4, 116.4 (q, J=  4.64 

ppm), 53.2, 45.8, 45.7, 30.0; MS (CI+) m/z 193 M+, 191,113, 96; HRMS (CI+) calculated for 

C10H13N2O2 M+ 193.0977, found 193.0972.
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Experimental for Chapter 3 

Isotetralin (3 01) .193

294 301

A five necked 2 L round bottomed flask was fitted with a mechanical stirrer, a 500 mL 

pressure equalising dropping funnel, a nitrogen line, a dry ice condenser, and a stopper (all 

glassware was oven dried prior to use). The dry ice condenser was connected to an ammonia 

cylinder via a KOH drying tower, and the pressure equalising dropping funnel charged with a 

solution of naphthalene 294 (48 g, 0.37 mol) in EtOH (150 mL) and Et20 (190 mL). The 

apparatus was purged with nitrogen, cooled to -78 C with a dry ice/acetone cooling bath, and 

750 mL of ammonia condensed into the reaction vessel. Sodium (48 g, 2.09 mol) was added 

in small pieces over a period of 1 hour with vigorous stirring to give a deep blue viscous 

solution. The naphthalene solution was added dropwise over a period of 1 hour, after which 

the reaction was stirred for 3 hours at -78 C. The dry ice/acetone bath was removed and the 

ammonia allowed to evaporate overnight to give a white solid. MeOH (50 mL) was added 

slowly to quench any unreacted sodium and the residue was partitioned between ice water 

(500 mL) and Et20  (400 mL). The aqueous phase was extracted with Et20  (400 mL) and the 

combined organic fractions dried with MgSCL, filtered, and evaporated to dryness to give 

47.98 g of crude isotetralin 301 (note: isotetralin has a low vapour pressure so high 

temperature and vacuum must be avoided to prevent loss of material). The crude material was 

recrystallised from MeOH, and the mother liquor evaporated to dryness. Rf=  0.54 (EtOAc); 

'H NMR (CDC13, 250 MHz) 5 5.73 (s, 4 H), 2.54 (s, 8 H).

Isotetralin epoxide (295).194

301 295

A two-necked 1 L round-bottomed flask was fitted with a pressure equalising dropping 

funnel, a nitrogen line, and a magnetic stirrer bar. The reaction vessel was charged with 

isotetralin 301 (26.13 g, 0.198 mol) and CH2C12 (250 mL), and cooled to 0°C. To this solution
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was added NaOAc (24.36 g, 0.297 mol), followed by the dropwise addition of peracetic acid 

(50 mL, 4.75 M in AcOH, 0.238 mol). The reaction was stirred for 1 h 40 min before water 

was added (150 mL). The organic phase was washed with 5% aqueous NaOH solution (300 

mL) and water (300 mL), dried (MgSCL) and evaporated to dryness to give epoxide 295 as a 

white solid (28.55 g, 97%): Rf = 0.15 (petrol/EtOAc, 20:1); ‘H NMR (CDC13, 250 MHz) 5 

5.49-5.45 (m, 4 H), 2.60-2.28 (m, 8 H).

Cyanohydrin (296).

295 296

A two-necked 1 L round-bottomed flask was fitted with a pressure equalising dropping 

funnel, a nitrogen inlet tube, and a magnetic stirrer bar. The flask was charged with epoxide 

295 (31.6 g, 0.21 mol) and benzene (300 mL), the dropping funnel charged with Et2AlCN 

(244 mL, 1 M solution in toluene, 0.24 mol), and the apparatus cooled with an ice bath. The 

Et2AlCN was added dropwise (caution: the addition was exothermic) and the reaction stirred 

for 2 hours at room temperature, whereupon a white precipitate was observed. At this point 

the reaction vessel was cooled with an ice bath and 5% aqueous NaOH solution (300 mL) 

added slowly. The aqueous phase was extracted with EtOAc (4 x 200 mL), basified with solid 

NaOH and further extracted with EtOAc (200 mL). The combined organic fractions were 

dried (MgSCL) and evaporated to dryness to give cyanohydrin 296 as a white solid (34.9 g, 

93%): Rf = 0.35 (petrol/EtOAc, 2:1); 'H NMR (CDC13, 250 MHz) 8 5.74-5.69 (m, 4 H), 2.63- 

2.23 (m, 8 H), 1.99 (s, 1 H).

Diepoxide (297).

o»;
OH OH

296 297

A 1 L round-bottomed flask was fitted with a pressure-equalising dropping funnel and a 

magnetic stirrer bar. The reaction vessel was charged with diene 296 (27.02 g, 0.154 mol), 

VO(acac)2 (4.09 g, 0.015 mol), and CH2CI2 (200 mL), and the dropping funnel charged with
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'BuOOH (160 mL, 3.86 M solution in toluene, 0.618 mol). The apparatus was flushed with 

nitrogen and cooled with an ice bath, and the ‘BuOOH solution added dropwise, whereupon 

the solution turned from dark green to dark purple. The reaction was refluxed for 24 hours, 

and the colour changed to dark yellow/orange. TLC indicated that the reaction was not 

complete, so more ‘BuOOH (40 mL, 3.86 M solution in toluene, 0.154 mol) and VO(acac)2 

(1.02 g, 3.86 mmol) were added and the reaction refluxed for a further 24 hours. At this point 

the reaction was cooled with an ice bath and 10% aqueous sodium sulfate solution added 

slowly. All solids were crushed and dissolved and the biphasic system was stirred vigorously 

for 20 minutes. The aqueous phase was then extracted with CH2C12 (4 x 200 mL), and the 

combined organic fractions dried (MgSCL) and evaporated to dryness to give an oily orange 

solid. The crude solid was washed with cold EtOAc and dried in vacuo to give clean 

diepoxide 297. More product was obtained by evaporating the EtOAc washes down, 

dissolving the oil in a small amount of CH2C12, and precipitating with THF/petrol. Diepoxide 

297 was isolated as a white solid (22.09 g, 69%): Rf = 0.15 (petrol/EtOAc, 1:1); 'H NMR 

(CDC13, 250 MHz) 8 3.44 (s, 1 H), 3.38-3.29 (m, 4 H), 2.47-2.31 (m, 4 H), 2.19-2.00 (m, 4 

H).

Benzyl ether (302).

A 500 mL three-necked round-bottomed flask was fitted with a reflux condenser connected to 

a nitrogen line, a solids addition funnel, a teflon tap adapter leading to an inverted measuring 

cylinder filled with water, and a magnetic stirrer bar. The flask was charged with diepoxide 

297 (19.54 g, 94.4 mmol) and NMP (200 mL), the solids addition funnel charged with NaH 

(6.8 g, 283.2 mmol), and the apparatus flushed with nitrogen. To the stirred suspension of the 

diepoxide in NMP was added NaH in portions, and effervescence was observed. The amount 

of hydrogen evolved was measured, expected 2.11 L and observed 2.93 L, indicating that 

complete deprotonation had occurred. The solids addition funnel was removed, BU4NI (3.49 

g, 9.4 mmol) added quickly to prevent moisture from entering the apparatus, and the addition 

funnel was replaced with a teflon tap adapter with a septum. The flask was cooled with an ice 

bath and benzyl bromide (33.7 mL, 283.2 mmol) was added slowly. The reaction was heated 

to 50°C and stirred for 24 hours. Saturated aqueous NH4CI solution was added cautiously
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and the mixture stirred for 30 minutes. CH2CI2 (300 mL) was added and the organic phase 

was washed with H2O (6 x 600 mL), dried (MgSCL), and evaporated to dryness to give a 

crude orange solid. This was washed twice with 'PrOH and dried in vacuo to give clean 

benzyl alcohol 302 as a white solid (23.25 g, 83%): Rf= 0.72 (petrol/EtOAc, 1:1); 'H NMR 

(CDCI3, 250 MHz) 8 7.46-7.19 (m, 5 H), 4.40 (s, 2 H), 3.28-3.22 (m, 4 H), 2.74 (d, J  = 16.8 

Hz, 2 H), 2.23-2.16 (m, 4 H), 2.89 (dd, / =  16.8, 2.4 Hz, 2 H).

Bromohydrin (303).

CN

OBn

302

B r .
CN

HO""
OBn

Xp

303

To a solution of PhiP (13.25 g, 50.5 mmol) in CH2CI2 (100 mL) at room temperature under 

nitrogen was added bromine to give a clear yellow solution. To this a solution of diepoxide 

302 (5 g, 16.8 mmol) in CH2CI2 (100 mL) was added and the reaction monitored by TLC. 

After 1 hour 50 minutes saturated aqueous NaHC03 (200 mL) solution was added and the 

aqueous phase was extracted with CH2CI2 (2 x 200 mL). The combined organic fractions 

were dried (MgSCL) and evaporated to give a crude foam. Column chromatography, eluting 

with CH2Cl2/EtOAc, 10:1 gave bromohydrin 303 as an oily solid (6.74 g, 87%): Rf=  0.31 

(petrol/EtOAc, 2:1 eluting twice); 'H NMR (CDCI3, 250 MHz) 8 7.39 (m, 5 H), 4.61 (s, 2 H), 

4.40-4.30 (m, 4 H), 3.21-3.14 (br d, J=  6.1 Hz, 2 H), 2.54-2.40 (m, 8 H).

Di-TBS ether (304).

TBSO' 'OTB S

To a solution of diol 303 (11.24 g, 24.5 mmol) in CH2CI2 (150 mL) at room temperature 

under nitrogen was added pyridine (4.95 mL, 61.2 mmol) followed by the dropwise addition 

of TBSOTf (12.37 mL, 53.9 mmol) and the reaction was monitored by TLC. After 1 hour and 

40 minutes saturated aqueous citric acid solution (150 mL) was added and the mixture stirred 

for 10 minutes. The aqueous phase was extracted with CH2CI2 (150 mL) and the combined 

organic fractions dried (MgSCL) and evaporated to dryness to give di-TBS ether 304 as a
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white solid (16.42 g, 98%): /?/— 0.64 (petrol/EtOAc, 4:1); !H NMR (CDCI3, 250 MHz) 5 'H 

NMR (CDCI3, 250 MHz) 6 7.34-7.21 (m, 5 H), 4.58 (s, 2 H), 4.39 (dd, J=  10.7, 4.9 Hz, 2 H), 

4.23 (dd, J=  11.6, 5.5 Hz, 2 H), 2.63 (dd, 15.0, 6.71 Hz, 2 H), 2.43 (dd, / =  14.7, 5.2 Hz, 

2 H), 2.27 (d, J  = 5.2 Hz, 4 H), 0.83 (s, 18 H), 0.05 (s, 6 H), 0.04 (s, 6 H).

(2R,3R,4aS, 6S, 7S,8aR)-2-Benzyloxy-3,6-dibromo- 7,8a-bis-(tert-biityl-dimethyl-silanyloxy)- 

octahydro-naplithalene-4a-carbonitrile (328) and (1R,3S,4S,6S,8S,9R)-4-bromo-3,9-bis- 

(tert-butyl-dimethyl-silanyloxy)-ll-oxa-tricyclo[6.2.1.0,,6]undecane-6-carbonitrile (330).

CN CN

Bromohydrin 303 (11.45 g, 24.9 mmol) was synthesised from diepoxide 302 as previously 

described. The oily foam was then stored at room temperature for 8 days before being 

subjected to the TBS protection conditions detailed above. TLC revealed numerous products, 

and workup gave a crude oil. Column chromatography, eluting with a solvent gradient of 

petrol/CH2Cl2 4:1 to 1:1 gave:

Di-TBS ether 328 as a white solid (2.55 g, 15%): Rf = 0.68 (petrol/EtOAc, 4:1); 'H NMR 

(CDCI3, 250 MHz) 8 7.38-7.22 (m, 5 H), 4.71 (d, J=  11.0 Hz, 1 H), 4.40-4.09 (m, 4H), 3.85 

(ddd, J  = 13.1, 8.7, 4.6 Hz, 1 H), 2.72 (m, 2 H), 2.40-1.90 (m, 6 H), 0.88 (s, 9 H), 0.77 (s, 9 

H), 0.16 (s, 3 H), 0.11 (s, 3 H), 0.01 (s, 3 H), -0.02 (s, 3 H); ,3C NMR (CDC13, 63 MHz) 5

137.7, 128.4 (2 C), 127.4, 126.6 (2 C), 122.3, 75.2, 72.8, 72.1, 63.1, 51.9, 49.4, 41.3, 40.4,

40.3, 35.0, 32.4, 25.9 (3 C), 25.8 (3 C), 18.3, 18.0, -4.3, -4.4, -4.8, -4.9; MS (CI+, NH3) m/z 

705 (M + NH4)+, 688 (M + H)+, 630, 608, 518, 460; HRMS (CI+) calculated for 
C3oH5oN03Si2Br2 (M + H)+ 686.1696, found 686.1713.

Di-TBS ether 304 as a white solid (0.15 g, 1%): Rf = 0.60 (petrol/EtOAc, 4:1); analytical data 
as previously reported.

Cyclic ether 330 as a white solid (5.45 g, 37%): Rf  = 0.50 (petrol/EtOAc, 4:1); 'H NMR 

(CDC13, 250 MHz) 8 4.26 (d, J=  5.2 Hz, 1 H), 4.16 (dd, J=  6.1, 3.1 Hz, 1 H), 4.05 (ddd, J  =

6.4, 3.1, 1.2 Hz, 1 H), 3.98 (dd, J=  7.0, 2.7 Hz, 1 H), 2.67 (dd, J  = 13.7, 7.0 Hz, 1 H), 2.58-

2.05 (m, 4 H), 1.96-1.80 (m, 2 H), 1.44 (dd, J  = 13.7, 2.1 Hz, 1 H), 0.87 (s, 18 H), 0.08 (s, 3 

H), 0.06 (s, 6 H), 0.04 (s, 3 H); 13C NMR (CDC13, 63 MHz) 8 123.8, 83.4, 82.8, 74.7,
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69.7, 48.8, 47.1, 43.9, 37.6, 35.3, 30.4, 25.8 (3 C), 25.7 (3 C), 18.1, 18.0, -4.5, -4.6, -4.8, -5.0; 

MS (CI+, NH3) m/z 535, 518, 460, 328, 301; HRMS (CI+) calculated for C23H43N03Si2Br, 

(M + H)+ 516.1965, found 516.1947.

Diene (305).

A solution of dibromide 304 (16.42 g, 23.9 mmol) and DBU (60 mL, 0.4 mol) in CH2C12 (60 

mL) was stirred at room temperature under nitrogen and monitored by TLC. After 8 days 

CH2C12 (200 mL) was added and the organic phase washed with 1 M aqueous HC1 solution (4 

x 400 mL), dried (MgSCL), and evaporated to dryness. Column chromatography, eluting with 

CH2Cl2/petrol 1:1 gave diene 305 as a white solid (11.8 g, 85%): R/=  0.54 (CH2Cl2/petrol, 

2:1): ‘H NMR (CDC13, 250 MHz) 5 7.29 (m, 5 H), 5.96 (ddd, J=  10.7, 3.4, 0.9 Hz, 2 H), 5.66 

(dd, J=  9.8, 1.2 Hz, 2 H), 4.62, (s, 2 H), 4.46-4.39 (m, 2 H), 2.44-2.17 (m, 4 H), 0.81 (s, 18 

H), 0.05 (s, 6 H), 0.02 (s, 6 H).

Diol (306).

To a solution of diene 305 (5 g, 9.52 mmol) and NMO (4.46 g, 38.1 mmol) in acetone/H20  

(5:1, 120 mL) at room temperature under nitrogen was added OsC>4 (2.5% wt solution in 

‘BuOH, 0.48 mmol) and the reaction stirred in the dark and monitored by TLC. After 23.5 

hours the reaction mixture was added to CH2C12 (200 mL), saturated aqueous sodium 

metabisulfite solution (50 mL), and H20  (50 mL) and stirred for 10 minutes. The aqueous 

phase was extracted with CH2C12 (2 x 100 mL) and the combined organic fractions dried 

(MgSQO and evaporated to dryness. Column chromatography of the crude material, eluting 

with a solvent gradient of CH2Cl2/EtOAc, 10:1 to 1:1 gave:

Diene 305 as a white solid (0.43 g, 9%): Rf = 0.73 (petrol/EtOAc, 2:1); analytical data as

164



Experimental

previously reported.

Diol 306 as a white solid (2.54 g, 48%): Rf = 0.44 (petrol/EtOAc, 2:1); 'H NMR (CDC13, 250 

MHz) 5 7.36-7.15 (m, 5 H), 6.10 (dd, .7=9.8, 1.2 Hz, 1 H), 6.02 (dd, J  = 10.1, 2.7 Hz, 1 H), 

4.77 (d, J =  10.4 Hz, 1 H), 4.61 (d, J=  10.4 Hz, 1 H), 4.51-4.01 (m, 4 H), 2.50-2.09 (m, 4 H), 

0.83 (s, 9 H), 0.78 (s, 9 H), 0.08 (s, 3 H), 0.06 (s, 3 H), 0.02 (s, 3 H), 0.00 (s, 3 H), OH 

protons absent.

To a solution of diol 306 (2.54 g, 4.5 mmol) in CH2CI2 (100 mL) at room temperature under 

nitrogen was added 2,2-dimethoxypropane (2.23 mL, 18.2 mmol) followed by TsOH (86 mg, 

0.45 mmol) and the reaction stirred and monitored by TLC. TLC showed that starting material 

was still present after 1 hour so a further portion of TsOH (86 mg, 0.45 mmol) was added, and 

the reaction was complete after 1.5 hours. After 2 hours saturated aqueous NaHC03 solution 

(50 mL) and H20  (50 mL) were added and the mixture stirred for 10 minutes. The aqueous 

phase was extracted with CH2CI2 (2 x 100 mL) and the combined organic fractions dried 

(MgS04) and evaporated to dryness to give acetonide 307 as a white solid (2.58 g, 95%): Rf = 

0.88 (CH2Cl2/EtOAc, 10:1); 'H NMR (CDC13, 250 MHz) 5 7.34-7.16 (m, 5 H), 5.96 (ddd, J  =

9.8, 3.7, 0.9 Hz, 1 H), 5.85 (dd, 7=  9.8, 1.5 Hz, 1 H), 4.72 (d, J=  10.4 Hz, 1 H), 4.43 (d, J  = 

10.4 Hz, 1 H), 4.41-4.20 (m, 4 H), 2.42 (d,J =  15.9 Hz, 1 H), 2.22-2.10 (m, 3 H), 1.57 (s, 3 

H), 1.30 (s, 3 H), 0.88 (s, 9 H), 0.80 (s, 9 H), 0.07 (s, 6 H), 0.04 (s, 3 H), 0.02 (s, 3 H).

Diol/acetonide (310).

A 100 mL round-bottomed flask was charged with alkene 307 (0.32 g, 0.53 mmol),
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K3Fe(CN)6 (0.53 g, 1.60 mmol), K2C 03 (0.22 g, 1.60 mmol), K20 s0 2(0H)4 (10 mg, 0.027 

mmol), quinuclidine (15 mg, 0.13 mmol), MeS02NH2 (51 mg, 0.53 mmol) and a magnetic 

stirrer bar. 'Bu0H/H20  (1:1, 25 mL) was then added and the reaction stirred at room 

temperature under nitrogen in the dark and monitored by TLC. After 42.5 hours saturated 

aqueous sodium metabisulfite solution (25 mL), H20  (25 mL), and CH2C12 (75 mL) were 

added and the mixture stirred vigorously for 10 minutes. The aqueous phase was extracted 

with CH2C12 (3 x 75 mL) and the combined organic fractions dried (MgS04) and evaporated 

to dryness to give a crude oil. Column chromatography, eluting with CH2Cl2/EtOAc, 6:1 

gave:

Alkene 307 as a white solid (87 mg, 27%): R f— 0.89 (CH2Cl2/EtOAc, 6:1); analytical data as 

previously reported.

Diol/acetonide 310 as a white solid (251 mg, 74%): Rf = 0.40 (CH2Cl2/EtOAc, 6:1); ‘H NMR 

(CDC13, 250 MHz) 5 7.33 (m, 5 H), 4.75-3.92 (m, 8 H), 3.27 (s, 1 H), 2.75 (s, 1 H), 2.34-2.00 

(m, 4 H), 1.60 (s, 3 H), 1.33 (s, 3 H), 0.84 (s, 9 H), 0.78 (s, 9 H), 0.04 (s, 3 H), 0.02 (s, 6 H), 

0.00 (s, 3 H).

Bis-acetonide (311).

310 311

To a solution of diol/acetonide 310 (1.61 g, 2.54 mmol) in CH2C12 (75 mL) at room 

temperature under nitrogen was added 2,2-dimethoxypropane (1.25 mL, 10.17 mmol) 

followed by TsOH (97 mg, 0.51 mmol) and the reaction stirred and monitored by TLC. TLC 

showed that the reaction was complete after 50 minutes. After 1 hour saturated aqueous 

NaHC03 solution (50 mL) and H20  (50 mL) were added and the mixture stirred for 10 

minutes. The aqueous phase was extracted with CH2C12 (2 x 100 mL) and the combined 

organic fractions dried (MgS04) and evaporated to dryness to give ¿/s-acetonide 311 as a 

white solid (1.69 g, 99%): Rf= 0.60 (petrol/EtOAc, 3:1); 'H NMR (CDC13, 250 MHz) 8 7.35- 

7.19 (m, 5 H), 4.58 (d, J=  7.0 Hz, 2 H), 4.53 (s, 2 H), 4.35 (dd, J  = 11.6, 6.1 Hz, 2 H), 4.23 

(dd, / =  7.0, 5.2 Hz, 2 H), 2.19 (d, J=  6.7 Hz, 4 H), 1.62 (s, 6 H), 1.37 (s, 6 H), 0.86 (s, 18 H),
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0.06 (s, 12 H).

Diol (316) and triol (317).

CN A '! 0 O . l CN
O. 1 CN r V /  .0

OBn
^ '" 'O T B S T B S O " ' '^

OH
—̂" 'O H

OH
^ ' " 'O H

311 316 317

A three-necked 500 mL round-bottomed flask was fitted with a nitrogen inlet tube, a septum, 

a dry ice condenser, and a magnetic stirrer bar (all glassware was oven dried prior to use). The 

dry ice condenser was connected to an ammonia cylinder via a KOH drying tower. The 

apparatus was flushed with nitrogen, cooled to -78 C with a dry ice/acetone cooling bath, and 

ammonia (200 mL) condensed into the reaction vessel. Sodium (2 g, 87 mmol) was then 

added slowly with vigorous stirring to give a deep blue solution which was stirred for 30 

minutes. A solution of protected triol 311 (1.69 g, 2.5 mmol) in THF (30 mL) was added and 

the reaction stirred for 30 minutes at -78 C. The reaction was quenched by the slow addition 

of MeOH (50 mL) until the blue colour disappeared and effervescence ceased. The mixture 

was stirred for 10 minutes and the dry ice bath was removed and the ammonia allowed to 

evaporate. The solvents were removed in vacuo and the residue taken up into CH2C12 (100 

mL) and H20  (100 mL). The aqueous phase was neutralised with citric acid and extracted 

with CH2C12 (3 x 100 mL). The combined organic fractions were dried (MgS04) and 

evaporated to dryness. Column chromatography of the crude material, eluting with a solvent 

gradient of CH2Cl2/EtOAc, 1:0 to 5:1 to 0:1 gave:

Diol 316 as a white solid (0.82 g, 70 %): Rf = 0.49 (petrol/EtOAc, 2:3); 'H NMR (CDC13, 250 

MHz) 8 5.47 (br d,J =  0.9 Hz, 1 H), 4.56-4.47 (m, 4 H), 4.34-4.23 (m, 2 H), 4.05 (d, 10.4

Hz, 1 H), 2.48-2.36 (m, 2 H), 1.93-1.79 (m, 2 H), 1.73 (d, J=  7.6 Hz, 6 H), 1.42 (s, 6 H), 0.89 
(s, 9 H), 0.16 (s, 6 H).

Triol 317 as a white solid (0.16 g, 18%): Rf = 0.08 (petrol/EtOAc, 2:3); ]H NMR (CDC13, 250 

MHz) 8 5.05 (s, 1 H), 4.58-4.41 (m, 6 H), 3.39 (d, J=  7.0 Hz, 2 H), 2.45 (dd, J -  15.3, 4.6 Hz, 

2 H), 1.96 (d, J = 15.6 Hz, 2 H), 1.74 (s, 6 H), 1.44 (s, 6 H).
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Triol (317).

To a solution of TBS ether 316 (0.82 g, 1.75 mmol) in THF (50 mL) at room temperature 

under nitrogen was added TBAF (2.1 mL, 1 M solution in THF, 2.1 mmol) and the reaction 

monitored by TLC, which showed that the reaction was complete after 10 minutes. After 20 

minutes the solvent was removed in vacuo to give a crude foam. Column chromatography, 

eluting with a solvent gradient of C^CL/EtOAc, 1:1 to 0:1 gave triol 317 as a white solid 

(0.61 g, 98%): Rf= 0.22 (petrol/EtOAc, 1:4): analytical data as previously reported.

Dimesylate (318).

To a solution of triol 317 (0.77 g, 2.17 mmol) in CH2CI2 (40 mL) at room temperature under 

nitrogen was added EtjN (1.21 mL, 8.68 mmol) followed by MsCl (0.67 mL, 8.68 mmol) and 

the reaction monitored by TLC, which showed that the reaction was complete after 45 

minutes. After 55 minutes the solvent was removed in vacuo to give a crude residue which 

was taken up into CH2CI2 (30 mL) and H2O (30 mL). The aqueous phase was extracted with 

CH2CI2 (2 x 30 mL) and the combined organic fractions dried (hydrophobic frit) and 

evaporated to dryness to give a crude residue. Column chromatography, eluting with a solvent 

gradient of C^CL/EtOAc, 1:1 to 0:1 gave dimesylate 318 as a white solid (1.11 g, 100%): Rf 

= 0.63 (EtOAc); 'H NMR (CDC13, 250 MHz) 5 5.19-5.10 (m, 2 H), 4.61-4.50 (m, 4 H), 3.11 

(s, 6 H), 2.90 (br s, 1 H), 2.64 (dd, J  = 15.9, 7.0 Hz, 2 H), 2.21 (dd, J = 15.9, 5.2 Hz, 2 H), 

1.67 (s, 6 H), 1.43 (s, 6 H).
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(3aS, 7aR,10aS,10cR)-5a-Hydroxy-2,2,9,9-tetramethyl-3a, 7a, 1 Oa, 10c-tetrahydro-5aH- 

l,3,8,10-tetraoxa-dicyclopenta[a,h]naphtltalene-10b-carbonitrile (298).

318 298

To a solution of dimesylate 318 (50 mg, 0.098 mmol) in toluene (5 mL) at room temperature 

under nitrogen was added DBN (0.242 mL, 1.96 mmol) and the reaction refluxed and 

followed by TLC. After 20 hours the solvent was removed in vacuo and the brown residue 

dissolved in CH2C12 (20 mL). The organic phase was washed 1 M aqueous citric acid solution 

(2 x 20 mL) and the aqueous phases back extracted with CH2C12 (10 mL). The combined 

organic fractions were dried (Na2S04) and evaporated to dryness to give a light brown 

residue. Column chromatography on alumina, eluting with CH2Cl2/EtOAc, 1:1 to 0:1 gave 

diallylic alcohol 298 as a white solid (21 mg, 67%): Rf = 0.40 (EtOAc): 'H NMR (CDC13, 250 

MHz) 5 6.31 (dd, J  = 9.8, 2.7 Hz, 2 H), 6.14 (dd, J=  9.8, 1.8 Hz, 2 H), 4.83 (ddd, J  = 7.0, 2.7,

1.8 Hz, 2 H), 4.77 (d, J  = 7.0 Hz, 2 H), 1.84 (s, 1 H), 1.68 (s, 6 H), 1.47 (s, 6 H); 13C NMR 

(CDC13, 100 MHz) 5 133.2 (2 C), 130.7 (2 C), 118.8, 111.3 (2 C), 71.4 (2 C), 70.6, 46.8 (2 

C), 29.7, 26.2 (2 C), 24.6 (2 C); IR (CHC13) 3594, 2248, 1592, 1459, 1386, 1260, 1207, 1159, 

1084 cm'1; MS (CI+, NH3) m/z 337 (M + NH4)+, 320 (M + H)+, 304, 279, 272, 267; HRMS 

(CI+, NH3) calculated for Ci7H25N20 5 (M + NH4)+ 337.1763, found 337.1753.

Racemic epoxidation of diallylic alcohol (298).

To a solution of diallylic alcohol 298 (21 mg, 0.066 mmol) in CH2C12 (1.5 mL) at room 

temperature under nitrogen was added ‘BuOOH (0.030 mL, 0.115 mmol) followed by a 

solution of VO(acac)2 (5 mg, 0.02 mmol) in CH2C12 (0.5 mL), and the reaction monitored by 

TLC. After 20 hours saturated aqueous Na2S03 (0.2 mL) solution was added and the mixture
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stirred for 10 minutes. The organic phase was dried (Na2S03) and evaporated to dryness to 

give a crude residue. Column chromatography on alumina, eluting with a solvent gradient of 

CH2CI2 to EtOAc/MeOH, 1:0 to 9:1 gave monoepoxide 299 as a white solid (12 mg, 54%): Rf 

= 0.55 (EtOAc): 'H NMR (CDCI3, 250 MHz) 5 6.36 (dd, 7  = 10.1, 3.4 Hz, 1 H), 6.13 (dd, 7  =

10.1, 1.8 Hz, 1 H), 4.79 (ddd, 7 =  7.0, 3.4, 1.8 Hz, 1 H), 4.61 (d, 7 =  7.0 Hz, 1 H), 4.60 (d,7 = 

6.7 Hz, 1 H), 4.43 (d, 7 =  6.7 Hz, 1 H), 3.82 (d, 7 =  3.7 Hz, 1 H), 3.62 (d, 7 =  3.7 Hz, 1 H), 

2.73 (s, 1 H), 1.67 (s, 6 H), 1.45 (s, 3 H), 1.42 (s, 3 H); 13C NMR (CDCI3, 63 MHz) 5 131.7, 

129.6, 118.1, 111.3, 110.7, 77.9, 76.8, 71.2, 70.7, 68.2, 57.9, 55.4, 47.5, 26.3, 25.8, 24.8, 24.4; 

MS (CI+, NH3) m/z 353 (M + NH4)+, 336 (M + H)+, 320, 295, 279, 272, 267; HRMS (CI+, 

NH3) calculated for C17H22N2O6 (M + H)+ 336.1447, found 336.1436.

Asymmetric epoxidation of diallylic alcohol (298) employing L-(+)-DIPT.

A 25 mL pear-shaped flask was charged with Zr(0‘Pr)4-'PrOH (109 mg, 0.282 mmol), 4 A 

MS, and a magnetic stirrer bar, and the flask was flushed with nitrogen and cooled to -20°C 

with a CCU/dry ice bath. CH2CI2 (5 mL) was added and the solution stirred for 30 minutes at 

-20°C. L-(+)-diisopropyl tartrate (0.065 mL, 0.31 mmol) and ‘BuOOH (0.085 mL, 0.32 

mmol) were added and the solution stirred for a further 30 minutes at -20°C. A solution of 

diallylic alcohol 298 (30 mg, 0.094 mmol) in CH2CI2 (5 mL) was added and the reaction 

placed in a freezer and monitored by TLC. After 69 hours H20  (2.5 mL) and saturated 

aqueous Na2SC>3 (2.5 mL) solution were added and the reaction stirred at room temperature 

for 30 minutes. The aqueous phase was extracted with CH2CI2 ( 3x10  mL) and the combined 

organic fractions dried (Na2S04), filtered through Celite, and evaporated to dryness. Column 

chromatography of the crude material, eluting with petrol/EtOAc, 1:1 gave:

Z?A-epoxide 335 as a white solid (6 mg, 19%): Rf = 0.56 (EtOAc); 'H NMR (CDCI3, 250 

MHz) 6 4.64 (d, 7=  6.4 Hz, 2 H), 4.35 (d, 7 =  6.4 Hz, 1 H), 3.82 (d, 7 =  3.7 Hz, 2 H), 3.67 (d, 

7=  3.7 Hz, 2 H), 2.68 (s, 1 H), 1.67 (s, 6 H), 1.41 (s, 6 H).

Monoepoxide (—)-299 as a white solid (17 mg, 54%): Rf= 0.54 (EtOAc); [a]o -29.6° (c =
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1.12, CHCI3); Chiralpak-AD (25 x 0.46 cm), 90:10 hexane:IPA, 1 mL min'1, thermostatic 

10°C, detect by UV (210 nm). Retention times: (+)-299 25.5, (-)-299 30.2 min. Ee = >95%, 

second eluting peak in excess; analytical data as previously reported.

Diallylic alcohol 298 as a white solid (7 mg, 24%): Rf = 0.42 (EtOAc); analytical data as 

previously reported.

Asymmetric epoxidation of diallylic alcohol (298) employing D-(-)-DIPT.

Reaction procedure identical to that detailed above but employing D-(-)-DIPT in place of L- 

(+)-DIPT. Column chromatography of the crude material, eluting with a solvent gradient of 

petrol/EtOAc, 1:0 to 1:1 gave:

5/s-epoxide 335 as a white solid (7 mg, 21%): Rf -  0.56 (EtOAc); analytical data as 

previously reported.

Monoepoxide (+)-299 as a white solid (14 mg, 44%): Rf = 0.54 (EtOAc); [a]D +30.5° (c -  

0.66, CHCI3); HPLC assay: Chiralpak-AD (25 x 0.46 cm), 90:10 hexane:IPA, 1 mL min'1, 

thermostatic 10°C, detect by UV (210 nm). Retention times: (+)-299 25.5, (-)-299 30.2 min. 

Ee = >95%, first eluting peak in excess; analytical data as previously reported.

Diallylic alcohol 298 as a white solid (6 mg, 20%): Rf  = 0.42 (EtOAc); analytical data as 

previously reported.

Sharpless asymmetric epoxidation of diallylic alcohol (298) employing L-(+)-DIPT.
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A 10 mL pear-shaped flask was charged with Ti(0‘Pr)4 (0.028 mL, 0.094 mmol), 4 A MS, 

and a magnetic stirrer bar, and the flask was flushed with nitrogen and cooled to -20°C with a 

CCl4/dry ice bath. CH2CI2 (2 mL) was added and the solution stirred for 30 minutes at -20°C. 

L-(+)-diisopropyl tartrate (0.022 mL, 0.103 mmol) and 'BuOOH (0.028 mL, 0.107 mmol) 

were added and the solution stirred for a further 30 minutes at -20°C. A solution of diallylic 

alcohol 298 (10 mg, 0.031 mmol) in CH2CI2 (2 mL) was added and the reaction placed in a 

freezer and monitored by TLC. After 70 hours and 40 minutes H2O (1 mL) and saturated 

aqueous Na2SC>3 (1 mL) solution were added and the reaction stirred at room temperature for 

30 minutes. The aqueous phase was extracted with CH2CI2 ( 3 x 1 0  mL) and the combined 

organic fractions dried (Na2S04), filtered through Celite, and evaporated to dryness. Column 

chromatography of the crude material, eluting with a solvent gradient of petrol/EtOAc, 1:0 to 

1:1 gave:

5A-epoxide 335 as a white solid (0.8 mg, 7%): Rf = 0.59 (EtOAc); analytical data as 

previously reported.

Monoepoxide (+)-299 as a white solid (4.2 mg, 40%): Rf -  0.57 (EtOAc); HPLC assay: 

Chiralpak-AD (25 x 0.46 cm), 90:10 hexane:IPA, 1 mL min'1, thermostatic 10°C, detect by 

UV (210 nm). Retention times: (+)-299 25.5, (-)-299 30.2 min. Ee = 13.8%, first eluting peak 

in excess; analytical data as previously reported.

Diallylic alcohol 298 as a white solid (4 mg, 40%): Rf = 0.44 (EtOAc); analytical data as 

previously reported.

Asymmetric epoxidation of diallylic alcohol (298) employing L-(+)-DIPT.

A 25 mL pear-shaped flask was charged with Zr(0'Pr)4-'PrOH (69 mg, 0.178 mmol), 4 A MS, 

and a magnetic stirrer bar, and the flask was flushed with nitrogen and cooled to -20°C with a 

CCl4/dry ice bath. CH2CI2 (4 mL) was added and the solution stirred for 30 minutes at -20°C. 

L-(+)-diisopropyl tartrate (0.041 mL, 0.197 mmol) and ‘BuOOH (0.054 mL, 0.203 mmol) 

were added and the solution stirred for a further 30 minutes at -20°C. A solution of diallylic
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alcohol 298 (19 mg, 0.060 mmol) in CH2C12 (4 mL) was added and the reaction placed in a 

freezer and monitored by TLC. After 24 hours H20  (2.5 mL) and saturated aqueous Na2S03 

(2.5 mL) solution were added and the reaction stirred at room temperature for 30 minutes. The 

aqueous phase was extracted with CH2C12 (3 x 10 mL) and the combined organic fractions 

dried (Na2S04), filtered through Celite, and evaporated to dryness. Column chromatography 

of the crude material, eluting with a solvent gradient of petrol/EtOAc, 1.0 to 1.1 gave.

5A-epoxide 335 as a white solid (1.7 mg, 8%): Rf  = 0.59 (EtOAc); analytical data as 

previously reported.

Monoepoxide (-)-299 as a white solid (7.3 mg, 37%): Rf= 0.57 (EtOAc); Chiralpak-AD (25 x 

0.46 cm), 90:10 hexane:IPA, 1 mL min'1, thermostatic 10°C, detect by UV (210 nm). 

Retention times: (+)-299 25.5, (-)-299 30.2 min. Ee = 81.3%, second eluting peak in excess; 

analytical data as previously reported.

Diallylic alcohol 298 as a white solid (5 mg, 26%): Rf = 0.45 (EtOAc); analytical data as 

previously reported.
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Appendices

Appenidces

Appendix 1: Purification of solvents

All solvents were distilled before use. ‘Petrol’ refers to the fraction of light petroleum-ether 

boiling between 40-60°C. Commercial grade solvents used for flash chromatography were 

distilled before use. Anhydrous solvents were obtained as follows:225

Acetone Stirred over K2CO3 under nitrogen for 24 h, distilled, and stored over 

4À MS under nitrogen.

Acetonitrile Stirred over CaH2 under nitrogen for 24 h, distilled, and stored over 4 

À MS under nitrogen.

Benzene Distilled from sodium metal under nitrogen immediately prior to use.

Carbon tetrachloride Careful fractional distillation prior to use.

Chloroform Washed with water, dried with K2C 03, filtered, refluxed over CaCl2 

for 6 h, then distilled immediately prior to use.

Dichloromethane Distilled from CaH2 under nitrogen immediately prior to use.

Diethyl ether Distilled from sodium/benzophenone ketyl under nitrogen 
immediately prior to use.

Dimethylformamide Stirred over CaH2 under nitrogen for 24 h, distilled under reduced

pressure, and stored over 4 A MS under nitrogen.

Dimethylsulfoxide Distilled from CaH2 under nitrogen prior to use.

1,4-Dioxane Distilled from sodium/benzophenone ketyl under nitrogen 
immediately prior to use.

Ethanol Distilled from Mg(OEt)2 under nitrogen immediately prior to use.

Ethyl acetate Stirred over CaH2 under nitrogen for 24 h, distilled, and stored over 4 

A MS under nitrogen.

Methanol Distilled from Mg(OMe)2 under nitrogen immediately prior to use.
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Pyridine Pyridine was refluxed with calcium hydride for 24 h, distilled, and 

stored over 4 A MS.

Tetrahydrofuran Distilled from sodium/benzophenone ketyl under nitrogen 

immediately prior to use.

Toluene Distilled from sodium metal under nitrogen immediately prior to use.
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Appendix 2: Purification of reagents

All chemicals were handled in accordance with COSHH regulations. All reagents were used 

as commercially supplied unless specified below:225

Acetic anhydride

Anhydrous acetic anhydride was prepared by distillation from quinoline (1% by volume). 

Acetyl chloride

Acetyl chloride was refluxed with phosphorus pentachloride for 3 h, and then distilled 

Benzoyl chloride

Benzoyl chloride was refluxed with thionyl chloride (1:1) for 4 h, and then distilled under 

reduced pressure.

Benzyl bromide

Benzyl bromide was distilled from calcium chloride under reduced pressure, in the dark 

n-Butyl lithium

Solutions of nBuLi were used as supplied by Aldrich and titrated with diphenylacetic acid 
immediately prior to use.

//itfta-Chloroperbenzoic acid

meta-Chloroperbenzoic acid was recrystallised from CH2C12, and stored at 0°C. 

Diisopropylethylamine

Diisopropylethylamine was distilled from CaH2.

Dimethyldioxirane

Dimethyldioxirane was prepared by the method of Adam and stored in a freezer over 4 A MS.
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Lithium diisopropylamine

Lithium diisopropylamine was prepared by mixing equal amounts of nBuLi and 

diisopropylamine in anhydrous THF at -78°C and warming to 0°C.

Methanesulfonyl chloride

Methanesulfonyl chloride was distilled from phosphorus pentoxide under reduced pressure. 

Potassium terf-butoxide

Potassium tert-butoxide was sublimed (220°C/1 mm Hg) prior to use.

Thionyl chloride

Thionyl chloride was distilled from quinoline and then re-distilled prior to use. 

/>ara-Toluenesulfonic acid

Anhydrous /?ara-toluenesulfonic acid was obtained by azeotropic distillation with benzene, 

crystallisation from chloroform, and drying under high vacuum.

Triethylamine

Triethylamine was stirred over calcium hydride for 24 h, distilled, and stored over 4 A MS.

T riphenylphosphinc

Triphenylphosphine was crystallised from petrol, and dried under high vacuum.
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Appendix 3: X-ray crystal data

X-ray crystal structure data for N-Boc tetrahydro dimer (227)
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d i f f r n _ r a d i a t i o n _ s o u r c e  
d i f f r n _ r a d i a t i o n _ m o n o c h r o m a t o r  
d i f f r n _ m e a s u r e m e n t _ d e v i c e _ t y p e  
d i  f  f r n _ m e a s u r e m e n t _ m e t h o d  
d i f f r n _ d e t e c t o r _ a r e a _ r e s o l _ m e a n  
d i f f r n _ s t a n d a r d s _ n u m b e r  
d i f f r n _ s t a n d a r d s _ i n t e r v a l _ c o u n t  
d i f f r n _ s t a n d a r d s _ i n t e r v a l _ t i m e  
d i f f r n _ s t a n d a r d s _ d e c a y _ %  
d i f f r n _ r e f l n s _ n u m b e r  
d i f f r n _ r e f l n s _ a v _ R _ e q u i v a l e n t s  
d i f f r n _ r e f l n s _ a v _ s i g m a l / n e t l  
d i f f r n _ r e f l n s _ l i m i t _ h _ m i n  
d i f f r n _ r e f l n s _ l i m i t _ h _ m a x  
d i f f r n _ r e f l n s _ l i m i t _ k _ m i n  
d i f f r n _ r e f l n s _ l i m i t _ k _ m a x  
d i f f r n _ r e f l n s _ l i m i t _ l _ m i n  
d i f f r n _ r e f l n s _ l i m i t _ l _ m a x  
d i f f r n _ r e f l n s _ t h e t a _ m i n  
d i f f r n _ r e f l n s _ t h e t a _ m a x  
d i f f r n _ r e f l n s _ t h e t a _ f u l l  
d i f f r n _ m e a s u r e d _ f r a c t i o n _ t h e t a _ f u l l  
r e f l n s _ n u m b e r _ t o t a l  
r e f l n s _ n u m b e r _ g t

_ r e f l n s _ t h r e s h o l d _ e x p r e s s i o n

6 . 2 1 0
2 5 . 8 5 1 8 ( 2 )  
6 . 4 5 6 9 0 ( 1 0 )
9 0 . 0 0
1 1 0 . 3 0 9 0 ( 1 0 )
9 0 . 0 0
9 7 2 . 1 6 4  (1 7 )
2
123  (2 )
819 2
1 . 5 8
2 9 . 1 3

p r i s m
c o l o u r l e s s
0 . 2 0
0 . 3 0
0 . 3 5
n o t _ m e a s u r e d
1 . 3 4 8
' n o t  m e a s u r e d '
424
0 . 0 9 9
n o n e
7
?
7

1 2 3 ( 1 )
0 . 7 1 0 7 3
M o K \ a
' f i n e - f o c u s  s e a l e d  t u b e '  
g r a p h i t e
' B r u k e r  AXS I K  CCD a r e a  d e t e c t o r '  
' n a r r o w  f r a m e  \ w  s c a n s '
8 . 1 9 2  
' s e e  t e x t '
7
7
n o n e
9608
0 . 0 1 6 3
0 . 0 1 1 2
- 7
7
- 3 2
32
-8

8
1 . 5 8
2 6 . 3 7
2 6 . 3 7  
0 . 9 9 8  
1977  
1914

> 2 s i g m a ( I )
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c o m p u t i n g _ d a t a _ c o l l e c t i o n  
_ c o m p u t i n g _ c e l l _ r e f i n e m e n t  
_ c o m p u t i n g _ d a t a _ r e d u c t i o n  
_ c o m p u t i n g _ s t r u c t u r e _ s o l u t i o n  
c o m p u t i n g _ s t r u c t u r e _ r e f i n e m e n t  
c o m p u t i n g _ m o l e c u l a r _ g r a p h i c s  
c o m p u t i n g _ p u b l i c a t i o n _ m a t e r i a l

'SMART ( B r u k e r  AXS, 1 9 9 5 ) '
'SMART & S A I N T  ( B r u k e r  AXS, 1 9 9 5 ) '  
' S A I N T  ( B r u k e r  AXS, 1 9 9 5 ) '
' SHELXTL ( S h e l d r i c k ,  1 9 9 4 ) '
' SHELXTL ( S h e l d r i c k ,  1 9 9 4 ) '  
' SH ELXTL  ( S h e l d r i c k ,  1 9 9 4 ) '  
'S H ELXT L  ( S h e l d r i c k ,  1 9 9 4 ) '

r e f i n e _ s p e c i a l _ d e t a i l s

R e f i n e m e n t  o f  F A2 A a g a i n s t  A L L  r e f l e c t i o n s .  Th e  w e i g h t e d  R - f a c t o r  wR a n d  
g o o d n e s s  o f  f i t  S a r e  b a s e d  o n  F A2 A, c o n v e n t i o n a l  R - f a c t o r s  R a r e  b a s e d  
o n  F, w i t h  F s e t  t o  z e r o  f o r  n e g a t i v e  F A2 A . Th e  t h r e s h o l d  e x p r e s s i o n  o f  
F A2 A > 2 s i g m a ( F A2 A) i s  u s e d  o n l y  f o r  c a l c u l a t i n g  R - f a c t o r s ( g t ) e t c .  a n d  i s  
n o t  r e l e v a n t  t o  t h e  c h o i c e  o f  r e f l e c t i o n s  f o r  r e f i n e m e n t .  R - f a c t o r s  b a s e d  
o n  F A2 A a r e  s t a t i s t i c a l l y  a b o u t  t w i c e  a s  l a r g e  a s  t h o s e  b a s e d  o n  F,  a n d  R -  
f a c t o r s  b a s e d  o n  A L L  d a t a  w i l l  b e  e v e n  l a r g e r .

r e f i n e _ l s _ s t r u c t u r e _ f a c t o r _ c o e f  F s q d  
r e f i n e _ l s _ m a t r i x _ t y p e  f u l l  
r e f i n e _ l s _ w e i g h t i n g _ s c h e m e  c a l c  
r e f i n e _ l s _ w e i g h t i n g _ d e t a i l s
' c a l c  w = l / [ \ s A2 A ( F o A2 A ) + ( 0 . 0 7 7 0 P ) A2 A+ 0 . 3 5 0 0 P ]  w h e r e  P = ( F o A2 A+ 2 F c A2 A

_ a t o m _ s i t e s _ s o l u t i o n _ p r i m a r y  d i r e c t
_ a t o m _ s i t e s _ s o l u t i o n _ s e c o n d a r y  d i f m a p
_ a t o m _ s i t e s _ s o l u t i o n _ h y d r o g e n s  geom
_ r e f i n e _ l s _ h y d r o g e n _ t r e a t m e n t  m i x e d
_ r e f i n e _ l s _ e x t i n c t i o n _ m e t h o d  n o n e
_ r e f i n e _ l s _ e x t i n c t i o n _ c o e f  n o n e
_ r e f i n e _ l s _ n u m b e r _ r e f l n s  1977
_ r e f i n e _ l s _ n u m b e r _ p a r a m e t e r s  187
_ r e f i n e _ l s _ n u m b e r _ r e s t r a i n t s  0
_ r e f i n e _ l s _ R _ f a c t o r _ a l l  0 . 0 3 6 6
_ r e f i n e _ l s _ R _ f a c t o r _ g t  0 . 0 3 5 6
_ r e f i n e _ l s _ w R _ f a c t o r _ r e f  0 . 1 0 8 3
_ r e f i n e _ l s _ w R _ f a c t o r _ g t  0 . 1 0 7 2
_ r e f i n e _ l s _ g o o d n e s s _ o f _ f i t _ r e f  1 . 0 0 1
_ r e f i n e _ l s _ r e s t r a i n e d _ S _ a l l  1 . 0 0 1
_ r e f i n e _ l s _ s h i f t / s u _ m a x  0 . 0 0 0
r e f i n e _ l s _ s h i f t / s u _ m e a n  0 . 0 0 0
r e f i n e _ d i f f _ d e n s i t y _ m a x  0 . 3 7 9
r e f i n e _ d i f f _ d e n s i t y _ m i n  - 0 . 2 4 3
r e f i n e _ d i f f _ d e n s i t y _ r m s  0 . 0 7 7

) / 3

l o o p _
_ a  t  om_s i  t  e _ l a b e 1 

a t  om_s i  t  e _ t y p e _ s  y m b o l  
_ a t o m _ s i t e _ f r a c t _ x  
_ a t o m _ s i t e _ f r a c t _ y  
_ a t o m _ s i t e _ f r a c t _ z  
_ a t o m _ s  i t e _ U _ i s o _ o r _ e q u i v  
_ a t  om_s i  t  e _ a d p _ t  y p e  
_ a t o m _ s i t e _ o c c u p a n c y
_ a t o m _ s i t e _ s y m m e t r y _ m u l t i p l i c i t y  

a t o m  s i t e _ c a l c _ f l a g  
_ a t o m _ s i t e _ r e f i n e m e n t _ f l a g s  
_ a t o m _ s i t e _ d i s o r d e r _ a s s e m b l y  
_ a t o m _ s i t e _ d i s o r d e r _ g r o u p

01  0  0 . 5 8 7 0 1 ( 1 4 )  0 . 0 5 8 9 2 ( 3 )  0 . 6 6 1 6 6 ( 1 3 )
0 2  0  0 . 8 7 5 2 5 ( 1 5 )  0 . 1 3 2 2 5 ( 3 )  0 . 6 0 1 6 2 ( 1 5 )  
0 3 0 1 . 2 2 9 3 1 ( 1 4 )  0 . 1 2 0 8 7 ( 3 )  0 . 8 6 2 6 2 ( 1 3 )

