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ABSTRACT

This thesis is divided into two sections:

Section A

Polarity reversal catalysis (PRC) is a method by which sluggish 

abstraction of electron defic ient hydrogen by e lectrophilic  radicals, 

such as t-butoxyl radical (Bu‘0 * ) ,  can be accelerated.

In this section of the thesis, the e ffect of PRC by 

amine-alkylborane complexes on hydrogen-atom transfer from ketones 

was studied. ESR spectroscopy was used to monitor the radical 

reaction products. t-Butyl methyl ether was found to be 30 times 

more reactive than acetone towards hydrogen-atom abstraction by Bu^O* 

at 190 K, and this difference is attributed en tire ly  to polar 

effects . In contrast, the highly-nucleophilic amine-boryl radical 

MegN^BHThx abstracts hydrogen very much more raoidlv from acetone 

than from the ether.

Competitive abstraction from the two d iffe ren t types of a-C-H 

groups in methyl isopropyl ketone MeC(0)CHMe2 by amine-alkylboryl 

radicals which have d iffe r in g  steric  demands has also been 

quantified.

Specific alkyl radicals can be generated for ESR studies at low 

temperature by UV irrad ia tion  of a solution containing d i-t-b u ty l  

peroxide, trimethyl amine-butylborane, and the corresponding alkyl 

chloride. This procedure complements the " tr ie th y l si lane method" of 

Hudson and Jackson for alkyl radical generation from bromoalkanes.



Section B

T h is .section describes the application of PRC to bring about 

enantioselective a-hydrogen-atom abstraction from esters of the type 

RIR2CHCO2R3 using optically  active amine-alkylboranes to catalyse the 

reaction of t-butoxyl radicals. This procedure has been used to

bring about kinetic resolution of such esters. The 

bis(isopinocampheylborane) complex of iV,/V,yV',/V'-tetramethyl- 

ethylenediami ne and some of i ts  derivatives were investigated as

optically  active po larity  reversal catalysts. After partia l  

consumption of the substrate, the amount remaining and i ts  

enantiomeric excess (ee) have been used to derive enantioselectivity  

constants {k^ /s /ks /R )  for a-hydrogen-atom abstraction from a variety  

of esters. Enantioselectivity is sensitive to the substituent bulk 

at the 2-position of the pinene moiety of the catalyst, and varies 

considerably with the structure of the substrate. The highest 

s e lec tiv ity  was observed for hydrogen abstraction from dimethyl

2,2-dimethyl-1,3-dioxolane-trans-dicarboxylate, when a fte r  75% 

consumption of in it ia lly -racem ic  ester at 183 K, the residual

substrate showed an ee of 97%. A transition state model is proposed 

to account for the observed enantioselectiv ities.

In addition, ESR spectroscopy has been used, for the f i r s t  

time, to measure the re la tive  rates of the elementary

enantioselective hydrogen-atom abstraction reactions of op tica lly  

active amine-boryl radicals.
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CHAPTER 1 

INTRODUCTION

1.1 Polar Effects in Radical Reactions

Although the reactions of neutral free radicals are less 

subject to polar influences than ionic reactions, such factors can 

s t i l l  strongly a ffect the courses of homolytic processes. The 

importance of polar effects in influencing the reactions of uncharged 

free radicals has been recognised for over fo rty  years.^ A strik ing  

i l lu s tra t io n  of the operation of polar effects can be seen in the 

phenomenon of alternating radical co-polymerisation. This is the 

property of certain monomer pairs, for example styrene and maleic 

anhydride, of forming a co-polymer in which the monomer units tend to 

alternate along the chain.^

I t  is also well-established that polar factors play an 

important role in determining the chemo- and reg io -se lac t iv it ies  of 

hydrogen atom transfer reactions of the type ( 1 . 1 ) . %n valence

A + H-B -------- ►  A-H + b‘ (1.1)