0 . 0 1 7 2 ( 2 )  U a n i  l i d .  . . 
0 . 0 2 1 4  ( 2 )  U a n i  l i d .  . . 
0 . 0 1 6 2 ( 2 )  U a n i  l i d .  . .
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N I  N 0 . 9 8 3 7 7 ( 1 5 )  
C l  C 0 . 7 6 2 8 5 ( 1 8 )  
C2 C 1 . 1 8 4 6 7 ( 1 8 )  
H2A H 1 . 3 1 2 ( 2 )  0 .  
C3 C 1 . 1 5 3 6 1 ( 1 8 )  
H3A H 1 . 1 8 1 ( 3 )  - 0  
H3B H 1 . 2 7 3 ( 3 )  - 0  
C4 C 0 . 9 1 3 4 1 ( 1 9 )  
H4A H 0 . 8 3 4 ( 3 )  - 0  
H4B H 0 . 9 2 3 ( 2 )  - 0  
C5 C 0 . 7 6 1 2 3 ( 1 8 )  
H5A H 0 . 6 0 3 ( 2 )  - 0  
C6 C 1 . 0 1 7 0 3 ( 1 9 )

0 . 0 5 4 2 5 ( 4 )  0 . 7 8 7 3 3 ( 1 4 )  0 . 0 1 2 2 ( 2 )  U a n i  1 1 d  .
0 . 0 3 4 6 1 ( 4 )  0 . 7 4 9 6 5 ( 1 7 )  0 . 0 1 2 2 ( 2 )  U a n i  1 1 d  .
0 . 0 2 1 3 1 ( 4 )  0 . 9 0 7 9 5 ( 1 7 )  0 . 0 1 1 2 ( 2 )  U a n i  1 1 d  .
0 3 7 6 ( 5 )  0 . 8 8 6 ( 2 )  0 . 0 0 9 ( 3 )  U i s o  1 1 d  . . .
- 0 . 0 3 1 9 1 ( 4 )  0 . 7 9 4 8 2 ( 1 7 )  0 . 0 1 3 0 ( 2 )  U a n i  1 1 d  
. 0 2 7 3 ( 6 )  0 . 6 5 6 ( 3 )  0 . 0 2 0 ( 4 )  U i s o  1 1 d  . .
. 0 5 4 2 ( 6 )  0 . 8 8 5 ( 2 )  0 . 0 1 4 ( 3 )  U i s o  1 1 d  . .
- 0 . 0 5 5 4 0 ( 4 )  0 . 7 4 9 8 8 ( 1 8 )  0 . 0 1 3 3 ( 3 )  U a n i  1 1 
. 0 5 9 8 ( 6 )  0 . 5 9 0 ( 3 )  0 . 0 2 0 ( 4 )  U i s o  1 1 d . .
. 0 8 9 9 ( 6 )  0 . 8 1 4 ( 2 )  0 . 0 1 4 ( 3 )  U i s o  1 1 d  . .
- 0 . 0 2 0 3 8 ( 4 )  0 . 8 3 4 1 7 ( 1 7 )  0 . 0 1 1 9 ( 2 )  U a n i  1 1 
. 0 3 0 9 ( 5 )  0 . 7 6 5 ( 2 )  0 . 0 1 2 ( 3 )  U i s o  1 1 d  . . 
0 . 1 0 6 4 0 ( 4 )  0 . 7 3 6 2 8 ( 1 8 )  0 . 0 1 4 1 ( 2 )  U a n i  1 1 d

C l  C 1 . 3 1 8 3 ( 2 )  0 .  
C8 C 1 . 1 8 0 6 ( 2 )  0 .  
H8A H 1 . 1 8 9 ( 3 )  0 .  
H8B H 1 . 2 5 1 ( 3 )  0 .  
H8C H 1 . 0 2 2 ( 3 )  0 .  
C9 C 1 . 5 6 5 3 ( 2 )  0 .  
H9A H 1 . 5 6 8  (3 )  0 .  
H9B H 1 . 6 4 0 ( 3 )  0 .  
H9C H 1 . 6 5 2 ( 3 )  0 .  
C IO C 1 . 3 1 3 9 ( 2 )  0 
H10A H 1 . 3 9 4 ( 3 )  0 
H10B H 1 . 1 5 6 ( 3 )  0 
H10C H 1 . 3 9 0 ( 3 )  0

1 7 3 3 2 ( 4 )  0 . 8 4 1 5 ( 2 )  0 . 0 1 8 1 ( 3 )  U a n i  1 1 
2 1 3 2 4 ( 5 )  0 . 9 1 6 6 ( 2 )  0 . 0 2 4 3 ( 3 )  U a n i  1 1 
2 0 5 2 ( 7 )  1 . 0 6 8 ( 3 )  0 . 0 3 8 ( 5 )  U i s o  1 1 d  .
2 4 7 8 ( 7 )  0 . 9 2 5 ( 3 )  0 . 0 3 6 ( 5 )  U i s o  1 1 d  .
2 1 4 6 ( 7 )  0 . 8 1 8 ( 3 )  0 . 0 3 2 ( 4 )  U i s o  1 1 d  .
1 7 0 0 3 ( 5 )  1 . 0 0 1 4 ( 2 )  0 . 0 2 5 5 ( 3 )  U a n i  1 1 
1 6 1 6 ( 7 )  1 . 1 5 2 ( 3 )  0 . 0 3 5 ( 4 )  U i s o  1 1 d  .
2 0 3 5 ( 7 )  1 . 0 0 7 ( 3 )  0 . 0 3 6 ( 5 )  U i s o  1 1 d  .
1 4 4 3 ( 7 )  0 . 9 4 9 ( 3 )  0 . 0 3 3 ( 4 )  U i s o  1 1 d  .
. 1 8 1 9 1 ( 5 )  0 . 6 0 6 0 ( 2 )  0 . 0 2 3 5 ( 3 )  U a n i  1 1 
. 2 1 5 6 ( 7 )  0 . 6 0 2 ( 3 )  0 . 0 3 9 ( 5 )  U i s o  1 1 d  
. 1 8 4 6 ( 7 )  0 . 4 9 9 ( 3 )  0 . 0 3 1 ( 4 )  U i s o  1 1 d 
. 1 5 3 2 ( 7 )  0 . 5 6 2 ( 3 )  0 . 0 3 4 ( 4 )  U i s o  1 1 d

l o o p _
_ a t o m _ s i t e _ a n i s o _ l a b e l  
_ a t o m _ s i t e _ a n i s o _ U _ l l  
_ a  t  om_s i t e _ a n i s  o_U _2  2 
_ a t  om_s i  t  e _ a n i  s o _ U _3  3 
_ a  t  om_s i  t  e _ a  n i  s o_ U _2  3 
_ a t o m _ s i t e _ a n i s o _ U _ 1 3  
_ a t o m _ s i t e _ a n i s o _ U _ 1 2

01  0 . 0 1 1 8 ( 4 )  0 . 0 2 1 3 ( 4 )
02  0 . 0 1 7 9 ( 4 )  0 . 0 2 0 4 ( 4 )
0 3  0 . 0 1 4 7  (4 )  0 . 0 1 3 9 ( 4 )  
N I  0 . 0 0 9 9 ( 5 )  0 . 0 1 4 7 ( 5 )  
C l  0 . 0 1 1 3 ( 5 )  0 . 0 1 7 5 ( 5 )  
C2 0 . 0 0 8 5 ( 5 )  0 . 0 1 4 4  (5 )  
C3 0 . 0 1 1 5 ( 5 )  0 . 0 1 7 2 ( 5 )  
C4 0 . 0 1 2 6 ( 5 )  0 . 0 1 5 2 ( 5 )  
C5 0 . 0 0 8 6 ( 5 )  0 . 0 1 6 2 ( 5 )  
C6 0 . 0 1 4 1 ( 5 )  0 . 0 1 6 9 ( 5 )  
C7 0 . 0 2 0 0 ( 6 )  0 . 0 1 1 1 ( 5 )  
C8 0 . 0 2 8 0 ( 7 )  0 . 0 1 7 2 ( 6 )  
C9 0 . 0 1 9 8 ( 6 )  0 . 0 1 7 9 ( 6 )  
C IO 0 . 0 2 8 3 ( 7 )  0 . 0 1 8 7 ( 6 )

0 . 0 1 7 0 ( 4 )  
0 . 0 2 3 0 ( 5 )  
0 . 0 1 8 8  (4 )  
0 . 0 1 1 4  (4 )  
0 . 0 0 8 3 ( 5 )  
0 . 0 1 0 9 ( 5 )  
0 . 0 1 0 7  (5 )  
0 . 0 1 2 2 ( 5 )  
0 . 0 1 0 1 ( 5 )  
0 . 0 1 2 6 ( 5 )  
0 . 0 2 4 3 ( 6 )  
0 . 0 2 9 8 ( 7 )  
0 . 0 3 6 3 ( 7 )  

0 . 0 2 8 4  (7 )

0 . 0 0 3 0 ( 3 )  0 . 0 0 3 2 ( 3 )  0 . 0 0 3 1 ( 3 )  
0 . 0 0 8 0 ( 3 )  0 . 0 0 3 5 ( 4 )  0 . 0 0 2 1 ( 3 )  
0 . 0 0 2 2 ( 3 )  0 . 0 0 4 3 ( 3 )  - 0 . 0 0 2 5 ( 3 )  
0 . 0 0 1 4 ( 3 )  0 . 0 0 3 0 ( 4 )  0 . 0 0 0 9 ( 3 )  
- 0 . 0 0 1 6 ( 4 )  0 . 0 0 3 8 ( 4 )  0 . 0 0 0 0 ( 4 )  
0 . 0 0 1 3 ( 4 )  0 . 0 0 3 6 ( 4 )  0 . 0 0 0 8 ( 4 )  
- 0 . 0 0 0 5 ( 4 )  0 . 0 0 4 6 ( 4 )  0 . 0 0 1 1 ( 4 )  
- 0 . 0 0 2 3 ( 4 )  0 . 0 0 4 3 ( 4 )  - 0 . 0 0 1 0 ( 4 )  
- 0 . 0 0 0 6 ( 4 )  0 . 0 0 2 3 ( 4 )  - 0 . 0 0 1 1 ( 4 )  
0 . 0 0 0 6 ( 4 )  0 . 0 0 6 4 ( 4 )  0 . 0 0 0 6 ( 4 )  
0 . 0 0 0 5 ( 4 )  0 . 0 0 9 3 ( 5 )  - 0 . 0 0 2 7 ( 4 )  
- 0 . 0 0 2 1 ( 5 )  0 . 0 1 2 8 ( 6 )  0 . 0 0 1 8 ( 5 )  
- 0 . 0 0 2 2 ( 5 )  0 . 0 0 6 4 ( 5 )  - 0 . 0 0 5 2 ( 5 )  

0 . 0 0 4 1 ( 5 )  0 . 0 1 5 8 ( 6 )  - 0 . 0 0 1 0 ( 5 )

_ g e o m _ s p e c i a l _ d e t a i l s
f

A l l  e s d s  ( e x c e p t  t h e  e s d  i n  t h e  d i h e d r a l  a n g l e  b e t w e e n  t w o  l . s .  p l a n e s )  
a r e  e s t i m a t e d  u s i n g  t h e  f u l l  c o v a r i a n c e  m a t r i x .  Th e  c e l l  e s d s  a r e  t a k e n  
i n t o  a c c o u n t  i n d i v i d u a l l y  i n  t h e  e s t i m a t i o n  o f  e s d s  i n  d i s t a n c e s ,  a n g l e s  
a n d  t o r s i o n  a n g l e s ;  c o r r e l a t i o n s  b e t w e e n  e s d s  i n  c e l l  p a r a m e t e r s  a r e  o n l y  
u s e d  w h e n  t h e y  a r e  d e f i n e d  b y  c r y s t a l  s y m m e t r y .  An  a p p r o x i m a t e  

( i s o t r o p i c )
t r e a t m e n t  o f  c e l l  e s d s  i s  u s e d  f o r  e s t i m a t i n g  e s d s  i n v o l v i n g  l . s .  p l a n e s .

l o o p _
_ g e o m _ b o n d _ a t  om_s i t  e _ l a b e 1 _ 1
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ge  o m _ b o n d _ a  t  om_s i  t  e _ l a b e 1 _ 2  
g e o m _ b o n d _ d i s t a n c e  
ge  o m _ b o n d _ s  i  t  e _ s  ymme t  r y _ 2  
g e o m _ b o n d _ p u b l _ f l a g

01 C l 1 . 2 1 6 4 ( 1 4 ) ?
02 C6 1,. 2 0 2 6 ( 1 4 ) 7
03 C6 1., 3 4 0 4  (14 ) 7
03 C l 1 . 4 8 8 1 ( 1 3 ) 7
N I C l 1. 4 0 2 7 ( 1 4 ) 7
N I C6 1. 4 1 9 9 ( 1 4 ) 7
N I C2 1 . 4 8 7 9 ( 1 3 ) 7
C l C5 1. 5 2 4 0 ( 1 5 ) 7
C2 C3 1. 5 3 8 2 ( 1 4 ) 7
C2 C5 1. 5 8 0 5 ( 1 4 ) 3 75 7  ?
C2 H2A 0 . 9 4 8 ( 1 5 ) ?
C3 C4 1. 5 4 2 0 ( 1 5 ) 7
C3 H3A 0 . 9 7 4 ( 1 6 ) 7

C3 H3B 0 . 9 6 0 ( 1 5 ) 7
C4 C5 1. 5 3 8 1 ( 1 5 ) 7
C4 H4A 0 . 9 8 2 ( 1 6 ) 7
C4 H4B 0 . 9 7 6 ( 1 5 ) 7
C5 C2 :1 . 5 8 0 5 ( 1 4 ) 3 _ 7 5 7  ?
C5 H5A 0 . 9 6 6 ( 1 4 ) 7
C l  C8 1 . 5 2 3 0 ( 1 7 )  . ?
C l  C9 1 . 5 2 5 6 ( 1 7 )  . ?
C l  C IO 1 . 5 2 7 7 ( 1 7 )  . ?
C8 H8A 0 . 9 8  (2 )  . ?
C8 H8B 0 . 9 8 8 ( 1 9 )  . ?
C8 H8C 0 . 9 7 0 ( 1 9 )  . ?
C9 H9A 0 . 9 8 8 ( 1 9 )  . ?
C9 H9B 0 . 9 7 7 ( 1 9 )  . ?
C9 H9C 0 . 9 8 7 ( 1 9 )  . ? 
C IO H10A 1 . 0 1 0 ( 1 9 )  . ?
CIO H10B 0 . 9 8 8 ( 1 8 )  . ?
CIO H10C 0 . 9 7 5 ( 1 9 )  . ?

l o o p _
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 2
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 3
_ g e o m _ a n g l e
_ g e o r a _ a n g l e _ s i t e _ s y m m e t r y _ l  
_ g e o m _ a n g l e _ s i t e _ s y m m e t r y _ 3  
_ g e o m _ a n g l e _ p u b l _ f l a g  

C6 0 3  C l  1 2 1 . 0 9 ( 9 )  . . ?
C l  N I  C6 1 2 1 . 0 5 ( 9 )  . . ?
C l  N I  C2 1 1 8 . 4 0 ( 9 )  . . ?
C6 N I  C2 1 2 0 . 1 2 ( 9 )  . . ?
01  C l  N I  1 2 4 . 0 1 ( 1 0 )  . . ?
01  C l  C5 1 2 2 . 2 0 ( 1 0 )  . . ?
N I  C l  C5 1 1 3 . 7 8 ( 9 )  . . ?
N I  C2 C3 1 0 8 . 6 1 ( 8 )  . . ?
N I  C2 C5 1 1 3 . 1 5 ( 8 )  . 3 _ 7 5 7  ?
C3 C2 C5 1 1 5 . 6 2 ( 9 )  . 3 _ 7 5 7  ?
N I  C2 H2A 1 0 5 . 0 ( 8 )  . . ?
C3 C2 H2A 1 0 7 . 4  (8 )  . . ?
C5 C2 H2A 1 0 6 . 3 ( 8 )  3 _ 7 5 7  . ?
C2 C3 C4 1 1 3 . 2 9 ( 9 )  . . ?
C2 C3 H3A 1 0 7 . 0 ( 9 )  . . ?
C4 C3 H3A 1 1 0 . 0 ( 9 )  . . ?
C2 C3 H3B 1 0 7 . 9 ( 9 )  . . ?
C4 C3 H3B 1 1 1 . 6 ( 9 )  . . ?
H3A C3 H3B 1 0 6 . 7  ( 1 2 )  . . ?
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C5 C4 C3 1 1 2 . 0 0 ( 9 )  . ?

C5 C4 H4A 1 0 6 . 9 ( 9 )  . ?

C3 C4 H4A 1 1 0 . 3 ( 9 )  . 9
C5 C4 H4B 1 1 0 . 1 ( 8 )  . 9
C3 C4 H4B 1 1 1 . 5 ( 8 )  . 9
H4A C4 H4B 1 0 5 . 7  ( 1 2 ) 9
C I C5 C4 1 0 9 . 9 4 ( 9 )  . 9
C I C5 C2 1 1 1 . 4 7 ( 8 )  . 3 757 9
C4 C5 C2 1 1 5 . 5 8 ( 9 )  . 3 ‘_757 9
C I C5 H5A 1 0 3 . 3 ( 8 )  . 9
C4 C5 H5A 1 0 8 . 9 ( 8 )  . . 9
C2 C5 H5A 1 0 6 . 9 ( 8 )  3 757  . 9

02 C6 0 3  1 2 7 . 1 3 ( 1 1 ) 9
02 C6 N I  1 2 4 . 5 0 ( 1 0 ) 9
03 C6 N I  1 0 8 . 3 7 ( 9 )  . . 9
03 C7 C8 1 0 8 . 7 2 ( 9 )  . . 9
03 C7 C9 1 0 1 . 8 5 ( 9 )  . . 9
C8 C7 C9 1 1 1 . 4 7 ( 1 1 ) 9
03 C7 CIO 1 1 0 . 1 7 ( 9 ) 9
C8 C7 CIO 1 1 3 . 6 1 ( 1 0 ) . 9
C9 C7 CIO 1 1 0 . 3 6 ( 1 1 ) 9
C7 C8 H8A 1 0 9 . 5 ( 1 1 ) 9
C7 C8 H8B 1 1 0 . 3 ( 1 1 ) 9
H8A C8 H8B 1 0 5 . 4  ( 1 5 ) . 9
C7 C8 H8C 1 1 1 . 8 ( 1 1 ) 9
H8A C8 H8C 1 1 0 . 4  ( 1 5 )  . . ?
H8B C8 H8C 1 0 9 . 4 ( 1 5 )  . . ?
C7 C9 H9A 1 1 0 . 3 ( 1 0 )  . . ?
C7 C9 H9B 1 0 9 . 1 ( 1 0 )  . . ?
H9A C9 H9B 1 0 8 . 4 ( 1 5 )  . . ?
C7 C9 H9C 1 1 0 . 3 ( 1 1 )  . . ?
H9A C9 H9C 1 1 1 . 3 ( 1 5 )  . . ?
H9B C9 H9C 1 0 7 . 4 ( 1 5 )  . . ?
C7 CIO H10A 1 0 8 . 4  ( 1 1 )  . . ?
C7 CIO HIO B 1 1 2 . 2  ( 1 0 )  . . ? 
H10A CIO HIOB 1 0 7 . 5 ( 1 4 )  . . ? 
C7 CIO H10C 1 0 9 . 6 ( 1 1 )  . . ? 
H10A CIO H10C 1 1 0 . 7 ( 1 5 )  . . ? 
H IOB CIO H10C 1 0 8 . 4  ( 1 5 )  . . ?

l o o p _
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 2
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 3
_ g e o r a _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 4
_ g e o m _ t o r s i o n
_ g e o m _ t o r s i o n _ s i t e _ s y m i n e t r y _ l  
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ 2  
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ 3  
_ g e o m _ t o r s i o n _ s i t e _ s y m i n e t r y _ 4  
_ g e o m _ t o r s i o n _ p u b l _ f l a g

C6 N I C I 01 4 . 2 1 ( 1 6 )  . . . 9
C2 N I C I 01 1 7 6 . 6 5 ( 9 )  . . . 9
C6 N I C I C5 - 1 7 4 . 5 1 ( 9 )  . . , 9
C2 N I C I C5 - 2 . 0 6 ( 1 3 )  . . . 9
C I N I C2 C3 5 2 . 1 2 ( 1 2 )  . . . 9
C6 N I C2 C3 - 1 3 5 . 3 6 ( 9 )  . . , 9
C I N I C2 C5 - 7 7 . 6 9 ( 1 1 )  . . .. 3 75 7  ?
C6 N I C2 C5 9 4 . 8 3 ( 1 1 )  . . . 3 757  ?
N I C2 C3 C4 - 4 8 . 2 3 ( 1 1 )  . . , ?
C5 C2 C3 C4 8 0 . 2 2  ( 1 1 )  3 757 ?
C2 C3 C4 C5 - 1 . 3 0 ( 1 3 )  . . . 9

01 C I C5 C4 1 3 0 . 7 6 ( 1 0 )  . ?
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N I C l C5 C4 - 5 0 . 5 0 ( 1 2 )  . . 9
01 C l C5 C2 - 9 9 . 7 2 ( 1 2 )  . . . 3 757  ?
N I C l C5 C2 7 9 . 0 2 ( 1 1 )  . . . 3 757  ?
C3 C4 C5 C l 5 0 . 5 4 ( 1 2 )  . . 9
C3 C4 C5 C2 - 7 6 . 7 2 ( 1 1 )  . . . 3 757  ?
C7 03 C6 02 - 2 . 1 5 ( 1 7 )  . . 9
C l 03 C6 N I 1 7 7 . 9 0 ( 9 )  . . 9
C l N I C6 02 - 2 4 . 4 1 ( 1 6 )  . . 9
C2 N I C6 02 1 6 3 . 2 7 ( 1 0 )  . . 9
C l N I C6 03 1 5 5 . 5 4 ( 9 )  . . 9
C2 N I C6 03 - 1 6 . 7 7 ( 1 3 )  . . 9

C6 03 C l C8 6 6 . 3 6 ( 1 3 )  . . ?
C6 0 3 C l C9 - 1 7 5 . 8 6 ( 1 0 )  . 9
C6 03 C l CIO - 5 8 . 7 3 ( 1 3 )  . 9
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X-ray crystal structure data for racemic iV-Boc tetrahydro monolactamol (±)-(229)

H

d a t a _ c s f 8 9s

_ a u d i t _ c r e a t i o n _ m e t h o d
_ c h e m i c a l _ n a m e _ s y s t e m a t i c
/

?

/
_ c h e m i c a l _ n a m e _ c o m m o n  
_ c h e m i c a l _ m e l t i n g _ p o i n t  
_ c h e m i c a l _ f o r m u l a _ m o i e t y  
_ c h e m i c a l _ f o r m u l a _ s u m  

' C20 H32 N2 0 6 '  
_ c h e m i c a l _ f o r m u l a _ w e i g h t

S H E L X L -9 7

7
7
7

3 9 6 . 4 8

4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

l o o p _
_ a  t o m _ t  y p e _ s  y m b o 1 
_ a t o m _ t y p e _ d e s c r i p t i o n  

a t o m _ t y p e _ s c a t _ d i s p e r s i o n _ r e a l  
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _ i m a g  
_ a t o m _ t y p e _ s c a t _ s o u r c e  
' C  ' C  0 . 0 0 3 3  0 . 0 0 1 6
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s
' H ' ' H ' 0 . 0 0 0 0  0 . 0000
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  
' N '  ' N '  0 . 0 0 6 1  0 . 0 0 3 3
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  
' O '  ' O '  0 . 0 1 0 6  0 . 0 0 6 0
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s

_ s y m m e t r y _ c e l l _ s e t t i n g  T r i c l i n i c
_ s y m m e t r y _ s p a c e _ g r o u p _ n a m e _ H - M  P - 1

l o o p _
_ s y m m e t r y _ e q u i v _ p o s _ a s _ x y z  
' x ,  y ,  z '
' - x ,  - y ,  - z '

c e l l _ l e n g t h _ a
c e l l _ l e n g t h _ b
c e l l _ l e n g t h _ c
c e l l _ a n g l e _ a l p h a
c e l l _ a n g l e _ b e t a
c e l l _ a n g l e _ g a m m a
c e l l _ v o l u m e
c e l l _ f o r m u l a _ u n i t s _ Z
c e l l _ m e a s u r e m e n t _ t e m p e r a t u r e

6 . 3 2 7 9 ( 4 )  
6 . 6 9 7 2  (4 )  
1 3 . 1 6 6 6 ( 8 )  
8 1 . 1 7 2 ( 2 )  
8 4 . 6 2 4 ( 2 )  
6 7 . 3 4 4 ( 2 )  
5 0 8 . 4 7 ( 5 )
1
1 2 3 ( 1 )
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c e l l _ m e a s u r e m e n t _ r e f l n s _ u s e d  201 5
c e l l _ m e a s u r e m e n t _ t h e t a _ m i n  3 . 1 3
c e l l  m e a s u r e m e n t  t h e t a  max 2 9 . 1 3

_ e x p t l _ c r y s t a l _ d e s c r i p t i o n
_ e x p t l _ c r y s t a l _ c o l o u r
_ e x p t l _ c r y s t a l _ s i z e _ m a x
_ e x p t l _ c r y s t a l _ s i z e _ m i d
_ e x p t l _ c r y s t a l _ s i z e _ m i n
_ e x p t l _ c r y s t a l _ d e n s i t y _ m e a s
_ e x p t l _ c r y s t a l _ d e n s i t y _ d i f f r n
_ e x p t l _ c r y s t a l _ d e n s i t y _ m e t h o d
_ e x p t l _ c r y s t a i _ F _ 0 0 0
_ e x p t l _ a b s o r p t _ c o e f f i c i e n t _ m u
_ e x p t l _ a b s o r p t _ c o r r e c t i o n _ t y p e
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m i n
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m a x
e x p t l _ a b s o r p t _ p r o c e s s _ d e t a i l s

P r i s m
C o l o u r l e s s
0 . 2 0
0 . 2 0
0 . 1 0
?

1 . 2 9 5
' n o t  m e a s u r e d '
214
0 . 0 9 5
n o n e
7
7
?

e x p t l _ s p e c i a l _ d e t a i l s

_ d i f f r n _ a m b i e n t _ t e m p e r a t u r e  
_ d i f f r n _ r a d i a t i o n _ w a v e l e n g t h  
_ d i f f r n _ r a d i a t i o n _ t y p e  
_ d i f f r n _ r a d i a t i o n _ s o u r c e  
_ d i f f r n _ r a d i a t i o n _ m o n o c h r o m a t o r  
_ d i f f r n _ m e a s u r e m e n t _ d e v i c e _ t y p e  
_ d i f f r n _ m e a s u r e m e n t _ m e t h o d  
_ d i f f r n _ d e t e c t o r _ a r e a _ r e s o l _ m e a n  
_ d i f f r n _ s t a n d a r d s _ n u m b e r  
_ d i f f r n _ s t a n d a r d s _ i n t e r v a l _ c o u n t  
_ d i f f r n _ s t a n d a r d s _ i n t e r v a l _ t i m e  
_ d i f f r n _ s t a n d a r d s _ d e c a y _ %
_ d i f f r n _ r e f l n s _ n u m b e r
_ d i f f r n _ r e f l n s _ a v _ R _ e q u i v a l e n t s
_ d i f f r n _ r e f l n s _ a v _ s i g m a l / n e t l
_ d i f f r n _ r e f l n s _ l i m i t _ h _ m i n
_ d i f f r n _ r e f l n s _ l i m i t _ h _ m a x
_ d i f f r n _ r e f l n s _ l i m i t _ k _ m i n
_ d i f f r n _ r e f l n s _ l i m i t _ k _ m a x
_ d i f f r n _ r e f l n s _ l i m i t _ l _ m i n
_ d i  f  f  r n _ r e  f l n s _ l i m i  t _ l _ m a x
_ d i f f r n _ r e f l n s _ t h e t a _ m i n
_ d i f f r n _ r e f l n s _ t h e t a _ m a x
_ d i f f r n _ r e f l n s _ t h e t a _ f u l l
_ d i f f r n _ m e a s u r e d _ f r a c t i o n _ t h e t a  f u l l
_ r e f l n s _ n u m b e r _ t o t a l  
_ r e f l n s _ n u m b e r _ g t  
_ r e f l n s _ t h r e s h o l d _ e x p r e s s i o n

_ c o m p u t i n g _ d a t a _ c o l l e c t i o n  
_ c o m p u t i n g _ c e l l _ r e f i n e m e n t  
_ c o m p u t i n g _ d a t a _ r e d u c t i o n  
_ c o m p u t i n g _ s t r u c t u r e _ s o l u t i o n  
_ c o m p u t i n g _ s t r u c t u r e _ r e f i n e m e n t  
_ c o m p u t i n g _ m o l e c u l a r _ g r a p h i c s  
c o m p u t i n g _ p u b l i c a t i o n _ m a t e r i a l

r e f i n e _ s p e c i a l _ d e t a i l s

1 2 3 ( 1 )
0 . 7 1 0 7 3
M o K \ a
' f i n e - f o c u s  s e a l e d  t u b e '  
g r a p h i t e

' B r u k e r  AXS I K  CCD a r e a  d e t e c t o r '  
' n a r r o w  f r a m e  \ w  s c a n s '
8 . 1 9 2  
' s e e  t e x t '

n o n e
5 3 2 5
0 . 0 3 1 9
0 . 0 4 9 9
- 7
7
-8
8
- 1 6
16
3 . 1 3
2 6 . 3 7
2 6 . 3 7  
0 . 9 9 4  
206 7  
1 4 1 0
> 2 s i g m a ( I )

'SMART ( B r u k e r  AXS,  1 9 9 5 ) '
'SMART & S A I N T  ( B r u k e r  AXS, 1 9 9 5 )  
' S A I N T  ( B r u k e r  AXS, 1 9 9 5 ) '
' SHELXTL ( S h e l d r i c k ,  1 9 9 4 ) '
' SHELXTL ( S h e l d r i c k ,  1 9 9 4 ) '  
'S H E LXT L  ( S h e l d r i c k ,  1 9 9 4 ) '  
’ SHELXTL ( S h e l d r i c k ,  1 9 9 4 ) '
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Th e  m o l e c u l e  i s  d i s o r d e r e d  a b o u t  t h e  i n v e r s i o n  c e n t r e  s u c h  t h a t  t h e  
a s y m m e t r i c  u n i t  c o n t a i n s  b o t h  t h e  C==0 a n d  C------OH b o n d .
R e f i n e m e n t  o f  F A2 A a g a i n s t  A L L  r e f l e c t i o n s .  Th e  w e i g h t e d  R - f a c t o r  wR a n d  
g o o d n e s s  o f  f i t  S a r e  b a s e d  o n  F A2 A, c o n v e n t i o n a l  R - f a c t o r s  R a r e  b a s e d  
o n  F,  w i t h  F s e t  t o  z e r o  f o r  n e g a t i v e  F A2 A . T h e  t h r e s h o l d  e x p r e s s i o n  o f  
F A2 A > 2 s i g m a ( F A2 A ) i s  u s e d  o n l y  f o r  c a l c u l a t i n g  R - f a c t o r s ( g t )  e t c .  a n d  i s  
n o t  r e l e v a n t  t o  t h e  c h o i c e  o f  r e f l e c t i o n s  f o r  r e f i n e m e n t .  R - f a c t o r s  b a s e d  
o n  F A2 A a r e  s t a t i s t i c a l l y  a b o u t  t w i c e  as  l a r g e  a s  t h o s e  b a s e d  o n  F,  a n d  R -  
f a c t o r s  b a s e d  o n  A L L  d a t a  w i l l  b e  e v e n  l a r g e r .

r e f i n e _ l s _ s t r u c t u r e _ f a c t o r _ c o e f  F s q d
r e f i n e _ l s _ m a t r i x _ t y p e  f u l l
r e f i n e _ l s _ w e i g h t i n g _ s c h e m e  c a l c
r e f i n e _ l s _ w e i g h t i n g _ d e t a i l s

" ' c a l c  w = l / [ \ s A2 A ( F o A2 A ) + ( 0 . 1 0 0 0 P ) A2 A+ 0 . 1 0 0 0 P ]  
a t o m _ s i t e s _ s o l u t i o n _ p r i m a r y  d i r e c t
a t o m _ s i t e s _ s o l u t i o n _ s e c o n d a r y  d i f m a p
a t o m _ s i t e s _ s o l u t i o n _ h y d r o g e n s  geom
r e f i n e _ l s _ h y d r o g e n _ t r e a t m e n t  m i x e d
r e f i n e _ l s _ e x t i n c t i o n _ m e t h o d  n o n e
r e f i n e _ l s _ e x t i n c t i o n _ c o e f  ?
r e f i n e _ l s _ n u m b e r _ r e f I n s  206 7
r e f i n e  l s _ n u m b e r _ p a r a m e t e r s  146
r e f i n e _ l s _ n u m b e r _ r e s t r a i n t s  0
r e f i n e _ l s _ R _ f a c t o r _ a l l  0 . 0 8 5 7
r e f i n e _ l s _ R _ f a c t o r _ g t  0 . 0 6 0 3
r e f i n e _ l s _ w R _ f a c t o r _ r e f  0 . 1 6 5 9
r e f i n e _ l s _ w R _ f a c t o r _ g t  0 . 1 5 7 8
r e f i n e _ l s _ g o o d n e s s _ o f _ f i t _ r e f  0 . 9 9 9
r e f i n e _ l s _ r e s t r a i n e d _ S _ a l l  0 . 9 9 9
r e f i n e _ l s _ s h i f t / s u _ m a x  1 . 1 8 8
r e f i n e _ l s _ s h i f t / s u _ m e a n  0 . 0 1 6
r e f i n e _ d i f f _ d e n s i t y _ m a x  0 . 2 8 9
r e f i n e _ d i f f _ d e n s i t y _ m i n  - 0 . 2 5 4
r e f i n e _ d i f f _ d e n s i t y _ r m s  0 . 0 6 0

w h e r e  P = ( F o A2 A+ 2 F c A2 A ) / 3 '

l o o p _
_ a t o m _ s i t e _ l a b e l
_ a t o m _ s i t e _ t y p e _ s  ymb o 1
_ a t o m _ s i t e _ f r a c t _ x
_ a t o m _ s i t e _ f r a c t _ y
_ a t o m _ s i t e _ _ f r a c t _ z
_ a  t o m _ s i  t  e _ U _ i  s o _ o  r _ e  q u i  v
_ a t o m _ s i t e _ a  d p _ t  y p  e
_ a t o m _ s i t e _ o c c u p a n c y
_ a t o m _ s i t e _ s y m m e t r y _ m u l t i p l i c i t y
_ a t o m _ s i t e _ c a l c _ f l a g
_ a t o m _ s i t e _ r e f i n e m e n t _ f l a g s
_ a t o m _ s i t e _ d i s o r d e r _ a s s e m b l y
_ a t o m _ s i t e _ d i s o r d e r _ g r o u p

01  O - 0 . 4 1 1 7 ( 3 )  0 . 3 4 3 1 ( 5 )  0 . 8 8 7 0 3 ( 1 8 )  0 . 0 6 4 2 ( 8 )  U a n i  l i d .  . .
H1B H - 0 . 3 9 0 ( 8 )  0 . 3 9 5 ( 7 )  0 . 8 4 5 ( 3 )  0 . 0 0 0 ( 1 2 )  U i s o  0 . 5 0  1 d  P . .
02  O - 0 . 1 3 6 3 ( 3 )  0 . 4 7 1 3 ( 3 )  0 . 7 4 7 9 8 ( 1 5 )  0 . 0 5 2 1 ( 6 )  U a n i  l i d .  . .
03  0  0 . 2 2 9 9 ( 3 )  0 . 2 2 4 8 ( 3 )  0 . 7 6 1 8 9 ( 1 1 )  0 . 0 3 1 8 ( 5 )  U a n i  l i d . . .
N I  N - 0 . 0 1 5 5 ( 3 )  0 . 2 4 0 0 ( 3 )  0 . 8 9 6 2 3 ( 1 4 )  0 . 0 2 6 8 ( 5 )  U a n i  l i d .  . .
C l  C - 0 . 2 4 0 3 ( 4 )  0 . 2 8 2 4 ( 4 )  0 . 9 4 0 9 ( 2 )  0 . 0 3 4 0 ( 6 )  U a n i  l i d .  . .
H1A H - 0 . 2 8 0 ( 8 )  0 . 4 4 8 ( 8 )  0 . 9 6 5 ( 3 )  0 . 0 2 6 ( 1 2 )  U i s o  0 . 5 0  1 d  P . .
C2 C - 0 . 2 4 0 6 ( 4 )  0 . 1 5 2 5 ( 4 )  1 . 0 4 5 1 2 ( 1 8 )  0 . 0 2 8 4 ( 6 )  U a n i  l i d .  . .
H2 A H - 0 . 3 9 9 ( 4 )  0 . 2 1 3 ( 4 )  1 . 0 7 1 5 ( 1 7 )  0 . 0 2 9 ( 6 )  U i s o  l i d .  . .
C3 C - 0 . 0 9 2 3 ( 4 )  0 . 2 0 2 2 ( 4 )  1 . 1 1 4 9 9 ( 1 9 )  0 . 0 3 3 2 ( 6 )  U a n i  l i d .  . .
H3A H - 0 . 0 7 4 4  0 . 1 0 4 1  1 . 1 8 0 7  0 . 0 4 0  U i s o  1 1 c a l c  R . .

H3B H - 0 . 1 7 0 3  0 . 3 5 4 2  1 . 1 3 0 5  0 . 0 4 0  U i s o  1 1 c a l c  R . .
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C4 C 0 . 1 4 5 4 ( 4 )  0 . 1 7 2 5 ( 4 )  1 . 0 6 5 0 8 ( 1 7 )  0 . 0 2 5 8 ( 5 )  U a n i  1 1 d  . 
H4A H 0 . 1 6 6 5  0 . 3 1 2 9  1 . 0 5 8 7  0 . 0 3 1  U i s o  1 1 c a l c  R . .
H4B H 0 . 2 6 3 7  0 . 0 6 4 6  1 . 1 1 0 9  0 . 0 3 1  U i s o  1 1 c a l c  R . .
C5 C 0 . 1 8 2 3 ( 3 )  0 . 0 9 6 1 ( 4 )  0 . 9 5 8 7 6 ( 1 7 )  0 . 0 2 2 7 ( 5 )  U a n i  1 1 d  . 
H5A H 0 . 3 0 5 ( 4 )  0 . 1 3 5 ( 4 )  0 . 9 2 4 6 ( 1 6 )  0 . 0 2 0 ( 5 )  U i s o  1 1 d  .
C6 C 0 . 0 1 2 9 ( 4 )  0 . 3 2 6 9 ( 4 )  0 . 7 9 6 2 0 ( 1 9 )  0 . 0 3 1 6 ( 6 )  U a n i  1 1 d  .
C7 C 0 . 3 0 6 0 ( 5 )  0 . 2 8 0 1 ( 4 )  0 . 6 5 5 2 3 ( 1 8 )  0 . 0 4 3 1 ( 7 )  U a n i  1 1 d  . !
C8 C 0 . 5 5 6 0 ( 5 )  0 . 1 2 4 1 ( 5 )  0 . 6 5 3 9 ( 2 )  0 . 0 5 8 1 ( 9 )  U a n i  1 1 d  . . !
H8A H 0 . 6 3 8 3  0 . 1 5 6 8  0 . 7 0 4 4  0 . 0 8 7  U i s o  1 1 c a l c  R . .
H8B H 0 . 6 2 6 0  0 . 1 4 1 6  0 . 5 8 5 2  0 . 0 8 7  U i s o  1 1 c a l c  R . .
H8C H 0 . 5 6 4 5  - 0 . 0 2 6 4  0 . 6 7 1 1  0 . 0 8 7  U i s o  1 1 c a l c  R . .
C9 C 0 . 2 8 5 1 ( 6 )  0 . 5 1 5 2 ( 5 )  0 . 6 3 8 8 ( 2 )  0 . 0 5 9 2 ( 9 )  U a n i  1 1 d  .
H9A H 0 . 1 2 3 5  0 . 6 1 1 1  0 . 6 4 5 2  0 . 0 8 9  U i s o  1 1 c a l c  R . .
H9B H 0 . 3 4 6 6  0 . 5 4 8 2  0 . 5 7 0 0  0 . 0 8 9  U i s o  1 1 c a l c  R . .
H9C H 0 . 3 7 1 7  0 . 5 3 8 9  0 . 6 9 0 6  0 . 0 8 9  U i s o  1 1 c a l c  R . .
C IO  C 0 . 1 6 9 4 ( 6 )  0 . 2 2 8 9 ( 5 )  0 . 5 8 0 8 ( 2 )  0 . 0 6 2 6 ( 9 )  U a n i  1 1 d  . . 
H10A H 0 . 0 0 7 9  0 . 3 2 5 9  0 . 5 8 6 1  0 . 0 9 4  U i s o  1 1 c a l c  R .
H10B H 0 . 1 8 2 9  0 . 0 7 6 9  0 . 5 9 7 9  0 . 0 9 4  U i s o  1 1 c a l c  R .
H10C H 0 . 2 2 9 4  0 . 2 5 0 9  0 . 5 1 0 4  0 . 0 9 4  U i s o  1 1 c a l c  R .

loop_
_atom_site_aniso_label 
_atom_site_aniso_U_ll 
_atom_site_aniso_U_22 
_a tom_s i t e_an i s o_U_3 3 
_a t om_s i t e_a n i s o_U_2 3 
_atom_site_aniso_U_13 
_atom_site_aniso_U_12

01 0 . 0 1 6 8 ( 1 0 )  0 . 1 2 1 ( 2 )  0 . 0 3 6 2 ( 1 3 )  - 0 . 0 2 0 5 ( 1 4 )  - 0 . 0 0 4 1 ( 1 0 )  - 0 . 0 0 1 4 ( 1 1 )
02  0 . 0 4 4 3 ( 1 2 )  0 . 0 4 5 9 ( 1 2 )  0 . 0 4 9 7 ( 1 2 )  - 0 . 0 0 5 9 ( 9 )  - 0 . 0 1 9 5 ( 9 )  0 . 0 0 4 8 ( 9 )
03  0 . 0 2 6 4 ( 9 )  0 . 0 3 7 2 ( 1 0 )  0 . 0 2 6 9 ( 9 )  - 0 . 0 0 0 8 ( 7 )  0 . 0 0 3 9 ( 7 )  - 0 . 0 0 8 9 ( 7 )
N1 0 . 0 1 3 3 ( 9 )  0 . 0 3 2 1 ( 1 1 )  0 . 0 3 0 7 ( 1 0 )  - 0 . 0 0 7 8 ( 8 )  0 . 0 0 0 7 ( 8 )  - 0 . 0 0 2 7 ( 8 )
C l  0 . 0 1 2 2 ( 1 1 )  0 . 0 2 4 2 ( 1 3 )  0 . 0 5 9 4 ( 1 7 )  0 . 0 0 1 6 ( 1 1 )  - 0 . 0 0 1 0 ( 1 1 )  - 0 . 0 0 2 8 ( 9 )
C2 0 . 0 1 2 0 ( 1 0 )  0 . 0 2 9 3 ( 1 3 )  0 . 0 4 3 6 ( 1 4 )  - 0 . 0 1 5 3 ( 1 0 )  0 . 0 0 9 6 ( 1 0 )  - 0 . 0 0 6 0 ( 9 )
C3 0 . 0 2 5 7 ( 1 2 )  0 . 0 3 9 1 ( 1 4 )  0 . 0 4 0 5 ( 1 4 )  - 0 . 0 2 2 1 ( 1 1 )  0 . 0 1 0 9 ( 1 0 )  - 0 . 0 1 4 8 ( 1 1 )
C4 0 . 0 1 9 1 ( 1 1 )  0 . 0 2 5 3 ( 1 2 )  0 . 0 3 3 9 ( 1 2 )  - 0 . 0 0 9 1 ( 9 )  0 . 0 0 1 4 ( 9 )  - 0 . 0 0 8 0 ( 9 )
C5 0 . 0 1 2 2 ( 1 0 )  0 . 0 2 5 4 ( 1 2 )  0 . 0 2 9 1 ( 1 2 )  - 0 . 0 0 3 5 ( 9 )  0 . 0 0 0 9 ( 9 )  - 0 . 0 0 5 9 ( 9 )
C6 0 . 0 2 4 2 ( 1 2 )  0 . 0 3 0 4 ( 1 3 )  0 . 0 3 6 7 ( 1 3 )  - 0 . 0 0 8 6 ( 1 0 )  - 0 . 0 0 5 3 ( 1 0 )  - 0 . 0 0 3 9 ( 1 0 )
C l  0 . 0 6 0 5 ( 1 8 )  0 . 0 4 5 0 ( 1 6 )  0 . 0 2 1 9 ( 1 3 )  - 0 . 0 0 2 8 ( 1 1 )  0 . 0 0 7 0 ( 1 2 )  - 0 . 0 2 0 4 ( 1 4 )
C8 0 . 0 5 9 ( 2 )  0 . 0 6 6 ( 2 )  0 . 0 4 2 0 ( 1 6 )  - 0 . 0 1 1 6 ( 1 4 )  0 . 0 2 6 7 ( 1 5 )  - 0 . 0 2 1 1 ( 1 6 )
C9 0 . 0 9 6 ( 3 )  0 . 0 5 5 ( 2 )  0 . 0 3 0 0 ( 1 5 )  - 0 . 0 0 1 4 ( 1 3 )  0 . 0 1 5 0 ( 1 5 )  - 0 . 0 3 6 9 ( 1 8 )
CIO 0 . 0 9 4 ( 3 )  0 . 0 5 7 ( 2 )  0 . 0 3 4 2 ( 1 6 )  - 0 . 0 1 0 1 ( 1 4 )  - 0 . 0 0 8 6 ( 1 6 )  - 0 . 0 2 3 1 ( 1 8 )

_ g e o m _ s p e c i a l _ d e t a i l s

f

All esds (GxcGpt the Gsd in the dihedral angle between two l.s. plcinGS) 
3 i g  G s t i m a t G d  using the full covariance matrix. ThG c g I I  Gsds arG takGn 
into account individually in the estimation of esds in distances* angles 
and torsion angles, correlations between esds in cell parameters are only 
used when they are defined by crystal symmetry. An approximate 
(isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.

r

loop_
geom b o n d _ a t o m _ s i t e _ l a b e l _ l  

_ g e o m _ b o n d _ a t o m _ s i t e _ l a b e l _ 2  
_ g e o m _ b o n d _ d i s t a n c e  
_ g e o m _ b o n d _ s i t e _ s y n u n e t r y _ 2  
_ g e o m _ b o n d _ p u b l _ f l a g  

01  C l  1 . 2 5 0 ( 3 )  . ?
01  H1B 0 . 6 4 ( 4 )  . ?
02  C6 1 . 2 0 4  (3 )  . ?
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03  C6 1 . 3 4 6 ( 3 )  . ?
0 3  C7 1 . 4 8 1  (3 )  . ?
N I  C6 1 . 3 8 1 ( 3 )  . ?
N I  C l  1 . 4 2 6 ( 3 )  . ?
N I  C5 1 . 4 8 1 ( 3 )  . ?
C l  C2 1 . 5 0 8  (3 )  . ?
C l  H1B 1 . 5 6 ( 4 )  . ?
C l  H1A 1 . 1 2 ( 5 )  . ?
C2 C3 1 . 5 2 8 ( 3 )  . ?
C2 C5 1 . 5 6 8  (3 )  2 _ 5 5 7  ? 
C2 H2A 0 . 9 8 ( 2 )  . ?
C3 C4 1 . 5 3 6 ( 3 )  . ?
C3 H3A 0 . 9 9 0 0  . ?
C3 H3B 0 . 9 9 0 0  . ?
C4 C5 1 . 5 3 1 ( 3 )  . ?
C4 H4A 0 . 9 9 0 0  . ?
C4 H4B 0 . 9 9 0 0  . ?
C5 C2 1 . 5 6 8 ( 3 )  2 _ 5 5 7  ? 
C5 H5A 0 . 9 6 ( 2 )  . ?
C l  C9 1 . 5 1 2 ( 4 )  . ?
C l  C IO 1 . 5 2 2  (4 )  . ?
C l  C8 1 . 5 2 4  (4 )  . ?
C8 H8A 0 . 9 8 0 0  . ?
C8 H8B 0 . 9 8 0 0  . ?
C8 H8C 0 . 9 8 0 0  . ?
C9 H9A 0 . 9 8 0 0  . ?
C9 H9B 0 . 9 8 0 0  . ?
C9 H9C 0 . 9 8 0 0  . ?
CIO H10A 0 . 9 8 0 0  . ?
CIO H10B 0 . 9 8 0 0  . ?
CIO H10C 0 . 9 8 0 0  . ?

l o o p _
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 2
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 3
_ g e o m _ a n g l e
_ g e o m _ a n g l e _ s i t e _ s y m m e t r y _ l  
_ g e o m _ a n g l e _ s i t e _ s y m m e t r y _ 3  
_ g e o m _ a n g l e _ p u b l _ f l a g  

C l  01  H1B 1 0 7 ( 4 )  . . ?
C6 0 3  C l  1 2 1 . 2 0 ( 1 9 )  . . ?
C6 N I  C l  1 1 9 . 9 8  ( 1 8 )  . . ?
C6 N I  C5 1 2 1 . 8 4  ( 1 7 )  . . ?
C l  N I  C5 1 1 8 . 1 5 ( 1 8 )  . . ?
01  C l  N I  1 2 1 . 8 ( 2 )  . . ?
01  C l  C2 1 1 9 . 2 ( 2 )  . . ?
N I  C l  C2 1 1 2 . 9 5 ( 1 8 )  . . ?
01  C l  H1B 2 2 . 9 ( 1 6 )  . . ?
N I  C l  H1B 1 0 1 . 2 ( 1 7 )  . . ?
C2 C l  H1B 1 4 2 . 2 ( 1 6 )  . . ?
01  C l  H1A 95 (2 )  . . ?
N I  C l  H1A 1 0 0 ( 2 )  . . ?
C2 C l  H1A 10 (2 )  . . ?
H1B C l  H1A 8 9 ( 3 )  . . ?
C l  C2 C3 1 0 8 . 2 8 ( 1 9 )  . . ?
C l  C2 C5 1 1 3 . 9 4 ( 1 9 )  . 2 _ 5 5 7  ? 
C3 C2 C5 1 1 5 . 1 8 ( 1 9 )  . 2 _ 5 5 7  ? 
C l  C2 H2A 1 0 4 . 6 ( 1 3 )  . . ?
C3 C2 H2A 1 0 7 . 5 ( 1 4 )  . . ?
C5 C2 H2A 1 0 6 . 6 ( 1 4 )  2 _ 5 5 7  . ? 
C2 C3 C4 1 1 1 . 8 2 ( 1 8 )  . . ?

C2 C3 H3A 1 0 9 . 3  . . ?
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C4 C3 H3A 1 0 9 . 3  . . ?
C2 C3 H3B 1 0 9 . 3  . . ?
C4 C3 H3B 1 0 9 . 3  . . ?
H3A C3 H3B 1 0 7 . 9  . . ?
C5 C4 C3 1 1 3 . 6 0  (1 8 )  . . ?
C5 C4 H4A 1 0 8 . 8  . . ?
C3 C4 H4A 1 0 8 . 8  . . ?
C5 C4 H4B 1 0 8 . 8  . . ?
C3 C4 H4B 1 0 8 . 8  . . ?
H4A C4 H4B 1 0 7 . 7  . . ?
N I  C5 C4 1 0 8 . 1 1 ( 1 7 )  . . ?
N I  C5 C2 1 1 2 . 9 2 ( 1 8 )  . 2 _ 5 5 7  ?
C4 C5 C2 1 1 7 . 2 5 ( 1 8 )  . 2 _ 5 5 7  ?
N I  C5 H5A 1 0 1 . 9 ( 1 3 )  . . ?
C4 C5 H5A 1 0 6 . 4 ( 1 3 )  . . ?
C2 C5 H5A 1 0 8 . 9 ( 1 3 )  2 _ 5 5 7  . ? 
02  C6 03  1 2 6 . 0 ( 2 )  . . ?
02  C6 N I  1 2 4 . 4 ( 2 )  . . ?
03  C6 N I  1 0 9 . 6 5 ( 1 8 )  . . ?
03  C l  C9 1 0 9 . 7 ( 2 )  . . ?
03  C7 CIO 1 0 9 . 0 ( 2 )  . . ?
C9 C7 CIO 1 1 3 . 5 ( 2 )  . . ?
03  C7 C8 1 0 1 . 5  (2 )  . . ?
C9 C7 C8 1 1 1 . 4 ( 3 )  . . ?
CIO C7 C8 1 1 1 . 2 ( 2 )  . . ?
C7 C8 H8A 1 0 9 . 5  . . ?
C l  C8 H8B 1 0 9 . 5  . . ?
H8A C8 H8B 1 0 9 . 5  . . ?
C l  C8 H8C 1 0 9 . 5  . . ?
H8A C8 H8C 1 0 9 . 5  . . ?
H8B C8 H8C 1 0 9 . 5  . . ?
C l  C9 H9A 1 0 9 . 5  . . ?
C l  C9 H9B 1 0 9 . 5  . . ?
H9A C9 H9B 1 0 9 . 5  . . ?
C l  C9 H9C 1 0 9 . 5  . . ?
H9A C9 H9C 1 0 9 . 5  . . ?
H9B C9 H9C 1 0 9 . 5  . . ?
C7 CIO H10A 1 0 9 . 5  . . ?
C l  C IO H10B 1 0 9 . 5  . . ?
H10A CIO H10B 1 0 9 . 5  . . ?
C l  C IO H10C 1 0 9 . 5  . . ?
H10A CIO H10C 1 0 9 . 5  . . ?
H10B CIO H10C 1 0 9 . 5  . . ?

l o o p _
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ l  
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 2  
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e 1 _ 3  
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l  4 
_ g e o m _ t o r s i o n
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ l  
_ g e o m _ t o r s i o n _ s i t e _ s y r a m e t r y  2 
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ 3  
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y  4 
_ g e o m _ t o r s i o n _ p u b l _ f l a g  

C6 N I  C l  01  2 0 . 1 ( 4 )  . . . . ?
C5 N I  C l  01  - 1 5 8 . 0 ( 3 )  . . . .  ?
C6 N I  C l  C2 1 7 2 . 6 ( 2 )  . . . .  ?
C5 N I  C l  C2 - 5 . 5 ( 3 )  . . . . ?
01  C l  C2 C3 - 1 5 0 . 0 ( 2 )  . . . .  ?
N I  C l  C2 C3 5 6 . 7 ( 2 )  . . . . ?
01  C l  C2 C5 8 0 . 4 ( 3 )  . . . 2 _ 5 5 7  ?
N I  C l  C2 C5 - 7 2 . 8 ( 2 )  . . .  2 5 5 7 ?
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C l C2 C3 C4 - 5 1 . 7 ( 2 ) 9
C5 C2 C3 C4 7 7 . 2 ( 2 )  2 557  . . .  ?
C2 C3 C4 C5 - 1 . 2 ( 3 )  . ?
C6 N I C5 C4 1 3 3 . 9 ( 2 ) ?
C l N I C5 C4 - 4 8 . 0 ( 2 ) ?
C6 N I C5 C2 - 9 4 . 7  (2 ) . . . 2 557  ?
C l N I C5 C2 8 3 . 4 ( 2 )  . . . 2 557  ?
C3 C4 C5 N I 5 0 . 0 ( 2 )  . ?
C3 C4 C5 C2 - 7 9 . 0 ( 2 ) . . . 2 557  ?
C l 03 C6 02 - 1 . 8 ( 4 )  . ?
C l 03 C6 N I 1 7 7 . 8 ( 2 ) ?
C l N I C6 02 1 4 . 8 ( 4 )  . 9

C5 N I C6 02 - 1 6 7 . 2 ( 2 ) ?
C l N I C6 03 - 1 6 4 . 8 4 ( 1 9 )  . . . .  ?
C5 NI C6 03 1 3 . 2 ( 3 )  . ?
C6 03 C7 C9 6 2 . 5 ( 3 )  . ?
C6 03 C7 CIO - 6 2 . 2 ( 3 ) ?
C6 03 C7 C8 - 1 7 9 . 6 ( 2 ) ?
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X-ray crystal structure data for homochiral TV-Boc tetrahydro monolactamol (+)-(229)

a u d i t _ c r e a t i o n _ m e t h o d  S H E L X L - 9 7
c h e m i c a l _ n a m e _ s y s t e m a t i c

?

c h e m i c a l _ n a m e _ c o m m o n
c h e m i c a l _ m e l t i n g _ p o i n t
c h e m i c a l _ f o r m u l a _ m o i e t y
c h e m i c a l _ f o r m u l a _ s u m
' C20  H32 N2 0 6 '
c h e m i c a l _ f o r m u l a _ w e i g h t

?

?
' C20  H32 N2 0 6 '

3 9 6 . 4 8

l o o p _
_ a t o m _ t y p e _ s y m b o 1 
_ a t  o m _ t  y p e _ d e  s c r i p t i o n  
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _ r e a l  
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _ i m a g  

a t o m  t y p e _ s c a t _ s o u r c e  
' C  T C '  0 . 0 1 8 1  0 . 0 0 9 1
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  
' H '  ' H '  0 . 0 0 0 0  0 . 0 0 0 0
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  
' N '  ' N '  0 . 0 3 1 1  0 . 0 1 8 0
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  
' O '  ' O '  0 . 0 4 9 2  0 . 0 3 2 2
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s

4 . 2 . 6 . 8  a n d

4 . 2 . 6 . 8  a n d

4 . 2 . 6 . 8  a n d

4 . 2 . 6 . 8  a n d

6 . 1 . 1 . 4 ' 

6 . 1 . 1 . 4 ' 

6 . 1 . 1 . 4 ' 

6 . 1 . 1 . 4 '

_ s y m m e t r y _ c e l l _ s e t t i n g  M o n o c l i n i c
_ s y m m e t r y _ s p a c e _ g r o u p _ n a m e _ H - M  ' P  2 1 '

l o o p _
_ s y m m e t r y _ e q u i v _ p o s _ a s _ x y z 
' x ,  y ,  z '
’ - x ,  y + 1 / 2 ,  - z '
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6 . 3 3 2  (4 )
2 6 . 0 0 0 ( 4 )
6 . 7 2 0 ( 3 )
9 0 . 0 0  
1 1 2 . 6 3 ( 4 )
9 0 . 0 0
1021.1(8)
2
1 2 3 ( 1 )
25
5 3 . 1  
5 4 . 9

p r i s m
c o l o r l e s s
0 . 4 0 0
0 . 3 5 0
0 . 3 0 0
' n o t  m e a s u r e d '
1 . 2 8 9
' n o t  m e a s u r e d '
428
0 . 7 8 1
' \ y  s c a n s ( N o r t h , P h i l l i p s  & M a t h e w s , 1 9 6 8 ) '  
0 . 9 1 6  
0 . 9 9 9  
?

_ c e l l _ l e n g t h _ a  
_ c e l l _ l e n g t h _ b  
_ c e l l _ l e n g t h _ c  
_ c e l l _ a n g l e _ a l p h a  
c e l l _ a n g l e _ b e t a  

_ c e l l _ a n g l e _ g a m m a  
c e l l _ v o l u m e  

_ c e l l _ f o r m u l a _ u n i t s _ Z  
c e l l _ m e a s u r e m e n t _ t e m p e r a t u r e  
c e l l _ m e a s u r e m e n t _ r e f l n s _ u s e d  
c e l l _ m e a s u r e m e n t _ t h e t a _ m i n  
c e l l _ m e a s u r e m e n t _ t h e t a _ m a x

e x p t  l _ c r  y s t  a l ^_de s c r i p t  i o n
e x p t l _ c r y s t a l _ c o l o u r
e x p t l _ c r y s t a l _ s i z e _ m a x
e x p t l _ c r y s t a l _ s i z e _ m i d
e x p t l _ c r y s t a l _ s i z e _ m i n
e x p t l _ _ c r y s t a l _ d e n s i t y _ m e a s
e x p t l _ c r y s t a l _ d e n s i t y _ d i f f r n
e x p t l _ c r y s t a l _ d e n s i t y _ m e t h o d
e x p t l _ c r y s t a l _ F _ 0 0 0
e x p t l _ a b s o r p t _ c o e f f i c i e n t _ m u
e x p t l _ a b s o r p t _ c o r r e c t i o n _ t y p e
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m i n
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m a x
e x p t l _ a b s o r p t _ p r o c e s s _ d e t a i l s

e x p t l _ s p e c i a l _ d e t a i l s

?

diffrn_ambient_temperature
diffrn_radiation_wavelength
diffrn_radiation_type
diffrn_radiation_source
diffrn_radiation_monochromator
diffrn_measurement_device_type
diffrn_measurement_method
diffrn_standards_number
diffrn_standards_interval_count
diffrn_standards_decay_%
diffrn_reflns_number
diffrn_reflns_av_R_equivalents
diffrn_reflns_av_sigmal/netl
diffrn_reflns_limit_h_min
diffrn_reflns_limit_h_max
diffrn_reflns_limit_k_min
diffrn_reflns_limit_k_max
diffrn_reflns_limit_l_min
diffrn_reflns_limit_l_max
diffrn_reflns_theta_min
diffrn_reflns_theta_max
diffrn_measured_fraction_theta_max
diffrn_reflns_theta_full
diffrn_measured_fraction_theta_full
reflns_number_total
reflns_number_gt
reflns_threshold_expression

1 2 3 ( 1 )
1 . 5 4 1 7 8
C u K \ a
' R i g a k u  RU200 R o t a t i n g  Cu A n o d e '
g r a p h i t e
R i g a k u  AFC7R
\ w - 2 \ q
3
150
2 . 3 2
40 0 8
0 . 0 1 4 0
0 . 0 0 8 7
- 7
7
- 3 1
31
- 7
7
3 . 4 0
6 7 . 4 5  
0 . 9 8 3
6 7 . 4 5  
0 . 9 8 3

3 5 8 9
3 5 8 5
> 2 s i g m a ( I )
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_ c o m p u t i n g _ d a t a _ c o l l e c t i o n  
1 9 9 2 )  '
_ c o m p u t i n g _ c e l l _ r e f i n e m e n t  
1 9 9 2 )  '
_ c o m p u t i n g _ d a t a _ r e d u c t i o n
_ c o m p u t i n g _ s t r u c t u r e _ s o l u t i o n
_ c o m p u t i n g _ s t r u c t u r e _ r e f i n e m e n t
_ c o m p u t i n g _ m o l e c u l a r _ g r a p h i c s
_ c o m p u t i n g _ p u b l i c a t i o n _ m a t e r i a l

' R i g a k u / A F C  D i f f r a c t o m e t e r  C o n t r o l ,

' R i g a k u / A F C  D i f f r a c t o m e t e r  C o n t r o l ,

' t e X s a n  V I . 7 ,  (MSC, 1 9 9 7 ) '
' SHELXTL V 5 . 1 0  ( S h e l d r i c k ,  1 9 9 7 ) '
' SHELXTL V 5 . 1 0  ( S h e l d r i c k ,  1 9 9 7 ) '  
'S H ELXT L  V 5 . 10 ( S h e l d r i c k ,  1 9 9 7 ) '  
'S H E LXT L  V 5 . 10 ( S h e l d r i c k ,  1 9 9 7 ) '

(MSC,

(MSC,

r e f i n e _ s p e c i a l _ d e t a i l s

R e f i n e m e n t  o f  F A2 A a g a i n s t  A L L  r e f l e c t i o n s .  T h e  w e i g h t e d  R - f a c t o r  wR a n d  
g o o d n e s s  o f  f i t  S a r e  b a s e d  o n  FA2 A, c o n v e n t i o n a l  R - f a c t o r s  R a r e  b a s e d  
on  F,  w i t h  F s e t  t o  z e r o  f o r  n e g a t i v e  F A2 A . Th e  t h r e s h o l d  e x p r e s s i o n  o f  
F A2 A > 2 s i g m a ( F A2 A ) i s  u s e d  o n l y  f o r  c a l c u l a t i n g  R - f a c t o r s ( g t ) e t c  a n d  i s  
n o t  r e l e v a n t  t o  t h e  c h o i c e  o f  r e f l e c t i o n s  f o r  r e f i n e m e n t .  R - f a c t o r s  b a s e d  
o n  F A2 A a r e  s t a t i s t i c a l l y  a b o u t  t w i c e  a s  l a r g e  a s  t h o s e  b a s e d  o n  F,  a n d  R- 
f a c t o r s  b a s e d  o n  A L L  d a t a  w i l l  b e  e v e n  l a r g e r .

r e f i n e  I s  s t r u c t u r e _ f a c t o r _ c o e f F s q d
_ r e f i n e  I s  m a t r i x _ t y p e f u l l

r e f i n e  I s  w e i g h t i n g _ s c h e m e c a l c
r e f i n e  I s  w e i g h t i n g  d e t a i l s  

—' c a l c  w = l 7 [ \ s A2 A ( F o a 2 a ) + ( 0 . 0 8 5 0 P ) A2 A+ 0 . 4 0 0 0 P ]  w h e r e  P = ( F o A2 A+ 2 F c A2 A ) / 3
a t o m  s i t e s  s o l u t i o n _ p r i m a r y d i r e c t
a t o m  s i t e s  s o l u t i o n _ s e c o n d a r y d i f m a p
a t o m  s i t e s  s o l u t i o n _ h y d r o g e n s geom
r e f i n e  I s  h y d r o g e n _ t r e a t m e n t m i x e d
r e f i n e  I s  e x t i n c t i o n _ m e t h o d n o n e
r e f i n e  I s  e x t i n c t i o n _ c o e f n o n e
r e f i n e  I s  a b s  s t r u c t u r e _ d e t a i l s
' F l a c k  H D ( 1 9 8 3 ) ,  A c t a  C r y s t .  A 3 9 ,  8 7 6 - 8 8 1 '  

_ r e f i n e _ l s _ a b s _ s t r u c t u r e _ F l a c k  
_ r e f i n e _ l s _ n u m b e r _ r e f l n s  
_ r e f i n e _ l s _ n u m b e r _ p a r a m e t e r s  
_ r e f i n e _ l s _ n u m b e r _ r e s t r a i n t s  
_ r e f i n e _ l s _ R _ f a c t o r _ a l l  
_ r e f i n e _ l s _ R _ f a c t o r _ g t  
_ r e f i n e _ l s _ w R _ f a c t o r _ r e f  
_ r e f i n e _ l s _ w R _ f a c t o r _ g t  
_ r e f i n e _ l s _ g o o d n e s s _ o f _ f i t _ r e f  
_ r e f i n e _ l s _ r e s t r a i n e d _ S _ a l l  
_ r e f i n e _ l s _ s h i f t / s u _ m a x  
_ r e f i n e _ l s _ s h i f t / s u _ m e a n  
_ r e f i n e _ d i f f _ d e n s i t y _ m a x  
_ r e f i n e _ d i f f _ d e n s i t y _ m i n  
_ r e f i n e _ d i f f _ d e n s i t y _ r m s

l o o p _
_ a t o m _ s i t e _ l a b e l  
_ a t o m _ s i t e _ t y p e _ s y m b o l  
_ a t o m _ s i t e _ f r a c t _ x  
_ a t o m _ s i t e _ f r a c t _ y  
_ a t o m _ s i t e _ f r a c t _ z  
_ a  t  om_s i  t  e _ U _ i  s o _ o  r _ e  q u  i  v  
_ a  t  om_s  i  t  e _ a  d p _ t  y p  e 
_ a t o m _ s i t e _ o c c u p a n c y

_ a t o m _ s i t e _ s y m m e t r y _ m u l t i p l i c i t y
_ a t o m _ s i t e _ c a l c _ f l a g
_ a t o m _ s i t e _ r e f i n e m e n t _ f l a g s  
_ a t o m _ s i t e _ d i s o r d e r _ a s s e m b l y

0 . 1 4 ( 1 9 )  
3 5 8 9  
295  
1
0 . 0 4 1 8
0 . 0 4 1 7
0 . 1 1 7 7
0 . 1 1 7 7
1 . 0 0 9
1 . 0 0 8
0.001
0.000
0 . 1 9 3

- 0 . 2 1 6
0 . 0 4 9
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_ a t o m _ s i t e _ d i s o r d e r _ g r o u p
01  0  0 . 6 3 8 1 ( 3 )  0 . 7 9 4 5 6 ( 7 )  0 . 5 2 4 3 ( 3 )  0 . 0 3 0 9 ( 4 )  U a n i  1 1 d  . . .
H1B H 0 . 6 3 6 ( 4 )  0 . 8 2 0 1 ( 1 1 )  0 . 6 0 5 ( 4 )  0 . 0 2 3 ( 6 )  U i s o  1 1 d  . . .
02  O - 0 . 2 0 6 9 ( 3 )  0 . 6 8 1 5 6 ( 6 )  - 0 . 0 9 0 8 ( 3 )  0 . 0 3 1 9 ( 4 )  U a n i  1 1 d  . . .
03  O 0 . 3 9 6 0 ( 3 )  0 . 8 6 2 6 5 ( 6 )  0 . 6 4 5 9 ( 3 )  0 . 0 3 3 9 ( 4 )  U a n i  1 1 d  . . .
04 O 0 . 0 1 8 0 ( 3 )  0 . 8 5 9 7 6 ( 6 )  0 . 4 2 0 4 ( 3 )  0 . 0 3 1 1 ( 4 )  U a n i  1 1 d  . . .
05  O 0 . 0 7 6 7 ( 3 )  0 . 6 1 1 8 6 ( 7 )  - 0 . 1 6 1 7 ( 3 )  0 . 0 3 6 9 ( 4 )  U a n i  1 1 d  . . .
0 6  O 0 . 4 3 1 7 ( 3 )  0 . 6 2 2 2 9 ( 6 )  0 . 0 9 8 6 ( 2 )  0 . 0 2 8 8 ( 4 )  U a n i  1 1 d  . . .
N I  N 0 . 2 3 8 2 ( 3 )  0 . 7 9 0 7 8 ( 7 )  0 . 4 5 4 2 ( 3 )  0 . 0 2 2 9 ( 4 )  U a n i  1 1 d  . . .
N2 N 0 . 1 8 6 0 ( 3 )  0 . 6 8 8 0 3 ( 7 )  0 . 0 2 8 8 ( 3 )  0 . 0 2 3 4 ( 4 )  U a n i  1 1 d  . . .
C l  C 0 . 4 4 1 3 ( 3 )  0 . 7 1 4 0 2 ( 8 )  0 . 4 1 1 3 ( 3 )  0 . 0 2 2 5 ( 4 )  U a n i  1 1 d  . . .
H1A H 0 . 5 9 4 9  0 . 6 9 7 2  0 . 4 7 5 6  0 . 0 2 6 ( 6 )  U i s o  1 1 c a l c  R . .
C2 C 0 . 4 6 0 0 ( 3 )  0 . 7 6 3 9 9 ( 9 )  0 . 5 3 4 1 ( 3 )  0 . 0 2 4 0 ( 4 )  U a n i  1 1 d  . . .
H2A H 0 . 4 9 8 1  0 . 7 5 5 1  0 . 6 8 8 9  0 . 0 1 8 ( 5 )  U i s o  1 1 c a l c  R . .
C3 C 0 . 0 2 8 8 ( 3 )  0 . 7 6 0 8 6 ( 8 )  0 . 3 3 4 3 ( 3 )  0 . 0 2 1 9 ( 4 )  U a n i  1 1 d  . . .
H3A H - 0 . 0 9 9 9  0 . 7 7 8 7  0 . 3 5 7 2  0 . 0 2 4 ( 6 )  U i s o  1 1 c a l e  R . .
C4 C 0 . 0 5 1 7 ( 3 )  0 . 7 0 7 6 3 ( 9 )  0 . 4 3 9 9 ( 3 )  0 . 0 2 3 6 ( 4 )  U a n i  1 1 d  . . .
H4A H - 0 . 0 7 8 9  0 . 6 8 6 0  0 . 3 5 0 1  0 . 0 2 2 ( 6 )  U i s o  1 1 c a l e  R . .
H4B H 0 . 0 4 2 2  0 . 7 1 1 7  0 . 5 8 2 7  0 . 0 2 5 ( 6 )  U i s o  1 1 c a l e  R . .
C5 C 0 . 2 7 6 2 ( 3 )  0 . 6 7 9 5 9 ( 9 )  0 . 4 6 9 5 ( 3 )  0 . 0 2 6 4 ( 5 )  U a n i  1 1 d  . . .
H5A H 0 . 3 5 1 7  0 . 6 6 8 3  0 . 6 2 1 4  0 . 0 3 2 ( 7 )  U i s o  1 1 c a l e  R . .
H5B H 0 . 2 4 0 6  0 . 6 4 8 5  0 . 3 7 7 3  0 . 0 2 7 ( 6 )  U i s o  1 1 c a l c  R . .
C6 C - 0 . 0 3 4 5 ( 3 )  0 . 7 6 0 0 2 ( 9 )  0 . 0 8 3 1 ( 3 )  0 . 0 2 3 7 ( 4 )  U a n i  1 1 d  . . .
H6A H - 0 . 1 9 5 9  0 . 7 7 2 5  0 . 0 1 4 3  0 . 0 2 2 ( 6 )  U i s o  1 1 c a l c  R . .
C7 C - 0 . 0 3 1 3 ( 3 )  0 . 7 0 6 2 9 ( 9 )  - 0 . 0 0 4 5 ( 3 )  0 . 0 2 4 0 ( 4 )  U a n i  1 1 d  . . . 
C8 C 0 . 3 8 6 9 ( 3 )  0 . 7 1 9 9 5 ( 8 )  0 . 1 6 2 6 ( 3 )  0 . 0 2 0 7 ( 4 )  U a n i  1 1 d  . . .
H8A H 0 . 5 2 1 6  0 . 7 0 5 2  0 . 1 3 9 8  0 . 0 1 3 ( 5 )  U i s o  1 1 c a l e  R . .
C9 C 0 . 3 5 1 4 ( 4 )  0 . 7 7 3 9 7 ( 8 )  0 . 0 6 2 6 ( 3 )  0 . 0 2 3 7 ( 4 )  U a n i  1 1 d  . . .
H9A H 0 . 3 8 1 8  0 . 7 7 2 7  - 0 . 0 7 1 3  0 . 0 1 9 ( 6 )  U i s o  1 1 c a l e  R . .
H9B H 0 . 4 6 5 1  0 . 7 9 7 5  0 . 1 6 3 9  0 . 0 1 2 ( 5 )  U i s o  1 1 c a l c  R . .
C IO C 0 . 1 1 0 8 ( 4 )  0 . 7 9 6 3 2 ( 9 )  0 . 0 0 8 7 ( 3 )  0 . 0 2 5 8 ( 4 )  U a n i  1 1 d  . . .
H10A H 0 . 1 2 3 4  0 . 8 3 0 1  0 . 0 8 0 6  0 . 0 1 9 ( 5 )  U i s o  1 1 c a l e  R . .
H10B H 0 . 0 3 5 1  0 . 8 0 1 8  - 0 . 1 4 8 8  0 . 0 1 8 ( 6 )  U i s o  1 1 c a l e  R . .
C i l  C 0 . 2 2 9 6 ( 4 )  0 . 8 3 9 8 2 ( 9 )  0 . 5 1 7 7 ( 3 )  0 . 0 2 6 3 ( 5 )  U a n i  1 1 d  . . .
C12 C - 0 . 0 3 0 9 ( 5 )  0 . 9 1 4 1 6 ( 9 )  0 . 4 4 7 1 ( 5 )  0 . 0 3 6 4 ( 6 )  U a n i  1 1 d  . . . 
C13 C - 0 . 2 8 1 6 ( 5 )  0 . 9 1 8 3 2 ( 1 1 )  0 . 2 9 8 7 ( 6 )  0 . 0 5 0 6 ( 7 )  U a n i  1 1 d  . . . 
H13A H - 0 . 2 9 9 7  0 . 9 0 9 5  0 . 1 5 1 2  0 . 0 6 1 ( 1 1 )  U i s o  1 1 c a l e  R . .
H13B H - 0 . 3 3 4 8  0 . 9 5 3 6  0 . 3 0 2 0  0 . 0 7 4 ( 1 2 )  U i s o  1 1 c a l c  R . .
H13C H - 0 . 3 7 2 0  0 . 8 9 4 5  0 . 3 4 7 2  0 . 0 4 9 ( 9 )  U i s o  1 1 c a l e  R . .
C14 C 0 . 0 0 4 5 ( 6 )  0 . 9 2 4 1 6 ( 1 1 )  0 . 6 8 1 3 ( 5 )  0 . 0 4 8 9 ( 7 )  U a n i  1 1 d  . . .
H14A H - 0 . 0 8 5 2  0 . 8 9 9 4  0 . 7 2 6 2  0 . 0 6 5 ( 1 0 )  U i s o  1 1 c a l e  R . .
H14B H - 0 . 0 4 5 7  0 . 9 5 9 2  0 . 6 9 5 3  0 . 0 7 7 ( 1 2 )  U i s o  1 1 c a l e  R . .
H14C H 0 . 1 6 7 1  0 . 9 2 0 4  0 . 7 7 3 0  0 . 1 3 ( 2 )  U i s o  1 1 c a l e  R . .
C15 C 0 . 1 1 6 0 ( 5 )  0 . 9 4 8 8 0 ( 1 1 )  0 . 3 7 0 7 ( 5 )  0 . 0 4 3 4 ( 6 )  U a n i  1 1 d  . . .
H15A H 0 . 1 0 5 2  0 . 9 3 7 6  0 . 2 2 7 9  0 . 0 4 5 ( 8 )  U i s o  1 1 c a l e  R . .
H15B H 0 . 2 7 5 6  0 . 9 4 6 8  0 . 4 7 2 7  0 . 0 6 6 ( 1 1 )  U i s o  1 1 c a l e  R . .
H15C H 0 . 0 6 2 0  0 . 9 8 4 4  0 . 3 6 2 4  0 . 0 5 7 ( 1 0 )  U i s o  1 1 c a l e  R . .
C16 C 0 . 2 1 9 4 ( 4 )  0 . 6 3 7 0 5 ( 9 )  - 0 . 0 2 6 0 ( 3 )  0 . 0 2 5 7 ( 5 )  U a n i  1 1 d  . . .
C17 C 0 . 5 1 6 4 ( 4 )  0 . 5 7 0 1 6 ( 9 )  0 . 0 7 7 8 ( 4 )  0 . 0 3 3 0 ( 5 )  U a n i  1 1 d  . . .
C18 C 0 . 7 6 1 4 ( 4 )  0 . 5 7 2 5 9 ( 1 0 )  0 . 2 4 1 4 ( 5 )  0 . 0 4 3 0 ( 6 )  U a n i  1 1 d  . . .
H1 8A  H 0 . 7 6 1 7  0 . 5 8 0 8  0 . 3 8 3 8  0 . 0 5 8 ( 1 0 )  U i s o  1 1 c a l c  R . .
H18B H 0 . 8 4 4 9  0 . 5 9 9 3  0 . 1 9 8 7  0 . 0 5 0 ( 9 )  U i s o  1 1 c a l c  R . .
H18C H 0 . 8 3 5 8  0 . 5 3 9 3  0 . 2 4 7 2  0 . 0 8 6 ( 1 4 )  U i s o  1 1 c a l e  R . .
C l 9 C 0 . 5 1 1 2 ( 5 )  0 . 5 6 2 0 3 ( 1 0 )  - 0 . 1 4 7 0 ( 5 )  0 . 0 3 9 3 ( 6 )  U a n i  1 1 d  . . . 
H19A H 0 . 5 9 2 3  0 . 5 9 0 3  - 0 . 1 8 3 6  0 . 0 4 3 ( 8 )  U i s o  1 1 c a l c  R . .
H19B H 0 . 3 5 2 1  0 . 5 6 1 2  - 0 . 2 5 0 6  0 . 0 4 5 ( 8 )  U i s o  1 1 c a l c  R . .
H19C H 0 . 5 8 6 0  0 . 5 2 9 4  - 0 . 1 5 2 5  0 . 0 7 5 ( 1 2 )  U i s o  1 1 c a l e  R . .
C20 C 0 . 3 7 8 0 ( 5 )  0 . 5 3 0 5 0 ( 1 0 )  0 . 1 4 2 6 ( 5 )  0 . 0 4 2 4 ( 6 )  U a n i  1 1 d  . . .
H20A H 0 . 3 7 7 5  0 . 5 3 9 5  0 . 2 8 4 0  0 . 0 5 3 ( 9 )  U i s o  1 1 c a l c  R . .
H20B H 0 . 4 4 6 8  0 . 4 9 6 4  0 . 1 5 0 0  0 . 0 6 6 ( 1 1 )  U i s o  1 1 c a l c  R . .
H20C H 0 . 2 2 0 5  0 . 5 3 0 0  0 . 0 3 5 4  0 . 0 4 3 ( 8 )  U i s o  1 1 c a l c  R . .

loop
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a t o m _ s i t e _ a n i s o _ l a b e l  
_ a  t  o m _ s i  t  e _ a  n i  s o _ U _ l 1 
_ a t o m _ s  i t e _ a n i s  o_U_2 2 

a t  om_s  i t e _ a n i s  o _ U _3  3 
a t  om_s  i  t  e _ a  n  i  s o_ U _2  3atom_site_aniso_U_13
a t o m  s i t e  a n i s o _ U _ 1 2

o T  0 . 0 Ï 8 6 ( 7 )  0 . 0 3 8 2 ( 8 )  0 . 0 3 4 3 ( 8 )  - 0 . 0 0 5 4 ( 7 )  0 . 0 0 8 3  (6 )  - 0 . 0 0 4 0 ( 6 )
02  0 ! 0 2 0 1  ( 7 ) 0 . 0 3 6 5 ( 8 )  0 . 0 3 3 3 ( 8 )  0 . 0 0 1 8 ( 7 )  0 . 0 0 3 9 ( 6 )  - 0 . 0 0 4 4 ( 6 )
0 3  0 0 2 5 9 ( 8 )  0 . 0 3 7 5 ( 9 )  0 . 0 3 2 3 ( 8 )  - 0 . 0 0 8 7 ( 7 )  0 . 0 0 4 6 ( 7 )  - 0 . 0 0 6 5 ( 7 )
04  0 ! 0 2 4 1  ( 8 ) 0 . 0 2 6 2 ( 8 )  0 . 0 4 0 1 ( 9 )  - 0 . 0 0 3 2  (7 )  0 . 0 0 9 1 ( 7 )  0 . 0 0 3 6 ( 6 )
05  0 . 0 2 9 6 ( 9 )  0 . 0 3 7 4 ( 9 )  0 . 0 3 6 6 ( 9 )  - 0 . 0 0 8 2 ( 7 )  0 . 0 0 4 9 ( 7 )  - 0 . 0 0 4 0 ( 7 )
0 6  0 0 2 6 7 ( 8 )  0 0 2 6 4 ( 8 )  0 . 0 2 9 7 ( 8 )  - 0 . 0 0 3 0 ( 6 )  0 . 0 0 6 8 ( 6 )  0 . 0 0 3 3 ( 6 )
N I  0 ! 0 1 5 3  ( 8 ) 0 ' 0 3 0 1 ( 9 )  0 . 0 2 1 8 ( 8 )  - 0 . 0 0 0 1 ( 7 )  0 . 0 0 5 6 ( 7 )  - 0 . 0 0 0 3 ( 7 )
N2 0 0 1 9 2 ( 8 )  0 0 2 9 2 ( 9 )  0 . 0 1 9 5 ( 8 )  —0 . 0 0 0 5 ( 7 )  0 . 0 0 5 1 ( 7 )  0 . 0 0 1 6 ( 7 )
C l  0 ' 0 1 7 0  ( 9) 0 0 3 2 0 ( 1 1 )  0 . 0 1 6 5 ( 9 )  0 . 0 0 2 9 ( 8 )  0 . 0 0 4 3 ( 7 )  0 . 0 0 3 0 ( 8 )
C2 0 * 0 1 5 2 ( 9 )  0 0 3 7 8 ( 1 2 )  0 . 0 1 7 4 ( 9 )  - 0 . 0 0 2 5 ( 8 )  0 . 0 0 4 5 ( 7 )  0 . 0 0 1 4 ( 8 )
C3 0 0 1 5 7 ( 9 )  0 0 2 9 5 ( 1 0 )  0 . 0 1 9 1 ( 1 0 )  - 0 . 0 0 0 9 ( 8 )  0 . 0 0 5 1 ( 7 )  - 0 . 0 0 0 5 ( 8 )
C4 0 ' 0 1 9 0 ( 9 )  0 0 3 1 3 ( 1 0 )  0 . 0 2 0 2 ( 9 )  0 . 0 0 2 3 ( 9 )  0 . 0 0 7 2 ( 7 )  0 . 0 0 0 7 ( 8 )
C5 0 0 2 1 6 ( 1 0 )  0 0 3 3 3 ( 1 1 )  0 . 0 2 3 8 ( 1 0 )  0 . 0 0 6 8 ( 9 )  0 . 0 0 8 2 ( 8 )  0 . 0 0 3 0 ( 8 )  
c e  0 0 1 3 5 ( 9 )  0 0 3 2 5 ( 1 1 )  0 . 0 2 1 7 ( 1 0 )  0 . 0 0 2 5 ( 8 )  0 . 0 0 3 0 ( 7 )  0 . 0 0 4 0 ( 8 )
C7 o ’ 0 1 8 5  ( 1 0 )  0 . 0 3 3 8 ( 1 0 )  0 . 0 1 6 3 ( 8 )  0 . 0 0 0 7 ( 8 )  0 . 0 0 2 9 ( 7 )  - 0 . 0 0 0 5 ( 8 )  
C8 0 0 1 6 6 ( 9 )  0 0 2 7 4 ( 1 0 )  0 . 0 1 7 9 ( 1 0 )  - 0 . 0 0 2 0 ( 8 )  0 . 0 0 6 4 ( 7 )  - 0 . 0 0 0 8 ( 8 )
e g  0 0 2 3 2 ( 1 0 )  0 . 0 2 7 8 ( 1 0 )  0 . 0 1 9 3 ( 9 )  0 . 0 0 2 4 ( 8 )  0 . 0 0 7 2 ( 8 )  - 0 . 0 0 0 5 ( 8 )
CIO 0 . 0 2 6 4 ( 1 0 )  0 . 0 2 9 1 ( 1 0 )  0 . 0 2 0 9 ( 1 0 )  
C i l  0 . 0 2 1 5 ( 1 1 )  0 . 0 3 3 4 ( 1 2 )  0 . 0 2 3 8 ( 1 0 )

-  -  — > ~  /

0 . 0 0 4 7 ( 8 )  0 . 0 0 8 0 ( 8 )  0 . 0 0 2 7 ( 8 )  
0 . 0 0 1 4 ( 9 )  0 . 0 0 8 4 ( 9 )  - 0 . 0 0 1 0 ( 8 )

C12 0 . 0 4 0 2 ( 1 3 )  0 . 0 2 2 5 ( 1 1 )  0 . 0 5 1 8 ( 1 5 )  0 . 0 0 0 2 ( 1 0 )  0 . 0 2 3 7 ( 1 2 )  0 . 0 0 3 7 ( 9 )
C13 0 . 0 3 8 4 ( 1 5 )  0 . 0 3 3 1 ( 1 3 )  0 . 0 8 2 ( 2 )  0 . 0 1 3 3 ( 1 4 )  0 . 0 2 4 8 ( 1 4 )  0 . 0 1 2 5 ( 1 1 )
C14 0 . 0 6 4 6 ( 1 9 )  0 . 0 3 3 9 ( 1 4 )  0 . 0 6 2 7 ( 1 9 )  - 0 . 0 0 6 1 ( 1 3 )  0 . 0 4 0 5 ( 1 6 )  - 0 . 0 0 1 0 ( 1 2 )  
C15 0 . 0 4 6 7 ( 1 5 )  0 . 0 3 4 6 ( 1 3 )  0 . 0 5 4 3 ( 1 5 )  0 . 0 0 2 9 ( 1 2 )  0 . 0 2 5 4 ( 1 3 )  - 0 . 0 0 2 5 ( 1 1 )
C16 0 . 0 2 3 0 ( 1 0 )  0 . 0 3 0 6 ( 1 1 )  0 . 0 2 1 5 ( 1 0 )  - 0 . 0 0 1 6 ( 9 )  0 . 0 0 6 3 ( 8 )  - 0 . 0 0 1 1 ( 8 )
C17 0 . 0 3 0 9 ( 1 2 )  0 . 0 2 5 9 ( 1 1 )  0 . 0 4 1 2 ( 1 3 )  - 0 . 0 0 1 9 ( 1 0 )  0 . 0 1 2 7 ( 1 0 )  0 . 0 0 1 9 ( 9 )  
C18 0 . 0 3 3 0 ( 1 3 )  0 . 0 3 1 1 ( 1 2 )  0 . 0 5 5 8 ( 1 6 )  0 . 0 0 0 9 ( 1 1 )  0 . 0 0 7 0 ( 1 2 )  0 . 0 0 8 4 ( 1 0 )
C19 0 . 0 4 3 4  ( 1 4 )  0 . 0 3 1 2 ( 1 2 )  0 . 0 4 9 1  ( 1 5 )  - 0 . 0 0 6 9 ( 1 1 )  0 . 0 2 4 2  ( 1 2 )  - 0 . 0 0 1 3 ( 1 1 )  
c'O c\ n n /1  n n /i 7 ”3 / 1 c \ r> n r\~> ^ , 1 1 « ~C20 0 . 0 4 4 1 ( 1 5 )  0 . 0 3 5 6 ( 1 4 )  0 . 0 4 7 3 ( 1 5 )  0 . 0 0 3 2 ( 1 1 )  0 . 0 1 7 2 ( 1 2 ) - 0 . 0 0 3 7 ( 1 1 )

_ g e o m _ s p e c i a l _ d e t a i l s
I

A l l  e s d s  ( e x c e p t  t h e  e s d  i n  t h e  d i h e d r a l  a n g l e  b e t w e e n  t w o  l . s .  p l a n e s )  
a r e  e s t i m a t e d  u s i n g  t h e  f u l l  c o v a r i a n c e  m a t r i x .  Th e  c e l l  e s d s  a r e  t a k e n  
i n t o  a c c o u n t  i n d i v i d u a l l y  i n  t h e  e s t i m a t i o n  o f  e s d s  i n  d i s t a n c e s ,  a n g l e s  
a n d  t o r s i o n  a n g l e s ,  c o r r e l a t i o n s  b e t w e e n  e s d s  i n  c e l l  p a r a m e t e r s  a r e  o n l y  
u s e d  w h e n  t h e y  a r e  d e f i n e d  b y  c r y s t a l  s y m m e t r y .  An  a p p r o x i m a t e  

( i s o t r o p i c )

t r e a t m e n t  o f  c e l l  e s d s  i s  u s e d  f o r  e s t i m a t i n g  e s d s  i n v o l v i n g  l . s .  p l a n e s .
/

l o o p _
_ g e o m _ b o n d _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ b o n d _ a t o m _ s i t e _ l a b e l _ 2
_ g e o m _ b o n d _ d i s t a n c e
_ g e  o m _ b o n d _ s  i  t  e_symme t r y _ 2
_ g e o m _ b o n d _ p u b l _ f l a g

01  C2 1 . 4 0 2 ( 3 )  . y e s
02  C l  1 . 2 2 1 ( 3 )  . y e s
03  C l l  1 . 2 2 7 ( 3 )  . y e s
04 C l l  1 . 3 4 8 ( 3 )  . y e s
04 C12 1 . 4 7 3 ( 3 )  . y e s
05  C16 1 . 2 0 1 ( 3 )  . y e s
0 6  C l 6 1 . 3 3 8  (3 )  . y e s
0 6  C17 1 . 4 8 4  (3 )  . y e s
N1 C l l  1 . 3 5 2 ( 3 )  . y e s  
N I  C2 1 . 4 7 1 ( 3 )  . y e s
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N I  C3 1 . 4 8 0 ( 3 )  . y e s
N2 C l  1 . 3 9 0 ( 3 )  . y e s
N2 C l 6 1 . 4 1 3 ( 3 ) . y e s
N2 C8 1 . 4 9 5 ( 3 )  . y e s
C l  C2 1 . 5 1 9 ( 3 )  . y e s
C l  C5 1 . 5 3 7 ( 3 )  . y e s
C l  C8 1 . 5 7 9 ( 3 )  . y e s
C3 C4 1 . 5 3 7 ( 3 )  . y e s
C3 C6 1 . 5 7 8  (3 )  . y e s
C4 C5 1 . 5 4 1 ( 3 )  . y e s
C6 C l  1 . 5 1 9 ( 3 )  . y e s
C6 CIO 1 . 5 3 0 ( 3 ) . y e s
C8 C9 1 . 5 3 6 ( 3 )  . y e s
C9 CIO 1 . 5 3 8 ( 3 ) . y e s
C12 C15 1 . 5 1 9 ( 4 ) . y e s
C12 C13 1 . 5 1 9 ( 4 ) . y e s
C12 C14 1 . 5 2 5  (4 ) . y e s
C17 C l 9 1 . 5 1 4  (4 ) . y e s
C17 C18 1 . 5 1 9 ( 3 ) . y e s
C17 C20 1 . 5 2 1 ( 3 ) . y e s
01  H1B 0 . 8 6 ( 3 )  . y e s
C l  H1A 1 . 0 0 0 0  . no
C2 H2A 1 . 0 0 0 0  . no
C3 H3A 1 . 0 0 0 0  . no
C4 H4A 0 . 9 9 0 0  . no
C4 H4B 0 . 9 9 0 0  . n o
C5 H5A 0 . 9 9 0 0  . n o
C5 H5B 0 . 9 9 0 0  . no
C6 H6A 1 . 0 0 0 0  . no
C8 H8A 1 . 0 0 0 0  . n o
C9 H9A 0 . 9 9 0 0  . n o
C9 H9B 0 . 9 9 0 0  . no
CIO H10A 0 . 9 9 0 0 . no
CIO H10B 0 . 9 9 0 0 . no
C13 H13A 0 . 9 8 0 0 . no
C13 H13B 0 . 9 8 0 0 . no
C13 H13C 0 . 9 8 0 0 . n o
C14 H14A 0 . 9 8 0 0 . no
C l 4 H14B 0 . 9 8 0 0 . n o
C14 H14C 0 . 9 8 0 0 . n o
C15 H15A 0 . 9 8 0 0 . n o
C15 H15B 0 . 9 8 0 0 . n o
C15 H15C 0 . 9 8 0 0 . n o
C18 H18A 0 . 9 8 0 0 . n o
C18 H18B 0 . 9 8 0 0 . n o
C18 H18C 0 . 9 8 0 0 . no
C l 9 H19A 0 . 9 8 0 0 . no
C l 9 H19B 0 . 9 8 0 0 . no
C l 9 H19C 0 . 9 8 0 0 . no
C20 H20A 0 . 9 8 0 0 . n o
C20 H20B 0 . 9 8 0 0 . no
C20 H20C 0 . 9 8 0 0 . no

l o o p _
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 2
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 3
_ g e o m _ a n g l e
_ g e o m _ a n g l e _ s i t e _ s y m i n e t r y _ l  
_ g e o m _ a n g 1 e _ s i t e _ s y m m e t r y _ 3  
_ g e o m _ a n g l e _ p u b l _ f l a g  

C i l  04 C12 1 2 1 . 7 7  ( 1 8 )  . . y e s
C l 6 0 6  C17 1 2 1 . 0 3 ( 1 7 )  . . y e s
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C l ] N I C2 118 . 6 9 ( 1 8 ) • . y e s

C l ] N I C3 122 . 0 7 ( 1 7 ) . y e s

C2 N I C3 118 . 62 (1 8 ) . y e s

C l N2 C l  6 121 . 1 0 ( 1 8 ) • . y e s

C l N2 C8 1 1 7 . 89 (1 7 ) . y e s

CIC N2 C8 119 . 9 6 ( 1 6 ) • . y e s

C2 C l C5 1 0 6 . 15 (1 6 ) . y e s

C2 C l C8 1 1 5 . 55 (1 7) . y e s

C5 C l C8 1 1 5 . 69 (1 7 ) . y e s

01 C2 N I 1 1 2 . 73 (1 9 ) . y e s

01 C2 C l 1 1 0 . 79 (1 6 ) . y e s

N I C2 C l 1 1 0 . 05 (1 6 ) . y e s

N I C3 C4 1 0 8 . 46 (1 6) . y e s

N I C3 C6 1 1 3 . 28 (1 6) . y e s

C4 C3 C6 114 . 93 (1 7) . y e s

C3 C4 C5 1 1 3 . 83 (1 7) . y e s

C l C5 C4 1 1 2 . 07 (1 8 ) . y e s

C l C6 CIO 109 . 9 5 ( 1 8 ) . y e s

C l C6 C3 1 1 3 . 07 (1 7 ) . y e s

CIC C6 C3 113 .8 1 ( 1 7 ) . y e s

02 C l N2 124 . 1 ( 2) . y e s

02 C l C6 1 2 1 . 53 (1 9) . y e s

N2 C l C6 114 . 31 (1 8 ) . y e s

N2 C8 C9 1 0 7 . 29 (1 6) . y e s

N2 C8 C l 1 1 1 . 79 (1 6 ) . y e s

C9 C8 C l 1 1 9 . 23 (1 6 ) . y e s

C8 C9 CIO 114 . 3 9 ( 1 7 ) . y e s

C6 CIO C9 110 . 8 4 ( 1 8 ) . y e s

03 C i l 04 125 . 4 (2 )  . y e s

03 C i l N I 123 . 3 (2 )  . y e s

04 C i l N I 111 . 3 0 ( 1 8 ) . y e s

04 C12 C15 1 1 0 . 1 ( 2 ) • . y e s

04 C12 C13 1 0 1 . 8 (2 ) . y e s

C15 C12 C13 1 10 . 9 ( 2 ) • . y e s

04 C12 C14 1 0 9 . 6 ( 2 ) • . y e s

C15 C12 C14 1 12 . 5 ( 2 ) . y e s

C13 C12 C14 111 . 5 ( 2 ) . y e s

05 C l  6 06 126 . 9 (2 )  • y e s

05 C16 N2 124 .4 (2 )  • y e s

06 C l  6 N2 108 . 7 3 ( 1 7 ) . y e s

0 6 C17 C l 9 1 1 0 . 6 0 ( 1 9 ) . . y e s

06 C17 C18 1 0 1 . 4 9 ( 1 8 ) . . y e s

C19 C17 C18 110 . 6 ( 2 ) • . y e s

06 C17 C20 1 0 8 . 9 ( 2 ) • . y e s

CIS C17 C20 1 13 . 4 ( 2 ) • . y e s

C18 C17 C20 1 11 . 2 ( 2 ) • . y e s

C2 01 H1B 101 . 7 ( 1 7 ) • . y e s

C2 C l H1A 106 .2 . • no

C5 C l H1A 106 . 2 . • n o

C8 C l H1A 106 . 2 . • n o

01 C2 H2A 107 .7 . • no

N I C2 H2A 107 . 7 . • no

C l C2 H2A 107 .7 . • n o

N I C3 H3A 106 . 5 • • no

C4 C3 H3A 106 . 5 . • n o

C6 C3 H3A 106 . 5 • • no

C3 C4 H4A 108 .8 . • no

C5 C4 H4A 108 .8 no

C3 C4 H4B 108 .8 • • no

C5 C4 H4B 108 .8 . • no

H4A C4 H4 B 1 0 7 . 7 . . no

C l C5 H5A 109 .2 . • no

C4 C5 H5A 109 .2 no
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C l  C5 H5B 1 0 9 . 2  . . no
C4 C5 H5B 1 0 9 . 2  . . no
H5A C5 H5B 1 0 7 . 9  . . n o  
C7 C6 H6A 1 0 6 . 5  . . no
CIO C6 H6A 1 0 6 . 5  . . no  
C3 C6 H6A 1 0 6 . 5  . . n o
N2 C8 H8A 1 0 5 . 9  . . n o
C9 C8 H8A 1 0 5 . 9  . . no
C l  C8 H8A 1 0 5 . 9  . . no
C8 C9 H9A 1 0 8 . 7  . . no
CIO C9 H9A 1 0 8 . 7  . . no  
C8 C9 H9B 1 0 8 . 7  . . no  
C IO C9 H9B 1 0 8 . 7  . . no  
H9A C9 H9B 1 0 7 . 6  . . n o  
C6 CIO H10A 1 0 9 . 5  . . no
C9 CIO H10A 1 0 9 . 5  . . no
C6 CIO H10B 1 0 9 . 5  . . n o
C9 CIO H10B 1 0 9 . 5  . . no
H10A CIO H10B 1 0 8 . 1  . . n o  
C12 C13 H13A 1 0 9 . 5  . . no
C12 C13 H13B 1 0 9 . 5  . . n o
H13A C13 H13B 1 0 9 . 5  . . no
C12 C13 H13C 1 0 9 . 5  . . no  
H13A C13 H13C 1 0 9 . 5  . . n o
H13B C13 H13C 1 0 9 . 5  . . n o
C12 C14 H1 4A  1 0 9 . 5  . . no
C12 C14 H14B 1 0 9 . 5  . . n o
H14A C14 H14B 1 0 9 . 5  . . n o
C12 C14 H14C 1 0 9 . 5  . . no
H14A C14 H14C 1 0 9 . 5  . . no
H14B C14 H14C 1 0 9 . 5  . . n o
C12 C15 H15A 1 0 9 . 5  . . no
C12 C15 H15B 1 0 9 . 5  . . no
H15A C15 H15B 1 0 9 . 5  . . no  
C12 C15 H15C 1 0 9 . 5  . . n o  
H15A C15 H15C 1 0 9 . 5  . . no
H15B C15 H15C 1 0 9 . 5  . . n o
C17 C18 H1 8A  1 0 9 . 5  . . no
C17 C18 H18B 1 0 9 . 5  . . n o
H18A C18 H18B 1 0 9 . 5  . . n o  
C17 C18 H18C 1 0 9 . 5  . . no  
H18A C18 H18C 1 0 9 . 5  . . no
H18B C18 H18C 1 0 9 . 5  . . no
C17 C19 H19A 1 0 9 . 5  . . n o
C17 C19 H19B 1 0 9 . 5  . . no
H19A C19 H19B 1 0 9 . 5  . . n o  
C17 C l 9 H19C 1 0 9 . 5  . . n o  
H19A C19 H19C 1 0 9 . 5  . . no
H19B C l 9 H19C 1 0 9 . 5  . . no
C17 C20 H20A 1 0 9 . 5  . . no
C17 C20 H20B 1 0 9 . 5  . . no
H20A C20 H20B 1 0 9 . 5  . . n o
C17 C20 H20C 1 0 9 . 5  . . no
H20A C20 H20C 1 0 9 . 5  . . no
H20B C20 H20C 1 0 9 . 5  . . no

l o o p _
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 2
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 3
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 4
_ g e o m _ t o r s i o n

_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ l
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_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ 2  
_ g  e o m _ t  o r  s i  o n _ s  i  t  e _ s  yirane t  r  y _ 3  
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ 4  
_ g e o m _ t o r s i o n _ p u b l _ f l a g  

C i l  N I  C2 01  - 4 4 . 8 ( 2 )  . . . . no
C3 N I  C2 01  1 4 4 . 0 8  (1 7 )  . . . .  no
C i l  N I  C2 C l  - 1 6 9 . 0 1 ( 1 7 )  . . . .  no
C3 N I  C2 C l  1 9 . 8 ( 2 )  . . . . n o
C5 C l  C2 01  1 6 9 . 1 1 ( 1 6 )  . . . .  no
C8 C l  C2 01  - 6 1 . 2 ( 2 )  . . . .  no
C5 C l  C2 N I  - 6 5 . 5  (2 )  . . . . n o
C8 C l  C2 N I  6 4 . 2 ( 2 )  . . . .  no
C i l  N I  C3 C4 - 1 3 2 . 5 6 ( 1 9 )  . . . .  no  
C2 NI  C3 C4 3 8 . 3 ( 2 )  . . . .  no
C i l  N I  C3 C6 9 8 . 6 ( 2 )  . . . . n o
C2 N I  C3 C6 - 9 0 . 6 ( 2 )  . . . . n o
N I  C3 C4 C5 - 5 1 . 7 ( 2 )  . . . . no
C6 C3 C4 C5 7 6 . 3 ( 2 )  . . . .  no  
C2 C l  C5 C4 5 0 . 7 ( 2 )  . . . .  no  
C8 Cl  C5 C4 - 7 8 . 9 ( 2 )  . . . .  no
C3 C4 C5 C l  6 . 9 ( 2 )  . . . . n o
N I  C3 C6 C l  1 1 8 . 0 1 ( 1 9 )  . . . .  no
C4 C3 C6 C l  - 7 . 5 ( 2 )  . . . .  no
NI  C3 C6 CI O - 8 . 4 ( 2 )  . . . . n o  
C4 C3 C6 CIO - 1 3 3 . 8 5 ( 1 8 )  . . . .  no  
C l 6 N2 C l  02  - 3 . 7 ( 3 )  . . . .  no  
C8 N2 C l  02  - 1 7 1 . 9 4 ( 1 9 )  . . . .  no  
C l 6 N2 C l  C6 1 7 4 . 2 9 ( 1 8 )  . . . .  no
C8 N2 C l  C6 6 . 0 ( 2 )  . . . .  no
CIO C6 C l  02  - 1 3 2 . 7 ( 2 )  . . . .  n o
C3 C6 C7 02  9 8 . 8  (2 )  . . . . no
CIO C6 C7 N2 4 9 . 2 ( 2 )  . . . . n o
C3 C6 C7 N2 - 7 9 . 2 ( 2 )  . . . .  no  
C l  N2 C8 C9 - 5 4 . 4 ( 2 )  . . . . no  
C l 6 N2 C8 C9 1 3 7 . 1 6 ( 1 8 )  . . . .  no
C l  N2 C8 C l  7 8 . 0 ( 2 )  . . . .  no
C l  6 N2 C8 C l  - 9 0 . 4 ( 2 )  . . . . n o
C2 C l  C8 N2 - 1 2 7 . 6 4 ( 1 8 )  . . . . n o
C5 C l  C8 N2 - 2 . 8 ( 2 )  . . . . no
C2 C l  C8 C9 - 1 . 4  (2 )  . . . . no
C5 C l  C8 C9 1 2 3 . 4 ( 2 )  . . . . no  
N2 C8 C9 CIO 4 7 . 2 ( 2 )  . . . .  no
C l  C8 C9 CIO - 8 1 . 1 ( 2 )  . . . . no
C l  C6 CIO C9 - 5 2 . 3 ( 2 )  . . . .  no
C3 C6 CI O C9 7 5 . 7 ( 2 )  . . . . n o
C8 C9 CIO C6 3 . 8 ( 2 )  . . . . n o
C12 04 C i l  03  5 . 0 ( 3 )  . . . .  no
C12 04 C i l  N I  - 1 7 4 . 2 4 ( 1 9 )  . . . .  no
C2 N I  C i l  0 3 - 3 . 1 ( 3 )  . . . . n o
C3 N I  C i l  03  1 6 7 . 8 ( 2 )  . . . .  no
C2 N I  C i l  04 1 7 6 . 2 4 ( 1 7 )  . . . .  no
C3 N I  C i l  04 - 1 2 . 9 ( 3 )  . . . .  no
C i l  04 C12 C15 5 8 . 9 ( 3 )  . . . .  no  
C i l  04 C12 C13 1 7 6 . 6 ( 2 )  . . . .  no  
C i l  04 C12 C14 - 6 5 . 3 ( 3 )  . . . .  no  
C17 0 6  C l 6 05  0 . 5 ( 3 )  . . . .  no
C17 0 6  C16 N2 1 7 9 . 9 4 ( 1 8 )  . . . .  n o  
C l  N2 C l  6 05  2 5 . 7 ( 3 )  . . . . n o
C8 N2 C16 05  - 1 6 6 . 3 ( 2 )  . . . .  no  
C l  N2 C l 6 0 6  - 1 5 3 . 7 5 ( 1 8 )  . . . .  no  
C8 N2 C l 6 0 6  1 4 . 3 ( 3 )  . . . .  n o
C1 6  0 6  C17 C l 9 6 0 . 4 ( 3 )  . . . .  no  
C l 6 0 6  C17 C18 1 7 7 . 8 ( 2 )  . . . .  no
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C16  0 6  C17 C20 - 6 4 . 9 ( 3 )  . . . .  no  

l o o p _
_ g e o m _ h b o n d _ a t o m _ s i t e _ l a b e l _ D  
_ g e o m _ h b o n d _ a t o m _ s i t e _ l a b e l _ H  
_ g e o m _ h b o n d _ a t o m _ s i t e _ l a b e l _ A  
_ g e o m _ h b o n d _ d i s t a n c e _ D H  
_ g e o m _ h b o n d _ d i s t a n c e _ H A  
_ g e o m _ h b o n d _ d i s t a n c e _ D A  
_ g e o m _ h b o n d _ a n g l e _ D H A  
_ g e o m _ h b o n d _ s i t e _ s y m m e t r y _ A  

01  H1B 0 3  0 . 8 6 ( 3 )  1 . 9 8 ( 3 )  2 . 6 6 8 ( 3 )  1 3 6 ( 2 )  .

212



Appendices

X-ray crystal structure data for a-methyl TV-Boc tetrahydro dimer (275)

_ a u d i t _ c r e a t i o n _ m e t h o d
_ c h e m i c a l _ n a m e _ s y s t e m a t i c
r

?