bond terms, the transition state for such direct atom transfer  

reactions can be represented as a hybrid of the canonical structures 

la -d  and the s ta b i l i ty  of the transition state w ill  increase as the 

contribution from the ionic structures Ic  or Id increases. As a

[ A  H-B ] M  ►  [ A-H B' ] < ---►  [ A+ H* B“ ] M  ►  [ A ‘ H B+ ]

la lb Ic Id
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resu lt, the activation energies for a series of s im ilar ly  exothermic 

hydrogen atom abstraction reactions would be expected to decrease as 

the properties of the attacking and departing radicals become more 

mutually conducive to the partic ipation of charge-transfer 

structures of the types Ic  or Id . Thus, i f  Nuc* and El* are 

nucleophilic and e lectrophilic  radicals, respectively, polar effects  

w ill  favour abstraction of hydrogen from H-Nuc by El* and from H-El 

by Nuc*, but abstraction of hydrogen from H-Nuc by Nuc* or from H-El 

by El* w ill  both be disfavoured.*

Similar conclusions may be arrived at by consideration of the 

fro n t ie r  molecular orbital interactions in the reactants.^ ' The 

unpaired electron in A* is in a singly occupied molecular orbital 

(SOMO) which can in teract with both the highest occupied molecular 

orbita l (HOMO) and with the lowest unoccupied molecular orbital 

(LUMO) of the hydrogen donor MB, as shown in Figure 1 .1 . Both of 

these interactions are net s tab ilis ing  and the extent of 

stab ilisation  depends upon the reciprocal of the energy difference  

between the SOMO and the HOMO or LUMO of HB.

Radicals with a high-energy SOMO (nucleophilic radicals) w il l  

react readily with molecules which have a low-energy LUMO, and 

radicals with a low-energy SOMO (e lectrophilic  radicals) w il l  react

*The descriptions "electrophilic" and "nucleophilic" are re la tive  

terms. In general, whether a radical A* behaves as a net 

electrophile [structure Id more important than Ic] or a net 

nucleophile [structure Ic  more important than Id] in reaction (1.1)  

w ill  depend on the nature of B* ( i . e .  on the e lectronegativity  

difference between A* and B*).
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p re feren tia l ly  with molecules having a high-energy HOMO. This is 

i l lu s tra te d  by considering the reactions of the methyl radical and

r h \
/LUMO

/ ' H - ' x  /
/SOMO \

4 :̂ / ^  4f
HOMO \

*  *  *  *
- H -  - H -

H— B A* H— B
Figure 1.1 : Schematic diagram shoving the interactions between the

frontier molecular orbitals of A* and H-B.

the chlorine atom with propanoic acid (CH3CH2CO2H ).  ̂ Methyl radicals 

pre fe ren tia l ly  attack hydrogen atoms on C-2 o f the acid; on the other 

hand, chlorine atoms p re fe re n t ia l ly  attack the hydrogen atoms

attached to C-3. Quantitatively  in the gas phase, methyl radicals 

attack an electron defic ien t a-hydrogen 7.8 times fas ter than a more 

electron rich p-hydrogen, whereas chlorine radicals attack an

a-hydrogen 30 times slower than a p-hydrogen. The methyl radical has 

a much higher energy SOMO (lower ionisation potentia l)  than the

chlorine atom. Because of the presence of the electron withdrawing
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carboxyl group, the C-2-H a bonding orbital (the HOMO) and the o" 

orbital (the LUMO) w il l  be re la t iv e ly  low in energy. Conversely, the 

C-3-H a and d“ orbitals w ill be re la t iv e ly  high in energy, because 

the CO2H group is more remote and the CH2CO2H group is a mild 

electron donor. The orbital interactions are therefore those shown 

in Figure 1.2. The interactions A for the chlorine atom and Ç for

CH, SOMO

CI* SOMO $

H-CHjCHjCOjH

H-CHCOjH

CH,

^ — H-CHjCHjCO,H  

-H -C H C O ,H
I
CH,

Figure 1.2 : Schematic diagram showing the frontier orbital interactions
for the attack of methyl and chlorine radicals on propanoic 
acid.