/
_ c h e m i c a l _ n a m e _ c o m m o n  
_ c h e m i c a l _ m e l t i n g _ p o i n t  
_ c h e m i c a l _ f o r m u l a _ m o i e t y  
_ c h e m i c a l _ f o r m u l a _ s u m  

' C22 H34 N2 0 6 '  
_ c h e m i c a l _ f o r m u l a _ w e i g h t

l o o p _
_atom_type_symbo1 
_ a t o m _ t y p e _ d e s c r i p t i o n  
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _  
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _  
_ a t o m _ t y p e _ s c a t _ s o u r c e  
' C  ' C  0 . 0 0 3 3  0 . 0 0 1 6
' I n t e r n a t i o n a l  T a b l e s  V o l  C 
' H '  ' H '  0 . 0 0 0 0  0 . 0 0 0 0
' I n t e r n a t i o n a l  T a b l e s  V o l  C 
' N '  ' N '  0 . 0 0 6 1  0 . 0 0 3 3
' I n t e r n a t i o n a l  T a b l e s  V o l  C 
' O '  ' O '  0 . 0 1 0 6  0 . 0 0 6 0
' I n t e r n a t i o n a l  T a b l e s  V o l  C

_ s y m m e t r y  c e l l _ s e t t i n g  
_ s y m m e t r y _ s p a c e _ g r o u p _ n a m e  H-

l o o p _
_ s y m m e t r y _ e q u i v _ p o s _ a s _ x y z  
' x ,  y ,  z '
' - x + 1 / 2 ,  y + 1 / 2 ,  - z  + 1 / 2  '

' x - 1 / 2 , ' - V - ^ / 2 ,  z - 1 / 2 '

_ c e l l _ l e n g t h _ a
_ c e l l _ l e n g t h _ b

S H E L X L - 9 7

?
?
7>

4 2 2 . 5 1

r e a l
i m a g

T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

M o n o c l i n i c  
-M P 2 ( l ) / n

1 0 . 0 3 8 3 ( 1 )  
1 0 . 5 3 8 0  (1 )
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c e l l _ l e n g t h _ c
c e l l _ a n g l e _ a l p h a
c e l l _ a n g l e _ b e t a
c e l l _ a n g l e _ g a m m a
c e l l _ v o l u m e
c e l l _ f o r m u l a _ u n i t s _ Z
c e l l _ m e a s u r e m e n t _ t e m p e r a t u r e
c e l l _ m e a s u r e m e n t _ r e f l n s _ u s e d
c e l l _ m e a s u r e m e n t _ t h e t a _ m i n
c e l l  m e a s u r e m e n t  t h e t a  max

2 0 . 4 0 3 0 ( 1 )
9 0 . 0 0 0  
9 0 . 2 6 1 ( 1 0 )
9 0 . 0 0 0  
2 1 5 8 . 2 8 ( 3 )  
4
1 2 3 ( 1 )
8192
1 . 0 0  
2 6 . 3 7

e x p t l _ c r y s t a l _ d e s c r i p t i o n
e x p t l _ c r y s t a l _ c o l o u r
e x p t l _ c r y s t a l _ s i z e _ m a x
e x p t l _ c r y s t a l _ s i z e _ m i d
e x p t l _ c r y s t a l _ s i z e _ m i n
e x p t l _ c r y s t a l _ d e n s i t y _ m e a s
e x p t l _ c r y s t a l _ d e n s i t y _ d i f f r n
e x p t l _ c r y s t a l _ d e n s i t y _ m e t h o d
e x p t l _ c r y s t a l _ F _ 0 0 0
e x p t l _ a b s o r p t _ c o e f f i c i e n t _ m u
e x p t l _ a b s o r p t _ c o r r e c t i o n _ t y p e
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m i n
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m a x
e x p t l _ a b s o r p t _ p r o c e s s _ d e t a i l s

F r a g m e n t
C o l o u r l e s s
0 . 2 0
0 . 3 0
0 . 3 5
' n o t _ m e a s u r e d  ' 
1 . 3 0 0
' n o t  m e a s u r e d '  
912 
0 . 0 9 4  
n o n e  
?
?
?

e x p t l _ s p e c i a l _ d e t a i l s

9

d i f f r n _ a m b i e n t _ t e m p e r a t u r e
d i f f r n _ r a d i a t i o n _ w a v e l e n g t h
d i f f r n _ r a d i a t i o n _ t y p e
d i f f r n _ r a d i a t i o n _ s o u r c e
d i f f r n _ r a d i a t i o n _ m o n o c h r o m a t o r
d i f f r n _ m e a s u r e m e n t _ d e v i c e _ t y p e
d i f f r n _ m e a s u r e m e n t _ m e t h o d
d i f f r n _ d e t e c t o r _ a r e a _ r e s o l _ m e a n
d i f f r n _ s t a n d a r d s _ n u m b e r
d i f f r n _ s t a n d a r d s _ i n t e r v a l _ c o u n t
d i f f r n _ s t a n d a r d s _ i n t e r v a l _ t i m e
d i f f r n _ s t a n d a r d s _ d e c a y _ %
d i f f r n _ r e f l n s _ n u m b e r
d i f f r n _ r e f l n s _ a v _ R _ e q u i v a l e n t s
d i f f r n _ r e f l n s _ a v _ s i g m a l / n e t l
d i f f r n _ r e f l n s _ l i m i t _ h _ m i n
d i f f r n _ r e f l n s _ l i m i t _ h _ m a x
d i f f r n _ r e f l n s _ l i m i t _ k _ m i n
d i f f r n _ r e f l n s _ l i m i t _ k _ m a x
d i f f r n _ r e f l n s _ l i m i t _ l _ m i n
d i f f r n _ r e f l n s _ l i m i t _ l _ m a x
d i f f r n _ r e f l n s _ t h e t a _ m i n
d i f f r n _ r e f l n s _ t h e t a _ m a x
d i f f r n _ r e f l n s _ t h e t a _ f u l l
d i f f r n _ m e a s u r e d _ f r a c t i o n _ t h e t a _ f u l l
r e f l n s _ n u m b e r _ t o t a l
r e f l n s _ n u m b e r _ g t
r e f l n s _ t h r e s h o l d _ e x p r e s s i o n

1 2 3 ( 1 )
0 . 7 1 0 7 3
M o K \ a
' f i n e - f o c u s  s e a l e d  t u b e '  
g r a p h i t e
' B r u k e r  AXS I K  CCD a r e a  d e t e c t o r '  
' n a r r o w  f r a m e  \ w  s c a n s '
8 . 1 9 2  
' s e e  t e x t '
?
?

n o n e
2 2 0 1 6
0 . 0 6 7 0
0 . 0 4 7 5
- 1 2
12
- 1 3
13
- 2 5
25
1 . 0 0
2 6 . 3 7
2 6 . 3 7
1.000 
442 2  
3 8 3 0
> 2 s i g m a ( I )

c o m p u t i n g _ d a t a _ c o l l e c t i o n  
c o m p u t i n g _ c e l l _ r e f i n e m e n t  

_ c o m p u t i n g _ d a t a _ r e d u c t i o n

'SMART ( B r u k e r  AXS, 1 9 9 5 )  '
'SMART & S A I N T  ( B r u k e r  AXS, 1 9 9 5 ) '  

' S A I N T  ( B r u k e r  AXS,  1 9 9 5 ) '
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_ c o m p u t i n g _ s t r u c t u r e _ s o l u t i o n  
c o m p u t i n g _ s t r u c t u r e _ r e f i n e m e n t  
c o m p u t i n g _ m o l e c u l a r _ g r a p h i c s  
c o m p u t i n g _ p u b l i c a t i o n _ m a t e r i a l

' SHELXTL ( S h e l d r i c k ,  1 9 9 4 ) '  
' SHELXTL ( S h e l d r i c k ,  1 9 9 4 ) '  
' SH ELXTL  ( S h e l d r i c k ,  1 9 9 4 ) '  
'S H ELXT L  ( S h e l d r i c k ,  1 9 9 4 ) '

r e f i n e _ s p e c i a l _ d e t a i l s

Th e  s t r u c t u r e  was  t w i n n e d  b y  p s e u d o - m e r o h e d r y : T h e  \ b  a n g l e  b e i n g  c l o s e  
t o

90 \% was  e m u l a t i n g  t h e  h i g h e r  o r t h o r h o m b i c  c r y s t a l  s y s t e m  a n d  t h e  t w i n  
o p e r a t o r

TWIN 1 0 0 0 - 1 0 0 0 - 1  was u s e d  t o  c o m p l e t e  t h e  r e f i n e m e n t .  Th e  b a t c h  
s c a l e f a c t o r  BASF r e f i n e d  t o  0 . 3 6 6 5 0 .

R e f i n e m e n t  o f  FA2 A a g a i n s t  A L L  r e f l e c t i o n s .  T h e  w e i g h t e d  R - f a c t o r  wR a n d  
g o o d n e s s  o f  f i t  S a r e  b a s e d  o n  FA2 A , c o n v e n t i o n a l  R - f a c t o r s  R a r e  b a s e d  
o n  F,  w i t h  F s e t  t o  z e r o  f o r  n e g a t i v e  FA2 A . Th e  t h r e s h o l d  e x p r e s s i o n  o f  
F A2 A > 2 s i g m a ( F A2 A ) i s  u s e d  o n l y  f o r  c a l c u l a t i n g  R - f a c t o r s ( g t ) e t c .  a n d  i s  
n o t  r e l e v a n t  t o  t h e  c h o i c e  o f  r e f l e c t i o n s  f o r  r e f i n e m e n t .  R - f a c t o r s  b a s e d  
o n  FA2 A a r e  s t a t i s t i c a l l y  a b o u t  t w i c e  a s  l a r g e  a s  t h o s e  b a s e d  o n  F,  a n d  R -  
f a c t o r s  b a s e d  o n  A L L  d a t a  w i l l  b e  e v e n  l a r g e r .

r e f i n e _ l s _ s t r u c t u r e _ f a c t o r _ c o e f  F s q d
_ r e f i n e _ l s _ m a t r i x _ t y p e  f u l l
_ r e f i n e _ l s _ w e i g h t i n g _ s c h e m e  c a l c
_ r e f i n e _ l s _ w e i g h t i n g _ d e t a i l s  

' c a l c  w = l / f \ s A2 A ( F o A2 A ) + ( 0 . 0 9 7 5 P ) A2 A+ 0 . 0 0 0 0 P ]  
_ a t o m _ s i t e s _ s o l u t i o n _ p r i m a r y  d i r e c t
_ a t o m _ s i t e s _ s o l u t i o n _ s e c o n d a r y  d i f m a p
_ a t o m _ s i t e s _ s o l u t i o n _ h y d r o g e n s  geom
_ r e f i n e _ l s _ h y d r o g e n _ t r e a t m e n t  m i x e d
_ r e f i n e _ l s _ e x t i n c t i o n _ m e t h o d  n o n e
_ r e f i n e _ l s _ e x t i n c t i o n _ c o e f  n o n e
_ r e f i n e _ l s _ n u m b e r _ r e f l n s  442 2
_ r e f i n e _ l s _ n u m b e r _ p a r a m e t e r s  2 8 0
_ r e f i n e _ l s _ n u m b e r _ r e s t r a i n t s  0

_ r e f i n e _ l s _ R _ f a c t o r _ a l l  0 . 0 5 6 5
_ r e f i n e _ l s _ R _ f a c t o r _ g t  0 . 0 5 0 5
_ r e f i n e _ l s _ w R _ f a c t o r _ r e f  0 . 1 3 8 3
_ r e f i n e _ l s _ w R _ f a c t o r _ g t  0 . 1 3 2 4
_ r e f i n e _ l s _ g o o d n e s s _ o f _ f i t _ r e f  1 . 0 1 5
_ r e f i n e _ l s _ r e s t r a i n e d _ S _ a l l  1 . 0 1 5
_ r e f i n e _ l s _ s h i f t / s u _ m a x  0 . 0 0 0
r e f i n e _ l s _ s h i f t / s u _ m e a n  0 . 0 0 0
r e f i n e _ d i f f _ d e n s i t y _ m a x  0 . 3 3 0
r e f i n e _ d i f f _ d e n s i t y _ m i n  - 0 . 3 3 3
r e f i n e _ d i f f _ d e n s i t y _ r m s  0 . 0 6 4

w h e r e  P = ( F o A2 A+ 2 F c A2 A ) / 3 '

l o o p _
_ a t o m _ s i t e _ l a b e l  
_ a  t  om_s i  t  e _ t  y p  e _ s  ymb o 1  
_ a t o m _ s i t e _ f r a c t _ x  
_ a t o m _ s i t e _ f r a c t _ y  
_ a t o m _ s i t e _ f r a c t _ z  
_ a t o m _ s i t e _ U _ i s  o _ o  r _ e  q u  i  v  
_ a  t  om_s  i  t  e _ a  d p _ t  y p  e 
_ a t o m _ s i t e _ o c c u p a n c y

_atom_site_symmetry_multiplicity
_ a t o m _ s i t e _ c a l c _ f l a g  
_ a t o m _ s i t e _ r e f i n e m e n t _ f l a g s  
_ a t o m _ s i t e _ d i s o r d e r _ a s s e m b l y  
_ a t o m _ s i t e _ d i s o r d e r _ g r o u p  

01  O 0 . 0 3 0 4 4 ( 1 5 )  0 . 9 1 2 8 5 ( 1 4 )  0 . 0 6 3 1 5 ( 8 0 . 0 2 3 7 ( 4 )  U a n i  l i d .  . .

215



Appendices

02 0  0 . 4 2 8 7 4 ( 1 6 )  0 . 9 7 4 7 3 ( 1 5 )  0 . 0 9 4 1 1 ( 8 )  0 . 0 2 5 8 ( 4 )  U a n i  1 1 d  . . .
03  O 0 . 2 2 4 6 4 ( 1 7 )  0 . 9 7 9 6 3 ( 1 7 )  0 . 1 3 7 6 0 ( 9 )  0 . 0 2 9 4 ( 4 )  U a n i  1 1 d  . . .
04 O 0 . 4 3 1 1 1 ( 1 7 )  0 . 6 0 7 9 2 ( 1 5 )  - 0 . 1 0 5 8 2 ( 9 )  0 . 0 2 7 8 ( 4 )  U a n i  1 1 d  . . .
05  O 0 . 0 6 0 8 6 ( 1 6 )  0 . 5 0 7 4 0 ( 1 6 )  - 0 . 1 1 4 0 2 ( 9 )  0 . 0 2 9 7 ( 4 )  U a n i  1 1 d  . . .
0 6  O 0 . 2 6 1 7 0 ( 1 5 )  0 . 4 1 3 4 0 ( 1 4 )  - 0 . 1 1 9 4 4 ( 8 )  0 . 0 2 2 1 ( 4 )  U a n i  1 1 d  . . .
N I  N 0 . 2 5 1 7 0 ( 1 8 )  0 . 8 9 6 0 2 ( 1 6 )  0 . 0 3 6 7 9 ( 9 )  0 . 0 1 8 3 ( 4 )  U a n i  1 1 d  . . .
N2 N 0 . 2 3 5 0 6 ( 1 8 )  0 . 5 8 0 2 9 ( 1 6 )  - 0 . 0 5 2 3 4 ( 9 )  0 . 0 1 8 8 ( 4 )  U a n i  1 1 d  . . .
C l  C 0 . 1 1 6 0 ( 2 )  0 . 8 6 7 1 4 ( 1 9 )  0 . 0 2 9 8 9 ( 1 1 )  0 . 0 1 8 2 ( 4 )  U a n i  1 1 d  . . .
C2 C 0 . 0 8 6 3 ( 2 )  0 . 7 7 0 4 ( 2 )  - 0 . 0 2 4 0 8 ( 1 1 )  0 . 0 1 9 8 ( 5 )  U a n i  1 1 d  . . .
C3 C 0 . 1 4 0 8 ( 2 )  0 . 8 2 2 5 ( 2 )  - 0 . 0 8 8 7 0 ( 1 1 )  0 . 0 2 1 7 ( 5 )  U a n i  1 1 d  . . .
H3A H 0 . 0 7 8 9  0 . 8 8 7 7  - 0 . 1 0 5 9  0 . 0 2 6  U i s o  1 1 c a l c  R . .
H3B H 0 . 1 4 4 9  0 . 7 5 2 8  - 0 . 1 2 1 2  0 . 0 2 6  U i s o  1 1 c a l c  R . .
C4 C 0 . 2 8 0 0 ( 2 )  0 . 8 8 1 1 ( 2 )  - 0 . 0 8 0 9 5 ( 1 1 )  0 . 0 2 2 2 ( 5 )  U a n i  1 1 d  . . .
H4A H 0 . 3 3 8 4  0 . 8 4 6 9  - 0 . 1 1 5 7  0 . 0 2 7  U i s o  1 1 c a l c  R . .
H4B H 0 . 2 7 3 2  0 . 9 7 3 9  - 0 . 0 8 7 5  0 . 0 2 7  U i s o  1 1 c a l c  R . .
C5 C 0 . 3 4 4 4 ( 2 )  0 . 8 5 6 0 3 ( 1 9 )  - 0 . 0 1 4 7 8 ( 1 1 )  0 . 0 1 8 7 ( 5 )  U a n i  1 1 d  . . .
H5A H 0 . 4 2 1 6  0 . 9 1 5 7  - 0 . 0 1 1 9  0 . 0 2 2  U i s o  1 1 c a l c  R . .
C 6 C - 0 . 0 6 5 0 ( 2 )  0 . 7 5 5 8 ( 2 )  - 0 . 0 2 9 9 5 ( 1 2 )  0 . 0 2 4 2 ( 5 )  U a n i  1 1 d  . . . 
H6A H - 0 . 1 0 5 0  0 . 8 3 8 2  - 0 . 0 4 0 7  0 . 0 3 6  U i s o  1 1 c a l c  R . .
H6 B H - 0 . 1 0 0 9  0 . 7 2 5 3  0 . 0 1 1 8  0 . 0 3 6  U i s o  1 1 c a l c  R . .
H6 C H - 0 . 0 8 6 1  0 . 6 9 4 7  - 0 . 0 6 4 7  0 . 0 3 6  U i s o  1 1 c a l c  R . .
C l  C 0 . 3 1 0 9 ( 2 )  0 . 9 5 4 6 9 ( 1 9 )  0 . 0 9 1 8 6 ( 1 1 )  0 . 0 1 9 9 ( 5 )  U a n i  1 1 d  . . .
C8 C 0 . 2 7 0 3 ( 2 )  1 . 0 3 3 9 ( 2 )  0 . 2 0 1 0 5 ( 1 2 )  0 . 0 2 7 9 ( 5 )  U a n i  1 1 d  . . .
C9 C 0 . 3 6 5 9 ( 3 )  0 . 9 4 3 8 ( 2 )  0 . 2 3 4 5 4 ( 1 3 )  0 . 0 3 0 7 ( 6 )  U a n i  1 1 d  . . .
H9A H 0 . 3 2 8 3  0 . 8 5 8 0  0 . 2 3 4 2  0 . 0 4 6  U i s o  1 1 c a l c  R . .
H9B H 0 . 3 8 0 3  0 . 9 7 1 1  0 . 2 7 9 9  0 . 0 4 6  U i s o  1 1 c a l c  R . .
H9C H 0 . 4 5 1 0  0 . 9 4 3 9  0 . 2 1 1 2  0 . 0 4 6  U i s o  1 1 c a l c  R . .
C IO C 0 . 1 4 1 7 ( 3 )  1 . 0 4 4 3 ( 4 )  0 . 2 3 7 6 7 ( 1 5 )  0 . 0 4 8 0 ( 8 )  U a n i  1 1 d  . . .
H10A H 0 . 1 0 4 0  0 . 9 5 9 4  0 . 2 4 4 1  0 . 0 7 2  U i s o  1 1 c a l c  R . .
H10B H 0 . 0 7 8 8  1 . 0 9 6 4  0 . 2 1 2 4  0 . 0 7 2  U i s o  1 1 c a l c  R . .
H10C H 0 . 1 5 8 0  1 . 0 8 3 9  0 . 2 8 0 4  0 . 0 7 2  U i s o  1 1 c a l c  R . .
C i l  C 0 . 3 3 2 0 ( 3 )  1 . 1 6 3 4 ( 2 )  0 . 1 9 0 0 2 ( 1 5 )  0 . 0 3 7 9 ( 7 )  U a n i  1 1 d  . . .
H U A  H 0 . 4 1 5 6  1 . 1 5 3 8  0 . 1 6 5 9  0 . 0 5 7  U i s o  1 1 c a l c  R . .
H U B  H 0 . 3 4 9 9  1 . 2 0 3 7  0 . 2 3 2 4  0 . 0 5 7  U i s o  1 1 c a l c  R . .
H11C H 0 . 2 7 0 3  1 . 2 1 6 3  0 . 1 6 4 6  0 . 0 5 7  U i s o  1 1 c a l c  R . .
C12 C 0 . 3 6 2 6 ( 2 )  0 . 6 3 0 7 8 ( 1 9 )  - 0 . 0 5 9 5 9 ( 1 1 )  0 . 0 1 9 2 ( 4 )  U a n i  1 1 d  . . . 
C13 C 0 . 4 0 4 4 ( 2 )  0 . 7 1 9 3 ( 2 )  - 0 . 0 0 3 9 8 ( 1 1 )  0 . 0 1 8 6 ( 4 )  U a n i  1 1 d  . . . 
C14 C 0 . 3 6 3 2 ( 2 )  0 . 6 6 0 0 2 ( 1 9 )  0 . 0 6 1 3 3 ( 1 1 )  0 . 0 2 0 4 ( 5 )  U a n i  1 1 d  . . .
H14A H 0 . 3 8 3 4  0 .  
H14B H 0 . 4 1 6 5  0 .  
C15 C 0 . 2 1 4 4 ( 2 )  
H15A H 0 . 2 0 4 8  0 .  
H15B H 0 . 1 6 9 0  0 .  
C16  C 0 . 1 4 5 6 ( 2 )  
H16A H 0 . 0 6 7 3  0 .  
C17 C 0 . 5 5 6 4 ( 2 )  
H17A H 0 . 5 9 7 0  0 .  
H17B H 0 . 5 8 6 4  0 .  
H17C H 0 . 5 8 3 0  0 .  
C18 C 0 . 1 7 6 2 ( 2 )  
C l 9 C 0 . 2 3 8 1  (2 )  
C20 C 0 . 3 6 1 8  (2 )  
H20A H 0 . 4 4 0 5  0 .  
H20B H 0 . 3 6 0 4  0 .  
H20C H 0 . 3 6 5 1  0 .  
C21 C 0 . 1 1 5 3 ( 3 )  
H21A H 0 . 0 3 5 9  0 .  
H21B H 0 . 1 2 1 4  0 .  
H21C H 0 . 1 0 8 9  0 .  
C22 C 0 . 2 3 0 6 ( 3 )  
H22A H 0 . 3 0 9 5  0 .  
H22B H 0 . 1 5 0 3  0 .  

H22C H 0 . 2 2 7 1

7 2 0 3  0 . 0 9 7 2  0 . 0 2 5  U i s o  1 1 c a l c  R . .
5 8 2 3  0 . 0 6 9 0  0 . 0 2 5  U i s o  1 1 c a l c  R . .
0 . 6 2 5 9 ( 2 )  0 . 0 6 3 2 3 ( 1 1 )  0 . 0 2 1 0 ( 5 )  U a n i  1 1 d  . . 
5 3 7 9  0 . 0 7 9 6  0 . 0 2 5  U i s o  1 1 c a l c  R . .
6 8 2 9  0 . 0 9 4 6  0 . 0 2 5  U i s o  1 1 c a l c  R . .
0 . 6 3 6 4 8 ( 1 9 )  - 0 . 0 0 3 6 8 ( 1 1 )  0 . 0 1 9 4 ( 5 )  U a n i  1 1 d 
5 7 8 0  - 0 . 0 0 1 4  0 . 0 2 3  U i s o  1 1 c a l c  R . . 
0 . 7 3 1 7 ( 2 )  - 0 . 0 0 6 1 4 ( 1 2 )  0 . 0 2 4 3 ( 5 )  U a n i  1 1 d  . 
6478  - 0 . 0 0 0 7  0 . 0 3 6  U i s o  1 1 c a l c  R . .
7 8 7 7  0 . 0 2 9 3  0 . 0 3 6  U i s o  1 1 c a l c  R . .
7 6 7 6  - 0 . 0 4 8 4  0 . 0 3 6  U i s o  1 1 c a l c  R . .
0 . 4 9 9 1 ( 2 )  - 0 . 0 9 8 9 0 ( 1 2 )  0 . 0 2 1 3 ( 5 )  U a n i  1 1 d  .
0 . 3 4 5 1 ( 2 )  - 0 . 1 8 1 7 3 ( 1 1 )  0 . 0 2 0 5 ( 5 )  U a n i  1 1 d  .
0 . 2 6 5 6 ( 2 )  - 0 . 1 8 7 8 0 ( 1 2 )  0 . 0 2 6 7 ( 5 )  U a n i  1 1 d  .
3 2 0 5  - 0 . 1 8 5 7  0 . 0 4 0  U i s o  1 1 c a l c  R .
2 2 0 5  - 0 . 2 2 9 8  0 . 0 4 0  U i s o  1 1 c a l c  R .
2 0 3 9  - 0 . 1 5 1 9  0 . 0 4 0  U i s o  1 1 c a l c  R .
0 . 2 6 2 4 ( 2 )  - 0 . 1 7 8 2 5 ( 1 5 )  0 . 0 3 4 6 ( 6 )  U a n i  1 1 d  
3 1 6 1  - 0 . 1 7 4 7  0 . 0 5 2  U i s o  1 1 c a l c  R .
2 0 7 0  - 0 . 1 3 9 8  0 . 0 5 2  U i s o  1 1 c a l c  R .
2 1 0 4  - 0 . 2 1 8 0  0 . 0 5 2  U i s o  1 1 c a l c  R .
0 . 4 4 3 1 ( 3 )  - 0 . 2 3 5 6 8 ( 1 3 )  0 . 0 3 5 9 ( 6 )  U a n i  1 1 d 
49 7 7  - 0 . 2 3 3 7  0 . 0 5 4  U i s o  1 1 c a l c  R .
4 9 4 8  - 0 . 2 3 0 1  0 . 0 5 4  U i s o  1 1 c a l c  R .

0 . 4 0 0 2  - 0 . 2 7 8 3  0 . 0 5 4  U i s o  1 1 c a l c  R
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l o o p _
a t o m _ s i t e _ a n i s o _ l a b e l  
a t o m _ s i t e _ a n i s o _ U _ l 1  

a t o m  s i t e _ a n i s o _ U _ 2 2
a t o m _ s i t e _ a n i s o _ U _ 3 3

_ a  t  om_s i  t  e _ a  n i  s o_U_2 3 
a t o m  s i t e _ a n i s o _ U _ 1 3  
a t o m  s i t e  a n i s o _ U _ 1 2

01 0 . 
02 0 .
0 3  0 .
04 0 .
0 5  0 .
0 6  0 . 
N1 0 .  
N2 0 .  
Cl 0. 
C2 0 .  
C3 0 .  
04  0 .  
C5 0 .  
C 6 0 .  
C7 0 .  
C8 0 .  
C9 0 .  
C IO 0 
Cll 0 
C12 0 
C13 0 
C14 0 
C15 0 
C16  0 
C17 0 
C18 0 
C l 9 0 
C20 0 
C21 0 
C22 0

0 2 0 1 ( 8 ) 
0 2 2 2 ( 8 ) 
0 2 1 4  ( 8 ) 
0 2 5 3 ( 8 )  
0 2 0 6 ( 8 )  
0 2 4 6 ( 8 )  
0 1 7 1 ( 9 )  
0 1 7 9 ( 9 )  
0 1 9 3 ( 1 0 )  
0 1 7 8 ( 1 1 )  
0 2 3 1 ( 1 1 )  
0 2 2 6 ( 1 1 )  
0 1 9 9 ( 1 1 )  
0 1 8 3 ( 1 1 )  
0 2 0 8 ( 1 1 )  
0 2 4 2 ( 1 2 )  
0 3 0 5 ( 1 3 )  
. 0 2 6 9 ( 1 4  
. 0 5 2 9 ( 1 8  
. 0 1 7 8 ( 1 0  
. 0 1 6 6 ( 1 1  
. 0 2 1 3 ( 1 1  
. 0 2 2 6 ( 1 1  
. 0 1 7 5 ( 1 0  
. 0 1 6 3 ( 1 1  
. 0 2 1 1 ( 1 1  
. 0 2 0 5 ( 1 0  
. 0 2 5 6 ( 1 2  
. 0 2 6 3 ( 1 3  
. 0 4 3 1 ( 1 6

0 . 0 1 7 9 ( 8 )  
0 . 0 2 3 3 ( 8 )  
0 . 0 3 3 8 ( 9 )  
0 . 0 2 2 8  ( 8 ) 
0 . 0 2 4 1 ( 9 )  
0 . 0 1 3 1 ( 7 )  
0 .0 1 0 1 (8 ) 
0 .0 1 1 0 (8 ) 

0 . 0 1 0 8 ( 9 )  
0 . 0 1 2 8 ( 1 0 )  
0 . 0 1 4 9 ( 1 0 )  
0 . 0 1 5 7 ( 1 0 )  
0 . 0 1 0 7 ( 1 0 )  
0 . 0 1 8 6 ( 1 1 )  
0 . 0 1 0 8 ( 9 )  
0 . 0 2 9 1 ( 1 2 )  
0 . 0 2 6 7 ( 1 2 )

0 . 0 0 0 2 ( 7 )  - 0 . 0 0 6 1 ( 7 )  
- 0 . 0 0 1 7 ( 7 )  - 0 . 0 0 0 8 ( 7 )

0 . 0 3 2 0 ( 9 )  - 0 . 0 0 5 5 ( 7 )
0 . 0 3 3 0 ( 9 )  - 0 . 0 1 2 2 ( 8 )

0 3 5 2 ( 1 0 )  - 0 . 0 0 6 9 ( 7 )  0 . 0 0 6 2 ( 8 )  - 0 . 0 0 3 0 ( 7 )  
0 4 4 3 ( 1 0 )  - 0 . 0 1 2 1 ( 7 )  - 0 . 0 0 6 1 ( 8 )  0 . 0 0 1 9 ( 7 )  
0 2 8 6 ( 8 )  - 0 . 0 0 4 9 ( 6 )  - 0 . 0 0 3 8 ( 7 )  0 . 0 0 3 4 ( 6 )  
0 2 7 6 ( 1 0 )  - 0 . 0 0 1 5 ( 7 )  - 0 . 0 0 0 2 ( 8 )  - 0 . 0 0 0 7 ( 7 )  
0 2 7 4 ( 1 0 )  - 0 . 0 0 3 3 ( 7 )  - 0 . 0 0 1 4 ( 8 )  0 . 0 0 0 9 ( 7 )  

0 . 0 2 4 5 ( 1 1 )  0 . 0 0 3 4 ( 8 )  - 0 . 0 0 0 5 ( 9 )  0 . 0 0 0 3 ( 8 )  
0 . 0 2 8 7 ( 1 2 )  - 0 . 0 0 2 9 ( 9 )  - 0 . 0 0 3 0 ( 9 )  0 . 0 0 0 6 ( 8 )  
0 . 0 2 6 9 ( 1 2 )  - 0 . 0 0 1 2 ( 9 )  - 0 . 0 0 3 9 ( 1 0 )  0 . 0 0 1 7 ( 9 )  
0 . 0 2 8 2 ( 1 2 )  0 . 0 0 3 9 ( 9 )  - 0 . 0 0 1 2 ( 9 )  - 0 . 0 0 0 6 ( 9 )  
0 . 0 2 5 4 ( 1 2 )  - 0 . 0 0 1 0 ( 8 )  0 . 0 0 1 4 ( 9 )  - 0 . 0 0 2 2 ( 8 )  
0 . 0 3 5 8 ( 1 3 )  - 0 . 0 0 5 1 ( 1 0 )  - 0 . 0 0 4 1 ( 1 0 )  0 . 0 0 0 3 ( 9 )  

0 . 0 2 7 9 ( 1 1 )  - 0 . 0 0 0 8 ( 9 )  - 0 . 0 0 1 5 ( 9 )  - 0 . 0 0 0 9 ( 8 )  
0 . 0 3 0 4 ( 1 3 )  - 0 . 0 1 0 5 ( 1 0 )  - 0 . 0 0 4 0 ( 1 0 )  0 . 0 0 2 7 ( 1 0 )  
0 . 0 3 4 8 ( 1 3 )  0 . 0 0 0 8 ( 1 0 )  - 0 . 0 0 1 8 ( 1 1 )  0 . 0 0 0 7 ( 1 1 )  

0 . 0 3 7 5 ( 1 5 )  - 0 . 0 2 3 9 ( 1 6 )  - 0 . 0 0 1 2 ( 1 3 )  0 . 0 0 6 3 ( 1 4 )0 . 0 8 0 ( 2 )
0 0 2 0 0 ( 1 2 )  0 . 0 4 0 7 ( 1 5 )  - 0 . 0 0 8 2 ( 1 1 )  - 0 . 0 0 8 8 ( 1 3 )  0 . 0 0 6 9 ( 1 2 )  
0 ' 0 1 1 7  (9 )  0 . 0 2 8 0 ( 1 2 )  0 . 0 0 1 1 ( 9 )  - 0 . 0 0 2 2 ( 9 )  0 . 0 0 0 3 ( 8 )  
0 0 1 4 1 ( 1 0 )  0 . 0 2 5 1 ( 1 1 )  - 0 . 0 0 2 0 ( 9 )  - 0 . 0 0 1 1 ( 9 )  - 0 . 0 0 0 6 ( 8 )  

. 0 2 5 7 ( 1 2 )  0 . 0 0 0 9 ( 8 )  - 0 . 0 0 2 8 ( 1 0 )  0 . 0 0 0 1 ( 8 )
0 0 1 1 4 ( 9 )  0 . 0 2 8 9 ( 1 2 )  0 . 0 0 2 9 ( 9 )  0 . 0 0 2 7 ( 1 0 )  - 0 . 0 0 0 5 ( 8 )

- 0 . 0 0 1 3 ( 8 )  0 . 0 0 1 0 ( 9 )  - 0 . 0 0 2 2 ( 8 )  
- 0 . 0 0 1 6 ( 1 0 )  - 0 . 0 0 1 1 ( 1 0 ) 0 . 0 0 0 1 ( 9 ) 
- 0 . 0 0 2 1 ( 9 )  - 0 . 0 0 2 5 ( 9 )  0 . 0 0 1 0 ( 8 )  
- 0 . 0 0 4 6 ( 9 )  - 0 . 0 0 1 7 ( 9 )  - 0 . 0 0 0 1 ( 8 )  
- 0 . 0 0 7 3 ( 1 0 )  - 0 . 0 0 3 7 ( 1 0 )  0 . 0 0 3 2 ( 1 0 )  
- 0 . 0 1 6 2 ( 1 2 )  0 . 0 0 3 0 ( 1 2 )  - 0 . 0 0 8 8 ( 1 0 )  
0 . 0 0 3 3 ( 1 1 )  - 0 . 0 0 1 8 ( 1 3 )  0 . 0 1 0 6 ( 1 2 )

0 . 0 1 4 3 ( 1 0 )  0
0 . 0 2 8 9 ( 1 2 )  
0 . 0 3 0 8 ( 1 2 )  

0 . 0 3 4 9 ( 1 3 )  
0 . 0 2 8 6 ( 1 2 )

0 . 0 0 9 9 ( 9 )
0 . 0 2 1 7 ( 1 1 )
0 . 0 1 4 2 ( 1 0 )
0 . 0 1 5 8 ( 1 0 )
0 . 0 2 0 7 ( 1 1 )
0 . 0 2 5 2  ( 1 2 )
0 . 0 3 2 0 ( 1 4 )

0 . 0 2 5 2 ( 1 1 )  
0 . 0 3 3 9 ( 1 3 )  
0 . 0 5 2 4 ( 1 6 )  
0 . 0 3 2 5 ( 1 4 )

_ g e o m _ s p e c i a l _ d e t a i l s

r

A l l  e s d s  ( e x c e p t  t h e  e s d  i n  t h e  d i h e d r a l  a n g l e  b e t w e e n  t w o  l . s .  p l a n e s )  
a r e  e s t i m a t e d  u s i n g  t h e  f u l l  c o v a r i a n c e  m a t r i x .  T h e  c e l l  e s d s  a r e  t a k e n  
i n t o  a c c o u n t  i n d i v i d u a l l y  i n  t h e  e s t i m a t i o n  o f  e s d s  i n  d i s t a n c e s ,  a n g l e s  
a n d  t o r s i o n  a n g l e s ;  c o r r e l a t i o n s  b e t w e e n  e s d s  i n  c e l l  p a r a m e t e r s  a r e  o n l y  
u s e d  w h e n  t h e y  a r e  d e f i n e d  b y  c r y s t a l  s y m m e t r y .  An  a p p r o x i m a t e  

( i s o t r o p i c )
t r e a t m e n t  o f  c e l l  e s d s  i s  u s e d  f o r  e s t i m a t i n g  e s d s  i n v o l v i n g  l . s .  p l a n e s .

l o o p _
_ g e o m _ b o n d _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ b o n d _ a t o m _ s i t e _ l a b e l _ 2
_ g e o m _ b o n d _ d i s t a n c e
_ g e  o m _ b o n d _ s  i  t  e _ s  ymme t  r y _ 2
_ g e o m _ b o n d _ p u b l _ f l a g

01  C l  1 . 1 9 8 ( 3 )  . ?
0 2  C l  1 . 2 0 2 ( 3 )  . ?
0 3  C l  1 . 3 0 3 ( 3 )  . ?
03  C8 1 . 4 8 6 ( 3 )  . ?
04 C12 1 . 1 9 5 ( 3 )  . ?
05  C l 8 1 . 2 0 0  (3 )  . ?
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0 6  C18 1 . 3 1 6 ( 3 )  
0 6  C19 1 . 4 7 9 ( 3 )  
N I  C l  1 . 4 0 3 ( 3 )  
N I  C l  1 . 4 1 1 ( 3 )  
N I  C5 1 . 4 6 9 ( 3 )  
N2 C12 1 . 3 9 5 ( 3 )  
N2 C18 1 . 4 0 7 ( 3 )  
N2 C l 6 1 . 4 6 7 ( 3 )  
C l  C2 1 . 5 2 9 ( 3 )  
C2 C 6 1 . 5 3 1 ( 3 )  
C2 C3 1 . 5 3 2 ( 3 )  
C2 C16 1 . 5 8 7 ( 3 )  
C3 C4 1 . 5 3 5 ( 3 )  
C3 H3A 0 . 9 9 0 0  . 
C3 H3B 0 . 9 9 0 0  . 
C4 C5 1 . 5 1 7 ( 3 )  
C4 H4A 0 . 9 9 0 0  . 
C4 H4B 0 . 9 9 0 0  . 
C5 C13 1 . 5 7 7 ( 3 )  
C5 H5A 1 . 0 0 0 0  . 
C 6 H6A 0 . 9 8 0 0  . 
C6 H 6 B 0 . 9 8 0 0  . 
C 6 H6 C 0 . 9 8 0 0  . 
C8 C IO 1 . 4 9 9 ( 4 )  
C8 C9 1 . 5 1 0 ( 3 )  
C8 C i l  1 . 5 1 6 ( 4 )  
C9 H9A 0 . 9 8 0 0  . 
C9 H9B 0 . 9 8 0 0  . 
C9 H9C 0 . 9 8 0 0  . 
C IO H10A 0 . 9 8 0 0  
CIO H10B 0 . 9 8 0 0  
CIO H10C 0 . 9 8 0 0  
C i l  H U A  0 . 9 8 0 0  
C i l  H U B  0 . 9 8 0 0  
C i l  H11C 0 . 9 8 0 0  
C12 C13 1 . 5 2 6 ( 3  
C13 C14 1 . 5 3 0 ( 3  
C13 C17 1 . 5 3 2 ( 3  
C14 C15 1 . 5 3 7  (3 
C14 H14A 0 . 9 9 0 0  
C14 H14B 0 . 9 9 0 0  
C15 C l 6 1 . 5 3 1 ( 3  
C15 H15A 0 . 9 9 0 0  
C15 H15B 0 . 9 9 0 0  
C16 H16A 1 . 0 0 0 0  
C17 H17A 0 . 9 8 0 0  
C17 H17B 0 . 9 8 0 0  
C17 H17C 0 . 9 8 0 0  
C l 9 C20 1 . 5 0 4  (3 
C19 C22 1 . 5 1 1  (3 
C l 9 C21 1 . 5 1 2  (3 
C20 H20A 0 . 9 8 0 0  
C20 H20B 0 . 9 8 0 0  
C20 H20C 0 . 9 8 0 0  
C21 H21A 0 . 9 8 0 0  
C21 H21B 0 . 9 8 0 0  
C21 H21C 0 . 9 8 0 0  
C22 H22A 0 . 9 8 0 0  
C22 H22B 0 . 9 8 0 0  
C22 H22C 0 . 9 8 0 0

l o o p _
_ g e o m _ a n g l e s i t e  l a b e l  1

) • ?
) • ?

7
7
7

) • ?
) • ?
) • ?

7
7
7

) • ?
7

7
7

7
7
7

) • ?
7
7
7
7

i . ?
7

i . ?
7
7
7

) .  ?
) .  ?
) .  ?
) .  ?
) .  ?
) .  ?
i) • ?
i) • ?
Ì )  . ?

5) • ?
) .  ?
) .  ?
Ì )  • ?
) .  ?
) .  ?
) .  ?
) .  ?
) .  ?
) .  ?
0 • ?
i )  • ?

I )  • ?

) .  ?
) .  ?
) .  ?
) .  ?
i . ?
i . ?
i . ?
i . ?
i . ?

i _ a t o m
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geom_angle_atom_site_label_2
geom angle_atom_site_label_3 

_geom_angle
geom angle_site_symmetry_l 
geom angle_site_symmetry_3 

_geom_angle_publ_flag 
C7 03 C8 119.88(18) . . ?
C18 06 Cl9 120.34 (17) . . ?
Cl NI C7 125.48 (19) . . ?
Cl NI C5 118.94(18) . • ?
C7 NI C5 115.46(17) . . ?
C12 N2 C18 122.92(19) . . ?
C12 N2 C16 118.89(17) . • ?
C18 N2 Cl6 116.47(18) . • ?
01 Cl NI 123.7(2) . • ?
01 Cl C2 122.6(2) . • ?
NI Cl C2 113.77(18) . . ?
Cl C2 C6 108.27 (18) . . ?
Cl C2 C3 108.19(17) . . ?
C6 C2 C3 109.08(19) . . ?
Cl C2 C16 109.42(18) . . ?
C6 C2 Cl6 107.58(17) . . ?
C3 C2 C16 114.15(18) . . ?
C2 C3 C4 112.59(19) . • ?
C2 C3 H3A 109.1 . • ?
C4 C3 H3A 109.1 . • ?
C2 C3 H3B 109.1 . ■ ?
C4 C3 H3B 109.1 . • ?
H3A C3 H3B 107.8 . • ?
C5 C4 C3 113.93(18) . • ?
C5 C4 H4A 108.8 . . ?
C3 C4 H4A 108.8 . . ?
C5 C4 H4B 108.8 . . ?
C3 C4 H4B 108.8 . . ?
H4A C4 H4B 107.7 . . ?
NI C5 C4 108.58(18) . • ?
NI C5 C13 113.87 (17) . . ?
C4 C5 C13 116.38(18) . • ?
NI C5 H5A 105.7 . . ?
C4 C5 H5A 105.7 . . ?
C13 C5 H5A 105.7 . . ?
C2 C6 H6A 109.5 . • ?
C2 C6 H6B 109.5 . • ?
H6A C6 H6B 109.5 . • ?
C2 C6 H6C 109.5 . • ?
H6A C6 H6C 109.5 . . ?
H6B C6 H6C 109.5 . . ?
02 C7 03 126.5(2) . • ?
02 C l  NI 121.2(2) . • ?
03 C l  NI 112.31 (18) . . ?
03 C8 CIO 101.5(2) . . ?
03 C8 C9 110.20(19) . . ?
CIO C8 C9 111.6(2) . . ?
03 C8 Cil 110.0(2) . • ?
CIO C8 Cil 111.2(2) . . ?
C9 C8 Cil 112.0 (2) . . ?
C8 C9 H9A 109.5 . . ?
C8 C9 H9B 109.5 . . ?
H9A C9 H9B 109.5 . . ?
C8 C9 H9C 109.5 . . ?
H9A C9 H9C 109.5 . . ?
H9B C9 H9C 109.5 . . ?
C8 CIO H10A 109.5 . . ?
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C8 CIO H10B 109.5 . . ?
H10A CIO H10B 109.5 . . ?
C8 CIO H10C 109.5 . . ?
H10A CIO H10C 109.5 . . ? 
H10B CIO H10C 109.5 . . ?
C8 Cil H U A  109.5 . . ?
C8 Cil HU B  109.5 . . ?
H U A  Cil HU B  109.5 . . ?
C8 Cil H11C 109.5 . . ?
H U A  Cil H11C 109.5 . . ? 
HU B  Cil H11C 109.5 . . ?
04 C12 N2 122.6(2) . . ?
04 C12 C13 123.57(19) . . ?
N2 C12 C13 113.80(19) . . ?
C12 C13 Cl4 108.87 (17) . . ?
C12 C13 C17 107.54 (18) . . ?
C14 C13 C17 109.43(18) . . ?
C12 C13 C5 110.55(18) . . ?
C14 C13 C5 112.99(17) . . ?
C17 C13 C5 107.31(17) . . ?
C13 C14 C15 112.56(18) . . ?
C13 C14 H14A 109.1 . . ?
C15 C14 H14A 109.1 . . ?
C13 C14 H14B 109.1 . . ?
C15 C14 H14B 109.1 . . ?
H14A C14 H14B 107.8 . . ?
Cl6 C15 C14 113.28(18) . . ?
Cl6 C15 H15A 108.9 . . ?
C14 C15 H15A 108.9 . . ?
Cl6 C15 H15B 108.9 . . ?
C14 C15 H15B 108.9 . . ?
H15A C15 H15B 107.7 . . ?
N2 Cl6 C15 107.36(17) . . ?
N2 C16 C2 114.32(18) . . ? 
C15 Cl6 C2 117.77 (17) . . ?
N2 C16 H16A 105.4 . . ?
C15 C16 H16A 105.4 . . ?
C2 C16 H16A 105.4 . . ?
C13 C17 H17A 109.5 . . ?
C13 C17 H17B 109.5 . . ?
H17A C17 H17B 109.5 . . ?
C13 C17 H17C 109.5 . . ?
H17A C17 H17C 109.5 . . ? 
H17B C17 H17C 109.5 . . ?
05 C18 06 126.8 (2) . . ?
05 C18 N2 122.1 (2) . . ?
06 C18 N2 111.07(19) . . ?
06 Cl9 C20 102.28(18) . . ? 
06 Cl9 C22 107.52(18) . . ? 
C20 Cl9 C22 111.0(2) . . ?
06 C19 C21 111.60(19) . . ?
C20 Cl9 C21 110.88(19) . . ?
C22 C19 C21 113.0 (2) . . ?
Cl9 C20 H20A 109.5 . . ?
C19 C20 H20B 109.5 . . ?
H20A C20 H20B 109.5 . . ?
C19 C20 H20C 109.5 . . ?
H20A C20 H20C 109.5 . . ? 
H20B C20 H20C 109.5 . . ?
Cl9 C21 H21A 109.5 . . ?
Cl9 C21 H21B 109.5 . . ?
H21A C21 H21B 109.5 . . ?

Cl9 C21 H21C 109.5 . . ?
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H21A C21 H21C 1 0 9 . 5  . . ?
H21B C21 H21C 1 0 9 . 5  . . ?
C l 9 C22 H22A 1 0 9 . 5  . . ? 
C l 9 C22 H22B 1 0 9 . 5  . . ? 
H22A C22 H22B 1 0 9 . 5  . . ? 
C l 9 C22 H22C 1 0 9 . 5  . . ? 
H22A C22 H22C 1 0 9 . 5  . . ?
H22B C22 H22C 1 0 9 . 5  . • ?

l o o p _
geom t o r s i o n _ a t o m _ s i t e _ l a b e l _ l  
geom t o r s i o n _ a t o m _ s i t e _ l a b e l _ 2  
geom t o r s i o n _ a t o m _ s i t e _ l a b e l _ 3  
geom t o r s i o n _ a t o m _ s i t e _ l a b e l _ 4

_ g e o m _ t o r s i o n
geom t o r s i o n _ s i t e _ s y m m e t r y _ l  
geom t o r s i o n _ s i t e _ s y m m e t r y _ 2  
geom t o r s i o n _ s i t e _ s y m m e t r y _ 3  
geom t o r s i o n _ s i t e _ s y m m e t r y _ 4  

_ g e o m _ t o r s i o n _ p u b l _ f l a g  
C7 N I  C l  01  1 6 . 9 ( 3 )
C5 N I C l 01  - 1 6 7 . 3 ( 2 )  . . . .  ?

C l NI Cl C2 - 1 6 2 . 7 0 ( 1 9 )  . . . . ?

C5 N I C l C2 1 3 . 1 ( 3 )  . . . .  ?
0 1 Cl C2 C 6 4 . 9 ( 3 )  . . . .  ?
NI Cl C2 C 6 - 1 7 5 . 5 2 ( 1 8 )  . . . • ?

0 1 C l C2 C3 1 2 3 . 0 ( 2 )  . . . .  ?
NI Cl C2 C3 - 5 7 . 4  (2 )  . • • • ?
0 1 C l C2 C16 - 1 1 2 . 1 ( 2 )  . . . .  ?
NI Cl C2 C16 6 7 . 5 ( 2 )  . . . .  ?
Cl C2 C3 C4 4 3 . 4 ( 2 )  . . • •  ?
C6 C2 C3 C4 1 6 1 . 0 2 ( 1 8 )  . . . .  ?
C16 C2 C3 C4 - 7 8 . 6 ( 2 )  ......................
C2 C3 C4 C5 9 . 8 ( 3 )  • • • • •
C l N I C5 C4 4 2 . 1 ( 2 )  . . . .  ?
C l NI C5 C4 - 1 4 1 . 6 7 ( 1 8 )  . . . • ?

C l N I C5 C13 - 8 9 . 3 ( 2 )  . . . .  ?
C l NI C5 C13 8 6 . 9 ( 2 )  . . . .  ?
C3 C4 C5 N I  - 5 3 . 2 ( 2 )  . . . .  ?
C3 C4 C5 C13 7 6 . 8 ( 2 )  . . . .  ?
C8 03 C7 02  - 2 . 5 ( 3 )  . . . .  ?
C8 03 C7 N I  1 7 6 . 0 4 ( 1 8 )  . . . .  ?
Cl NI C l 02  1 7 9 . 1 ( 2 )  . . . .  ?
C5 NI C l 02  3 . 1 ( 3 )  . . . .  ?
Cl NI C l 0 3  0 . 5 ( 3 )  . • • • ?
C5 N I C l 0 3  - 1 7 5 . 4 8  (1 8 )  . . . . ?
C l 03 C8 CIO - 1 7 9 . 1 ( 2 )  . . . .  ?
C l 03 C8 C9 - 6 0 . 7 ( 3 )  . . . .  ?
C l 03 C8 C i l  6 3 . 2 ( 3 )  . . . .  ?

04
N2
04
N2
04
N2
N I
C4
N I
C4

C12
C12
C12
C12
C12
C12
C5
C5
C5
C5

C12 
C12 
C12 
C12 
C13 
C13 
C13 
C13 
C13 
C13 

C13 C12 
C13 C12

C13
C14
C14
C17
C17
C5
C5

C18 N2 C12 04 - 0 . 4 ( 3 )  . . . .  ?
C16 N2 C12 04 - 1 6 4 . 9 ( 2 )
C18 N2 C12 C13 1 7 8 . 3 7 ( 1 9 )  . . . .
C16 N2 C12 C13 1 3 . 9 ( 3 )  . . . . ?

- 1 3 7 . 9 ( 2 )  . . . .
4 3 . 3 ( 2 )  . . . . ?
- 1 9 . 4 ( 3 )  . . . . 1
1 6 1 . 7 6 ( 1 8 )  . . . .

9 7 . 4 ( 2 )  . . . .  ?
- 8 1 . 4 ( 2 )  . . . . ?
1 1 7 . 3 ( 2 )  . . . . ?
- 1 0 . 2 ( 2 ) . . . . ?

C13 C14 - 5 . 0 ( 2 )  . . . . ?
C13 C14 - 1 3 2 . 5 ( 2 )  . . . . •
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NI C5 C13 C17 - 1 2 5 . 7 ( 2 )  . . . .  ?
C4 C5 C13 C17 1 0 6 . 8 ( 2 )  . . . .  ?
C12 C13 C14 C15 - 5 4 . 1 ( 2 )  . . . .  ?
C17 C13 C14 C15 - 1 7 1 . 3 8 ( 1 8 )  . . . . ?
C5 C13 C14 C15 6 9 . 1  (2) . . . . ?
C13 C14 C15 C l 6 1 0 . 1 ( 2 )  . . . .  ?
C12 N2 C l 6 C15 - 5 8 . 8 ( 2 )  . . . .  ?
C18 N2 C l 6 C15 1 3 5 . 6 7 ( 1 9 )  . . . .  ? 
C12 N2 C16 C2 7 3 . 8  (2) . . . . ?
C18 N2 C l 6 C2 - 9 1 . 7  (2) . . . . ?
C l 4 C15 C16 N2 4 3 . 2 ( 2 )  . . . . ?
C14 C15 C16 C2 - 8 7 . 5 ( 2 )  . . . .  ?
Cl  C2 C16 N2 - 1 2 5 . 7 1 ( 1 9 )  . . . .  ?
C6 C2 C16 N2 1 1 6 . 9 ( 2 )  . . . .  ?
C3 C2 C16 N2 - 4 . 3 ( 3 )  . . ?
Cl C2 C16 C15 1 . 7 ( 3 )  . . 9
C6 C2 C16 C15 - 1 1 5 . 7 ( 2 )  . . . .
C3 C2 C16 C15 1 2 3 . 1 ( 2 )  . .
Cl  9 06 C18 05 2 2 . 5 ( 4 )  . . ?
Cl  9 06 C18 N2 - 1 6 0 . 7 1 ( 1 8 )
C12 N2 C18 05 - 1 3 9 . 5 ( 2 )  .
Cl  6 N2 C18 05 2 5 . 3 ( 3 )  . . ?
C12 N2 C18 06 4 3 . 5 ( 3 )  . . ?
Cl  6 N2 C18 06 - 1 5 1 . 6 1 ( 1 8 )
C18 06 Cl  9 C20 1 7 6 . 3 7 ( 1 9 )
C18 06 Cl  9 C22 5 9 . 4 ( 3 )  . . 9
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X-ray crystal structure data for a-methyl TV-Boc tetrahydro dilactamol (285)

_ c h e m i c a l _ n a m e _ c o m i n o n  ?
_ c h e m i c a l _ m e l t i n g _ p o i n t  ?
_ c h e m i c a l _ f o r m u l a _ m o i e t y  ?
_ c h e m i c a l _ f o r m u l a _ s u m  

' C22 H38 N2 0 6 '
_ c h e m i c a l _ f o r m u l a _ w e i g h t  4 2 6 . 5 4

l o o p _
_ a t o m _ t y p e _ s y m b o l
_ a t o m _ t y p e _ d e s c r i p t i o n
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _ r e a l
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _ i m a g
_ a t o m _ t y p e _ s c a t _ s o u r c e
' C '  ' C '  0 . 0 0 3 3  0 . 0 0 1 6
' I n t e r n a t i o n a l  T a b l e s  V o i  C T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '  
' H *  ' H '  0 . 0 0 0 0  0 . 0 0 0 0
' I n t e r n a t i o n a l  T a b l e s  V o i  C T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 ' 
' N '  ' N '  0 . 0 0 6 1  0 . 0 0 3 3
' I n t e r n a t i o n a l  T a b l e s  V o i  C T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1  4 '  
' 0 ' ' O '  0 . 0 1 0 6  0 . 0 0 6 0
' I n t e r n a t i o n a l  T a b l e s  V o i  C T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

_ s y m m e t r y _ c e l l _ s e t t i n g  T r i c l i n i o
_ s y m m e t r y _ s p a c e _ g r o u p _ n a m e  H-M P - l

l o o p _
_ s y m m e t r y _ e q u i v _ p o s _ a s _ x y z

roH
N—Boc

285

d a t a  c s f 7 4 s

a u d i t _ c r e a t i o n _ m e t h o d
c h e m i c a l _ n a m e _ s y s t e m a t i c

S H E L X L -9 7

c e l l _ l e n g t h _ a
c e l l _ l e n g t h _ b
c e l l _ l e n g t h _ c

9 . 3 3 3 0 ( 1 7 )  
1 0 . 6 7 7 ( 2 )  
1 2 . 2 5 6 ( 4 )  
7 2 . 4 5 4 ( 1 5 )c e l l _ a n g l e _ a l p h a
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c e l l _ a n g l e _ b e t a  
c e l l _ a n g l e _ g a m m a  
c e l l _ v o l u m e  
c e l l _ f o r m u l a _ u n i t s _ Z  
c e l l _ m e a s u r e m e n t _ t e m p e r a t u r e  
c e l l _ m e a s u r e m e n t _ r e f l n s _ u s e d  
c e l l _ m e a s u r e m e n t _ t h e t a _ m i n  
c e l l  m e a s u r e m e n t  t h e t a  max

8 8 . 8 9 1 ( 1 8 )
8 7 . 2 0 0 ( 1 3 )
1 1 6 3 . 0 ( 5 )
2
1 2 3 ( 1 )
774 5
1 . 7 4
2 9 . 1 3

e x p t l _ c r y s t a l _ d e s c r i p t i o n
e x p t l _ c r y s t a l _ c o l o u r
e x p t l _ c r y s t a l _ s i z e _ m a x
e x p t l _ c r y s t a l _ s i z e _ m i d
e x p t l _ c r y s t a l _ s i z e _ m i n
e x p t l _ c r y s t a l _ d e n s i t y _ m e a s
e x p t l _ c r y s t a l _ d e n s i t y _ d i f f r n
e x p t l _ c r y s t a l _ d e n s i t y _ m e t h o d
e x p t l _ c r y s t a l _ F _ 0 0 0
e x p t l _ a b s o r p t _ c o e f f i c i e n t _ m u
e x p t l _ a b s o r p t _ c o r r e c t i o n _ t y p e
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m i n
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m a x
e x p t l _ a b s o r p t _ p r o c e s s _ d e t a i l s

p r i s m
c o l o u r l e s s
0 . 1 5
0 . 2 5
0 . 5 5
n o t _ m e a s u r e d
1 . 2 1 8
' n o t  m e a s u r e d '
464
0 . 0 8 8
n o n e
7
7
7

e x p t l _ s p e c i a l _ d e t a i l s

7

d i f f r n _ a m b i e n t _ t e m p e r a t u r e
d i f f r n _ r a d i a t i o n _ w a v e l e n g t h
d i f f r n _ r a d i a t i o n _ t y p e
d i f f r n _ r a d i a t i o n _ s o u r c e
d i f f r n _ r a d i a t i o n _ m o n o c h r o m a t o r
d i f f r n _ m e a s u r e m e n t _ d e v i c e _ t y p e
d i f f r n _ m e a s u r e m e n t _ m e t h o d
d i f f r n _ d e t e c t o r _ a r e a _ r e s o l _ m e a n
d i f f r n _ s t a n d a r d s _ n u m b e r
d i f f r n _ s t a n d a r d s _ i n t e r v a l _ c o u n t
d i f  f r n _ s t a n d a r d s _ _ i n t e r v a l _ t i m e
d i f f r n _ s t a n d a r d s _ d e c a y _ %
d i f f r n _ r e f l n s _ n u m b e r
d i f f r n _ r e f l n s _ a v _ R _ e q u i v a l e n t s
d i f f r n _ r e f l n s _ a v _ s i g m a l / n e t l
d i f f r n _ r e f l n s _ l i m i t _ h _ m i n
d i f f r n _ r e f l n s _ l i m i t _ h _ m a x
d i f f r n _ r e f l n s _ l i m i t _ k _ m i n
d i f f r n _ r e f l n s _ l i m i t _ k _ m a x
d i f f r n _ r e f l n s _ l i m i t _ l _ m i n
d i f f r n _ r e f l n s _ l i m i t _ l _ m a x
d i f f r n _ r e f l n s _ t h e t a _ m i n
d i f f r n _ r e f l n s _ t h e t a _ m a x
d i f f r n _ r e f l n s _ t h e t a _ f u l l
d i f f r n _ m e a s u r e d _ f r a c t i o n _ t h e t a _ f u l l
r e  f 1 n s _ n u m b e  r _ t  o t  a 1
r e f l n s _ n u m b e r _ g t
r e f l n s _ t h r e s h o l d _ e x p r e s s i o n

1 2 3 ( 1 )
0 . 7 1 0 7 3
M o K \ a
' f i n e - f o c u s  s e a l e d  t u b e '  
g r a p h i t e
' B r u k e r  AXS I K  CCD a r e a  d e t e c t o r '  
' n a r r o w  f r a m e  \ w  s c a n s '
8 . 1 9 2  
' s e e  t e x t '
7
7
n o n e
1 1 7 2 1
0 . 0 3 8 0
0 . 0 5 1 2
-11
11
- 1 3
13
- 1 5
15
1 . 7 4
2 6 . 3 7
2 6 . 3 7  
0 . 9 9 2  
4 7 1 6  
3497
> 2 s i g m a ( I )

_ c o m p u t i n g _ d a t a _ c o l l e c t i o n  'SMART ( B r u k e r  AXS, 1 9 9 5 ) '
_ c o m p u t i n g _ c e l l _ r e f i n e m e n t  'SMART & S AI NT  ( B r u k e r  AXS, 1 9 9 5 )
_ c o m p u t i n g _ d a t a _ r e d u c t i o n  ' S A I N T  ( B r u k e r  AXS,  1 9 9 5 ) '
_ c o m p u t i n g _ s t r u c t u r e _ s o l u t i o n  'S H E LXTL  ( S h e l d r i c k ,  1 9 9 4 ) '

_ c o m p u t i n g _ s t r u c t u r e _ r e f i n e m e n t  ' SH E L XT L  ( S h e l d r i c k ,  1 9 9 4 ) '

224



Appendices

c o m p u t i n g _ m o l e c u l a r _ g r a p h i c s  ' SH ELXTL  ( S h e l d r i c k ,  1 9 9 4 ) '
c o m p u t i n g  p u b l i c a t i o n _ m a t e r i a l  'SHE LXT L ( S h e l d r i c k ,  1 9 9 4 ) '

r e f i n e _ s p e c i a l _ d e t a i l s

R e f i n e m e n t  o f  F A2 A a g a i n s t  A L L  r e f l e c t i o n s .  Th e  w e i g h t e d  R - f a c t o r  wR a n d  
g o o d n e s s  o f  f i t  S a r e  b a s e d  o n  FA2 A , c o n v e n t i o n a l  R - f a c t o r s  R a r e  b a s e d  
o n  F, w i t h  F s e t  t o  z e r o  f o r  n e g a t i v e  FA2 A . T h e  t h r e s h o l d  e x p r e s s i o n  o f  
FA2 A > 2 s i g m a ( F A2 A) i s  u s e d  o n l y  f o r  c a l c u l a t i n g  R - f a c t o r s ( g t ) e t c .  a n d  i s  
n o t  r e l e v a n t  t o  t h e  c h o i c e  o f  r e f l e c t i o n s  f o r  r e f i n e m e n t .  R - f a c t o r s  b a s e d  
o n  FA2 A a r e  s t a t i s t i c a l l y  a b o u t  t w i c e  as  l a r g e  as  t h o s e  b a s e d  on  F, a n d  R-  
f a c t o r s  b a s e d  o n  A L L  d a t a  w i l l  b e  e v e n  l a r g e r .

r e f i n e  I s  s t r u c t u r e  f a c t o r _ c o e f  F s q d
_ r e f i n e _ l s _ m a t r i x _ t y p e  f u l l
_ r e f i n e _ l s _ w e i g h t i n g _ s c h e m e  c a l c
_ r e f i n e _ l s _ w e i g h t i n g _ d e t a i l s

' c a l c  w = l / [ \ s A2 A ( F o A2 A ) + ( 0 . 0 9 5 0 P ) A2 A+ 0 . 0 0 0 0 P ]  
_ a t o m _ s i t e s _ s o l u t i o n _ p r i m a r y  d i r e c t
_ a t o m _ s i t e s _ s o l u t i o n _ s e c o n d a r y  d i f m a p
_ a t o m _ s i t e s _ s o l u t i o n _ h y d r o g e n s  geom
_ r e f i n e _ l s _ h y d r o g e n _ t r e a t m e n t  m i x e d
r e f i n e  l s _ e x t i n c t i o n _ m e t h o d  n o n e

_ r e f i n e _ l s _ e x t i n c t i o n _ c o e f  ?
r e f i n e _ l s _ n u m b e r _ r e f l n s  4 7 1 6

_ r e f i n e _ l s _ n u m b e r _ p a r a m e t e r s  2 8 9
r e f i n e _ l s _ n u m b e r _ r e s t r a i n t s  0
r e f i n e _ l s _ R _ f a c t o r _ a l l  0 . 0 6 7 3
r e f i n e _ l s _ R _ f a c t o r _ g t  0 . 0 5 2 3
r e f i n e _ l s _ w R _ f a c t o r _ r e f  0 . 1 4 8 5
r e f i n e _ l s _ w R _ f a c t o r _ g t  0 . 1 4 2 2
r e f i n e _ l s _ g o o d n e s s _ o f _ f i t _ r e f  1 . 0 1 0
r e f i n e _ l s _ r e s t r a i n e d _ S _ a l l  1 . 0 1 0
r e f i n e _ l s _ s h i f t / s u _ m a x  0 . 0 0 1
r e f i n e _ l s _ s h i f t / s u _ m e a n  0 . 0 0 0

r e f i n e _ d i f f _ d e n s i t y _ m a x  0 . 3 2 9
r e f i n e _ d i f f _ d e n s i t y _ m i n  - 0 . 4 1 1
r e f i n e _ d i f f _ d e n s i t y _ r m s  0 . 0 7 9

w h e r e P = ( F o A2 A+ 2 F c A2 A) / 3 '

l o o p _
_ a  t  om_s i  t  e _ l a b e 1  
_ a t o m _ s i t e _ t y p e _ s  y m b o 1  
_ a t o m _ s i t e _ f r a c t _ x  
_ a t o m _ s i t e _ f r a c t _ y  
_ a t o m _ s i t e _ f r a c t _ z  
_ a t o m _ s i  t  e _ U _ i  s o _ o  r _ e  q u i  v  
_ a  t om_s i  t  e _ a d p _ t  y p e  
_ a t o m _ s i t e _ o c c u p a n c y  
_ a t o m _ s i t e _ s y m m e t r y _ m u l t i p l i c i t y  
_ a t o m _ s i t e _ c a l c _ f l a g  
_ a t o m _ s i t e _ r e f i n e m e n t _ f l a g s  

a t o m _ s i t e _ d i s o r d e r _ a s s e m b l y  
_ a t o m _ s i t e _ d i s o r d e r _ g r o u p

0 1 A  0  0 . 7 1 7 8 7 ( 1 2 )  0 . 4 3 6 3 0 ( 1 2 )  - 0 . 0 8 0 4 0 ( 1 1 )  0 . 0 2 3 3 ( 3 )  U a n i  l i d .
H1AA H 0 . 6 3 0 6  0 . 4 3 7 9  - 0 . 0 6 2 7  0 . 0 3 5  U i s o  1 1 c a l c  R
0 2 A  0  0 . 5 8 1 0 5 ( 1 2 )  0 . 4 6 4 2 0  ( 1 2 )  0 . 1 1 1 0 9 ( 1 0 )  0 . 0 2 1 4  (3 )  ' U a n i  1 1 d
0 3 A  0  0 . 7 4 6 3 8 ( 1 3 )  0 . 4 2 6 0 5 ( 1 3 )  0 . 2 5 3 0 7 ( 1 0 )  0 . 0 2 5 7 ( 3 )  U a n i  l i d .  . .
N I A  N 0 . 8 1 7 4 1 ( 1 4 )  0 . 5 0 2 6 7 ( 1 3 )  0 . 0 7 0 2 4 ( 1 1 )  0 . 0 1 6 5 ( 3 )  U a n i  l i d .  . .
C I A  C 0 . 7 8 5 4 2 ( 1 8 )  0 . 5 3 8 1 3 ( 1 6 )  - 0 . 0 5 3 1 3 ( 1 4 )  0 . 0 1 7 4 ( 4 )  U a n i  l i d .  . .
H1AB H 0 . 7 1 7 6  0 . 6 1 7 0  - 0 . 0 7 2 4  0 . 0 2 1  U i s o  1 1 c a l c  R
C2A C 0 . 9 5 6 1 3 ( 1 7 )  0 . 5 3 7 1 9 ( 1 6 )  0 . 1 0 7 2 6 ( 1 5 )  0 . 0 1 6 1 ( 4 )  U a n i  l i d . . .
H2AA H 0 . 9 4 0 9 ( 1 9 )  0 . 5 4 2 4 ( 1 6 )  0 . 1 8 1 0 ( 1 5 )  0 . 0 1 5 ( 4 )  U i s o  l i d .  . .
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C3A C 0 . 9 8 6 0 8 ( 1 9 )  0 . 6 7 6 4 5 ( 1 6 )  0 . 0 3 2 0 7 ( 1 5 )  0 . 0 2 0 9 ( 4 )  U a n i  1 1 d  . . .
H3AA H 1 . 0 8 3 4  0 . 6 9 8 0  0 . 0 4 9 4  0 . 0 2 5  U i s o  1 1 c a l c  R . .
H3AB H 0 . 9 1 6 8  0 . 7 3 9 1  0 . 0 5 2 4  0 . 0 2 5  U i s o  1 1 c a l c  R . .
C4A C 0 . 9 7 6 2 0 ( 1 9 )  0 . 6 9 6 4 0 ( 1 6 )  - 0 . 0 9 7 0 1 ( 1 5 )  0 . 0 2 1 6 ( 4 )  U a n i  1 1 d  . . .
H4AA H 1 . 0 7 2 2  0 . 7 1 6 3  - 0 . 1 3 2 0  0 . 0 2 6  U i s o  1 1 c a l c  R . .
H4AB H 0 . 9 1 0 4  0 . 7 7 3 2  - 0 . 1 3 1 7  0 . 0 2 6  U i s o  1 1 c a l c  R . .
C5A C 0 . 9 2 2 4 3 ( 1 8 )  0 . 5 7 5 8 5 ( 1 6 )  - 0 . 1 2 4 9 2 ( 1 4 )  0 . 0 1 7 9 ( 4 )  U a n i  1 1 d  . . . 
C 6A C 0 . 7 0 4 9 9 ( 1 8 )  0 . 4 6 5 3 4 ( 1 6 )  0 . 1 4 2 7 7 ( 1 4 )  0 . 0 1 7 8 ( 4 )  U a n i  1 1 d  . . .
C7A C 0 . 6 4 2 2 6 ( 1 9 )  0 . 3 7 2 0 1 ( 1 8 )  0 . 3 4 5 2 2 ( 1 5 )  0 . 0 2 4 6 ( 4 )  U a n i  1 1 d  . . .
C8A C 0 . 5 2 5 3 ( 2 )  0 . 4 7 5 4 5 ( 1 9 )  0 . 3 4 8 3 9 ( 1 6 )  0 . 0 2 9 8 ( 5 )  U a n i  1 1 d  . . .
H8AA H 0 . 5 6 9 4  0 . 5 5 6 2  0 . 3 5 0 4  0 . 0 4 5  U i s o  1 1 c a l c  R . .
H8 AB H 0 . 4 6 5 7  0 . 4 4 2 5  0 . 4 1 6 9  0 . 0 4 5  U i s o  1 1 c a l c  R . .
H8AC H 0 . 4 6 5 5  0 . 4 9 4 2  0 . 2 8 0 0  0 . 0 4 5  U i s o  1 1 c a l c  R . .
C9A C 0 . 5 8 0 8 ( 2 )  0 . 2 4 7 9 1 ( 1 9 )  0 . 3 3 1 4 3 ( 1 8 )  0 . 0 3 5 5 ( 5 )  U a n i  1 1 d  . . .
H9AA H 0 . 6 5 9 2  0 . 1 8 9 4  0 . 3 1 8 7  0 . 0 5 3  U i s o  1 1 c a l c  R . .
H9AB H 0 . 5 1 5 8  0 . 2 7 1 8  0 . 2 6 5 8  0 . 0 5 3  U i s o  1 1 c a l c  R . .
H9AC H 0 . 5 2 8 0  0 . 2 0 2 8  0 . 4 0 0 9  0 . 0 5 3  U i s o  1 1 c a l c  R . .
C1 0A  C 0 . 7 3 6 4 ( 2 )  0 . 3 3 9 7 ( 2 )  0 . 4 5 0 8 7 ( 1 6 )  0 . 0 4 0 5 ( 6 )  U a n i  1 1 d  . . .
H10A H 0 . 8 1 2 5  0 . 2 7 5 0  0 . 4 4 6 0  0 . 0 6 1  U i s o  1 1 c a l c  R . .
H10B H 0 . 6 7 8 0  0 . 3 0 3 3  0 . 5 1 9 4  0 . 0 6 1  U i s o  1 1 c a l c  R . .
H10C H 0 . 7 7 9 5  0 . 4 1 9 9  0 . 4 5 5 3  0 . 0 6 1  U i s o  1 1 c a l c  R . .
C1 1A  C 0 . 8 7 7 4 ( 2 )  0 . 6 1 6 4 0 ( 1 9 )  - 0 . 2 5 0 9 5 ( 1 5 )  0 . 0 2 6 8 ( 4 )  U a n i  1 1 d  . . .
H U A  H 0 . 9 5 8 1  0 . 6 5 5 6  - 0 . 2 9 9 5  0 . 0 4 0  U i s o  1 1 c a l c  R . .
H U B  H 0 . 7 9 6 2  0 . 6 8 0 8  - 0 . 2 6 3 1  0 . 0 4 0  U i s o  1 1 c a l c  R . .
H11C H 0 . 8 4 9 0  0 . 5 3 8 7  - 0 . 2 7 0 7  0 . 0 4 0  U i s o  1 1 c a l c  R . .
01 B  O 0 . 2 0 6 6 8 ( 1 2 )  0 . 0 1 6 8 5 ( 1 3 )  0 . 0 9 2 8 7 ( 1 1 )  0 . 0 2 4 4 ( 3 )  U a n i  1 1 d  . 
H1BA H 0 . 1 2 1 9  0 . 0 1 1 7  0 . 0 7 3 3  0 . 0 3 7  U i s o  1 1 c a l c  R . .
02 B  O 0 . 0 8 6 7 5 ( 1 2 )  - 0 . 0 0 3 3 5 ( 1 2 )  - 0 . 1 0 2 8 8 ( 1 0 )  0 . 0 2 2 8 ( 3 )  U a n i  1 1 d 
0 3 B  O 0 . 2 4 7 0 2 ( 1 2 )  0 . 0 5 9 9 6 ( 1 3 )  - 0 . 2 4 9 6 5 ( 1 0 )  0 . 0 2 5 2 ( 3 )  U a n i  1 1 d  . 
N I B  N 0 . 3 2 6 4 3 ( 1 4 )  - 0 . 0 2 0 7 4 ( 1 3 )  - 0 . 0 6 8 9 7 ( 1 1 )  0 . 0 1 5 7 ( 3 )  U a n i  1 1 d 
C1B C 0 . 2 9 7 3 0 ( 1 7 )  - 0 . 0 7 0 7 4 ( 1 6 )  0 . 0 5 4 9 7 ( 1 4 )  0 . 0 1 7 0 ( 4 )  U a n i  1 1 d  . 
H1BB H 0 . 2 4 9 1  - 0 . 1 5 6 1  0 . 0 7 0 9  0 . 0 2 0  U i s o  1 1 c a l c  R . .
C2B C 0 . 4 7 3 7 1 ( 1 7 )  - 0 . 0 3 0 8 8 ( 1 6 )  - 0 . 1 1 2 0 2 ( 1 5 )  0 . 0 1 5 6 ( 4 )  U a n i  1 1 d 
H2BA H 0 . 4 6 6 1 ( 1 7 )  - 0 . 0 3 1 0 ( 1 4 )  - 0 . 1 8 8 8 ( 1 3 )  0 . 0 0 4 ( 4 )  U i s o  1 1 d  . .
C3B C 0 . 5 3 7 0 5 ( 1 9 )  - 0 . 1 6 6 9 5 ( 1 6 )  - 0 . 0 4 5 8 3 ( 1 5 )  0 . 0 2 0 9 ( 4 )  U a n i  1 1 d 
H3BA H 0 . 6 3 9 4  - 0 . 1 7 2 8  - 0 . 0 6 7 4  0 . 0 2 5  U i s o  1 1 c a l c  R . .
H3BB H 0 . 4 8 7 1  - 0 . 2 3 4 1  - 0 . 0 6 9 6  0 . 0 2 5  U i s o  1 1 c a l c  R . .
C4B C 0 . 5 2 6 2 2 ( 1 9 )  - 0 . 1 9 9 9 8 ( 1 6 )  0 . 0 8 5 0 3 ( 1 5 )  0 . 0 2 1 9 ( 4 )  U a n i  1 1 d  . 
H4BA H 0 . 4 8 1 7  - 0 . 2 8 5 9  0 . 1 1 6 4  0 . 0 2 6  U i s o  1 1 c a l c  R . .
H4BB H 0 . 6 2 4 0  - 0 . 2 0 8 4  0 . 1 1 7 1  0 . 0 2 6  U i s o  1 1 c a l c  R . .
C5B C 0 . 4 3 8 0 1 ( 1 7 )  - 0 . 0 9 5 7 2 ( 1 6 )  0 . 1 2 3 0 2 ( 1 4 )  0 . 0 1 6 6 ( 4 )  U a n i  1 1 d  .
C6 B C 0 . 2 1 0 7 0 ( 1 7 )  0 . 0 1 0 6 3 ( 1 6 )  - 0 . 1 3 8 3 0 ( 1 4 )  0 . 0 1 8 0 ( 4 )  U a n i  1 1 d  .
C7B C 0 . 1 3 6 1 ( 2 )  0 . 1 1 7 4 7 ( 1 9 )  - 0 . 3 3 6 9 0 ( 1 5 )  0 . 0 2 5 1 ( 4 )  U a n i  1 1 d  . .
C8 B C 0 . 0 3 0 9 ( 2 )  0 . 0 1 6 0 6 ( 1 9 )  - 0 . 3 4 3 7 6 ( 1 6 )  0 . 0 2 9 4 ( 5 )  U a n i  1 1 d  . .
H8 BA H 0 . 0 8 4 0  - 0 . 0 6 2 9  - 0 . 3 5 0 2  0 . 0 4 4  U i s o  1 1 c a l c  R . .
H8 BB H - 0 . 0 3 0 3  0 . 0 5 2 5  - 0 . 4 1 1 0  0 . 0 4 4  U i s o  1 1 c a l c  R . .
H8 BC H - 0 . 0 2 8 8  - 0 . 0 0 6 9  - 0 . 2 7 4 5  0 . 0 4 4  U i s o  1 1 c a l c  R . .
C9B C 0 . 0 6 1 9 ( 2 )  0 . 2 3 5 9 ( 2 )  - 0 . 3 1 2 1 2 ( 1 8 )  0 . 0 3 6 8 ( 5 )  U a n i  
H9BA H 0 . 1 3 4 1  0 . 2 9 5 7  - 0 . 3 0 3 2  0 . 0 5 5  U i s o  1 1 c a l c  R . .
H9BB H 0 . 0 0 5 4  0 . 2 0 6 6  - 0 . 2 4 1 5  0 . 0 5 5  U i s o  1 1 c a l c  R . .
H9BC H - 0 . 0 0 1 8  0 . 2 8 1 9  - 0 . 3 7 5 8  0 . 0 5 5  U i s o  1 1 c a l c  R . .
C10B C 0 . 2 2 6 2 ( 2 )  0 . 1 5 9 0 ( 2 )  - 0 . 4 4 5 8 7 ( 1 6 )  0 . 0 4 0 9 ( 6 )  U a n i  1 
H10D H 0 . 2 9 4 9  0 . 2 2 2 8  - 0 . 4 3 9 4  0 . 0 6 1  U i s o  1 1 c a l c  R . .
H10E H 0 . 1 6 3 3  0 . 1 9 9 1  - 0 . 5 1 1 5  0 . 0 6 1  U i s o  1 1 c a l c  R . .
H10 F H 0 . 2 7 8 2  0 . 0 8 1 7  - 0 . 4 5 6 8  0 . 0 6 1  U i s o  1 1 c a l c  R . .
C l I B  C 0 . 3 9 6 6 ( 2 )  - 0 . 1 5 3 1 8 ( 1 9 )  0 . 2 4 9 4 2 ( 1 5 )  0 . 0 2 6 5 ( 4 )  U a n i  1 1 d 
H11D H 0 . 3 4 2 8  - 0 . 0 8 6 0  0 . 2 7 5 0  0 . 0 4 0  U i s o  1 1 c a l c  R . .
H U E  H 0 . 4 8 3 7  - 0 . 1 8 1 5  0 . 2 9 5 4  0 . 0 4 0  U i s o  1 1 c a l c  R . .
H11 F H 0 . 3 3 7 0  - 0 . 2 2 8 8  0 . 2 5 8 6  0 . 0 4 0  U i s o  1 1 c a l c  R . .

1  1  d

1  d

l o o p _
_ a t o m _ s i t e _ a n i s o _ l a b e l

a t o m  s i t e  a n i s o  U 11
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_ a t o m _ s i t e _ a n i s o _ U _ 2 2  
_ a t o m _ s i t e _ a n i s o _ U _ 3 3  
_ a  t  om_s i  t  e _ a n  i  s o_U _2  3 
_ a t o m _ s i t e _ a n i s o _ U _ 1 3  
_ a t o m _ s i t e _ a n i s o _ U _ 1 2  

0 1 A  0 . 0 0 8 4 ( 6 )  0 . 0 3 6 6 ( 7 )  0 . 0 3 0 8 ( 7 )  
0 2 A  0 . 0 0 7 7 ( 6 )  0 . 0 3 2 4 ( 7 )

0 . 0 1 8 9 ( 6 )  0 . 0 0 3 1 ( 5 )  
0 . 0 2 3 7 ( 7 )  - 0 . 0 0 8 2 ( 5 )  0 . 0 0 0 6 ( 5 )

0 3 A  0 . 0 0 9 7 ( 6 )  0 . 0 4 5 9 ( 8 )  0 . 0 1 8 2 ( 7 )  - 0 . 0 0 4 8 ( 6 )
N I A  0 . 0 0 7 2 ( 7 )  0 . 0 2 4 0 ( 8 )
C I A  0 . 0 1 0 7 ( 8 )  0 . 0 2 1 6 ( 9 )  0 . 0 1 9 1 ( 9 )  - 0 . 0 0 5 5 ( 7 )  
C2A 0 . 0 0 7 0 ( 8 )  0 . 0 2 3 5 ( 9 )  0 . 0 2 0 6 ( 9 )
C3A 0 . 0 1 3 5 ( 9 )  0 . 0 1 8 1 ( 8 )  0 . 0 3 2 2 ( 1 0 )

- 0 . 0 0 3 2 ( 5 )  
0 . 0 0 0 7 ( 5 )  

0 . 0 0 3 0 ( 5 )  - 0 . 0 0 2 2 ( 6 )
0 . 0 1 8 9 ( 7 )  - 0 . 0 0 7 0 ( 6 )  0 . 0 0 0 6 ( 6 )  - 0 . 0 0 1 2 ( 6 )

0 . 0 0 1 5 ( 7 )  0 . 0 0 1 2 ( 7 )  
- 0 . 0 1 0 8 ( 7 )  0 . 0 0 1 3 ( 7 )  0 . 0 0 0 1 ( 7 )  
- 0 . 0 0 9 4 ( 8 )  - 0 . 0 0 0 2 ( 7 )  0 . 0 0 0 2 ( 7 )

C4A 0 . 0 1 4 9 ( 9 )  0 . 0 1 7 3 ( 9 )  0 . 0 3 0 3 ( 1 0 )  - 0 . 0 0 4 3 ( 8 )  0 . 0 0 5 3 ( 8 )  0 . 0 0 1 1 ( 7 )
C5A 0 . 0 1 0 3 ( 8 )  0 . 0 2 1 2 ( 9 )  0 . 0 2 0 4 ( 9 )  - 0 . 0 0 4 3 ( 7 )  0 . 0 0 1 7 ( 7 )  0 . 0 0 2 1 ( 7 )
C 6A 0 . 0 1 0 8 ( 8 )  0 . 0 2 2 7 ( 9 )  0 . 0 2 0 4 ( 9 )  - 0 . 0 0 7 4 ( 7 )  0 . 0 0 0 5 ( 7 )  0 . 0 0 1 3 ( 7 )
C7A 0 . 0 1 3 2 ( 9 )  0 . 0 3 7 3 ( 1 1 )  0 . 0 2 0 0 ( 9 )  - 0 . 0 0 4 3 ( 8 )  0 . 0 0 6 5 ( 7 )  0 . 0 0 0 5 ( 8 )
C8A 0 . 0 2 5 4  ( 1 1 )  0 . 0 3 6 8 ( 1 1 )  0 . 0 2 6 9 ( 1 0 )  - 0 . 0 1 0 3 ( 9 )  0 . 0 0 5 1 ( 8 )  0 . 0 0 3 4 ( 9 )
C9A 0 . 0 3 3 5 ( 1 2 )  0 . 0 3 1 0 ( 1 1 )  0 . 0 3 7 0 ( 1 2 )  - 0 . 0 0 3 5 ( 9 )  0 . 0 1 0 8 ( 9 )  - 0 . 0 0 1 8 ( 9 )  
C10A 0 . 0 2 5 9 ( 1 1 )  0 . 0 6 5 9 ( 1 5 )  0 . 0 2 1 6 ( 1 0 )  - 0 . 0 0 1 6 ( 1 0 )  0 . 0 0 2 0 ( 9 )  0 . 0 0 1 4 ( 1 0 )  
C l I A  0 . 0 1 6 3 ( 9 )  0 . 0 3 7 7 ( 1 1 )  0 . 0 2 1 7 ( 1 0 )  - 0 . 0 0 2 8 ( 8 )  0 . 0 0 2 7 ( 8 )  0 . 0 0 4 6 ( 8 )
01 B  0 . 0 0 4 3 ( 6 )  0 . 0 4 4 2 ( 8 )  0 . 0 2 9 7 ( 7 )  - 0 . 0 1 9 6 ( 6 )  0 . 0 0 0 4 ( 5 )  0 . 0 0 4 0 ( 5 )
02B 0 . 0 0 5 6 ( 6 )  0 . 0 3 9 0 ( 8 )  0 . 0 2 3 8 ( 7 )  - 0 . 0 0 9 6 ( 6 )  0 . 0 0 1 2 ( 5 )  - 0 . 0 0 0 4 ( 5 )
03B  0 . 0 0 7 1 ( 6 )  0 . 0 4 5 9 ( 8 )  0 . 0 1 8 8 ( 7 )  - 0 . 0 0 4 2 ( 6 )  - 0 . 0 0 1 2 ( 5 )  0 . 0 0 1 1 ( 5 )
N1B 0 . 0 0 3 9 ( 7 )  0 . 0 2 5 4 ( 8 )  0 . 0 1 7 7 ( 7 )  - 0 . 0 0 6 5 ( 6 )  0 . 0 0 0 9 ( 5 )  0 . 0 0 0 4 ( 6 )
C1B 0 . 0 0 8 6 ( 8 )  0 . 0 2 2 5 ( 9 )  0 . 0 1 9 8 ( 9 )  - 0 . 0 0 6 2 ( 7 )  0 . 0 0 1 9 ( 7 )  - 0 . 0 0 0 8 ( 7 )

0 . 0 2 4 1 ( 9 )  0 . 0 2 0 5 ( 9 )  - 0 . 0 1 0 5 ( 7 )  0 . 0 0 2 8 ( 7 )  0 . 0 0 0 6 ( 6 )  
0 . 0 3 4 3 ( 1 1 )  - 0 . 0 1 0 3 ( 8 )  0 . 0 0 3 6 ( 7 )  0 . 0 0 0 5 ( 7 )  

0 . 0 1 7 2 ( 8 )  0 . 0 3 2 2 ( 1 0 )  - 0 . 0 0 7 4 ( 8 )  - 0 . 0 0 6 3 ( 8 )  0 . 0 0 2 7 ( 7 )  
0 . 0 1 9 7 ( 8 )  0 . 0 1 9 9 ( 9 )  - 0 . 0 0 3 8 ( 7 )  - 0 . 0 0 1 0 ( 7 )  0 . 0 0 0 3 ( 6 )

C 6 B 0 . 0 0 8 8 ( 8 )  0 . 0 2 5 0 ( 9 )  0 . 0 2 0 9 ( 9 )  - 0 . 0 0 8 0 ( 7 )  0 . 0 0 0 8 ( 7 )  - 0 . 0 0 0 5 ( 7 )
C7B 0 . 0 1 5 8 ( 9 )  0 . 0 3 8 2 ( 1 1 )  0 . 0 1 8 7 ( 9 )  - 0 . 0 0 4 7 ( 8 )  - 0 . 0 0 6 1 ( 7 )  0 . 0 0 2 6 ( 8 )
C8 B 0 . 0 2 1 5 ( 1 0 )  0 . 0 4 0 2 ( 1 1 )  0 . 0 2 7 4 ( 1 1 )  - 0 . 0 1 1 7 ( 9 )  - 0 . 0 0 5 2 ( 8 )  0 . 0 0 1 4 ( 9 )
C9B 0 . 0 3 6 6 ( 1 2 )  0 . 0 3 5 2 ( 1 1 )  0 . 0 3 6 6 ( 1 2 )  - 0 . 0 0 8 6 ( 9 )  - 0 . 0 1 2 0 ( 1 0 )  0 . 0 0 7 5 ( 9 )  
C10B 0 . 0 2 7 8  ( 1 2 )  0 . 0 6 3 4  ( 1 5 )  0 . 0 2 3 4 ( 1 1 )  - 0 . 0 0 0 8 ( 1 0 )  - 0 . 0 0 0 6 ( 9 )  - 0 . 0 0 3 9 ( 1 1 )  
C11B 0 . 0 1 8 3 ( 1 0 )  0 . 0 3 1 6 ( 1 0 )  0 . 0 2 5 0 ( 1 0 )  - 0 . 0 0 0 6 ( 8 )  - 0 . 0 0 3 5 ( 8 )  - 0 . 0 0 6 3 ( 8 )

C2B 0 . 0 0 4 4 ( 8 )
C3B 0 . 0 1 2 2 ( 9 )  0 . 0 1 7 7 ( 9 )  
C4B 0 . 0 1 6 2 ( 9 )
C5B 0 . 0 0 8 9 ( 8 )

_ g e o m _ s p e c i a l _ d e t a i l s
r

A l l  e s d s  ( e x c e p t  t h e  e s d  i n  t h e  d i h e d r a l  a n g l e  b e t w e e n  t w o  l . s .  p l a n e s )  
a r e  e s t i m a t e d  u s i n g  t h e  f u l l  c o v a r i a n c e  m a t r i x .  T h e  c e l l  e s d s  a r e  t a k e n  
i n t o  a c c o u n t  i n d i v i d u a l l y  i n  t h e  e s t i m a t i o n  o f  e s d s  i n  d i s t a n c e s ,  a n g l e s  
a n d  t o r s i o n  a n g l e s ;  c o r r e l a t i o n s  b e t w e e n  e s d s  i n  c e l l  p a r a m e t e r s ' a r e  o n l y  
u s e d  wh en  t h e y  a r e  d e f i n e d  b y  c r y s t a l  s y m m e t r y .  An  a p p r o x i m a t e  

( i s o t r o p i c )
t r e a t m e n t  o f  c e l l  e s d s  i s  u s e d  f o r  e s t i m a t i n g  e s d s  i n v o l v i n g  l . s .  p l a n e s .

l o o p _
_ g e o m _ b o n d _ a t o m _ s i t e _ l a b e l _ l  
_ g e o m _ b o n d _ a t o m _ s i t e _ l a b e l _ 2  
_ g e o m _ b o n d _ d i s t a n c e  
_ g e o m _ b o n d _ s i t e _ s y m m e t r y _ 2  
_ g e o m _ b o n d _ p u b l _ f l a g

O l A C I A 1 . 4 0 9 ( 2 ) 7

0 1 A H1AA 0 . 8 4 0 0 7

0 2 A C6A 1 . 2 2 9 ( 2 ) 7
0 3 A C6A 1 . 3 4 7 ( 2 ) 7
0 3 A C7A 1 . 4 7 4 ( 2 ) 7
N I A C6A 1 . 3 5 7  (2 ) 7

N I A C I A 1 . 4 7 6 ( 2 ) 7
N I A C2A 1 . 4 7 9 ( 2 ) 7
C I A C5A 1 . 5 3 8 ( 2 ) 7
C I A H1AB 1 . 0 0 0 0  . 7
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C2A C3A 1 . 5 3 1 ( 2 )  . ?

C2A C5A 1 . 5 8 3 ( 2 )  2_7 65 ?
C2A H2AA 0 . 9 2 9 ( 1 7 ) 9
C3A C4 A 1 . 5 3 5 ( 2 )  . 9
C3A H3AA 0 . 9 9 0 0  . ?

C3A H 3 AB 0 . 9 9 0 0  . 9
C4A C5A 1 . 5 3 7 ( 2 )  . ?

C4A H4AA 0 . 9 9 0 0  . 9
C4A H4AB 0 . 9 9 0 0  . ?

C5A Cl  IA 1 . 5 3 4 ( 2 ) 9
C5A C2A 1 . 5 8 3 ( 2 )  2_ 7 65 ?
C7A C10A 1 . 5 2 1 ( 3 ) 9
C7A C8A 1 . 5 2 3 ( 2 )  . ?

C7A C9A 1 . 5 2 5 ( 3 )  . ?

C8A H8AA 0 . 9 8 0 0  . 9
C8A H8AB 0 . 9 8 0 0  . 9
C8A H 8 AC 0 . 9 8 0 0  . ?

C9A H 9 AA 0 . 9 8 0 0  . 9
C9A H 9 AB 0 . 9 8 0 0  . ?

C9A H9AC 0 . 9 8 0 0  . ?