the methyl radical are more e ffec tive  than B and D respectively, 

because the energy differences between the relevant o rb ita ls  are 

smaller. Thus, as from the valence bond analysis given before, we 

conclude that the hydrogen abstractions (1 .2) and (1 .3) w i l l  be 

favoured by polar e ffects , while reactions (1 .4) and (1 .5) w il l  not.
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El + H-Nuc --- --------► H-El + Nuc (1.2)

Nuc + H-El --- -----► H-Nuc + El’ (1.3)

El^’ + H-El: ---------- ► H-Ell + El:’ (1.4)

Nuc^ + H-Nuc: ----- ► H-Nuc^ + Nuc: (1.5)

1.2 P o larity  Reversal Catalysis (PRC)

The preceding analysis points to the concept of po larity  

reversal catalysis (PRC),?-* whereby the sluggish single step 

processes (1.4) and (1.5) are replaced by pairs of fast consecutive 

steps, as i l lu s tra te d  in equations (1.6) and (1.7) or (1.8) and (1.9) 

respectively. Both steps of each ca ta ly tic  cycle are now fa c i l i ta te d  

by favourable polar e ffects. We may re fe r  to the molecules H-Nuc and 

H-El as "donor" and "acceptor" catalysts, respectively.*

r El^‘ + H-Nuc  ►  H-Eli + Nuc’ (1.6)

[ Nuc’ + H-El:  ^  H-Nuc + El^’ (1.7)

r Nuc^’ + H-El  ►  H-Nucl + El (1.8)

1 El' + H-Nuc: -------- ^  H-El + Nuc:’ (1.9)

The t-butoxyl radical (Bu^O*)» which may be generated in 

solution by UV photolysis of d i- t-b u ty l peroxide (DTBP) [equation 

(1 .1 0 ) ] ,  is ( l ik e  other alkoxyl radicals) a highly e lectrophilic

*In  1953 Barrett and Waters^® reported that th io ls  catalyse the 

radical chain decarbonylation of aldehydes. Mayo^  ̂ explained this  

effect of th io ls  in terms of what we re fe r to here as po larity  

reversal catalysis.



15

Bu^OOBut ------— ------ ►  2Bu^0’ (1.10)

species.2-4 yhe ionisation potential and electron a f f in i ty  of Bu^O' 

are 12 and 1.89 eV respectively, and as such its  chemical reactiv ity  

is strongly influenced by polar factors. The rates of 

similarly-exothermic hydrogen atom abstraction reactions (1.11) w ill  

thus increase with the extent of charge transfer s tab ilisation  of the

Bu/O' + H-X -------- ►  Bu^OH + X* (1.11)

[Bu^O' H-X] < --------►  [Bu^O-H X ] ^ --------►  [Bu^O" ’H X+]

2a 2b 2c

transition state 2, as represented by the inclusion of structure 2c. 

Thus, the rate of reaction (1.11) w il l  increase with increasing 

s ta b i l i ty  of the cationic fragment X+.

Abstraction of an electron defic ient hydrogen (that is when X+ 

is re la t iv e ly  unstable and X" re la t iv e ly  stable) by Bu^O* should be 

susceptible to PRC using an appropriate donor catalyst and i t  has 

been shown?»* that these reactions are catalysed by amine-alkylborane 

complexes such as trimethyl amine-thexylborane [thexyl(Thx)

1 ,1,2-trimethyl propyl]. In th e ir  presence the direct abstraction 

from H*+-XS- is replaced by the ca ta ly tic  cycle shown in equations 

(1.12) and (1 .13 ). Both steps are fa c i l i ta te d  by favourable polar

Bu^o' + MegN-^BHjR -----►  Bu^OH + Me^N-^BHR (1.12)

MegN-^BHR + H* + -X*----- ►  MegN-^BHjR + X ’ (1.13)

effects , the charge transfer structure 3 making an appreciable
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contribution to the transition state for reaction (1 .13).