ClOA HIOA 0.9800 . ? 
C10A H10B 0.9800 . ? 
C10A H10C 0.9800 . ? 
C11A H U A  0.9800 . ?
ClIA H11B 0.9800 . ?
ClIA H11C 0.9800 . ?
01B C1B 1.4054 (18) . ?
01B H1BA 0.8400 . ?
02B C6B 1.228 (2) . ?
03B C6B 1.349(2) . ?
03B C7B 1.475(2) . ?
NIB C6B 1.353 (2) . ?
NIB C2B 1.474 (2) . ?
NIB C1B 1.475 (2) . ?
C1B C5B 1.538 (2) . ?
C1B H1BB 1.0000 . ?
C2B C3B 1.530(2) . ?
C2B C5B 1.587(2) 2_655 ?
C2B H2BA 0.945(15) . ?
C3B C4B 1.537 (2) . ?
C3B H3BA 0.9900 . ?
C3B H3BB 0.9900 . ?
C4B C5B 1.530 (2) . ?
C4B H4BA 0.9900 . ?
C4B H4BB 0.9900 . ?
C5B ClIB 1.534 (2) . ?
C5B C2B 1.587 (2) 2_655 ? 
C7B C8B 1.518 (3) . ?
C7B C9B 1.520 (3) . ?
C7B C10B 1.524(3) . ?
C8B H8BA 0.9800 . ?
C8B H8BB 0.9800 . ?
C8B H8BC 0.9800 . ?
C9B H9BA 0.9800 . ?
C9B H9BB 0.9800 . ?
C9B H9BC 0.9800 . ?
C10B H10D 0.9800 . ?
C10B H10E 0.9800 . ?
C10B H10F 0.9800 . ?
CU B  H11D 0.9800 . ?
C11B H U E  0.9800 . ?
C U B  H11F 0.9800 . ?
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l o o p _
_ g e o m _ _ a n g l e _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 2
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 3
_ g e o m _ a n g l e
_ g e o m _ a n g l e _ s i t e _ s y m m e t r y _ l  
_ g e o m _ a n g l e _ s i t e _ s y m m e t r y _ 3  
_ g e o m _ a n g l e _ p u b l _ f l a g  

C I A  0 1 A  H1AA 1 0 9 . 5  . . ?
C 6A 0 3 A  C7A 1 2 0 . 4 9 ( 1 3 )  . . ?
C 6A N I A  C I A  1 1 6 . 2 7 ( 1 3 )  . . ?
C6A N I A  C2A 1 2 2 . 8 5 ( 1 4 )  . . ?
C I A  N I A  C2A 1 1 9 . 3 7 ( 1 3 )  . . ?
O l A  C I A  N I A  1 1 1 . 5 5 ( 1 3 )  . . ?
O l A  C I A  C5A 1 1 1 . 0 9 ( 1 3 )  . . ?
N I A  C I A  C5A 1 1 0 . 7 0 ( 1 3 )  . . ?
O l A  C I A  H1AB 1 0 7 . 8  . . ?
N I A  C I A  H1AB 1 0 7 . 8  . . ?
C5A C I A  H1AB 1 0 7 . 8  . . ?
N I A  C2A C3A 1 0 7 . 2 4 ( 1 3 )  . . ?
N I A  C2A C5A 1 1 3 . 6 4 ( 1 3 )  . 2 _ 7 6 5  ? 
C3A C2A C5A 1 1 9 . 6 3 ( 1 4 )  . 2 _ 7 6 5  ? 
N I A  C2A H2AA 1 0 5 . 9 ( 1 1 )  . . ?
C3A C2A H2AA 1 0 6 . 4 ( 1 0 )  . . ?
C5A C2A H2AA 1 0 2 . 8 ( 1 1 )  2 _ 7 6 5  . ? 
C2A C3A C4A 1 1 4 . 3 8  ( 1 3 )  . . ?
C2A C3A H3AA 1 0 8 . 7  . . ?
C4A C3A H3AA 1 0 8 . 7  . . ?
C2A C3A H3AB 1 0 8 . 7  . . ?
C4A C3A H3AB 1 0 8 . 7  . . ?
H3AA C3A H3AB 1 0 7 . 6  . . ?
C3A C4A C5A 1 1 3 . 0 0 ( 1 4 )  . . ?
C3A C4A H4AA 1 0 9 . 0  . . ?
C5A C4A H4AA 1 0 9 . 0  . . ?
C3A C4A H4AB 1 0 9 . 0  . . ?
C5A C4A H4AB 1 0 9 . 0  . . ?
H4AA C4A H4AB 1 0 7 . 8  . . ?
C11A C5A C4A 1 0 9 . 0 8 ( 1 4 )  . . ?
C l I A  C5A C I A  1 0 6 . 7 8 ( 1 4 )  . . ?
C4A C5A C I A  1 0 5 . 9 5 ( 1 3 )  . . ?
C l I A  C5A C2A 1 0 7 . 4 9 ( 1 3 )  . 2 _ 7 6 5  ? 
C4A C5A C2A 1 1 1 . 7 1 ( 1 4 )  . 2 _ 7 6 5  ?
C I A  C5A C2A 1 1 5 . 6 1 ( 1 4 )  . 2 _ 7 6 5  ? 
0 2 A  C6A  0 3 A  1 2 4 . 2 6 ( 1 6 )  . . ?
0 2 A  C 6A N I A  1 2 3 . 8 0 ( 1 6 )  . . ?
0 3 A  C 6A N I A  1 1 1 . 9 0 ( 1 4 )  . . ?
0 3 A  C7A C10A 1 0 1 . 6 2 ( 1 4 )  . . ?
0 3 A  C7A C8A 1 1 0 . 6 2 ( 1 5 )  . . ?
C l 0 A  C7A C8A 1 1 0 . 8 4 ( 1 6 )  . . ?
0 3 A  C7A C9A 1 1 0 . 2 7 ( 1 4 )  . . ?
C10A C7A C9A 1 1 0 . 9 6 ( 1 6 )  . . ?
C8A C7A C9A 1 1 2 . 0 7 ( 1 7 )  . . ?
C7A C8A H8AA 1 0 9 . 5  . . ?
C7A C8A H8AB 1 0 9 . 5  . . ?
H8AA C8A H8AB 1 0 9 . 5  . . ?
C7A C8 A H8AC 1 0 9 . 5  . . ?
H8AA C8A  H8AC 1 0 9 . 5  . . ?
H8 AB C8A H8AC 1 0 9 . 5  . . ?
C7A C9A H9AA 1 0 9 . 5  . . ?
C7A C9A H9AB 1 0 9 . 5  . . ?
H9AA C9A H9AB 1 0 9 . 5  . . ?
C7A C9A H9AC 1 0 9 . 5  . . ?
H9AA C9A H9AC 1 0 9 . 5  . . ?
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H9AB C9A H9AC 109.5 . 
C7A ClOA H10A 109.5 . 
C7A C10A H10B 109.5 . 
H10A C10A H10B 109.5 . 
C7A ClOA H10C 109.5 . 
H10A ClOA H10C 109.5 . 
H10B C10A H10C 109.5 . 
C5A Cl IA H U A  109.5 . 
C5A Cl IA H U B  109.5 . 
H U A  C11A H U B  109.5 . 
C5A ClIA H11C 109.5 . 
H U A  Cl IA H11C 109.5 . 
HUB Cl IA H11C 109.5 . 
C1B 01B H1BA 109.5 . . 
C6B 03B C7B 120.60(13) 
C6B NIB C2B 122.86(14) 
C6B NIB C1B 116.47 (13) 
C2B NIB C1B 119.60(13) 
01B C1B N1B 111.87 (13) 
01B C1B C5B 109.06(13) 
NIB C1B C5B 110.63(13) 
01B C1B H1BB 108.4 . . 
NIB C1B 
C5B C1B 
NIB C2B 
NIB C2B 
C3B C2B 
NIB C2B 
C3B C2B 
C5B C2B 
C2B C3B 
C2B C3B 
C4B C3B 
C2B C3B 
C4B C3B 
H3BA C3B
C5B C4B C3B 112.71(13) 
C5B C4B 
C3B C4B 
C5B C4B 
C3B C4B 
H4BA C4B 
C4B C5B C11B 109.04 (14) 
C4B C5B C1B 106.45(13) 
ClIB C5B C1B 106.47 (14) 
C4B C5B C2B 111.96(14) 
C U B  C5B C2B 107.32(13) 
C1B C5B C2B 115.37(13)

H1BB 108.4 . . 
H1BB 108.4 . .
C3B 107.05(14) 
C5B 113.20(12) 
C5B 119.73(13) 
H2BA 106.9(10) 
H2BA 106.0(9) 
H2BA 103.0(9) ; 
C4B 114.59(13) 
H3BA 108.6 . . 
H3BA 108.6 . . 
H3BB 108.6 . . 
H3BB 108.6 . .
H3BB 107.6 . 

C3B 112.71( 
H4BA 109.0 
H4BA 109.0 
H4BB 109.0 
H4BB 109.0 
H4BB 107.8

2
2

7

655

7
655 ? 
[655 ?
7

02B C6B 
02B C6B 
03B C6B 
03B C7B 
03B C7B 
C8B C7B 
03B C7B 
C8B C7B 
C9B C7B 
C7B C8B 
C7B C8B 
H8BA C8B

03B 
N1B 
N1B 
C8B 
C9B 
C9B 
C10B 
C10B 
C10B 
H8BA 
H8BB 
H8BB

124
123
112
111

22(15) 
30(16) 
48(14) 
53(15) 

109.29(14) 
112.28(16) 
101.60(14) 
110.49(15) 

17(17) 
5 . .
5 . .

111.
109.
109.

?
7

?
2_655 ?
, 2_655 ? 
2_655 ?

7 

7 

7 

7 

7 
7

7 

7 

7

109.5
C7B C8B H8BC 109.5 . 
H8BA C8B H8BC 109.5 . 

H8BB C8B H8BC 109.
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9C7B C9B H9BA 109.5 . 
C7B C9B H9BB 109.5 . 
H9BA C9B H9BB 109.5 
C7B C9B H9BC 109.5 . 
H9BA C9B H9BC 109.5 
H9BB C9B H9BC 109.5 
C7B ClOB HIOD 109.5 
C7B ClOB H10E 109.5 
HIOD ClOB H10E 109.5 
C7B ClOB H10F 109.5 
HIOD ClOB H10F 109.5 
H10E ClOB H10F 109.5 
C5B CU B  H11D 109.5 
C5B C U B  H11E 109.5 
H11D C U B  H11E 109.5 
C5B CU B  H11F 109.5 
H11D CU B  H11F 109.5 
HUE CU B  H11F 109.5

9

9
?
9
9
?

9

9

?
?

9
?
?
9

l o o p _
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 2
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 3
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 4
_ g e o m _ t o r s i o n
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ l  
_ g e o m _ t o r s i o n _ s i t e _ s ymmet r y _ 2  

_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ 3  
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ 4  
_ g e o m _ t o r s i o n _ p u b l _ f l a g  

C6A N I A  C I A  O I A  - 5 4 . 7 2 ( 1 8 )  . . . .  ?
C2A N I A  C I A  O I A  1 3 8 . 9 0 ( 1 4 )  . . . .  ?
C6A N I A  C I A  C5A - 1 7 8 . 9 7 ( 1 3 )  . . . .  ?
C2A N I A  C I A  C5A 1 4 . 6 4 ( 1 9 )  . . . .  ?
C6A N I A  C2A C3A - 1 2 3 . 5 2 ( 1 6 )  . . . .  ?
C I A  N I A  C2A C3A 4 1 . 9 3 ( 1 8 )  . . . .  ?
C6A N I A  C2A C5A 1 0 1 . 9 7 ( 1 7 )  . . . 2 _ 7 6 5  ? 
C I A  N I A  C2A C5A - 9 2 . 5 8 ( 1 7 )  . . . 2 J 7 6 5  ? 
N I A  C2A C3A C4A - 5 2 . 1 6 ( 1 8 )  . . . .  ?
C5A C2A C3A C4A 7 9 . 1 1 ( 1 9 )  2 765  . . .  ?
C2A C3A C4A C5A 6.1(2) . . . 9
C3A C4A C5A C H A  164.77(14) . 9
C3A C4A C5A CIA 50.15(17) . . ?
C3A C4A C5A C2A -76.55(17) . . . 2 765
OIA CIA C5A C11A 57.82 (17) . 9
NIA CIA C5A C11A -177.67(13) 9
OIA CIA C5A C4A 174.00(13) . 9
NIA CIA C5A C4A -61.49(16) . . . . ?
OIA CIA C5A C2A -61.69(18) . . . 2 765
NIA CIA C5A C2A 62.82(17) . . . 2 765 '
C7A 03A C6A 02A 2.8(2) . . . ?

C7A 03A C6A NIA -175.32(13) . 9
CIA NIA C6A 02A -2.5(2) . . . 9
C2A NIA C6A 02A 163.35(15) . . . . ?
CIA NIA C6A 03A 175.58(13) . . . . ?
C2A NIA C6A 03A -18.6(2) . . 9
C6A 03A C7A C10A 178.79(15) . ?
C6A 03A C7A C8A -63.5(2) . . 9
C6A 03A C7A C9A 61.1(2) . . . 9
C6B N1B C1B 01B -55.43(19) . , 9
C2B N1B C1B 01B 136.07(14) . . ?
C6B N1B C1B C5B -177.23(14) . 9
C2B N1B C1B C5B 14.26(19) . . 9
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C 6 B N I B C2B C3B - 1 2 5 . 7 6 ( 1 6 ) ?
C1B N I B C2B C3B 4 1 . 9 8 ( 1 8 )  . ?
C 6 B N I B C2B C5B 1 0 0 . 1 6 ( 1 7 )  . . . 2 655 9
C1B N I B C2B C5B - 9 2 . 1 1 ( 1 7 )  . . . 2 655 9
N1B C2B C3B C4B - 5 2 . 4 9 ( 1 8 )  . 9
C5B C2B C3B C4B 7 8 . 0 2 ( 1 9 )  2 655  . . .  ?
C2B C3B C4B C5B 6 . 7 ( 2 )  . . . ?
C3B C4B C5B C U B 1 6 4 . 0 1 ( 1 4 ) ?
C3B C4B C5B C1B 4 9 . 5 3 ( 1 8 )  . ?
C3B C4B C5B C2B - 7 7 . 3 9 ( 1 7 )  . . . 2 655 ?

O I B C1B C5B C4B 1 7 5 . 3 8 ( 1 3 )  . ?
N1B C1B C5B C4B - 6 1 . 1 7 ( 1 7 )  . ?
O I B C1B C5B C U B 5 9 . 1 6 ( 1 7 )  . ?
N1B C1B C5B C U B - 1 7 7 . 3 9 ( 1 3 ) ?
O I B C1B C5B C2B - 5 9 . 7 6 ( 1 8 )  . . . 2 655 9
N1B C1B C5B C2B 6 3 . 6 8 ( 1 7 )  . . . 2 655  ?
C7B 03B C6 B 02 B 8 . 0 ( 2 ) . . . ?

C7B 03B C 6 B N I B - 1 7 1 . 2 5 ( 1 4 ) ?
C2B N I B C 6 B 02B 1 6 6 . 5 0 ( 1 5 )  . ?
C1B N I B C6 B 02 B - 1 . 6 ( 2 ) . . ?
C2B N I B C 6 B 03B - 1 4 . 2 ( 2 )  . . ?
C1B N I B C 6 B 03 B 1 7 7 . 7 1 ( 1 3 )  . ?
C 6 B 03B C7B C8 B - 6 2 . 5 ( 2 )  . . ?
C 6 B 03B C7B C9B 6 2 . 2 ( 2 )  . . ?
C 6 B 03 B C7B C10B 1 7 9 . 7 5 ( 1 5 ) ?

l o o p
g e o m _ h b o n d _ a t o m _ s i t e _ l a b e l _ D
g e o m _ h b o n d _ a t o m _ s i t e _ l a b e l _ H
g e o m _ h b o n d _ a t o m _ s i t e _ l a b e l _ A
g e o m _ h b o n d _ d i s t a n c e _ D H
g e o m _ h b o n d _ d i s t a n c e _ H A

_ g e o m _ h b o n d _ d i s t a n c e _ D A  
_ g e o m _ h b o n d _ a n g l e _ D H A  
_ g e o m _ h b o n d _ s i t e _ s y m m e t r y _ A  

0 1 A  H1AA 0 2 A  0 . 8 4  2 . 1 9  2 . 9 2 6 3 ( 1 7 )
O I B  H1BA 0 2 B  0 . 8 4  1 . 9 8  2 . 7 4 7 8 ( 1 7 )

1 4 5 . 7  2 _ 6 6 5  
1 5 2 . 4  2
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X-ray crystal structure data for dccalin ether (330)

ii

d a t a  c s f l l 9 s

330

a u d i t _ c r e a t i o n _ m e t h o d
c h e m i c a l _ n a m e _ s y s t e m a t i c

_ c h e m i c a l _ n a m e _ c o m m o n  
_ c h e m i c a l _ m e l t i n g _ p o i n t  
_ c h e m i c a l _ f o r m u l a _ m o i e t y  
_ c h e m i c a l _ f o r m u l a _ s u m  

' C23 H42 B r  N 0 3  S i 2 '
_ c h e m i c a l _ f o r m u l a _ w e i g h t

l o o p _
_ a  t  o m _ t  y p e _ s  y m b o 1  
_ a t o m _ t y p e _ d e s c r i p t i o n  
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _ r e a l  
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _ i m a g  
_ a t o m _ t y p e _ s c a t _ s o u r c e  
' C  ' C  0 . 0 0 3 3  0 . 0 0 1 6
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '  
' H '  ' H '  0 . 0 0 0 0  0 . 0 0 0 0
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  4 . 2 . 6 . 8  a n d  6 1 1 4 '  
' N '  ' N '  0 . 0 0 6 1  0 . 0 0 3 3
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  4 . 2 . 6 . 8  a n d  6 1 1 4 '  
' O '  ' O '  0 . 0 1 0 6  0 . 0 0 6 0
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1  4 '  
' S i '  ' S i '  0 . 0 8 1 7  0 . 0 7 0 4
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 ' 
' B r '  ' B r '  - 0 . 2 9 0 1  2 . 4 5 9 5
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

_ s y m m e t r y _ c e l l _ s e t t i n g  T r i c l i n i o
_ s y m m e t r y _ s p a c e _ g r o u p _ n a m e  H-M P- 1

l o o p _
_ s y m m e t r y _ e q u i v _ p o s  a s  x y z

S H E L X L - 9 7

5 1 6 . 6 7
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' x ,  y ,  z '  
' - x ,  - y ,  - z  '

_ c e l l _ l e n g t h _ a  
c e l l _ l e n g t h _ b  
c e l l _ l e n g t h _ c  
c e l l _ a n g l e _ a l p h a  
c e l l _ a n g l e _ b e t a  
c e l l _ a n g l e _ g a m m a  
c e l l _ v o l u m e  
c e l l _ f o r m u l a _ u n i t s _ Z  
c e l l _ m e a s u r e m e n t _ t e m p e r a t u r e  
c e l l _ m e a s u r e m e n t _ r e f l n s _ u s e d  
c e l l _ m e a s u r e m e n t _ t h e t a _ m i n  
c e l l _ m e a s u r e m e n t _ t h e t a _ m a x

e x p t l _ c r y s t a l _ d e s c r i p t i o n
e x p t l _ c r y s t a l _ c o l o u r
e x p t l _ c r y s t a l _ s i z e _ m a x
e x p t l _ c r y s t a l _ s i z e _ m i d
e x p t l _ c r y s t a l _ s i z e _ m i n
e x p t l _ c r y s t a l _ d e n s i t y _ m e a s
e x p t l _ c r y s t a l _ d e n s i t y _ d i f f r n
e x p t l _ c r y s t a l _ d e n s i t y _ m e t h o d
e x p t l _ c r y s t a l _ F _ 0 0 0
_ e x p t l _ a b s o r p t _ c o e f f i c i e n t _ m u
e x p t l _ a b s o r p t _ c o r r e c t i o n _ t y p e
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m i n
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m a x
e x p t l _ a b s o r p t _ p r o c e s s _ d e t a i l s

e x p t l _ s p e c i a l _ d e t a i l s

?

d i f f r n _ a m b i e n t _ t e m p e r a t u r e  
d i f f r n _ r a d i a t i o n _ w a v e l e n g t h  
d i f f r n _ r a d i a t i o n _ t y p e  
d i f f r n _ r a d i a t i o n _ s o u r c e  
d i f f r n _ r a d i a t i o n _ m o n o c h r o m a t o r  
d i f f r n _ m e a s u r e m e n t _ d e v i c e _ t y p e  
d i f f r n _ m e a s u r e m e n t _ m e t h o d  
d i f f r n _ d e t e c t o r _ a r e a _ r e s o l _ m e a n  
d i f f r n _ s t a n d a r d s _ n u m b e r  
d i f f r n _ s t a n d a r d s _ i n t e r v a l _ c o u n t  
d i f f r n _ s t a n d a r d s _ i n t e r v a l _ t i m e  
d i f f r n _ s t a n d a r d s _ d e c a y _ %  
d i f f r n _ r e f l n s _ n u m b e r  
d i f f r n _ r e f l n s _ a v _ R _ e q u i v a l e n t s  
d i f f r n _ r e f l n s _ a v _ s i g m a l / n e t l  
d i f f r n _ r e f l n s _ l i m i t _ h _ m i n  
d i f f r n _ r e f l n s _ l i m i t _ h _ m a x  
d i f f r n _ r e f l n s _ l i m i t _ k _ m i n  
d i f f r n _ r e f l n s _ l i m i t _ k _ m a x  
d i f f r n _ r e f l n s _ l i m i t _ l _ m i n  
d i f f r n _ r e f l n s _ l i m i t _ l _ m a x  
d i f f r n _ r e f l n s _ t h e t a _ m i n  
d i f f r n _ r e f l n s _ t h e t a _ m a x  
d i f f r n _ r e f l n s _ t h e t a _ f u l l  
d i f f r n _ m e a s u r e d _ f r a c t i o n _ t h e t a _ f u l l  
r e f l n s _ n u m b e r _ t o t a l  

_ r e f l n s _ n u m b e r _ g t

7.3353(4)
11.9856(7)
15.8601(9)
95.406(2)
101.841(2)
90.139(2)
1358.31(13)
2
123(1)
7757
2.256
29.222
p r i s m
C o l o u r l e s s
0.30
0.25
0.15
' n o t  m e a s u r e d '  
1.263
' n o t  m e a s u r e d '  
548 
1.624 
n o n e  
?
7
9

123(1)
0.71073
M o K \ a
' f i n e - f o c u s  s e a l e d  t u b e '  
g r a p h i t e
' B r u k e r  AXS I K  CCD a r e a  d e t e c t o r '  
' n a r r o w  f r a m e  \ w  s c a n s '
8.192 
' s e e  t e x t '
9
9
n o n e
11831
0.0164
0.0270
-9
9
-14
14
-19
19
1.32
26.37
26.37 
0.990 
5493

4719
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r e f l n s _ t h r e s h o l d _ e x p r e s s i o n > 2 s i g m a ( I )

_ c o m p u t i n g _ d a t a _ c o l l e c t i o n  
_ c o m p u t i n g _ c e l l _ r e f i n e m e n t  
1 9 9 7 )  '
_ c o m p u t i n g _ d a t a _ r e d u c t i o n
_ c o m p u t i n g _ s t r u c t u r e _ s o l u t i o n
_ c o m p u t i n g _ s t r u c t u r e _ r e f i n e m e n t
_ c o m p u t i n g _ m o l e c u l a r _ g r a p h i c s
_ c o m p u t i n g _ p u b l i c a t i o n _ _ m a t e r i a l

'SMART V 5 . 0 5 6  ( B r u k e r  AXS, 1 9 9 7 ) '  
'SMART V 5 . 0 5 6 / S A I N T  V 6 . 0 1  ( B r u k e r  AXS,

' S A I N T  V 6 . 0 1  ( B r u k e r  AXS, 1 9 9 7 ) '
' SHELXTL V 5 . 1 0  ( S h e l d r i c k ,  1 9 9 7 ) '
' SHELXTL V 5 . 1 0  ( S h e l d r i c k ,  1 9 9 7 ) '  
' SH ELXTL  V 5 . 10 ( S h e l d r i c k ,  1 9 9 7 ) '  
' SH ELXTL  V 5 . 10 ( S h e l d r i c k ,  1 9 9 7 ) '

r e f i n e _ s p e c i a l _ d e t a i l s

R e f i n e m e n t  o f  F A2 A a g a i n s t  A L L  r e f l e c t i o n s .  The  w e i g h t e d  R - f a c t o r  wR a n d  
g o o d n e s s  o f  f i t  S a r e  b a s e d  on  FA2 A, c o n v e n t i o n a l  R - f a c t o r s  R a r e  b a s e d  
o n  F, w i t h  F s e t  t o  z e r o  f o r  n e g a t i v e  F A2 A . Th e  t h r e s h o l d  e x p r e s s i o n  o f  
F A2 A > 2 s i g m a ( F A2 A) i s  u s e d  o n l y  f o r  c a l c u l a t i n g  R - f a c t o r s ( g t ) e t c .  a n d  i s  
n o t  r e l e v a n t  t o  t h e  c h o i c e  o f  r e f l e c t i o n s  f o r  r e f i n e m e n t .  R - f a c t o r s  b a s e d  
o n  FA2 A a r e  s t a t i s t i c a l l y  a b o u t  t w i c e  as  l a r g e  a s  t h o s e  b a s e d  o n  F, a n d  R-  
f a c t o r s  b a s e d  o n  A L L  d a t a  w i l l  be  e v e n  l a r g e r .

r e f i n e _ l s _ s t r u c t u r e _ f a c t o r _ c o e f  F s q d
_ r e f i n e _ l s _ m a t r i x _ t y p e  f u l l
_ r e f i n e _ l s _ w e i g h t i n g _ s c h e m e  c a l c
_ r e f i n e _ l s _ w e i g h t i n g _ d e t a i l s  

' c a l c  w = l / [ \ s A2 A ( F o A2 A) + ( 0 . 0 5 8 5 P ) A2 A+ 0 . 0 0 0 0 P ]  
_ a t o m _ s i t e s _ s o l u t i o n _ p r i m a r y  d i r e c t
_ a t o m _ s i t e s _ s o l u t i o n _ s e c o n d a r y  d i f m a p
_ a t o m _ s i t e s _ s o l u t i o n _ h y d r o g e n s  geom
_ r e f i n e _ l s _ h y d r o g e n _ t r e a t m e n t  m i x e d
_ r e f i n e _ l s _ e x t i n c t i o n _ m e t h o d  n o n e
_ r e f i n e _ l s _ e x t i n c t i o n _ c o e f  ?
_ r e f i n e _ l s _ n u m b e r _ r e f I n s  54 9 3
_ r e f i n e _ l s _ n u m b e r _ p a r a m e t e r s  281
_ r e f i n e _ l s _ n u m b e r _ r e s t r a i n t s  0
r e f i n e _ l s _ R _ f a c t o r _ a l l  0 . 0 3 3 3

_ r e f i n e _ l s _ R _ f a c t o r _ g t  0 . 0 2 8 0
r e f i n e _ l s _ w R _ f a c t o r _ r e f  0 . 0 8 5 2
r e f i n e _ l s _ w R _ f a c t o r _ g t  0 . 0 8 0 3
r e f i n e _ l s _ g o o d n e s s _ o f _ f i t _ r e f  1 . 0 0 4
r e f i n e _ l s _ r e s t r a i n e d _ S _ a l l  1 . 0 0 4
r e f i n e _ l s _ s h i f t / s u _ m a x  0 . 0 0 3
r e f i n e _ l s _ s h i f t / s u _ m e a n  0 . 0 0 0
r e f i n e _ d i f f _ d e n s i t y _ m a x  0 . 6 4 0
r e f i n e _ d i f f _ d e n s i t y _ m i n  - 0 . 3 2 3
r e f i n e _ d i f f _ d e n s i t y _ r m s  0 . 0 5 1

w h e r e  P = ( F o A2 A+ 2 F c A2 A ) / 3 '

l o o p _
_ a  t  om_s i t e _ l a b e l
_ a t o m _ s i t e _ t y p e _ s y m b o l
_ a t o m _ s i t e _ f r a c t _ x
_ a t o m _ s i t e _ f r a c t _ y
_ a t o m _ s i t e _ f r a c t _ z
_ a  t  om_s i  t  e _ U _ i  s o _ o  r _ e  qu  i  v
_ a t o m _ s i t e _ a  d p _ t  y p  e
_ a t o m _ s i t e _ o c c u p a n c y
_ a t o m _ s i t e _ s y m m e t r y _ m u l t i p l i c i t y
_ a t o m _ s i t e _ c a l c _ f l a g
_ a t o m _ s i t e _ r e f i n e m e n t _ f l a g s
_ a t o m _ s i t e _ d i s o r d e r _ a s s e m b l y
_ a t o m _ s i t e _ d i s o r d e r  g r o u p

B r l  B r  0 . 7 3 8 8 7 ( 3 )  0 . 2 5 0 9 2 4 ( 1 8 )  0 . 2 0 8 5 8 5 ( 1 3 )  0 . 0 3 3 4 3 ( 8 )  U a n i  l i d . . .
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511  S i  1 . 4 8 9 1 1 ( 7 )
5 1 2  S i  1 . 2 9 2 0 3 ( 6 )

0 . 8 0 8 4 7  (4 )  
0 . 2 5 5 4 0 ( 4 )

01  O 1 . 3 5 7 4 6 ( 1 6 )
02  O 1 . 4 2 3 7 9 ( 1 8 )
03  O 1 . 2 3 4 4 2  ( 1 7 )  
N I  N 0 . 8 2 2 0 ( 3 )  0 
C l  C 1 . 3 0 0 5 ( 3 )  0 
H1A H 1 . 3 7 4 8  0 
H1B H 1 . 2 6 6 1  0 
C2 C 1 . 4 0 5 5 ( 3 )  
H2A H 1 . 5 4 2 7  0 
C3 C 1 . 3 1 0 4 ( 3 )  
H3A H 1 . 2 7 4 3  0 
C4 C 1 . 1 3 7 1 ( 3 )
H4A H 1 . 1 3 6 1  0 
H4B H 1 . 0 2 1 2  0 
C5 C 1 . 0 5 1 4  (2 )

0 . 4 7 3 2 4  ( 1 0 )  
0 . 7 0 5 1 6 ( 1 1 )
0 . 3 1 2 5 4  ( 1 1 )
4 3 1 0 8 ( 1 5 )  0 

0 . 4 0 8 8 2 ( 1 5 )  0 
3 4 0 3  0 . 1 2 2 7  0 . 0 2 7  U i s o  
4 3 5 6  0 . 0 6 7 6  0 . 0 2 7  U i s o

0 . 1 6 9 1 8 ( 3 )  0.  
0 . 4 7 5 6 6 ( 3 )  0,  
0 . 2 7 2 6 5 ( 8 )  0.  
0 . 2 1 9 5 7 ( 8 )  0.  
0 . 3 8 3 2 0 ( 8 )  0.  
0 5 3 7 1 ( 1 1 )  0 . 0 3 3 1 ( 4 )  
1 2 5 8 5 ( 1 2 )  0 . 0 2 2 7 ( 4 )  

1 1 c a l c  R 
1 1 c a l c  R

0 2 1 2 8 ( 1 2 )  U a n i  1 1 
0 1 7 6 6 ( 1 2 )  U a n i  1 1 
0 1 9 4 ( 3 )  U a n i  1 1 d  
0 2 3 5 ( 3 )  U a n i  1 1 d 
02 4 8  (3 )  U a n i  1 1 d

U a n i
U a n i

U a n i  1 
U a n i  
U a n i  
U a n i

0 . 5 0 0 3 3 ( 1 6 )  0 . 1 9 2 8 2 ( 1 2 )  0 . 0 2 1 8 ( 4 )
5 0 3 1  0 . 1 9 5 2  0 . 0 2 6  U i s o  1 1 c a l c  R 
0 . 6 1 1 7 9 ( 1 5 )  0 . 1 7 5 7 0 ( 1 2 )  0 . 0 2 1 9 ( 4 )
619 2  0 . 1 1 2 2  0 . 0 2 6  U i s o  1 1 c a l c  R 
0 . 5 9 6 8 7 ( 1 5 )  0 . 2 1 4 5 2 ( 1 2 )  0 . 0 2 1 2 ( 4 )
6 5 3 9  0 . 2 6 3 8  0 . 0 2 5  U i s o  1 1 c a l c  R 
6 0 2 0  0 . 1 7 0 4  0 . 0 2 5  U i s o  1 1 c a l c  R 
0 . 4 5 7 3 6 ( 1 5 )  0 . 3 1 3 9 9 ( 1 1 )  0 . 0 2 0 3 ( 4 )

H5A H 0 . 9 2 0 3  0 . 4 7 8 4  0 . 2 9 3 9  0 . 0 2 4  U i s o  1 1 c a l c  R
H5B H 1 . 1 0 3 7  0 . 5 0 7 5  0 . 3 6 6 7  0 . 0 2 4  U i s o  1 1 c a l c  R
C 6 C 1 . 0 5 2 9 ( 2 )  0 . 3 3 7 3 6 ( 1 6 )  0 . 3 3 8 5 8 ( 1 2 )  0 . 0 2 1 2 ( 4 )
H6A H 0 . 9 6 1 8  0 . 3 2 8 8  0 . 3 7 6 7  0 . 0 2 5  U i s o  1 1 c a l c  R 
C7 C 1 . 0 0 7 0 ( 3 )  0 . 2 5 1 1 7 ( 1 6 )  0 . 2 5 9 5 8 ( 1 2 )  0 . 0 2 3 5 ( 4 )
H7A H 1 . 0 3 6 2  0 . 1 7 5 6  0 . 2 8 0 1  0 . 0 2 8  U i s o  1 1 c a l c  R 
C8 C 1 . 1 2 5 5 ( 3 )  0 . 2 6 8 9 8 ( 1 5 )  0 . 1 9 3 8 2 ( 1 2 )  0 . 0 2 2 9 ( 4 )
H8 A H 1 . 0 8 1 9  0 . 2 1 5 3  0 . 1 4 2 1  0 . 0 2 7  U i s o  1 1 c a l c  R
H8 B H 1 . 2 5 5 7  0 . 2 5 0 6  0 . 2 1 8 8  0 . 0 2 7  U i s o  1 1 c a l c  R
C9 C 1 . 1 2 4 6 ( 2 )  0 . 3 8 8 2 3 ( 1 5 )  0 . 1 6 4 3 1 ( 1 1 )  0 . 0 1 9 2 ( 4 )
CIO C 1 . 1 5 8 5 ( 2 )  0 . 4 7 8 7 2 ( 1 4 )  0 . 2 4 4 6 0 ( 1 1 )  0 . 0 1 7 2 ( 4 )
C i l  C 0 . 9 5 2 1 ( 3 )  0 . 4 0 9 9 6 ( 1 5 )  0 . 1 0 2 2 5 ( 1 2 )  0 . 0 2 2 6 ( 4 )
C12 C 1 . 5 7 8 4 ( 3 )  0 . 7 5 0 7 9 ( 1 9 )  0 . 0 7 2 6 6 ( 1 4 )  0 . 0 3 2 9 ( 5 )
H12A H 1 . 6 7 6 2  0 . 6 9 7 0  0 . 0 9 0 1  0 . 0 4 9  U i s o  1 1 c a l c  R
H12B H 1 . 6 2 9 7  0 . 8 1 2 0  0 . 0 4 7 2  0 . 0 4 9  U i s o  1 1 c a l c  R
H12C H 1 . 4 7 6 2  0 . 7 1 2 9  0 . 0 2 9 9  0 . 0 4 9  U i s o  1 1 c a l c  R
C13 C 1 . 6 7 9 0 ( 3 )  0 . 8 8 3 9 9 ( 1 9 )  0 . 2 5 1 1 5 ( 1 4 )  0 . 0 3 4 4 ( 5 )  
H13A H 1 . 7 8 5 4  0 . 8 3 4 7  0 . 2 6 4 2  0 . 0 5 2  U i s o  1 1 c a l c  R
H13B H 1 . 6 3 3 5  0 . 9 0 5 8  0 . 3 0 4 2  0 . 0 5 2  U i s o  1 1 c a l c  R
H13C H 1 . 7 1 7 8  0 . 9 5 1 2  0 . 2 2 8 2  0 . 0 5 2  U i s o  1 1 c a l c  R
C14 C 1 . 2 8 7 6 ( 3 )  0 . 9 0 4 6 8 ( 1 6 )  0 . 1 3 6 5 6 ( 1 2 )  0 . 0 2 3 7 ( 4 )
C15 C 1 . 1 2 5 6 ( 3 )  0 . 8 4 2 4 6 ( 1 9 )  0 . 0 7 2 0 0 ( 1 7 )  0 . 0 4 2 7 ( 6 )
H15A H 1 . 0 2 8 2  0 . 8 9 5 7  0 . 0 5 2 7  0 . 0 6 4  U i s o  1 1 c a l c  R .
H15B H 1 . 0 7 4 2  0 . 7 8 4 0  0 . 1 0 0 3  0 . 0 6 4  U i s o  1 1 c a l c  R .
H15C H 1 . 1 7 1 2  0 . 8 0 8 0  0 . 0 2 2 0  0 . 0 6 4  U i s o  1 1 c a l c  R .
C16  C 1 . 3 5 2 7  (4 )  1 . 0 0 2 4 ( 2 )  0 . 0 9 3 5 5 ( 1 8 )  0 . 0 4 4 6 ( 6 )  U a n i  

0 5 3 7  0 . 0 7 8 9  0 . 0 6 7  U i s o  1 1 c a l c  R .
9734  0 . 0 4 0 7  0 . 0 6 7  U i s o  1 1 c a l c  R .
0 4 2 7  0 . 1 3 3 5  0 . 0 6 7  U i s o  1 1 c a l c  R .
0 . 9 5 1 1 ( 2 )  0 . 2 1 6 3 0 ( 1 5 )  0 . 0 4 0 9 ( 6 )  U a n i  
0 0 0 0  0 . 1 9 8 6  0 . 0 6 1  U i s o  1 1 c a l c  R .
9 9 4 1  0 . 2 5 7 2  0 . 0 6 1  U i s o  1 1 c a l c  R .

H17C H 1 . 1 7 2 7  0 . 8 8 8 9  0 . 2 4 4 1  0 . 0 6 1  U i s o  1 1 c a l c  R .
C18 C 1 . 2 3 8 1 ( 3 )  0 . 3 5 0 4 7 ( 1 7 )  0 . 5 6 6 2 7 ( 1 3 )  0 . 0 2 8 8 ( 4 )
H18A H 1 . 1 0 3 3  0 . 3 6 1 4  0 . 5 5 6 9  0 . 0 4 3  U i s o  1 1 c a l c  R
H18B H 1 . 3 0 2 1  0 . 4 2 3 0  0 . 5 6 8 9  0 . 0 4 3  U i s o  1 1 c a l c  R
H18C H 1 . 2 8 0 4  0 . 3 1 7 2  0 . 6 2 0 9  0 . 0 4 3  U i s o  1 1 c a l c  R
C l 9 C 1 . 1 6 3 9 ( 3 )  0 . 1 1 9 6 0 ( 1 7 )  0 . 4 6 9 2 6 ( 1 4 )  0 . 0 2 8 3 ( 4 )
H19A H 1 . 0 2 9 8  0 . 1 3 2 9  0 . 4 6 0 7  0 . 0 4 2  U i s o  1 1 c a l c  R
H19B H 1 . 2 0 5 2  0 . 0 8 4 7  0 . 5 2 3 2  0 . 0 4 2  U i s o  1 1 c a l c  R
H19C H 1 . 1 8 9 1  0 . 0 6 9 7  0 . 4 2 0 6  0 . 0 4 2  U i s o  1 1 c a l c  R
C20 C 1 . 5 4 9 0 ( 2 )  0 . 2 3 5 6 2 ( 1 5 )  0 . 4 8 5 2 6 ( 1 1 )  0 . 0 1 9 2 ( 4 )
C21 C 1 . 6 4 1 3 ( 3 )  0 . 3 4 9 8 9 ( 1 7 )  0 . 4 8 1 5 9 ( 1 4 )  0 . 0 2 9 9 ( 4 )
H21A H 1 . 7 7 5 6  0 . 3 4 0 7  0 . 4 8 5 9  0 . 0 4 5  U i s o  1 1 c a l e  R . .
H21B H 1 . 6 2 0 0  0 . 4 0 2 1  0 . 5 2 9 8  0 . 0 4 5  U i s o  1 1 c a l e  R . .

H21C H 1 . 5 8 7 3  0 . 3 7 9 7  0 . 4 2 6 7  0 . 0 4 5  U i s o  1 1 c a l c  R

U a n i  1 1 d

U a n i  1 1 d

U a n i  1 1 d

U a n i  1 1 d

U a n i  1 1 d

U a n i  1 1 d

U a n i  1 1 d

1  c 
1 1

U a n i
U a n i

1 1
1 1

H16A H 1 . 2 4 9 6  1 
H16B H 1 . 3 9 3 3  0 
H16C H 1 . 4 5 6 8  1 
C17 C 1 . 2 1 4 2 ( 3 )  
H17A H 1 . 1 0 9 3  1 
H17B H 1 . 3 1 3 8  0

1  1  d

1  1  d

U a n i  1 1 d

U a n i  1 1 d

U a n i
U a n i

1 1 
1 1

U a n i  1 1 d
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C22 C 1 . 6 3 4 4 ( 3 )  0 . 1 8 9 1 0 ( 1 8 )  0 . 5 7 1 4 1 ( 1 2 )  0 . 0 2 8 4 ( 4 )  U a n i  l i d . . .
H22A H 1 . 7 6 9 2  0 . 1 8 2 0  0 . 5 7 6 3  0 . 0 4 3  U i s o  1 1 c a l c  R . .
H22B H 1 . 5 7 8 3  0 . 1 1 5 3  0 . 5 7 3 2  0 . 0 4 3  U i s o  1 1 c a l c  R . .
H22C H 1 . 6 1 0 4  0 . 2 4 0 4  0 . 6 1 9 6  0 . 0 4 3  U i s o  1 1 c a l c  R . .
C23 C 1 . 5 8 2 0 ( 3 )  0 . 1 5 4 0 2 ( 1 8 )  0 . 4 1 0 1 2 ( 1 3 )  0 . 0 2 7 5 ( 4 )  U a n i  l i d . . .
H23A H 1 . 7 1 6 1  0 . 1 4 8 5  0 . 4 1 2 3  0 . 0 4 1  U i s o  1 1 c a l c  R . .
H23B H 1 . 5 2 0 9  0 . 1 8 1 3  0 . 3 5 5 2  0 . 0 4 1  U i s o  1 1 c a l c  R . .
H23C H 1 . 5 3 0 0  0 . 0 8 0 0  0 . 4 1 4 7  0 . 0 4 1  U i s o  1 1 c a l c  R . .

l o o p _
_ a t o m _ s i t e _ a n i s o _ l a b e l
_ a t o m _ s i t e _ a n i s o _ U _ l l
_ a t o m _ s i t e _ a n i s o _ U _ 2 2
_ a t o m _ s i t e _ a n i s o _ U _ 3 3
_ a t o m _ s i t e _ a n i s o _ U _ 2 3
_ a t o m _ s i t e _ a n i s o _ U _ 1 3
_ a t o m _ s i t e _ a n i s o _ U _ 1 2

B r i  0 . 0 2 7 2 7 ( 1 2 )  0 . 0 3 9 4 4 ( 1 4 )  0 . 0 3 1 3 9 ( 1 3 )  0 . 0 0 9 9 3 ( 9 )  - 0 . 0 0 1 8 5 ( 9 )  - 0  0 0 9 7 8 ( 9 )
511 0 . 0 2 2 9 ( 3 )  0 . 0 2 2 0 ( 3 )  0 . 0 1 9 3 ( 3 )  0 . 0 0 1 7 ( 2 )  0 . 0 0 5 4 ( 2 )  - 0 . 0 0 2 6 ( 2 )
512 0 . 0 1 6 8 ( 2 )  0 . 0 2 1 4 ( 3 )  0 . 0 1 5 6 ( 2 )  0 . 0 0 5 2 2 ( 1 9 )  0 . 0 0 3 5 2 ( 1 9 )  0 . 0 0 1 9 6 ( 1 9 )
01 0 . 0 1 7 6 ( 6 )  0 . 0 2 4 3 ( 7 )  0 . 0 1 6 6 ( 6 )  0 . 0 0 4 4 ( 5 )  0 . 0 0 3 2 ( 5 )  0 . 0 0 3 4 ( 5 )
02 0 . 0 2 9 0 ( 7 )  0 . 0 2 0 8 ( 7 )  0 . 0 1 9 1 ( 7 )  0 . 0 0 2 6 ( 5 )  0 . 0 0 0 8 ( 5 )  - 0 . 0 0 5 1 ( 5 )
03 0 . 0 1 9 0 ( 6 )  0 . 0 3 6 4 ( 8 )  0 . 0 1 9 9 ( 7 )  0 . 0 1 2 9 ( 6 )  0 . 0 0 1 5 ( 5 )  0 . 0 0 5 5 ( 6 )
N I  0 . 0 3 8 5 ( 1 0 )  0 . 0 3 3 0 ( 1 0 )  0 . 0 2 4 0 ( 9 )  0 . 0 0 7 0 ( 8 )  - 0 . 0 0 4 4 ( 8 )  - 0 . 0 0 4 5 ( 8 )
Cl  0 . 0 2 9 6 ( 1 0 )  0 . 0 2 0 2 ( 9 )  0 . 0 1 9 7 ( 9 )  0 . 0 0 1 7 ( 7 )  0 . 0 0 8 8 ( 8 )  0 . 0 0 4 8 ( 8 )
C2 0 . 0 2 2 8 ( 9 )  0 . 0 2 4 7 ( 1 0 )  0 . 0 1 9 5 ( 9 )  0 . 0 0 4 6 ( 8 )  0 . 0 0 7 1 ( 7 )  0 . 0 0 2 3 ( 7 )
C3 0 . 0 2 6 8 ( 9 )  0 . 0 2 0 1 ( 9 )  0 . 0 1 6 6 ( 9 )  0 . 0 0 2 3 ( 7 )  - 0 . 0 0 0 8 ( 7 )  - 0 . 0 0 1 4 ( 7 )
C4 0 . 0 2 2 7 ( 9 )  0 . 0 1 7 1 ( 9 )  0 . 0 2 2 0 ( 9 )  0 . 0 0 1 0 ( 7 )  0 . 0 0 0 6 ( 7 )  0 . 0 0 2 6 ( 7 )
C5 0 . 0 1 9 6 ( 9 )  0 . 0 2 3 5 ( 9 )  0 . 0 1 6 7 ( 9 )  - 0 . 0 0 0 9 ( 7 )  0 . 0 0 2 6 ( 7 )  0 . 0 0 3 9 ( 7 )
C6 0 . 0 1 7 4 ( 8 )  0 . 0 2 9 4 ( 1 0 )  0 . 0 1 7 4 ( 9 )  0 . 0 0 6 8 ( 8 )  0 . 0 0 2 9 ( 7 )  0 . 0 0 3 8 ( 7 )
C7 0 . 0 2 5 2 ( 9 )  0 . 0 2 1 0 ( 1 0 )  0 . 0 2 3 5 ( 1 0 )  0 . 0 0 6 7 ( 8 )  0 . 0 0 1 3 ( 8 )  0 . 0 0 1 9 ( 8 )
C8 0 . 0 3 0 9 ( 1 0 )  0 . 0 1 7 4 ( 9 )  0 . 0 1 9 8 ( 9 )  0 . 0 0 2 0 ( 7 )  0 . 0 0 3 9 ( 8 )  0 . 0 0 3 6 ( 8 )
C9 0 . 0 2 5 1 ( 9 )  0 . 0 1 7 1 ( 9 )  0 . 0 1 5 1 ( 9 )  0 . 0 0 1 1 ( 7 )  0 . 0 0 3 6 ( 7 )  0 . 0 0 1 4 ( 7 )
CIO 0 . 0 1 7 4 ( 8 )  0 . 0 1 7 4 ( 9 )  0 . 0 1 5 0 ( 8 )  0 . 0 0 0 8 ( 7 )  - 0 . 0 0 0 3 ( 7 )  0 . 0 0 1 8 ( 7 )
C l l  0 . 0 3 2 8 ( 1 0 )  0 . 0 1 7 0 ( 9 )  0 . 0 1 7 0 ( 9 )  0 . 0 0 2 2 ( 7 )  0 . 0 0 2 8 ( 8 )  - 0  0 0 1 8 ( 8 )
C12 0 . 0 3 4 3 ( 1 1 )  0 . 0 3 7 8 ( 1 2 )  0 . 0 2 9 3 ( 1 1 )  0 . 0 0 0 9 ( 9 )  0 . 0 1 3 8 ( 9 )  0 0 0 3 5 ( 9 )
C13 0 . 0 3 0 7 ( 1 1 )  0 . 0 3 6 8 ( 1 2 )  0 . 0 3 3 9 ( 1 2 )  0 . 0 0 2 0 ( 1 0 )  0 . 0 0 3 2 ( 9 )  - 0  0 1 0 4 ( 9 )
C14 0 . 0 2 9 3 ( 1 0 )  0 . 0 2 0 3 ( 9 )  0 . 0 2 1 9 ( 1 0 )  0 . 0 0 2 7 ( 8 )  0 . 0 0 5 4 ( 8 )  - 0  0 0 1 9 ( 8 )
C15 0 . 0 3 9 0 ( 1 2 )  0 . 0 3 0 3 ( 1 2 )  0 . 0 4 9 3 ( 1 5 )  0 . 0 0 3 0 ( 1 1 )  - 0 . 0 1 2 3 ' 1 1 )  0 0 0 5 9 ( 1 0 )
C I 6 0 . 0 4 9 1 ( 1 4 )  0 . 0 3 2 2 ( 1 2 )  0 . 0 6 0 9 ( 1 6 )  0 . 0 2 2 0 ( 1 1 )  0 . 0 2 2 6 ( 1 3 )  0 0 0 4 7 ( 1 0 )
C17 0 . 0 4 4 6 ( 1 3 )  0 . 0 4 5 8  (14)  0 . 0 3 6 2 ( 1 3 )  0 . 0 0 6 7 ( 1 1 )  0 . 0 1 5 8  (11)  0.’ o i 7 8  11
C18 0 . 0 3 0 7 ( 1 0 )  0 . 0 3 2 8 ( 1 1 )  0 . 0 2 4 7 ( 1 0 )  0 . 0 0 2 0 ( 8 )  0 . 0 1 0 5 ( 8 )  0 0 0 6 5 ( 9 )
C19 0 . 0 2 2 0 ( 9 )  0 . 0 2 9 5 ( 1 1 )  0 . 0 3 3 6 ( 1 1 )  0 . 0 0 8 8 ( 9 )  0 . 0 0 3 8 ( 8 )  - 0 * 0 0 2 1  8
C20 0 . 0 1 8 1 ( 8 )  0 . 0 2 2 3 ( 9 )  0 . 0 1 6 8 ( 9 )  0 . 0 0 3 3 ( 7 )  0 . 0 0 2 0 ( 7 )  - 0  0 0 0 6 ( 7 )
C21 0 . 0 2 2 9 ( 1 0 )  0 . 0 3 2 4 ( 1 1 )  0 . 0 3 4 3 ( 1 2 )  0 . 0 0 3 7 ( 9 )  0 . 0 0 5 4 ( 9 ) * - 0  0 0 6 0 ( 8 )
C22 0 . 0 2 3 9 ( 1 0 )  0 . 0 3 9 0 ( 1 2 )  0 . 0 2 1 5 ( 1 0 )  0 . 0 0 7 2 ( 9 )  0 . 0 0 1 0 ( 8 )  0 ¿ 0 6 6 ( 8 )
C23 0 . 0 2 1 0 ( 9 )  0 . 0 3 6 4 ( 1 1 )  0 . 0 2 5 2 ( 1 0 )  0 . 0 0 0 0 ( 9 )  0 . 0 0 6 5 ( 8 )  0 ¿ 0 3 9 ( 8 )

g e o m _ s p e c i a l _ d e t a i l s
r

A l l  e s d s  ( e x c e p t  t h e  e s d  i n  t h e  d i h e d r a l  a n g l e  b e t w e e n  t w o  l . s .  p l a n e s )  
a r e  e s t i m a t e d  u s i n g  t h e  f u l l  c o v a r i a n c e  m a t r i x .  T h e  c e l l  e s d s  a r e  t a k e n  
i n t o  a c c o u n t  i n d i v i d u a l l y  i n  t h e  e s t i m a t i o n  o f  e s d s  i n  d i s t a n c e s ,  a n g l e s  
a n d  t o r s i o n  a n g l e s ;  c o r r e l a t i o n s  b e t w e e n  e s d s  i n  c e l l  p a r a m e t e r s  a r e  o n l y  
u s e d  w h e n  t h e y  a r e  d e f i n e d  b y  c r y s t a l  s y m m e t r y .  A n  a p p r o x i m a t e  

( i s o t r o p i c )

t r e a t m e n t  o f  c e l l  e s d s  i s  u s e d  f o r  e s t i m a t i n g  e s d s  i n v o l v i n g  l . s .  p l a n e s .

l o o p _
_ g e o m _ b o n d _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ b o n d _ a t o m _ s i t e _ l a b e l _ 2
_ g e o m _ b o n d _ d i s t a n c e
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_ _ g e o m _ b o n d _ s i t e _ s y m m e t r y _ 2  
_ g e o m _ b o n d _ p u b l _ f l a g  

B r i  C l  1 . 9 6 7 2 ( 1 8 )  . ?
S i i  02  1 . 6 5 6 0 ( 1 3 )  . ?
S i i  C12 1 . 8 6 1 ( 2 )  . ?
S i i  C13 1 . 8 6 5 ( 2 )  . ?
511  C14 1 . 8 9 4  (2 )  . ?
512  03  1 . 6 5 3 6 ( 1 3 )  . ?
S i 2  C18 1 . 8 5 7  (2 )  . ?
S i 2  C19 1 . 8 6 2 ( 2 )  . ?
S i 2  C20 1 . 8 7 7 3 ( 1 8 )  . ?
01  CIO 1 . 4 4 0 ( 2 )  . ?
01  C2 1 . 4 4 7 ( 2 )  . ?
02  C3 1 . 4 2 8  (2 )  . ?
03  C6 1 . 4 2 0 ( 2 )  . ?
N I  C l l  1 . 1 4 1 ( 2 )  . ?
C l  C2 1 . 5 3 8 ( 3 )  . ?
C l  C9 1 . 5 6 5 ( 3 )  . ?
C l  H1A 0 . 9 9 0 0  . ?
C l  H1B 0 . 9 9 0 0  . ?
C2 C3 1 . 5 3 0 ( 3 )  . ?
C2 H2A 1 . 0 0 0 0  . ?
C3 C4 1 . 5 3 9 ( 3 )  . ?
C3 H3A 1 . 0 0 0 0  . ?
C4 CIO 1 . 5 3 5 ( 2 )  . ?
C4 H4A 0 . 9 9 0 0  . ?
C4 H4B 0 . 9 9 0 0  . ?
C5 CIO 1 . 5 1 7  (2 )  . ?
C5 C6 1 . 5 2 5 ( 3 )  . ?
C5 H5A 0 . 9 9 0 0  . ?
C5 H5B 0 . 9 9 0 0  . ?
C 6 C7 1 . 5 2 7 ( 3 )  . ?
C 6 H6A 1 . 0 0 0 0  . ?
C7 C8 1 . 5 1 7  (3 )  . ?
C7 H7A 1 . 0 0 0 0  . ?
C8 C9 1.545(2) . ?
C8 H8A 0.9900 . ?
C8 H8B 0.9900 . ?
C9 Cll 1.475(3) ?
C9 CIO 1. 571(2) 7
C12 H12A 0.9800 . 7
C12 H12B 0.9800 . 7
C12 H12C 0.9800 . 7
C13 H13A 0.9800 . 7
C13 H13B 0.9800 7
C13 H13C 0.9800 . 7
C14 CI 6 1.532(3) 7
CI 4 C17 1.532(3) 7
C14 C15 1.539(3) . 7
C15 H15A 0.9800 7
C15 H15B 0.9800 7
C15 H15C 0.9800 7
C16 H16A 0.9800 7
C16 H16B 0.9800 7
CI 6 H16C 0.9800 7
C17 H17A 0.9800 7
C17 H17B 0.9800 7
C17 H17C 0.9800 7
C18 H18A 0.9800 7
C18 H18B 0.9800 7
C18 H18C 0.9800 7
CI 9 H19A 0.9800 7

CI9 H19B 0.9800 7
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C19 H19C 0 . 9 8 0 0  . ?
C20 C23 1 . 5 2 8 ( 3 ) 9
C20 C21 1 . 5 3 8 ( 3 ) 7
C20 C22 1 . 5 3 8 ( 3 ) 7
C21 H21A 0 . 9 8 0 0  . 7
C21 H21B 0 . 9 8 0 0  . 7
C21 H21C 0 . 9 8 0 0  . 7
C22 H22A 0 . 9 8 0 0  . 7
C22 H22B 0 . 9 8 0 0  . 7
C22 H22C 0 . 9 8 0 0  . 7
C23 H23A 0 . 9 8 0 0  . 7
C23 H23B 0 . 9 8 0 0  . 7
C23 H23C 0 . 9 8 0 0  . 7

l o o p
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ l  
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e 1 _ 2  
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 3  
_ g e o m _ a n g l e
_ g e o m _ a n g l e _ s i t e _ s y m m e t r y _ l  
_ g e o m _ a n g l e _ s i t e _ s y m m e t r y _ 3  
_ g e o m _ a n g l e _ p u b l _ f l a g  

02  S i l  C12 1 1 0 . 2 0 ( 9 )  . . ?
02  S i l  C13 1 0 4 . 2 6 ( 8 )  . . ?
C12 S i l  C13 1 1 0 . 6 7 ( 1 0 )  . . ?
02  S i l  C l 4 1 1 0 . 3 7 ( 8 )  . . ?
C12 S i l  C14 1 1 0 . 5 8 ( 9 )  . . ?
C13 S i l  C14 1 1 0 . 6 0 ( 1 0 )  . . ?
0 3  S i 2  C18 1 1 0 . 7 5 ( 8 )  . . ?
03  S i 2  C19 1 1 0 . 5 1  ( 8 ) . . ?
C18 S i 2  C19 1 0 9 . 0 3 ( 1 0 )  . . ?
03  S i 2  C20 1 0 2 . 0 4  (7 )  . . ?
C18 S i 2  C20 1 1 2 . 4 5 ( 9 )  . . ?
C19 S i 2  C20 1 1 1 . 9 3 ( 9 )  . . ?
CIO 01  C2 9 7 . 0 1  ( 1 2 )  . . ?
C3 02  S i l  1 2 3 . 2 1 ( 1 1 )  . . ?
C 6 03  S i 2  1 2 7 . 5 4  ( 1 1 )  . . ?
C2 C l  C9 1 0 1 . 1 7 ( 1 4 )  . . ?
C2 C l  H1A 1 1 1 . 5  . . ?
C9 C l  H1A 1 1 1 . 5  . . ?
C2 C l  H1B 1 1 1 . 5  . . ?
C9 C l  H1B 1 1 1 . 5  . . ?
H1A C l  H1B 1 0 9 . 4  . . ?
01  C2 C3 1 0 4 . 0 5 ( 1 4 )  . . ?
01  C2 C1 1 0 2 . 9 2 ( 1 4 )  . . ?
C3 C2 C1 1 0 8 . 0 4  ( 1 5 )  . . ?
01  C2 H2A 1 1 3 . 6  . . ?
C3 C2 H2A 1 1 3 . 6  . . ?
C1 C2 H2A 1 1 3 . 6  . . ?
02  C3 C2 1 1 1 . 8 3 ( 1 5 )  . . ?
02  C3 C4 1 1 1 . 4 0 ( 1 5 )  . . ?
C2 C3 C4 1 0 0 . 2 7  ( 1 4 )  . . ?
02  C3 H3A 1 1 1 . 0  . . ?
C2 C3 H3A 1 1 1 . 0  . . ?
C4 C3 H3A 1 1 1 . 0  . . ?
CIO C4 C3 1 0 3 . 1 9 ( 1 4 ) ' .  . ?
CIO C4 H4A 1 1 1 . 1  . . ?
C3 C4 H4A 1 1 1 . 1  . . ?
CIO C4 H4B 1 1 1 . 1  . . ?
C3 C4 H4B 1 1 1 . 1  . . ?
H4A C4 H4B 1 0 9 . 1  . . ?
CIO C5 C6 1 1 5 . 7 7  ( 1 5 )  . .
C IO C5 H5A 1 0 8 . 3  . . ?
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C6 C5 H5A 108.3 . . ?
CIO C5 H5B 108.3 . . ?
C6 C5 H5B 108.3 . . ?
H5A C5 H5B 107.4 . . ?
03 C6 C5 109.45(15) . . ?
03 C6 C l 106.04 (14) . . ?
C5 C6 C l 112.48(15) . . ?
03 C6 H6A 109.6 . . ?
C5 C6 H6A 109.6 . . ?
C l C6 H6A 109.6 . . ?
C8 C l C6 112.10(15) . . ?
C8 C l Brl 112.17(13) . . ?
C6 C l Brl 110.10(12) . . ?
C8 C l  Vil A 107.4 . . ?
C6 C l  V I A 107.4 . . ?
Brl C l  V I A 107.4 . . ?
C l C8 C9 115.69(15) . . ?
C l C8 H8A 108.4 . . ?
C9 C8 H8A 108.4 . . ?
C l C8 H8B 108.4 . . ?
C9 C8 H8B 108.4 . . ?
H8A C8 H8B 107.4 . . ?
Cil C9 C8 112.36(15) . . ?
Cil C9 Cl 111.03(15) . . ?
C8 C9 Cl 110.36(14) . . ?
Cil C9 CIO 111.04(14) . . ?
C8 C9 CIO 110.59(14)
Cl C9 CIO 100.90(14)
01 CIO C5 113.75(14)
01 CIO C4 101.59(13)
C5 CIO C4 114.41(15)
01 CIO C9 100.52(13)
C5 CIO C9 114.76(15)
C4 CIO C9 110.21(14)
NI Cil C9 177.0(2) .
Sil C12 H12A 109.5 .
Sil C12 H12B 109.5 .
H12A C12 H12B 109.5 . . ? 
Sil C12 H12C 109.5 . . ? 
H12A C12 H12C 109.5 . . ?
H12B C12 H12C 109.5 . . ?
Sil C13 H13A 109.5 . . ?
Sil C13 H13B 109.5 . . ?
H13A C13 H13B 109.5 . . ? 
Sil C13 H13C 109.5 . . ? 
H13A C13 H13C 109.5 . . ?
H13B C13 H13C 109.5 . . ?
Cl6 C14 C17 109.16(18) . . 
Cl6 C14 C15 108.27(18) . .
C17 Cl4 C15 108.07(19) . .
Cl6 C14 Sil 109.65(14) . .
C17 C14 Sil 110.21(14) . .
C15 C14 Sil 111.43 (14) . .
C14 C15 H15A 109.5 . . ?
C14 C15 H15B 109.5 . . ?
H15A C15 H15B 109.5 . . ?
Cl4 C15 H15C 109.5 . . ? 
H15A C15 H15C 109.5 . . ?
H15B C15 H15C 109.5 . . ?
C14 Cl6 H16A 109.5 . . ?
C14 Cl6 H16B 109.5 . . ?
H16A C16 H16B 109.5 . . ?

Cl4 Cl6 H16C 109.5 . . ?
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H16A Cl6 H16C 109.5 . . ? 
H16B Cl6 H16C 109.5 . . ? 
C14 C17 H17A 109.5 . . ?
Cl4 C17 H17B 109.5 . . ? 
H17A Cl7 H17B 109.5 . . ? 
Cl4 C17 H17C 109.5 . . ? 
H17A C17 H17C 109.5 . . ? 
H17B C17 H17C 109.5 . . ? 
Si2 Cl8 H18A 109.5 . . ? 
Si2 C18 H18B 109.5 . . ? 
H18A C18 H18B 109.5 . . ? 
Si2 C18 H18C 109.5 . . ? 
H18A C18 H18C 109.5 . . ? 
H18B C18 H18C 109.5 . . ? 
Si2 Cl 9 H19A 109.5 . . ? 
Si2 Cl9 H19B 109.5 . . ? 
H19A Cl 9 H19B 109.5 . . ? 
Si2 Cl9 H19C 109.5 . . ? 
H19A Cl 9 H19C 109.5 . . ? 
H19B Cl9 H19C 109.5 . . ? 
C23 C20 C21 109.62(16) . . 
C23 C20 C22 109.42(15) . .
C21 C20 C22 109.31(16) . . 
C23 C20 Si2 109.37(12) . . 
C21 C20 Si2 108.53(12) . . 
C22 C20 Si2 110.59(12) . . 
C20 C21 H21A 109.5 . . ? 
C20 C21 H21B 109.5 . . ? 
H21A C21 H21B 109.5 . . ?
C20 C21 H21C 109.5 . . ? 
H21A C21 H21C 109.5 . . ? 
H21B C21 H21C 109.5 . . ? 
C20 C22 H22A 109.5 . . ? 
C20 C22 H22B 109.5 . . ? 
H22A C22 H22B 109.5 . . ? 
C20 C22 H22C 109.5 . . ? 
H22A C22 H22C 109.5 . . ? 
H22B C22 H22C 109.5 . . ? 
C20 C23 H23A 109.5 . . ? 
C20 C23 H23B 109.5 . . ? 
H23A C23 H23B 109.5 . . ? 
C20 C23 H23C 109.5 . . ? 
H23A C23 H23C 109.5 . . ? 
H23B C23 H23C 109.5 . . ?
l o o p _

_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ l  
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 2  
_ g e o m _ t o r s i o n _ a t o r a _ s i t e _ l a b e l _ 3  
_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l  4 
_ g e o m _ t o r s i o n
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y  1  
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y  2 
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y  3 
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y  4 
_ g e o m _ t o r s i o n _ p u b l _ f l a g  

C12 S i l  02  C3 - 4 7 . 0 1 ( 1 6 )  . . . .  ? 
C13 S i l  02  C3 - 1 6 5 . 8 0 ( 1 4 )  . . . . ? 
C14 S i l  02  C3 7 5 . 4 1 ( 1 5 )  . . . .  ? 
C18 S i 2  03  C 6 - 6 6 . 0 6 ( 1 7 )  . . . .  ? 
C l 9 S i 2  03  C6 5 4 . 8 7 ( 1 7 )  . . . .  ? 
C20 S i 2  03  C 6 1 7 4 . 0 5 ( 1 5 )  . . . .  ? 
C IO 01  C2 C3 5 5 . 2 2  ( 1 5 )  . . . .  ?
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CIO 01 C2 Cl  - 5 7 . 4 2  (15) . . . .  ? 
C9 Cl  C2 01 3 2 . 2 1  (16) . . . .  ?
C9 Cl  C2 C3 - 7 7 . 4 6 ( 1 7 )  . . . .  ?
S i l  02 C3 C2 1 2 2 . 8 1 ( 1 4 )  . . . . ?
511 02 C3 C4 - 1 2 5 . 8 9 ( 1 4 )  . . . . ? 
01 C2 C3 02 8 5 . 8 5 ( 1 7 )  . . . . ?
Cl  C2 C3 02 - 1 6 5 . 2 6 ( 1 4 )  . . . .  ?
01 C2 C3 C4 - 3 2 . 3 2 ( 1 7 )  . . . .  ?
Cl  C2 C3 C4 7 6 . 5 8 ( 1 6 )  . . . .  ?
02 C3 C4 CIO - 1 2 0 . 1 9 ( 1 5 )  . . . . ? 
C2 C3 C4 CIO - 1 . 7 1 ( 1 7 )  . . . .  ?
512 03 C6 C5 1 3 1 . 0 6 ( 1 4 )  . . . .  ?
S i 2  03 C6 C7 - 1 0 7 . 3 8 ( 1 5 )  . . . . ? 
CIO C5 C6 03 6 9 . 4 8  (19) . . . . ?
CIO C5 C6 C7 - 4 8 .  1 (2) . . . . ?
03 C6 C l  C8 - 6 8 . 7 6 ( 1 8 )  . . . .  ?
C5 C6 C7 C8 5 0 . 8 ( 2 )  . . . . ?
03 C6 C l  B r l  1 6 5 . 6 2 ( 1 1 )  . . . . ?
C5 C6 C l  B r l  - 7 4 . 7 8 ( 1 6 )  . . . .  ?
C6 C l  C8 C9 - 5 3 . 1  (2) . . . .  ?
B r l  C l  C8 C9 7 1 . 3 6 ( 1 8 )  . . . .  ?
C l  C8 C9 C i l  - 7 6 . 5 ( 2 )  . . . .  ?
C l  C8 C9 Cl  1 5 9 . 0 2 ( 1 5 )  . . . .  ?
C l  C8 C9 CIO 4 8 . 2 ( 2 )  . . . . ?
C2 Cl  C9 C i l  1 2 0 . 8 9 ( 1 6 )  . . . .  ?
C2 Cl  C9 C8 - 1 1 3 . 8 5 ( 1 5 )  . . . .  ?
C2 Cl  C9 CIO 3 . 1 2 ( 1 6 )  . . . .  ?
C2 01 CIO C5 - 1 7 8 . 4 1 ( 1 5 )  . . . . ?
C2 01 CIO C4 - 5 4 . 9 6 ( 1 5 )  . . . .  ? 
C2 01 CIO C9 5 8 . 4 2 ( 1 4 )  . . . .  ?
C6 C5 CIO 01  - 7 0 . 0 3 ( 1 9 )  . . . .  ?
C 6 C5 CIO C4 1 7 3 . 8 2 ( 1 4 )  . . . .  ?
C 6 C5 CI O C9 4 5 . 0  (2 )  . . . . ?
C3 C4 CIO 01  3 5 . 1 3 ( 1 6 )  . . . . ?
C3 C4 CIO C5 1 5 8 . 1 3 ( 1 5 )  . . . .  ?
C3 C4 CIO C9 - 7 0 . 7 8  ( 1 7 )  . . . .  ?
C i l  C9 CIO 01  - 1 5 5 . 3 1 ( 1 4 )  . . . . ?
C8 C9 CIO 01 79.24(16) . . . .  ?
Cl C9 CIO 01 -37.55(15) . . . .  ?
Cil C9 CIO C5 82.23(18) . . . .  ?
C8 C9 CIO C5 -43.2 (2) . . . . ?
Cl C9 CIO C5 -160.01(14) . . . .  ?
Cil C9 CIO C4 -48.68(19) . . . .  ?
C8 C9 CIO C4 -174.13(14) . . . .  ?
Cl C9 CIO C4 69.08(16) . . . .  ?
C8 C9 Cil NI -172 (4) . . . .  ?
Cl C9 Cil NI -48 (4) . . . .  ?
CIO C9 Cil NI 63(4) . . . .  ?
02 Sil C14 Cl6 177.59(14) . . . .  ?
C12 Sil C14 Cl6 -60.21(17) . . . .  ?
C13 Sil C14 C16 62.74(17) . . . .  ?
02 Sil Cl4 C17 57.41(16) . . . .  ?
C12 Sil Cl4 C17 179.61(15) . . . .  ?
C13 Sil C14 C17 -57.44(17) . . . .  ?
02 Sil C14 C15 -62.55(17) . . . .  ?
C12 Sil Cl4 C15 59.64(18) . . . .  ?
C13 Sil C14 C15 -177.41(15) . . . .  ?
03 Si2 C20 C23 -62.94(14) . . . .  ?
C18 Si2 C20 C23 178.36(13) . . . .  ?
C19 Si2 C20 C23 55.23(15) . . . .  ?
03 Si2 C20 C21 56.61(14) . . . .  ?
C18 Si2 C20 C21 -62.09(15) . . . .  ?

Cl9 Si2 C20 C21 174.78(13) . . . . ?
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03 Si2 C20 C22 176.50(13) . . . .  ? 
C18 Si2 C20 C22 57.80(16) . . . .  ? 
C19 Si2 C20 C22 -65.33(16) . . . .  ?
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X-ray crystal structure data for ô/s-acetonide (311)

d a t a _ c s f 1 3 2 s

_ a u d i t _ c r e a t i o n _ m e t h o d
_ c h e m i c a l _ n a m e _ s y s t e m a t i c
/
?

/
_ c h e m i c a l _ n a m e _ c o i w n o n  
_ c h e m i c a l _ m e l t i n g _ p o i n t  
_ c h e m i c a l _ f o r m u l a _ m o i e t y  
_ c h e m i c a l _ f o r m u l a _ s u m  

' C36 H59 N 07  S i 2 ' 
_ c h e m i c a l _ f o r m u l a _ w e i g h t

S H E L X L -9 7

7
7
7

6 7 4 . 0 2

4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '  

6 . 8  a n d  6 . 1 . 1 . 4 '

4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

4 . 2 . 6 . 8  a n d  6 . 1 . 1 . 4 '

l o o p _
_ a  t  o m _ t  y p  e _ s  ymb o 1  
_ a t o m _ t y p e _ d e s c r i p t i on  
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _ r e a l  
_ a t o m _ t y p e _ s c a t _ d i s p e r s i o n _ i m a g  
_ a t o m _ t y p e _ s c a t _ s o u r c e  
' C  ' C  0 . 0 0 3 3  0 . 0 0 1 6
1 I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  
' H '  ' H '  0 . 0 0 0 0  0 . 0 0 0 0
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  4 . 2  
' N '  ' N '  0 . 0 0 6 1  0 . 0 0 3 3
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  
' O '  ' O '  0 . 0 1 0 6  0 . 0 0 6 0
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s  
' S i '  ' S i '  0 . 0 8 1 7  0 . 0 7 0 4
' I n t e r n a t i o n a l  T a b l e s  V o l  C T a b l e s

_ s y m m e t r y _ c e l l _ s e t t i n g  T r i c l i n i o
_ s y m m e t r y _ s p a c e _ g r o u p _ n a m e _ H - M  P - 1

l o o p _
_ s y m m e t r y _ e q u i v _ p o s _ a s _ x y z
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11.7021 (8) 
14.0933(9) 
14.3609(9) 
118.628(2) 
95.055 (2) 
105.704(2) 
1933.7 (2)
2
123(1)
992
2.656
29.083
p r i s m
c o l o u r l e s s
0.35
0.30
0 . 2 0
' n o t  m e a s u r e d '  
1.158
' n o t  m e a s u r e d '
732
0.136
n o n e

' x ,  y ,  z '
' - x ,  - y ,  - z '

_ c e l l _ l e n g t h _ a
_ c e l l _ l e n g t h _ b
_ c e l l _ l e n g t h _ c
_ c e l l _ a n g l e _ a l p h a
_ c e l l _ a n g l e _ b e t a
_ c e l l _ a n g l e _ g a m m a
_ c e l l _ v o l u m e
_ c e l l _ f o r m u l a _ u n i t s _ Z
_ c e l l _ m e a s u r e m e n t _ t e m p e r a t u r e

c e l l _ m e a s u r e m e n t _ r e f l n s _ u s e d
c e l l _ m e a s u r e m e n t _ t h e t a _ m i n

_ c e l l _ m e a s u r e m e n t _ t h e t a _ m a x

_ e x p t l _ c r y s t a l _ d e s c r i p t i o n  
_ e x p t l _ c r y s t a l _ c o l o u r  
_ e x p t l _ c r y s t a l _ s i z e _ m a x  
e x p t l _ c r y s t a l _ s i z e _ m i d  

_ e x p t l _ c r y s t a l _ s i z e _ m i n  
e x p t l _ c r y s t a l _ d e n s i t y _ m e a s  
e x p t l _ c r y s t a l _ d e n s i t y _ d i f f r n  
e x p t l _ c r y s t a l _ d e n s i t y _ m e t h o d  
e x p t l _ c r y s t a l _ F _ 0 0 0  
e x p t l _ a b s o r p t _ c o e f f i c i e n t _ m u  
e x p t l _ a b s o r p t _ c o r r e c t i o n _ t y p e  
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m i n  
e x p t l _ a b s o r p t _ c o r r e c t i o n _ T _ m a x  
e x p t l _ a b s o r p t _ p r o c e s s _ d e t a i l s

e x p t l _ s p e c i a l _ d e t a i l s

9

_ d i f f r n _ a m b i e n t _ t e m p e r a t u r e  
_ d i f f r n _ r a d i a t i o n _ w a v e l e n g t h  
_ d i f f r n _ r a d i a t i o n _ t y p e  

d i f f r n _ r a d i a t i o n _ s o u r c e  
_ d i f f r n _ r a d i a t i o n _ m o n o c h r o m a t o r  
_ d i f f r n _ m e a s u r e m e n t _ d e v i c e _ t y p e  
_ d i f f r n _ m e a s u r e m e n t _ m e t h o d  
_ d i f f r n _ d e t e c t o r _ a r e a _ r e s o l _ m e a n  
_ d i f f r n _ s t a n d a r d s _ n u m b e r  
_ d i f  f  r n _ _ s t a n d a r d s _ i n t e r v a l _ c o u n t  
_ d i f f r n _ s t a n d a r d s _ i n t e r v a l _ t i m e  
_ d i f f r n _ s t a n d a r d s _ d e c a y _ %  
_ d i f f r n _ r e f l n s _ n u m b e r  
_ d i f f r n _ r e f l n s _ a v _ R _ e q u i v a l e n t s  
d i f f r n _ r e f l n s _ a v _ s i g m a l / n e t l  
d i f f r n _ r e f l n s _ l i m i t _ h _ m i n  
d i f f r n _ r e f l n s _ l i m i t _ h _ m a x  
d i f f r n _ r e f l n s _ l i m i t _ k _ m i n  
d i f f r n _ r e f l n s _ l i m i t _ k _ m a x  
d i f f r n _ r e f l n s _ l i m i t _ l _ m i n  
d i f f r n _ r e f l n s _ l i m i t _ l _ m a x  
d i f f r n _ r e f l n s _ t h e t a _ m i n  
d i f f r n _ r e f l n s _ t h e t a _ m a x  
d i f f r n _ r e f l n s _ t h e t a _ f u l l  
d i f f r n _ m e a s u r e d _ f r a c t i o n _ t h e t a _ f u l l

r e f l n s  n u m b e r  t o t a l

123(1)
0.71073
M o K \ a
' f i n e - f o c u s  s e a l e d  t u b e '  
g r a p h i t e
' B r u k e r  AXS I K  CCD a r e a  d e t e c t o r '  
' n a r r o w  f r a m e  \ w  s c a n s '
8.192 
' s e e  t e x t '
?
7
' n o n e '
16779
0.0116
0.0137
-14
14
-12
17
-17
17
1.76
26.37
26.37 
0.967
7637
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r e f l n s _ n u m b e r _ g t  
_ r e f l n s _ t h r e s h o l d  e x p r e s s i o n

_ _ c o m p u t i n g
_ c o m p u t i n g
1 9 9 9 )  '
_ c o m p u t i n g
_ c o m p u t i n g
_ c o m p u t i n g
_ c o m p u t i n g
_ c o m p u t i n g

d a t a _ c o l l e c t i o n  
c e l l _ r e f i n e m e n t

_ d a t a _ r e d u c t i o n  
s t r u c t u r e _ s o l u t i o n  
s t r u c t u r e _ r e f i n e m e n t  
m o l e c u l a r _ g r a p h i c s  
p u b l i c a t i o n _ m a t e r i a l

6750
> 2 s i g m a ( I )

'SMART V 5 . 0 6 0  ( B r u k e r  AXS,  1 9 9 9 ) '
'SMART V 5 . 0 6 0 / S A I N T  V 6 . 0 2 a  ( B r u k e r  AXS,

' S A I N T  V 6 . 0 2 a  ( B r u k e r  AXS,  1 9 9 7 ) '
' SHELXTL V 5 . 1 0  ( S h e l d r i c k ,  1 9 9 7 ) '
' SHELXTL V 5 . 1 0  ( S h e l d r i c k ,  1 9 9 7 ) '  
'S H E LXT L  V 5 . 10 ( S h e l d r i c k ,  1 9 9 7 ) '  
'S H ELXT L  V 5 . 10 ( S h e l d r i c k ,  1 9 9 7 ) '

r e f i n e _ s p e c i a l _ d e t a i l s

R e f i n e m e n t  o f  F A2 A a g a i n s t  A L L  r e f l e c t i o n s .  Th e  w e i g h t e d  R - f a c t o r  wR a n d  
g o o d n e s s  o f  f i t  S a r e  b a s e d  o n  F A2 A , c o n v e n t i o n a l  R - f a c t o r s  R a r e  b a s e d  
o n  F,  w i t h  F s e t  t o  z e r o  f o r  n e g a t i v e  F A2 A . T h e  t h r e s h o l d  e x p r e s s i o n  o f  
FA2 A > 2 s i g m a ( F A2 A ) i s  u s e d  o n l y  f o r  c a l c u l a t i n g  R - f a c t o r s ( g t )  e t c .  a n d  i s  
n o t  r e l e v a n t  t o  t h e  c h o i c e  o f  r e f l e c t i o n s  f o r  r e f i n e m e n t .  R - f a c t o r s  b a s e d  
o n  F A2 A a r e  s t a t i s t i c a l l y  a b o u t  t w i c e  a s  l a r g e  a s  t h o s e  b a s e d  o n  F,  a n d  R -  
f a c t o r s  b a s e d  o n  A L L  d a t a  w i l l  b e  e v e n  l a r g e r .

r e f i n e _ l s _ s t r u c t u r e _ f a c t o r _ c o e f  F s q d
r e f i n e _ l s _ m a t r i x _ t y p e  f u l l
r e f i n e _ l s _ w e i g h t i n g _ s c h e m e  c a l c
r e f i n e _ l s _ w e i g h t i n g _ d e t a i l s

’ ’ c a l c  w = l / [ \ s A2 A ( F o A2 A ) + ( 0 . 0 6 7 5 P ) A2 A+ 1 . 0 0 0 0 P ]  
a t o m _ s i t e s _ s o l u t i o n _ p r i m a r y  d i r e c t
a t o m _ s i t e s _ s o l u t i o n _ s e c o n d a r y  d i f m a p
a t o m _ s i t e s _ s o l u t i o n _ h y d r o g e n s  geom
r e f  i n e _ l s _ _ h y d r o g e n _ t r e a t m e n t  m i x e d
r e f i n e _ l s _ e x t i n c t i o n _ m e t h o d  n o n e
r e f i n e _ l s _ e x t i n c t i o n _ c o e f  n o n e
r e f i n e _ l s _ n u m b e r _ r e f I n s  763 7
r e f i n e _ l s _ n u m b e r _ p a r a m e t e r s  429
r e f i n e _ l s _ n u m b e r _ r e s t r a i n t s  0
r e f i n e _ l s _ R _ f a c t o r _ a l l  0 . 0 4 5 0
r e f i n e _ l s _ R _ f a c t o r _ g t  0 . 0 4 0 1
r e f i n e _ l s _ w R _ f a c t o r _ r e f  0 . 1 1 6 5
r e f i n e _ l s _ w R _ f a c t o r _ g t  0 . 1 1 2 3
r e f i n e _ l s _ g o o d n e s s _ o f _ f i t _ r e f  1 . 0 0 8
r e f i n e _ l s _ r e s t r a i n e d _ S _ a l l  1 . 0 0 8
r e f i n e _ l s _ s h i f t / s u _ m a x  0 . 0 0 2
r e f i n e _ l s _ s h i f t / s u _ m e a n  0 . 0 0 0
r e f i n e _ d i f f _ d e n s i t y _ m a x  0 . 6 4 3
r e f i n e _ d i f f _ d e n s i t y _ m i n  - 0 . 4 4 7
r e f i n e _ d i f f _ d e n s i t y _ r m s  0 . 0 4 5

w h e r e  P = ( F o A2 A+ 2 F c A2 A ) / 3 '

l o o p _
_ a t o m _ s i t e _ l a b e l  
_ a t o m _ s i t e _ t y p e _ s y m b o l  
_ a t o m _ s i t e _ f r a c t _ x  
_ a t o m _ s i t e _ f r a c t _ y  
_ a t o m _ s i t e _ f r a c t _ z  
_ a  t  om_s i  t  e _ U _ i  s o _ o  r _ e  q u  i  v  
_ a t o m _ s i t e _ a d p _ t y p e  
_ a t o m _ s i t e _ o c c u p a n c y  
_ a t o m _ s i t e _ s y m m e t r y _ m u l t i p l i c i t y  
_ a t o m _ s i t e _ c a l c _ f l a g  
_ a t o m _ s i t e _ r e f i n e m e n t _ f l a g s  
_ a t o m _ s i t e _ d i s o r d e r _ a s s e m b l y  

_ a t o m _ s i t e _ d i s o r d e r _ g r o u p

2 46



511  S i  0 . 2 6 8 6 7 ( 4 )  0 . 9 2 6 9 4 ( 4 )  1 . 0 0 3 3 9 ( 3 )  0 . 0 2 2 5 1 ( 1 1 )  U a n i  l i d
5 1 2  S i  0 . 3 3 0 6 1 ( 4 )  0 . 4 5 0 6 0 ( 3 )  0 . 2 5 7 9 3 ( 3 )  0 . 0 2 1 5 5 ( 1 1 )  U a n i  l i d
01  O 0 . 1 2 1 2 7 ( 9 )  0 . 9 4 9 8 0 ( 8 )  0 . 6 4 8 9 9 ( 8 )  0 . 0 2 2 9 ( 2 )  U a n i  l i d . .
02  O 0 . 2 3 9 4 4 ( 1 1 )  1 . 0 3 1 5 5 ( 1 0 )  0 . 8 2 0 7 9 ( 9 )  0 . 0 3 3 3 ( 3 )  U a n i  l i d .
0 3  O 0 . 3 0 8 7 6 ( 1 0 )  0 . 8 8 5 4 4 ( 1 1 )  0 . 8 8 6 4 4 ( 8 )  0 . 0 3 0 9 ( 3 )  U a n i  l i d .
04 O 0 . 0 1 4 7 3 ( 1 0 )  0 . 7 4 4 1 5 ( 9 )  0 . 4 0 2 0 8 ( 8 )  0 . 0 2 4 1 ( 2 )  U a n i  l i d . .
05  O - 0 . 0 2 0 3 9 ( 1 0 )  0 . 5 5 1 2 4 ( 9 )  0 . 3 1 6 1 1 ( 9 )  0 . 0 2 7 2 ( 2 )  U a n i  l i d .
0 6  O 0 . 2 8 5 9 2 ( 9 )  0 . 5 5 2 3 7 ( 9 )  0 . 3 4 6 9 4 ( 8 )  0 . 0 2 3 4 ( 2 )  U a n i  l i d . .
07  O 0 . 3 5 1 0 5 ( 9 )  0 . 7 7 0 2 3 ( 8 )  0 . 5 6 6 5 5 ( 8 )  0 . 0 2 0 6 ( 2 )  U a n i  l i d . .
N I  N - 0 . 0 5 7 9 7 ( 1 2 )  0 . 6 9 2 1 3 ( 1 1 )  0 . 5 9 8 3 9 ( 1 1 )  0 . 0 2 6 4 ( 3 )  U a n i  l i d  
C l  C 0 . 2 1 1 2 8 ( 1 3 )  0 . 8 9 7 2 8 ( 1 2 )  0 . 6 3 4 4 1 ( 1 1 )  0 . 0 2 0 0 ( 3 )  U a n i  l i d .  
H1A H 0 . 2 7 1 7  0 . 9 2 9 0  0 . 6 0 2 2  0 . 0 2 4  U i s o  1 1 c a l e  R . .
C2 C 0 . 2 7 6 4 8 ( 1 4 )  0 . 9 3 7 3 8 ( 1 2 )  0 . 7 5 2 1 1 ( 1 2 )  0 . 0 2 4 5 ( 3 )  U a n i  l i d .  
H2A H 0 . 3 6 7 6  0 . 9 6 5 3  0 . 7 6 3 3  0 . 0 2 9  U i s o  1 1 c a l e  R . .
C3 C 0 . 2 3 7 1 7 ( 1 4 )  0 . 8 4 4 9 2 ( 1 3 )  0 . 7 8 0 8 0 ( 1 1 )  0 . 0 2 3 6 ( 3 )  U a n i  l i d .  
H3A H 0 . 1 4 8 7  0 . 8 2 7 8  0 . 7 8 1 6  0 . 0 2 8  U i s o  1 1 c a l e  R . .
C4 C 0 . 2 5 3 5 7 ( 1 4 )  0 . 7 3 2 9 6 ( 1 3 )  0 . 6 9 7 6 7 ( 1 2 )  0 . 0 2 4 4 ( 3 )  U a n i  l i d .  
H4A H 0 . 1 9 2 6  0 . 6 6 7 1  0 . 6 9 5 4  0 . 0 2 9  U i s o  1 1 c a l e  R . .
H4B H 0 . 3 3 6 3  0 . 7 3 6 1  0 . 7 2 4 3  0 . 0 2 9  U i s o  1 1 c a l e  R . .
C5 C 0 . 2 3 9 3 7 ( 1 2 )  0 . 7 0 8 6 9 ( 1 2 )  0 . 5 7 9 4 9 ( 1 1 )  0 . 0 1 8 8 ( 3 )  U a n i  l i d .  
C6 C 0 . 1 9 1 4 3 ( 1 3 )  0 . 5 7 8 0 0 ( 1 2 )  0 . 4 9 7 3 4 ( 1 1 )  0 . 0 1 9 6 ( 3 )  U a n i  l i d .  
H6A H 0 . 2 5 0 0  0 . 5 4 6 0  0 . 5 1 4 6  0 . 0 2 4  U i s o  1 1 c a l e  R . .
H6 B H 0 . 1 1 2 2  0 . 5 4 3 1  0 . 5 0 8 4  0 . 0 2 4  U i s o  1 1 c a l e  R . .
C l  C 0 . 1 7 2 1 1 ( 1 2 )  0 . 5 3 9 9 0 ( 1 2 )  0 . 3 7 6 5 9 ( 1 1 )  0 . 0 1 9 2 ( 3 )  U a n i  l i d .  
H7A H 0 . 1 1 8 6  0 . 4 5 6 2  0 . 3 3 1 7  0 . 0 2 3  U i s o  1 1 c a l e  R . .
C8 C 0 . 1 1 0 0 7 ( 1 3 )  0 . 6 0 7 5 2 ( 1 2 )  0 . 3 4 6 5 6 ( 1 1 )  0 . 0 2 1 9 ( 3 )  U a n i  l i d .  
H8A H 0 . 1 3 5 5  0 . 6 0 7 2  0 . 2 8 1 8  0 . 0 2 6  U i s o  1 1 c a l e  R . .
C9 C 0 . 1 2 7 1 0 ( 1 3 )  0 . 7 3 2 4 2 ( 1 2 )  0 . 4 3 3 7 1 ( 1 1 )  0 . 0 2 0 0 ( 3 )  U a n i  l i d .  
H9A H 0 . 1 9 6 2  0 . 7 8 6 7  0 . 4 2 6 9  0 . 0 2 4  U i s o  1 1 c a l e  R . .
C IO  C 0 . 1 5 0 6 3 ( 1 2 )  0 . 7 6 4 0 9 ( 1 1 )  0 . 5 5 5 5 7 ( 1 1 )  0 . 0 1 7 6 ( 3 )

U a n i  l i d

U a n i  1 1
C U  C 0 . 1 7 1 1 2 ( 1 4 )  1 . 0 5 5 8 7 ( 1 3 )  0 . 7 5 3 0 5 ( 1 3 )  0 . 0 2 6 2 ( 3 )  U a n i  1 1 
C12 C 0 . 0 6 5 4 1 ( 1 6 )  1 . 0 8 4 0 7 ( 1 5 )  0 . 7 9 8 9 4 ( 1 5 )  0 . 0 3 5 4 ( 4 )  U a n i  1 1 
H12A H 0 . 0 1 2 9  1 . 0 1 8 3  0 . 8 0 1 1  0 . 0 5 3  U i s o  1 1 c a l e  R .
H12B H 0 . 0 1 7 2  1 . 0 9 9 6  0 . 7 5 2 1  0 . 0 5 3  U i s o  1 1 c a l e  R .
H12C H 0 . 0 9 7 5  1 . 1 5 2 6  0 . 8 7 3 4  0 . 0 5 3  U i s o  1 1 c a l e  R .
C13 C 0 . 2 5 5 3 9 ( 1 8 )  1 . 1 5 1 6 2 ( 1 4 )  0 . 7 4 2 7 8 ( 1 7 )  0 . 0 4 1 2 ( 4 )
H13A H 0 . 3 2 3 8  1 . 1 2 9 8  0 . 7 1 5 6  0 . 0 6 2  U i s o  1 1 c a l e  R .
H13B H 0 . 2 8 7 6  1 . 2 2 3 6  0 . 8 1 4 9  0 . 0 6 2  U i s o  1 1 c a l e  R .
H13C H 0 . 2 0 9 1  1 . 1 6 3 2  0 . 6 9 1 3  0 . 0 6 2  U i s o  1 1 c a l e  R .
C14 C 0 . 1 1 6 3 0 ( 1 5 )  0 . 9 4 2 4 3 ( 1 7 )  0 . 9 9 0 7 0 ( 1 5 )  0 . 0 3 6 8 ( 4 )  U a n i  l i d  
H14A H 0 . 1 1 8 9  0 . 9 9 8 2  0 . 9 6 7 9  0 . 0 5 5  U i s o  1 1 c a l e  R .
H14B H 0 . 0 9 6 1  0 . 9 7 0 1  1 . 0 6 1 8  0 . 0 5 5  U i s o  1 1 c a l e  R .
H14C H 0 . 0 5 3 6  0 . 8 6 7 2  0 . 9 3 5 8  0 . 0 5 5  U i s o  1 1 c a l e  R .
C15 C 0 . 3 8 5 2 4 ( 1 6 )  1 . 0 7 1 0 8 ( 1 5 )  1 . 1 0 6 7 1 ( 1 4 )  0 . 0 3 7 8 ( 4 )
H15A H 0 . 3 8 6 4  1 . 1 2 5 7  1 . 0 8 2 7  0 . 0 5 7  U i s o  1 1 c a l e  R .
H15B H 0 . 4 6 6 4  1 . 0 6 4 6  1 . 1 1 4 5  0 . 0 5 7  U i s o  1 1 c a l e  R
H15C H 0 . 3 6 4 5  1 . 0 9 9 1  1 . 1 7 7 6  0 . 0 5 7  U i s o  1 1 c a l e  R
C16 C 0 . 2 6 8 7 0 ( 1 9 )  0 . 8 1 5 6 8 ( 1 6 )  1 . 0 4 0 9 9 ( 1 6 )  0 . 0 3 9 2 ( 4 )
C17 C 0 . 2 6 1 2 ( 4 )  0 . 8 6 1 6 ( 3 )  1 . 1 5 9 8 ( 3 )  0 . 0 9 1 5 ( 1 1 )  U a n i  1 1 
H17A H 0 . 2 5 4 5  0 . 8 0 1 0  1 . 1 7 6 7  0 . 1 3 7  U i s o  1 1 c a l e  R
H17B H 0 . 1 8 8 8  0 . 8 8 4 1  1 . 1 6 9 5  0 . 1 3 7  U i s o  1 1 c a l e  R !
H17C H 0 . 3 3 5 4  0 . 9 2 9 1  1 . 2 0 9 3  0 . 1 3 7  U i s o  1 1 c a l e  R
C18 C 0 . 1 5 7 0 ( 4 )  0 . 7 0 7 0 ( 2 )  0 . 9 6 8 9 ( 3 )  0 . 1 0 1 3 ( 1 2 )  U a n i 
H18A H 0 . 1 5 0 9  0 . 6 5 4 2  0 . 9 9 5 7  0 . 1 5 2  U i s o  1 1 c a l e  R
H18B H 0 . 1 6 4 7  0 . 6 6 9 3  0 . 8 9 3 2  0 . 1 5 2  U i s o  1 1 c a l e  R !
H18C H 0 . 0 8 3 1  0 . 7 2 7 2  0 . 9 7 0 9  0 . 1 5 2  U i s o  1 1 c a l e  R !
C19 C 0 . 3 8 6 0 ( 3 )  0 . 7 8 9 8 ( 3 )  1 . 0 3 0 0 ( 3 )  0 . 0 8 5 4 ( 1 0 )  U a n i 
H19A H 0 . 3 8 5 5  0 . 7 3 2 6  1 . 0 5 0 5  0 . 1 2 8  U i s o  1 1 c a l e  R
H19B H 0 . 4 5 6 9  0 . 8 6 1 1  1 . 0 7 8 6  0 . 1 2 8  U i s o  1 1 c a l e  R
H19C H 0 . 3 9 1 3  0 . 7 5 8 8  0 . 9 5 3 9  0 . 1 2 8  U i s o  1 1 c a l e  R
C20 C - 0 . 0 6 9 2 6 ( 1 5 )  0 . 6 3 2 2 7 ( 1 4 )  0 . 3 1 3 0 6 ( 1 3 )  0 . 0 2 9 3 ( 3 )  U a n i  1 
C21 C - 0 . 1 9 4 9 7 ( 1 5 )  0 . 6 0 8 3 0 ( 1 6 )  0 . 3 3 4 2 3 ( 1 6 )  0 . 0 3 8 6 ( 4 )
H21A H - 0 . 1 8 9 0  0 . 6 1 0 5  0 . 4 0 3 8  0 . 0 5 8  U i s o  1 1 c a l e  R

U a n i  l i d

U a n i  l i d

l i d

1  d

U a n i  1
1  d  
1  d
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H21B H - 0 . 2 5 0 5  0 . 5 3 1 6  0 . 2 7 4 3  0 . 0 5 8  U i s o  1 1 c a l c  R . .
H21C H - 0 . 2 2 7 1  0 . 6 6 7 2  0 . 3 3 8 4  0 . 0 5 8  U i s o  1 1 c a l c  R . .
C22 C - 0 . 0 7 1 2 ( 2 )  0 . 6 2 9 4 3 ( 1 8 )  0 . 2 0 5 4 0 ( 1 4 )  0 . 0 4 4 1 ( 5 )  U a n i  1 1 d  . . .
H22A H 0 . 0 1 2 1  0 . 6 4 4 4  0 . 1 9 5 0  0 . 0 6 6  U i s o  1 1 c a l c  R . .
H22B H - 0 . 1 0 1 0  0 . 6 8 9 0  0 . 2 0 7 8  0 . 0 6 6  U i s o  1 1 c a l c  R . .
H22C H - 0 . 1 2 5 9  0 . 5 5 3 1  0 . 1 4 4 3  0 . 0 6 6  U i s o  1 1 c a l c  R . .
C23 C 0 . 4 6 7 5 3 ( 1 8 )  0 . 4 5 2 1 2 ( 1 8 )  0 . 3 3 6 1 0 ( 1 5 )  0 . 0 4 0 8 ( 4 )  U a n i  1 1 d  . . .
H23A H 0 . 4 4 5 1  0 . 4 3 6 5  0 . 3 9 2 9  0 . 0 6 1  U i s o  1 1 c a l c  R . .
H23B H 0 . 5 3 2 9  0 . 5 2 8 2  0 . 3 7 0 7  0 . 0 6 1  U i s o  1 1 c a l c  R . .
H23C H 0 . 4 9 6 6  0 . 3 9 2 4  0 . 2 8 5 9  0 . 0 6 1  U i s o  1 1 c a l c  R . .
C24 C 0 . 2 0 5 7 0 ( 1 8 )  0 . 3 0 6 2 2 ( 1 5 )  0 . 1 8 8 3 5 ( 1 6 )  0 . 0 4 0 5 ( 4 )  U a n i  1 1 d  . . .
H24A H 0 . 1 8 6 3  0 . 2 8 5 4  0 . 2 4 2 7  0 . 0 6 1  U i s o  1 1 c a l c  R . .
H24B H 0 . 2 3 2 6  0 . 2 4 8 2  0 . 1 3 3 0  0 . 0 6 1  U i s o  1 1 c a l c  R 
H24C H 0 . 1 3 2 4  0 . 3 0 9 0  0 . 1 5 2 7  0 . 0 6 1  U i s o  1 1 c a l c  R 
C25 C 0 . 3 7 5 8 0 ( 1 5 )  0 . 4 9 0 9 8 ( 1 5 )
C26 C 0 . 4 6 1 8 9 ( 1 9 )  0 . 6 1 8 0 7 ( 1 7 )

0 . 1 5 5 5 9 ( 1 3 )  0 . 0 2 9 4 ( 3 )  U a n i  1 1 
0 . 2 1 6 1 1 ( 1 7 )  0 . 0 4 5 6 ( 5 )  U a n i  1 1

H26C H 0 . 4 1 8 8  0 
C27 C 0 . 4 4 2 7 ( 2 )

H26A H 0 . 4 8 7 2  0 . 6 3 8 0  0 . 1 6 2 5  0 . 0 6 8  U i s o  1 1 c a l c  R .
H26B H 0 . 5 3 4 6  0 . 6 2 9 4  0 . 2 6 5 3  0 . 0 6 8  U i s o  1 1 c a l c  R .

6 6 7 9  0 . 2 5 9 2  0 . 0 6 8  U i s o  1 1 c a l c  R . 
0 . 4 1 2 6 ( 2 )  0 . 0 8 5 5 8 ( 1 7 )  0 . 0 4 8 9 ( 5 )  U a n i  

H27A H 0 . 4 6 2 8  0 . 4 3 0 4  0 . 0 2 9 6  0 . 0 7 3  U i s o  1 1 c a l c  R .
H27B H 0 . 3 8 9 2  0 . 3 3 1 2  0 . 0 4 9 8  0 . 0 7 3  U i s o  1 1 c a l c  R .
H27C H 0 . 5 1 8 4  0 . 4 2 6 3  0 . 1 3 3 0  0 . 0 7 3  U i s o  1 1 c a l c  R .

0 . 4 7 5 0 ( 2 )  0 . 0 7 9 4 8 ( 1 6 )  0 . 0 4 7 3 ( 5 )
4 9 8 0  0 . 0 2 8 0  0 . 0 7 1  U i s o

C28 C 0 . 2 6 2 7 ( 2 )  
H28A H 0 . 2 8 8 7  0

U a n i  
1 1 c a l c  R .

H28B H 0 . 2 1 8 6  0 . 5 2 3 2  0 . 1 2 3 3  0 . 0 7 1  U i s o  1 1 c a l c  R 
H28C H 0 . 2 0 8 3  0 . 3 9 3 5  0 . 0 3 8 4  0 . 0 7 1  U i s o  1 1 c a l c  R

1  1  d

1  1  d

0 . 5 7 8 4 4 ( 1 1 )  0 . 0 1 9 2 ( 3 )  
0 . 5 7 7 7 5 ( 1 3 )  0 . 0 2 4 6 ( 3 )

C29 C 0 . 0 3 2 3 1 ( 1 3 )  0 . 7 2 2 7 4 ( 1 1 )
C30 C 0 . 4 5 5 4 0 ( 1 3 )  0 . 7 3 9 1 8 ( 1 3 )
H30A H 0 . 4 3 7 6  0 . 6 5 7 5  0 . 5 2 0 2  0 . 0 3 0  U i s o  1 1 c a l c  R 
H30B H 0 . 4 7 4 9  0 . 7 4 7 3  0 . 6 5 0 3  0 . 0 3 0  U i s o  1 1 c a l c  R 
C31 C 0 . 5 6 3 6 0 ( 1 3 )  0 . 8 1 7 3 8 ( 1 4 ) 0 . 5 6 7 0 3 ( 1 2 )  0 . 0 2 5 2 ( 3 )  U a n i  1 

0 . 5 5 5 3 ( 2 )  0 . 0 5 9 6 ( 7 )  U a n i  1 1 dC32 C 0 . 5 5 6 9 0 ( 1 7 )  0 . 9 0 7 4 ( 2 )
H32A H 0 . 4 8 1 3  0 . 9 1 9 8  0 . 5 5 0 9  0 . 0 7 1  U i s o  1 1 c a l c  R . . 
C33 C 0 . 6 6 0 1 ( 2 )  0 . 9 8 0 2 ( 3 )  0 . 5 4 9 8 ( 3 )  0 . 0 8 2 4 ( 1 1 )  U a n i  1 
H33A H 0 . 6 5 4 5  1 . 0 4 3 0  0 . 5 4 3 3  0 . 0 9 9  U i s o  1 1 c a l c  R . . 
C34 C 0 . 7 6 9 6 5 ( 1 7 )  0 . 9 6 2 6 ( 2 )

U a n i  1 1 
U a n i  1 1

1  d

1  d

0 . 5 5 3 4 8 ( 1 9 )  0 . 0 5 0 9 ( 6 )  U a n i  1 1 d
H34A H 0 . 8 3 9 0  1 . 0 1 1 3  0 . 5 4 7 5  0 . 0 6 1  U i s o  1 1 c a l c  R . .
C35 C 0 . 7 7 7 9 6 ( 1 5 )  0 . 8 7 3 9 3 ( 1 7 )  0 . 5 6 5 8 7 ( 1 5 )  0 . 0 3 9 3 ( 4 )  U a n i  1 1 d  
H35A H 0 . 8 5 3 6  0 . 8 6 1 4  0 . 5 6 9 5  0 . 0 4 7  U i s o  1 1 c a l c  R . .
C36 C 0 . 6 7 5 9 9 ( 1 5 )  0 . 8 0 2 4 9 ( 1 5 )  0 . 5 7 3 1 3 ( 1 6 )  0 . 0 3 7 4 ( 4 )  U a n i  1 1 d  
H36A H 0 . 6 8 3 2  0 . 7 4 1 9  0 . 5 8 2 5  0 . 0 4 5  U i s o  1 1 c a l c  R . .

l o o p _
_ a t o m _ s i t e _ a n i s o _ l a b e l  
_ a t o m _ s i t e _ a n i s o _ U _  11 
_ a  t  o r a _ s i t e _ a n i s  o_ U _ 2  2 
_ a  t  om_s  i  t  e _ a  n i  s o _ U _ 3  3 
_ a  t  om_s  i t e _ a n i s o _ U _ 2 3  

a t o m  s i t e  a n i s o  U 13
_ a  t  om_s i  t  e _ a  n  i  s o _ U _ l 2

511  0 . 0 1 9 8 ( 2 )  0 . 0 2 5 9 ( 2 )  0
5 1 2  0 . 0 2 4 5 ( 2 )  0 . 0 2 2 5 ( 2 )  0 
01  0 . 0 2 4 1 ( 5 )  0 . 0 1 6 0 ( 5 )  0 .
02  0 . 0 4 0 9 ( 7 )  0 . 0 2 5 1 ( 6 )  0 .
0 3  0 . 0 2 4 8 ( 5 )  0 . 0 4 7 6 ( 7 )  0 .
04 0 . 0 2 7 1 ( 5 )  0 . 0 2 1 5 ( 5 )  0 .
05  0 . 0 2 4 2 ( 5 )  0 . 0 2 0 9 ( 5 )  0 .
0 6  0 . 0 2 1 8 ( 5 )  0 . 0 2 1 5 ( 5 )  0 .
07  0 . 0 1 6 9 ( 5 )  0 . 0 1 9 6 ( 5 )  0 .  
N I  0 . 0 2 6 0 ( 7 )  0 . 0 2 3 2 ( 6 )  0 .  
C l  0 . 0 1 9 0 ( 6 )  0 . 0 1 5 9 ( 6 )  0 .

C2 0 . 0 2 2 7 ( 7 )  0 . 0 1 9 1 ( 7 )

. 0 1 8 2 0 ( 1 9 )  

. 0212 ( 2 ) 0 
0 2 6 0 ( 5 )  0 .  
023 4  (5 )  
0 1 7 2 ( 5 )  
0 2 2 9  (5)  
0 2 8 3 ( 5 )  0 .  
0 2 5 0 ( 5 )  0 .  
0 2 4 7 ( 5 )  0 .  
0 3 0 5 ( 7 )  0 .  
0 2 2 9 ( 7 )  0 .  

0 . 0 2 1 8 ( 7 )

0 . 0 0 7 7 7 ( 1 7 )  0 . 0 0 5 8 7 ( 1 5 )  0 . 0 1 0 1 0 ( 1 6 )  
. 0 1 1 7 7 ( 1 7 )  0 . 0 1 0 0 8 ( 1 5 )  0 . 0 1 1 4 6 ( 1 6 )  
0 0 7 8 ( 4 )  0 . 0 0 7 7 ( 4 )  0 . 0 0 9 2 ( 4 )

0 . 0 0 2 8 ( 5 )  0 . 0 0 5 6 ( 5 )  0 . 0 1 7 4 ( 5 )
0 . 0 1 1 4 ( 5 )  0 . 0 0 5 7 ( 4 )  0 . 0 1 9 6 ( 5 )
0 . 0 1 0 0 ( 4 )  0 . 0 0 3 4 ( 4 )  0 . 0 1 1 5 ( 4 )

0 0 7 8 ( 4 )  - 0 . 0 0 1 3 ( 4 )  0 . 0 0 9 3 ( 4 )
0 0 9 8 ( 4 )  0 . 0 1 1 1 ( 4 )  0 . 0 0 8 3 ( 4 )
0 1 0 8 ( 4 )  0 . 0 0 6 5 ( 4 )  0 . 0 0 6 9 ( 4 )
0 1 4 6 ( 6 )  0 . 0 1 0 7 ( 5 )  0 . 0 0 7 3 ( 5 )
0 0 8 5 ( 6 )  0 . 0 0 7 6 ( 5 )  0 . 0 0 6 0 ( 5 )

0 . 0 0 3 4 ( 6 )  0 . 0 0 4 5 ( 6 )  0 . 0 0 8 0 ( 6 )
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C3 0.  
C4 0.

0 2 2 3 ( 7 )  
0302 (8)

C5 0 . 0 1 9 4  (7) 0.  
C6 0. 0
C7 0.  
C8 0.  
C9 0.  
CIO 0 
Cil 0 
C12 0 
C13 0 
C14 0 
C15 0 
C16 0 
C17 0 
C18 0 
C l 9 0.  
C20 0.  
C21 0.  
C22 0.  
C23 0.  
C24 0.  
C25 0.  
C26 0.  
C27 0.  
C28 0.  
C2 9 0.  
C30 0.  
C31 0.  
C32 0.  
C33 0.  
C34 0.  
C35 0.  
C36 0.

0218 (7) 
0 1 8 6 ( 6 )  0.  
0 2 4 9 ( 7 )  0.  
0 2 3 1 ( 7 )  0.  
. 0 1 8 6 ( 6 )  0 
. 0 2 7 6 ( 8 )  0 
. 0 3 5 0 ( 9 )  0 
. 0 4 4 2 ( 1 0 )  
. 0 2 5 6 ( 8 )  0 
. 0 3 1 2 ( 9 )  0 
. 0 5 0 2 ( 1 1 )  
. 1 6 7 ( 3 )  0.  
. 1 2 4 ( 3 )  0.  
. 0 9 6 ( 2 )  0.  
. 0 3 2 2 ( 8 )  0 
. 0 2 6 3 ( 8 )  0 
. 0 6 2 4 ( 1 3 )  
. 0 4 8 7 ( 1 1 )  
. 0 4 4 9 ( 1 0 )  
. 0 3 3 4 ( 8 )  0 

0 4 9 6 ( 1 1 )  
0 6 4 6 ( 1 3 )  
0 5 5 2 ( 1 2 )  
0 2 3 0 ( 7 )  0 
0 1 9 8 ( 7 )  0 
0 2 0 6 ( 7 )  0 
0 2 5 9 ( 9 )  0 
0 3 5 3 ( 1 1 )  
0 2 6 9 ( 9 )  0 
0 2 0 3 ( 8 )  0 
0 2 4 3 ( 8 )  0

0 . 0 2 9 1 ( 8 )  0 . 0 1 6 6 ( 6 )  0 . 0 0 8 8 ( 6 )  0 . 0 0 4 3 ( 5 )  0 . 0 1 1 6 ( 6 )
0 . 0 2 7 6 ( 8 )  0 . 0 1 9 9 ( 7 )  0 . 0 1 3 1 ( 6 )  0 . 0 0 8 6 ( 6 )  0 . 0 1 4 8 ( 6 )

0 1 9 0 ( 7 )  0 . 0 1 9 2 ( 6 )  0 . 0 1 0 3 ( 6 )  0 . 0 0 6 8 ( 5 )  0 . 0 0 7 6 ( 5 )
0 1 7 2 ( 6 )  0 . 0 2 2 5 ( 7 )  0 . 0 1 1 2 ( 6 )  0 . 0 0 8 3 ( 5 )  0 . 0 0 8 4 ( 5 )
0 1 6 2 ( 6 )  0 . 0 2 0 6 ( 7 )  0 . 0 0 7 5 ( 5 )  0 . 0 0 7 4 ( 5 )  0 . 0 0 6 8 ( 5 )
0 2 1 4 ( 7 )  0 . 0 1 8 6 ( 6 )  0 . 0 0 9 0 ( 6 )  0 . 0 0 6 0 ( 5 )  0 . 0 0 9 9 ( 6 )
0 1 9 7 ( 7 )  0 . 0 2 0 8 ( 7 )  0 . 0 1 2 1 ( 6 )  0 . 0 0 7 7 ( 5 )  0 . 0 0 9 5 ( 6 )
. 0 1 5 3 ( 6 )  0 . 0 1 9 0 ( 6 )  0 . 0 0 8 9 ( 5 )  0 . 0 0 6 4 ( 5 )  0 . 0 0 5 8 ( 5 )
! 0173 ( 7) 0 . 0 2 7 6 ( 8 )  0 . 0 0 6 9 ( 6 )  0 . 0 0 9 0 ( 6 )  0 . 0 0 8 4 ( 6 )
. 0 2 8 6 ( 8 )  0 . 0 3 8 2 ( 9 )  0 . 0 1 0 8 ( 7 )  0 . 0 1 6 9 ( 7 )  0 . 0 1 5 9 ( 7 )
0 . 0 1 8 7 ( 8 )  0 . 0 5 1 7 ( 1 1 )  0 . 0 1 2 1 ( 8 )  0 . 0 2 1 5 ( 9 )  0 . 0 0 8 0 ( 7 )  
. 0 5 0 9 ( 1 1 )  0 . 0 3 6 7 ( 9 )  0 . 0 2 1 9 ( 8 )  0 . 0 1 3 6 ( 7 )  0 . 0 1 8 2 ( 8 )  
. 0 3 2 7 ( 9 )  0 . 0 2 9 5 ( 8 )  0 . 0 0 4 2 ( 7 )  0 . 0 0 5 1 ( 7 )  0 . 0 0 7 7 ( 7 )
0 . 0 3 8 6 ( 1 0 )  0 . 0 4 0 2 ( 1 0 )  0 . 0 2 3 9 ( 8 )  0 . 0 2 0 7 ( 8 )  0 . 0 2 3 0 ( 9 )  
11 4 ( 2 )  0 . 0 8 3 ( 2 )  0 . 0 8 2 ( 2 )  0 . 0 8 4 ( 2 )  0 . 1 0 0 ( 3 )
0 4 2 6 ( 1 5 )  0 . 1 1 8 ( 3 )  0 . 0 4 6 2 ( 1 7 )  0 . 0 0 5 ( 2 )  0 . 0 0 3 0 ( 1 6 )
1 1 1 ( 2 )  0 . 1 3 9 ( 3 )  0 . 1 0 2 ( 2 )  0 . 0 7 0 ( 2 )  0 . 0 8 1 ( 2 )
. 0 2 4 4 ( 8 )  0 . 0 2 5 2 ( 7 )  0 . 0 0 8 0 ( 6 )  - 0 . 0 0 1 1 ( 6 )  0 . 0 1 4 0 ( 7 )
! 0 3 3 2 ( 9 )  0 . 0 4 5 3 ( 1 0 )  0 . 0 1 3 6 ( 8 )  - 0 . 0 0 2 0 ( 7 )  0 . 0 1 2 4  (7) 
0 . 0 4 6 8 ( 1 1 )  0 . 0 2 4 9 ( 8 )  0 . 0 1 4 0 ( 8 )  0 . 0 0 2 2 ( 8 )  0 . 0 3 4 0 ( 1 0 )  
0 . 0 5 5 3 ( 1 2 )  0 . 0 3 7 1 ( 9 )  0 . 0 2 7 7 ( 9 )  0 . 0 1 6 0 ( 8 )  0 . 0 3 6 6 ( 1 0 )  
0 . 0 2 2 0 ( 8 )  0 . 0 4 5 2 ( 1 0 )  0 . 0 0 9 7 ( 7 )  0 . 0 2 4 3 ( 8 )  0 . 0 1 0 1 ( 7 )  
. 0 3 5 1 ( 9 )  0 . 0 2 4 4 ( 7 )  0 . 0 1 7 7 ( 7 )  0 . 0 1 1 7 ( 6 )  0 . 0 1 3 5 ( 7 )
0 . 0 4 3 8 ( 1 1 )  0 . 0 4 6 1 ( 1 1 )  0 . 0 3 0 0 ( 9 )  0 . 0 1 6 8 ( 9 )  0 . 0 0 6 4 ( 9 )  
0 . 0 6 1 8 ( 1 3 )  0 . 0 4 0 0 ( 1 0 )  0 . 0 3 0 3 ( 1 0 )  0 . 0 3 6 0 ( 1 0 )  0 . 0 3 5 9 ( 1 1 )  
0 ! 0610 (13)  0 . 0 3 0 0 ( 9 )  0 . 0 2 7 2 ( 9 )  0 . 0 0 4 6 ( 8 )  0 . 0 2 2 6 ( 1 0 )  
. 0 1 4 8 ( 6 )  0 . 0 1 8 8 ( 6 )  0 . 0 0 8 0 ( 5 )  0 . 0 0 5 3 ( 5 )  0 . 0 0 7 1 ( 5 )
! 0 2 1 9 ( 7 )  0 . 0 2 7 8 ( 7 )  0 . 0 0 9 5 ( 6 )  0 . 0 0 3 4 ( 6 )  0 . 0 0 9 2 ( 6 )
. 0 3 1 7 ( 8 )  0 . 0 1 8 1 ( 7 )  0 . 0 0 9 5 ( 6 )  0 . 0 0 4 4 ( 5 )  0 . 0 0 9 1 ( 6 )
. 1 0 3 7 ( 1 9 )  0 . 1 0 7 0 ( 1 9 )  0 . 0 9 3 2 ( 1 8 )  0 . 0 2 6 2 ( 1 1 )  0 . 0 2 8 2 ( 1 1 )  
0 . 1 3 9 ( 3 )  0 . 1 5 7 ( 3 )  0 . 1 3 6 ( 3 )  0 . 0 3 5 5 ( 1 5 )  0 . 0 3 3 0 ( 1 4 )
. 0 8 6 6 ( 1 6 )  0 . 0 6 1 8 ( 1 3 )  0 . 0 5 7 1 ( 1 3 )  0 . 0 1 7 6 ( 9 )  0 . 0 1 4 7 ( 1 0 )  
. 0 4 3 7 ( 1 0 )  0 . 0 3 9 1 ( 9 )  0 . 0 1 1 1 ( 8 )  0 . 0 0 9 0 ( 7 )  0 . 0 1 0 6 ( 7 )  
. 0 2 7 2 ( 8 )  0 . 0 4 8 9 ( 1 0 )  0 . 0 1 1 5 ( 8 )  0 . 0 0 6 8 ( 7 )  0 . 0 0 9 9 ( 7 )

g e o m _ s p e c i a l _ d e t a i l s

A l l  e s d s  ( e x c e p t  t h e  e s d  i n  t h e  d i h e d r a l  a n g l e  b e t w e e n  t w o  l . s .  p l a n e s )  
a r e  e s t i m a t e d  u s i n g  t h e  f u l l  c o v a r i a n c e  m a t r i x .  T h e  c e l l  e s d s  a r e  t a k e n  
i n t o  a c c o u n t  i n d i v i d u a l l y  i n  t h e  e s t i m a t i o n  o f  e s d s  i n  d i s t a n c e s ,  a n g l e s  
a n d  t o r s i o n  a n g l e s ;  c o r r e l a t i o n s  b e t w e e n  e s d s  i n  c e l l  p a r a m e t e r s  a r e  o n l y  
u s e d  w h e n  t h e y  a r e  d e f i n e d  b y  c r y s t a l  s y m m e t r y .  An  a p p r o x i m a t e  

( i s o t r o p i c )
t r e a t m e n t  o f  c e l l  e s d s  i s  u s e d  f o r  e s t i m a t i n g  e s d s  i n v o l v i n g  l . s .  p l a n e s .

l o o p _
geom b o n d  a t o m _ s i t e _ l a b e l _ l
g e o m _ b o n d _ a t o m _ s i t e _ l a b e l _ 2
g e o m _ b o n d _ d i s t a n c e  

~ g e o m _ b o n d _ s i t e _ s y m m e t r y _ 2  
_ g e o m _ b o n d _ p u b l _ f l a g  

S i l  03 1 . 6 5 1 9 ( 1 1 )  . ?
S i l  C15 1 . 8 5 5 8 ( 1 7 )  . ?
S i l  C14 1 . 8 5 7 8 ( 1 7 )  . ?
511 C16 1 . 8 8 7 3 ( 1 9 )  . ?
512 06 1 . 6 5 2 8 ( 1 1 )  . ?
S i 2  C24 1 . 8 6 0 0 ( 1 8 )  . ?
S i 2  C23 1 . 8 6 2 5 ( 1 8 )  . ?
S i 2  C25 1 . 8 8 1 2 ( 1 6 )  . ?
01 Cl  1 . 4 1 9 0 ( 1 8 )  . ?
01 C l l  1 . 4 2 8 9 ( 1 8 )  . ?
02 C l l  1 . 4 2 6 ( 2 )  . ?
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02 C2 1 . 4 3 3 4  ( 1 8 )  . ?
0 3  C3 1 . 4 1 9 9 ( 1 7 )  . ?
04 C9 1 . 4 3 0 8  ( 1 7 )  . ?
04 C20 1 . 4 4 7 3 ( 1 8 )  . ?
05  C20 1 . 4 2 4 9 ( 1 9 )  . ?
05  C8 1 . 4 3 0 2 ( 1 8 )  . ?
06  C7 1 . 4 2 5 1 ( 1 6 )  . ?
07  C30 1 . 4 2 5 1 ( 1 8 )  . ?
07  C5 1 . 4 4 1 7 ( 1 6 )  . ?
N I  C29 1 . 1 4 4 3 ( 1 9 )  . ?
C l  C2 1 . 5 4 4 ( 2 )  . ?
C l  C IO 1 . 5 5 2 3 ( 1 8 )  . ?
C l  H1A 1 . 0 0 0 0  . ?
C2 C3 1 . 5 1 7 ( 2 )  . ?
C2 H2A 1 . 0 0 0 0  . ?
C3 C4 1 . 5 3 3 ( 2 )  . ?
C3 H3A 1 . 0 0 0 0  . ?
C4 C5 1 . 5 4 5 3 ( 1 9 )  . ?
C4 H4A 0 . 9 9 0 0  . ?
C4 H4B 0 . 9 9 0 0  . ?
C5 C6 1 . 5 2 9 9 ( 1 9 )  . ?
C5 CIO 1 . 5 6 1 8 ( 1 9 )  . ?
C6 C l  1 . 5 2 2 9 ( 1 9 )  . ?
C6 H6A 0 . 9 9 0 0  . ?
C 6 H6 B 0 . 9 9 0 0  . ?
C l  C8 1 . 5 2 8  (2 )  . ?
C l  H7A 1 . 0 0 0 0  . ?
C8 C9 1 . 5 3 6 2 ( 1 9 )  . ?
C8 H8 A 1 . 0 0 0 0  . ?
C9 CIO 1 . 5 6 1 2 ( 1 8 ) ?

C9 H9A 1. 0 0 0 0  . ?
CIO C29 1 . 4 8 0 4 ( 1 9 ) ?

C i l C12 1 . 5 1 0 ( 2 )  . ?

C i l C13 1 . 5 2 0 ( 2 )  . ?

C12 H12A 0 . 9 8 0 0  . ?

C12 H12B 0 . 9 8 0 0  . ?

C12 H12C 0 . 9 8 0 0  . ?

C13 H13A 0 . 9 8 0 0  . ?

C13 H13B 0 . 9 8 0 0  . ?

C13 H13C 0 . 9 8 0 0  . ?

C14 H14 A 0 . 9 8 0 0  . 9
C14 H14B 0 . 9 8 0 0  . ?

C14 H14C 0 . 9 8 0 0  . 9
C15 H15A 0 . 9 8 0 0  . ?

C15 H15B 0 . 9 8 0 0  . 9
C15 H15C 0 . 9 8 0 0  . ?

C l  6 C18 1 . 5 1 1 ( 4 )  . 9
C16 C l  9 1 . 5 1 5 ( 3 )  . ?

C l  6 C17 1 . 5 2 8 ( 3 )  . 9
C17 H17A 0 . 9 8 0 0  . 9
C17 H17B 0 . 9 8 0 0  . ?

C17 H17C 0 . 9 8 0 0  . 9
C18 H18A 0 . 9 8 0 0  . ?

C18 H18B 0 . 9 8 0 0  . ?

C18 H18C 0 . 9 8 0 0  . 9
C l  9 H19A 0 . 9 8 0 0  . ?

C19 H19B 0 . 9 8 0 0  . ?

C l  9 H19C 0 . 9 8 0 0  . 9
C20 C21 1 . 5 0 9 ( 2 )  . 9

C20 C22 1 . 5 2 5 ( 2 )  . 9
C21 H21A 0 . 9 8 0 0  . 9
C21 H21B 0 . 9 8 0 0  . 9

C21 H21C 0 . 9 8 0 0  . ?
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C22 H22A 0 . 9 8 0 0  . ? 
C22 H22B 0 . 9 8 0 0  . ? 
C22 H22C 0 . 9 8 0 0  . ? 
C23 H23A 0 . 9 8 0 0  . ? 
C23 H23B 0 . 9 8 0 0  . ? 
C23 H23C 0 . 9 8 0 0  . ? 
C24 H24A 0 . 9 8 0 0  . ? 
C24 H24B 0 . 9 8 0 0  . ? 
C24 H24C 0 . 9 8 0 0  . ? 
C25 C28 1 . 5 3 1  (2 )  . ? 
C25 C26 1 . 5 3 5 ( 2 )  . ?
C25 C27 1 . 5 4 5 ( 3 )  . ?
C26 H2 6A 0 . 9 8 0 0 7

C26 H26B 0 . 9 8 0 0 7

C26 H26C 0 . 9 8 0 0 7

C27 H27A 0 . 9 8 0 0  , 7

C27 H27B 0 . 9 8 0 0  . 7

C27 H27C 0 . 9 8 0 0  . 7

C28 H28A 0 . 9 8 0 0  . 7

C28 H28B 0 . 9 8 0 0  . 7

C28 H28C 0 . 9 8 0 0  . 7

C30 C31 1 . 5 1 1 ( 2 ) 7

C30 H30A 0 . 9 9 0 0  . 7

C30 H30B 0 . 9 9 0 0  . 7

C31 C32 1 . 3 7 9 ( 3 ) 7

C31 C36 1 . 3 8 9 ( 2 ) 7

C32 C33 1 . 3 9 4 ( 3 ) 7

C32 H32A 0 . 9 5 0 0  . 7
C33 C34 1 . 3 7 2 ( 3 ) 7

C33 H33A 0 . 9 5 0 0  . 7

C34 C35 1 . 3 7 0 ( 3 ) 7

C34 H34A 0 . 9 5 0 0  . 7

C35 C36 1 . 3 8 6 ( 3 ) 7

C35 H35A 0 . 9 5 0 0  . 7
C36 H36A 0 . 9 5 0 0  . 7

l o o p _
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ l
_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 2

_ g e o m _ a n g l e _ a t o m _ s i t e _ l a b e l _ 3
_ g e o m _ a n g l e
_ g e o m _ a n g l e _ s i t e _ s y m m e t r y _ l  
_ g e o m _ a n g l e _ s i t e _ s y n u n e t r y _ 3  
_ g e o m _ a n g l e _ p u b l _ f l a g  

0 3  S i l  C15 1 0 6 . 9 0 ( 8 )  . . ?
0 3  S i l  C14 1 1 1 . 0 0 ( 7 )  . . ?
C15 S i l  C14 1 0 8 . 2 9 ( 9 )  . . ?
03  S i l  C16 1 0 7 . 2 2 ( 7 )  . . ?
C15 S i l  C16 1 1 1 . 4 5 ( 9 )  . . ?
C14 S i l  C l 6 1 1 1 . 8 8 ( 9 )  . . ?
0 6  S i 2  C24 1 1 0 . 9 7 ( 7 )  . . ?
0 6  S i 2  C23 1 0 7 . 0 9 ( 7 )  . . ?
C24 S i 2  C23 1 1 0 . 7 3 ( 1 0 )  . . ?
0 6  S i 2  C25 1 0 7 . 4 0 ( 7 )  . . ?
C24 S i 2  C25 1 1 0 . 9 1 ( 8 )  . . ?
C23 S i 2  C25 1 0 9 . 6 1 ( 8 )  . . ?
C l 0 1 C i l 1 0 6 . 1 0 ( 1 1 )  . 7
C i l 0 2 C2 1 0 8 . 7 9 ( 1 1 )  . 7
C3 03 S i l 1 2 9 . 2 1 ( 1 0 )  . 7
C9 04 C20 1 0 8 . 7 6 ( 1 1 )  . 7
C20 05 C8 1 0 5 . 0 9 ( 1 1 )  . 7
C7 0 6 S i 2 1 2 8 . 4 8 ( 9 )  . 7
C30 07 C5 1 1 7 . 5 4 ( 1 1 )  . 7
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0 1 C l C2 1 0 4 . 1 8 ( 1 1 )  . . 7

0 1 C l CIO 1 1 0 . 5 7 ( 1 1 )  . .
C2 C l CIO 1 1 4 . 9 7 ( 1 1 )  .
0 1 C l H1A 1 0 9 . 0  . . ?
C2 C l H1A 1 0 9 . 0  . . ?
CIO C l  H1A 1 0 9 . 0  . . ?
0 2 C2 C3 1 0 8 . 8 2 ( 1 2 )  . . 7

0 2 C2 C l  1 0 3 . 9 9 ( 1 2 )  . . 7

C3 C2 C l  1 1 3 . 4 7 ( 1 2 )  . . 7

0 2 C2 H2A 1 1 0 . 1  . . ?
C3 C2 H2A 1 1 0 . 1  . . ?
C l C2 H2A 1 1 0 . 1  . . ?
03 C3 C2 1 0 9 . 7 4 ( 1 2 )  . . 7

03 C3 C4 1 0 8 . 4 0 ( 1 2 )  . . 7

C2 C3 C4 1 1 1 . 6 3 ( 1 2 )  . . 7

03 C3 H3A 1 0 9 . 0  . . ?
C2 C3 H3A 1 0 9 . 0  . . ?
C4 C3 H3A 1 0 9 . 0  . . ?
C3 C4 C5 1 1 5 . 3 2 ( 1 2 )  . . 7

C3 C4 H4A 1 0 8 . 4  . . ?
C5 C4 H4A 1 0 8 . 4  . . ?
C3 C4 H4B 1 0 8 . 4  . . ?
C5 C4 H4B 1 0 8 . 4  . . ?
H4A C4 H4B 1 0 7 . 5  . . ?
07 C5 C 6 1 1 3 . 3 8  ( 1 1 )  . . 7

07 C5 C4 1 1 1 . 8 5 ( 1 1 )  . . 7

C 6 C5 C4 1 0 9 . 7 4  ( 1 1 )  . . 7

07 C5 CIO 1 0 0 . 5 8 ( 1 0 )  .
C 6 C5 CIO 1 1 0 . 4 8 ( 1 1 )  .
C4 C5 CIO 1 1 0 . 5 2 ( 1 1 )  .
C l C 6 C5 1 1 6 . 0 9 ( 1 1 )  . . 7

C l C 6 H6A  1 0 8 . 3  . . ?
C5 C6 H6A 1 0 8 . 3  . . ?
C l C 6 H6 B 1 0 8 . 3  . . ?
C5 C6 H6 B 1 0 8 . 3  . . ?
H6A  C6 H6 B 1 0 7 . 4  . . ?
06 C l C 6 1 1 1 . 0 2 ( 1 1 )  . . 7

06 C l C8 1 0 7 . 9 4  ( 1 1 )  . . 7

C 6 C l C8 1 1 3 . 1 4 ( 1 2 )  . . 7

0 6 C l H7A 1 0 8 . 2  . . ?
C 6 C l H7A 1 0 8 . 2  . . ?
C8 C l H7A 1 0 8 . 2  . . ?
05 C8 C l  1 0 9 . 4 8 ( 1 1 )  . . 7

05 C8 C9 1 0 2 . 0 1 ( 1 1 )  . . 7

C l C8 C9 1 1 9 . 8 3 ( 1 2 )  . . 7

05 C8 H8 A 1 0 8 . 3  . . ?
C l C8 H8A  1 0 8 . 3  . . ?
C9 C8 H8A 1 0 8 . 3  . . ?
04 C9 C8 1 0 3 . 5 5 ( 1 1 )  . . 7
04 C9 CIO 1 1 0 . 0 1 ( 1 1 )  .
C8 C9 CIO 1 1 6 . 5 2 ( 1 1 )  .
04 C9 H9A 1 0 8 . 8  . . ?
C8 C9 H9A 1 0 8 . 8  . . ?
CIC CS H9A 1 0 8 . 8  . . ?
C29 CIO C l  1 0 9 . 0 8  ( 1 1 )  . . ?
C29 CIO C9 1 0 9 . 4 0 ( 1 1 )  . . ?
C l  C IO C9 1 1 0 . 1 9 ( 1 1 )  . . ?
C29 CIO C5 1 0 9 . 4 0 ( 1 1 )  . . ?
C l  C IO C5 1 0 7 . 4 7 ( 1 1 )  . . ?
C9 CIO C5 1 1 1 . 2 6 ( 1 1 )  . . ?
02  C i l  01  1 0 5 . 1 3 ( 1 1 )  . . ?
02  C i l  C12 1 0 9 . 0 3 ( 1 4 )  . . ?

01  C i l  C12 1 0 8 . 0 2 ( 1 3 )  . . ?
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02 C i l  C13 1 1 0 . 1 1 ( 1 4 )  . . ?
01  C i l  C13 1 1 0 . 9 6 ( 1 3 )  . . ?
C12 C i l  C13 1 1 3 . 2 5 ( 1 4 )  . . ?
C i l  C12 H12A 1 0 9 . 5  . . ?
C i l  C12 H12B 1 0 9 . 5  . . ?
H12A C12 H12B 1 0 9 . 5  . . ?
C i l  C12 H12C 1 0 9 . 5  . . ?
H12A C12 H12C 1 0 9 . 5  . . ?
H12B C12 H12C 1 0 9 . 5  . . ?
C i l  C13 H13A 1 0 9 . 5  . . ?
C i l  C13 H13B 1 0 9 . 5  . . ?
H13A C13 H13B 1 0 9 . 5  . . ?
C i l  C13 H13C 1 0 9 . 5  . . ?
H13A C13 H13C 1 0 9 . 5  . . ?
H13B C13 H13C 1 0 9 . 5  . . ?
S i l  C l 4 H14A 1 0 9 . 5  . . ?
S i l  C14 H14B 1 0 9 . 5  . . ?
H14A C14 H14B 1 0 9 . 5  . . ?
S i l  C14 H14C 1 0 9 . 5  . . ?
H14A C14 H14C 1 0 9 . 5  . . ?
H14B C14 H14C 1 0 9 . 5  . . ?
S i l  C15 H15A 1 0 9 . 5  . . ?
S i l  C15 H15B 1 0 9 . 5  . . ?
H15A C15 H15B 1 0 9 . 5  . . ?
S i l  C15 H15C 1 0 9 . 5  . . ?
H15A C15 H15C 1 0 9 . 5  . . ?
H15B C15 H15C 1 0 9 . 5  . . ?
C18 C l 6 C19 1 1 1 . 0  (2 )  . . ?
C18 C l 6 C17 1 0 7 . 4 ( 3 )  . . ?
C l 9 C l 6 C17 1 0 8 . 5 ( 2 )  . . ?
C18 C l 6 S i l  1 0 9 . 8 3  ( 1 7 )  . . ?
C l 9 C l 6 S i l  1 1 0 . 0 8  ( 1 5 )  . . ?
C17 C l 6 S i l  1 1 0 . 0 3 ( 1 5 )  . . ?
C l 6 C17 H17A 1 0 9 . 5  . . ?
C l 6 C17 H17B 1 0 9 . 5  . . ?
H17A C17 H17B 1 0 9 . 5  . . ?
C l 6 C17 H17C 1 0 9 . 5  . . ?
H17A C17 H17C 1 0 9 . 5  . . ?
H17B C17 H17C 1 0 9 . 5  . . ?
C16 C18 H1 8A  1 0 9 . 5  . . ?
C16 C18 H18B 1 0 9 . 5  . . ?
H18A C18 H18B 1 0 9 . 5  . . ?
C l 6 C18 H18C 1 0 9 . 5  . . ?
H18A C18 H18C 1 0 9 . 5  . . ?
H18B C18 H18C 1 0 9 . 5  . . ?
C l 6 C l 9 H19A 1 0 9 . 5  . . ?
C l 6 C l 9 H19B 1 0 9 . 5  . . ?
H19A C l 9 H19B 1 0 9 . 5  . . ?
C l 6 C l 9 H19C 1 0 9 . 5  . . ?
H19A C l 9 H19C 1 0 9 . 5  . . ?
H19B C l 9 H19C 1 0 9 . 5  . . ?
05  C20 04 1 0 4 . 7 4  ( 1 1 )  . . ?
05  C20 C21 1 0 8 . 4 6 ( 1 4 )  . . ?
04 C20 C21 1 1 0 . 2 4 ( 1 3 )  . . ?
05  C20 C22 1 1 1 . 6 7 ( 1 4 )  . . ?
04  C20 C22 1 0 8 . 8 3 ( 1 4 )  . . ?
C21 C20 C22 1 1 2 . 6 2 ( 1 5 )  . . ? 
C20 C21 H21A 1 0 9 . 5  . . ?
C20 C21 H21B 1 0 9 . 5  . . ?
H21A C21 H21B 1 0 9 . 5  . . ?
C20 C21 H21C 1 0 9 . 5  . . ?
H21A C21 H21C 1 0 9 . 5  . . ?
H21B C21 H21C 1 0 9 . 5  . . ?

253



Appendices

C20 C22 H22A 1 0 9 . 5  . . ?
C20 C22 H22B 1 0 9 . 5  . . ?
H22A C22 H22B 1 0 9 . 5  . . ?
C20 C22 H22C 1 0 9 . 5  . . ? 
H22A C22 H22C 1 0 9 . 5  . . ?
H22B C22 H22C 1 0 9 . 5  . . ?
S i 2  C23 H23A 1 0 9 . 5  . . ?
S i 2  C23 H23B 1 0 9 . 5  . . ?
H23A C23 H23B 1 0 9 . 5  . . ? 
S i 2  C23 H23C 1 0 9 . 5  . . ? 
H23A C23 H23C 1 0 9 . 5  . . ?
H23B C23 H23C 1 0 9 . 5  . . ?
S i 2  C24 H24A 1 0 9 . 5  . . ?
S i 2  C24 H24B 1 0 9 . 5  . . ?
H 2 4A C24 H24B 1 0 9 . 5  . . ?
S i 2  C24 H24C 1 0 9 . 5  . . ?
H24A C24 H24C 1 0 9 . 5  . . ?
H24B C24 H24C 1 0 9 . 5  . . ?
C28 C25 C26 1 0 8 . 7 1 ( 1 6 )  . .
C28 C25 C27 1 0 8 . 8 8 ( 1 5 )  . .
C26 C25 C27 1 0 9 . 4 8  ( 1 6 )  . . 
C28 C25 S i 2  1 1 1 . 0 1 ( 1 2 )  . . 
C26 C25 S i 2  1 0 9 . 7 8 ( 1 1 )  . .
C27 C25 S i 2  1 0 8 . 9 5 ( 1 2 )  . . 
C25 C26 H2 6A  1 0 9 . 5  . . ?
C25 C26 H26B 1 0 9 . 5  . . ?
H26A C26 H26B 1 0 9 . 5  . . ? 
C25 C26 H26C 1 0 9 . 5  . . ? 
H26A C26 H26C 1 0 9 . 5  . . ?
H26B C26 H26C 1 0 9 . 5  . . ?
C25 C27 H27 A 1 0 9 . 5  . . ?
C25 C27 H27B 1 0 9 . 5  . . ?
H27A C27 H27B 1 0 9 . 5  . . ?
C25 C27 H27C 1 0 9 . 5  . . ? 
H27A C27 H27C 1 0 9 . 5  . . ?
H27B C27 H27C 1 0 9 . 5  . . ?
C25 C28 H28A 1 0 9 . 5  . . ?
C25 C28 H28B 1 0 9 . 5  . . ?
H28A C28 H28B 1 0 9 . 5  . . ? 
C25 C28 H28C 1 0 9 . 5  . . ? 
H28A C28 H28C 1 0 9 . 5  . . ? 
H28B C28 H28C 1 0 9 . 5  . . ?
N I  C29 CIO 1 7 8 . 5 8 ( 1 4 )  . . ? 
07  C30 C31 1 0 9 . 1 4 ( 1 2 )  . . ?
07  C30 H30A 1 0 9 . 9  . . ?
C31 C30 H3 0A  1 0 9 . 9  . . ?
07  C30 H30B 1 0 9 . 9  . . ?
C31 C30 H30B 1 0 9 . 9  . . ? 
H30A C30 H30B 1 0 8 . 3  . . ? 
C32 C31 C36 1 1 7 . 7 1 ( 1 6 )  . .
C32 C31 C30 1 2 2 . 3 3 ( 1 4 )  . .
C36 C31 C30 1 1 9 . 9 1 ( 1 5 )  . .
C31 C32 C33 1 2 0 . 5 6 ( 1 9 )  . . 
C31 C32 H32A 1 1 9 . 7  . . ?
C33 C32 H32A 1 1 9 . 7  . . ?
C34 C33 C32 1 2 0 . 9 ( 2 )  . . ?
C34 C33 H33A 1 1 9 . 6  . . ?
C32 C33 H33A 1 1 9 . 6  . . ?
C35 C34 C33 1 1 9 . 2 2 ( 1 8 )  . . 
C35 C34 H34A 1 2 0 . 4  . . ?
C33 C34 H34A 1 2 0 . 4  . . ?
C34 C35 C36 1 2 0 . 0 0 ( 1 7 )  . .

C34 C35 H35A 1 2 0 . 0  . . ?

?

?
9
9
9
9

9
9
9
9

9

9
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C36 C35 H35A 1 2 0 . 0  . . ?
C35 C36 C31 1 2 1 . 6 0 ( 1 8 )  . . ?
C35 C36 H36A 1 1 9 . 2  . . ?
C31 C36 H36A 1 1 9 . 2  . . ?

l o o p _
geom t o r s i o n _ a t o m _ s i t e _ l a b e l _ l  
g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 2  
g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 3  

_ g e o m _ t o r s i o n _ a t o m _ s i t e _ l a b e l _ 4  
_ g e o m _ t o r s i o n
_ g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ l  

g e o m _ t o r s i o n _ s i t e _ s y m m e t r y _ 2  
_ g e  o m _ t o r s  i  o n _ s  i  t  e _ s  ymme t  r y _ 3  

geom t o r s i o n _ s i t e _ s y n u n e t r y _ 4  
_ g e o m _ t o r s i o n _ p u b l _ f l a g  

CÏ5 S i l  03 C3 - 1 2 8 . 7 8 ( 1 4 )  . . . . ?
C l 4 S i l  03 C3 - 1 0 . 8 7 ( 1 6 )  . . . .  ?
C l 6 S i l  03 C3 1 1 1 . 6 0 ( 1 4 )  . . . .  ?
C24 S i 2  06 C7 3 . 0 8 ( 1 4 )  . . . . ?
C23 S i 2  0 6  C7 - 1 1 7 . 8 8 ( 1 3 )  . . . . ?
C25 S i 2  0 6  C l  1 2 4 . 4 6 ( 1 2 )  . . . .  ?
C i l  01  C l  C2 3 0 . 7 8 ( 1 3 )  . . . .  ?
C i l  01  C l  C IO 1 5 4 . 8 2 ( 1 1 )  . . . .  ?
C i l  02  C2 C3 - 1 2 7 . 4 6 ( 1 3 )  . . . .  ?
C i l  02  C2 C l  - 6 . 2 2 ( 1 5 )  . . . .  ?
01  C l  C2 02  - 1 5 . 0 5 ( 1 4 )  . . . .  ?
CIO C l  C2 02  - 1 3 6 . 2 1 ( 1 2 )  . . . .  ?
01  C l  C2 C3 1 0 3 . 0 3 ( 1 3 )  . . . .  ?
CIO C l  C2 C3 - 1 8 . 1 4  ( 1 8 )  . . . .  ?
S i l  03  C3 C2 1 0 7 . 0 5 ( 1 4 )  . . . .  ?
51 1  03  C3 C4 - 1 3 0 . 8 0 ( 1 3 )  . . . .  ?
02  C2 C3 03  - 6 9 . 6 9 ( 1 5 )  . . . .  ?
C l  C2 C3 0 3  1 7 5 . 0 6 ( 1 2 )  . . . .  ?
02  C2 C3 C4 1 7 0 . 1 1 ( 1 2 )  . . . . ?
C l  C2 C3 C4 5 4 . 8 6 ( 1 7 )  . . . .  ?
03  C3 C4 C5 - 1 5 1 . 2 0 ( 1 2 )  . . . .  ?
C2 C3 C4 C5 - 3 0 . 2 1 ( 1 8 )  . . . .  ?
C30 07  C5 C 6 - 5 9 . 4 1 ( 1 5 )  . . . .  ? 
C30 07  C5 C4 6 5 . 3 3 ( 1 5 )  . . . .  ?
C30 07  C5 CIO - 1 7 7 . 3 5 ( 1 1 )  . . . . ? 
C3 C4 C5 07  8 2 . 6 2 ( 1 5 )  . . . . ?
C3 C4 C5 C 6 - 1 5 0 . 6 5 ( 1 3 )  . . . .  ?
C3 C4 C5 CIO - 2 8 . 5 6 ( 1 7 )  . . . .  ?
07  C5 C 6 C l  - 5 4 . 3 1 ( 1 6 )  . . . . ?
C4 C5 C6 C7 1 7 9 . 8 2 ( 1 2 )  . . . . ?
CIO C5 C 6 C l  5 7 . 7 1 ( 1 6 )  . . . .  ?
51 2  0 6  C l  C 6 1 1 6 . 7 9 ( 1 2 )  . . . .  ?
S i 2  0 6  C l  C8 - 1 1 8 . 6 8 ( 1 1 )  . . . .  ?
C5 C 6 C7 0 6  7 7 . 9 8 ( 1 5 )  . . . . ?
C5 C 6 C l  C8 - 4 3 . 5 6 ( 1 7 )  . . . .  ?
C20 0 5  C8 C l  1 6 7 . 7 8 ( 1 1 )  . . . .  ?
C20 05  C8 C9 3 9 . 8 5 ( 1 4 )  . . . .  ?
0 6  C l  C8 05  1 4 7 . 9 5 ( 1 1 )  . . . . ?
C6 C l  C8 05  - 8 8 . 7 9 ( 1 4 )  . . . .  ?
06  C l  C8 C9 - 9 4 . 8 4  ( 1 4 )  . . . . ?
C 6 C7 C8 C9 2 8 . 4 1 ( 1 8 )  . . . . ?
C20 04  C9 C8 7 . 0 5  ( 1 4 )  . . . . ?
C20 04 C9 CIO - 1 1 8 . 1 6 ( 1 2 )  . . . .  ? 
05  C8 C9 04 - 2 8 . 4 4  ( 1 3 )  . . . . ?
C7 C8 C9 04 - 1 4 9 . 4 4 ( 1 2 )  . . . . ?
0 5  C8 C9 CIO 9 2 . 4 8 ( 1 3 )  . . . .  ?
C l  C8 C9 CIO - 2 8 . 5 2 ( 1 8 )  . . . .  ?
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01 Cl CIO C29 - 3 8 . 9 1 ( 1 5 ) ?
C2 Cl CIO C29 7 8 . 6 9 ( 1 5 )  . ?
01 Cl CIO C9 8 1 . 2 0 ( 1 4 )  . ?
C2 Cl CIO C9 - 1 6 1 . 2 0 ( 1 2 ) ?
01 Cl CIO C5 - 1 5 7 . 4 2 ( 1 1 ) ?
C2 Cl CIO C5 - 3 9 . 8 2 ( 1 5 )  . ?
04 C9 CIO C29 3 6 . 9 4 ( 1 5 )  . ?
C8 C9 CIO C29 - 8 0 . 4 8 ( 1 5 ) ?
04 C9 CIO Cl  - 8 2 . 9 7  (13) . ?
C8 C9 CIO Cl  1 5 9 . 6 1 ( 1 2 )  . ?
04 C9 CIO C5 1 5 7 . 9 4 ( 1 1 )  . ?
C8 C9 CIO C5 4 0 . 5 2 ( 1 6 )  . ?
07 C5 CIO C29 - 1 7 2 . 8 9 ( 1 0 ) .  .  * .

C6 C5 CIO C29 6 7 . 0 6 ( 1 4 )  . ?
C4 C5 CIO C29 - 5 4 . 5 9 ( 1 4 ) ?
07 C5 CIO Cl  - 5 4 . 5 9 ( 1 2 )  . ?
C6 C5 CIO Cl  - 1 7 4 . 6 4 ( 1 1 ) ?
C4 C5 CIO Cl  6 3 . 7 1 ( 1 4 )  . ?
07 C5 CIO C9 6 6 . 1 1 ( 1 2 )  . ?
C6 C5 CIO C9 - 5 3 . 9 3 ( 1 4 )  . ?
C4 C5 CI O C9 - 1 7 5 . 5 9 ( 1 1 ) ?
C2 0 2 C i l 01  2 5 . 2 7 ( 1 5 )  . ?
C2 0 2 C i l C12 1 4 0 . 8 8 ( 1 3 ) ?
C2 0 2 C i l C13 - 9 4 . 3 1 ( 1 5 ) ?
C l 0 1 C i l 02  - 3 5 . 3 1 ( 1 4 )  . ?
C l 0 1 C i l C12 - 1 5 1 . 6 2 ( 1 3 )
C l 0 1 C i l C13 8 3 . 7 0 ( 1 5 )  . ?
03 S i l C16 C18 - 7 4 . 8 ( 2 )  . ?
C15 S i l  C l 6 C18 1 6 8 . 5 ( 2 ) ?
C14 S i l  C l 6 C18 4 7 . 1  (2 )  . ?
03 S i l C l  6 C l 9 4 7 . 7 ( 2 )  . ?
C15 S i l  C l 6 C l 9 - 6 9 . 0 ( 2 ) ?
C14 S i l  C l 6 C l 9 1 6 9 . 6 2 ( 1 9 )  . . . . ?
03  S i l  C16 C17 1 6 7 . 2 ( 2 )  . . . .  ?
C15 S i l  C l 6 C17 5 0 . 6 ( 2 )  . . . .  ?
C14 S i l  C l 6 C17 - 7 0 . 9 ( 2 )  . . . .  ?
C8 05  C20 04 - 3 6 . 2 5 ( 1 5 )  . . . . ?
C8 05  C20 C21 - 1 5 3 . 9 5 ( 1 3 )  . . . .  ? 
C8 05  C20 C22 8 1 . 3 7 ( 1 6 )  . . . .  ?
C9 04 C20 05  1 7 . 1 7 ( 1 6 )  . . . .  ?
C9 04 C20 C21 1 3 3 . 6 5 ( 1 3 )  . . . .  ?
C9 04 C20 C22 - 1 0 2 . 3 8 ( 1 4 )  . . . .  ?
0 6  S i 2  C25 C28 - 7 1 . 5 6 ( 1 4 )  . . . .  ?
C24 S i 2  C25 C28 4 9 . 8 6 ( 1 6 )  . . . .  ?
C23 S i 2  C25 C28 1 7 2 . 4 3 ( 1 3 )  . . . . ?
0 6  S i 2  C25 C26 4 8 . 6 6 ( 1 4 )  . . . .  ?
C24 S i 2  C25 C26 1 7 0 . 0 8 ( 1 3 )  . . . . ?
C23 S i 2  C25 C26 - 6 7 . 3 5 ( 1 5 )  . . . . ?
0 6  S i 2  C25 C27 1 6 8 . 5 5 ( 1 2 )  . . . .  ?
C24 S i 2  C25 C27 - 7 0 . 0 4 ( 1 5 )  . . . . ?
C23 S i 2  C25 C27 5 2 . 5 4 ( 1 5 )  . . . .  ?
C l  C IO C29 N I  - 4 6 ( 6 )  . . . .  ?
C9 CIO C29 N I  - 1 6 7 ( 6 )  . . . .  ?
C5 CIO C29 N I  71 ( 6 ) . . . . ?
C5 07  C30 C31 - 1 7 7 . 1 7 ( 1 1 )  . . . .  ?
07 C30  C31  C32  3 . 6 ( 2 )  . . . .  ?
07  C30 C31 C36 - 1 7 8 . 8 5 ( 1 4 )  . . . . ?
C36 C31 C32 C33 0 . 0 ( 4 )  . . . . ?
C30 C31 C32 C33 1 7 7 . 6 ( 2 )  . . . .  ?
C31 C32 C33 C34 1 . 4  (5 )  . . . . ?
C32 C33 C34 C35 - 1 . 8 ( 5 )  . . . . ?
C33 C34 C35 C36 0 . 8 ( 3 )  . . . . ?

C34 C35 C36 C31 0 . 7 ( 3 )  . . . . ?
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C32 C31 C36 C35 
C30 C31 C36 C35

- 1 . 1 ( 3 )  . . . .  ? 
- 1 7 8 . 6 9 ( 1 6 )  . . . . ?
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