The control of reg ioselectiv ity  that may be exercised using PRC 

can be s tr ik in g ly  i l lu s tra te d  by the reactions of 

tetrahydro-4//-pyran-4-one 4.^^ UV irrad ia tion  of a solution of 4 in 

DTBP at 268 K yields mainly the oxygen-conjugated radical 5 [equation 

(1 .1 4 ) ] ,  as shown by ESR spectroscopy, while in the presence of 

trimethyl amine-thexylborane as donor po larity  reversal catalyst, the 

major product is the carbonyl-conjugated radical 6 [equation (1 .1 5 )] .

y  \   , . -Bu'OH J  v _
0 + BuTo  ► 0 y c = o

4 5

/  \  Me.N^BH.Thx /  \

(1.14)

(1.15)

Abstraction of the electron defic ient hydrogen a to the carbonyl 

group is brought about by the nucleophilic MegN^BHThx, instead of by 

the e lectroph ilic  Bu^O*.

The strengths of the H-El or H-Nuc bonds in acceptor or donor 

catalysts for hydrogen atom abstractions are cruc ia l. Idea lly , these 

should be such that the exothermicity of the uncatalysed reaction is 

s p l i t  approximately equally between the two steps of the ca ta ly tic  

cycle, as i l lu s tra te d  for a donor catalyst in Figure 1.3

Donor catalysts w ill  generally be b u il t  around metal(loid)-H  

bonds (as in Me3N-€H2R), and steric  or electronic substituent effects
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can be used to modify th e ir  strengths and the se le c tiv it ie s  of the 

derived metal( lo id)-centred radicals.

E

Nuc*+ H-X 
+ Bu‘OH

-H-Nuc

BuHDH + X

Reaction coordinate

Figure 1.3 : Schematic potential energy diagram to illustrate the

principle of PRC.

A number of amine-alkylborane complexes 7-13 have been prepared 

and investigated as "donor" po larity  reversal catalysts.

The e ffec t of po larity  reversal catalysis on the reactions of 

Bû O" with a variety of esters has been studied by Vikram Paul in 

this Department.13 The carbonyl group in a ketone, l ik e  that in an 

ester, is a powerful n-electron withdrawing substituent and should 

activate adjacent C-H groups towards abstraction by Bu*0" in the 

presence of “donor" polarity  reversal catalysts. In this section of
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Me^N^üHgThx MegN^üHgBu"

Me^N^GHaBu*

10

0 BH,
tNMe.

n
Me —  N - ^ H

V
11 12

,BH
Me Me

I
NCHgCHgN'

Me Me

13

the thesis, abstraction of hydrogen by Bû O* from acetone, methyl 

isopropyl ketone, cyclobutanone, cyclopentanone and cyclohexanone 

under conditions of PRC using "donor" catalysts was investigated.

Since a knowledge of the properties of boron-centred radicals  

is important for understanding the application of ligated boranes as 

polarity  reversal catalysts, a review of these properties is 

appropriate at this point.
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1.3 Neutral Ligated Borvi Radicals

The ligated boryl radicals, L-*BX2 constitute an important class 

of boron-centred radicals. A wide variety of neutral ligated boryl 

radicals can be envisaged in which Lewis bases such as amines, 

phosphines, sulphides, and carbon monoxide are attached to the 

electron defic ient H2B'. In fac t, a wide variety of ligated boryl 

radicals have now been generated by hydrogen atom abstraction from 

the parent borane complexes [equation (1 .16), where L = R3N, R2NH,

-H
L̂ BHg ---------------------- ► L-̂ BHg (1.16)

R3 P or R2S] and the structures and re ac tiv it ie s  of these have been 

investigated using ESR spectroscopy.

While the phosphine- and sulphide-boryl radicals are, l ike  

H3 B"-, essentially planar at the radical centre, the amine-boryl 

radicals are strongly pyramidal at boron. These differences have 

been explained in terms of the greater electronegativity of nitrogen 

compared with hydrogen and of the a b i l i ty  of the R3 P1 5  and R̂ Ŝ ? 

ligands to délocalisé the unpaired electron from boron, whereas 

l i t t l e  delocalisation occurs onto an R3N donor. .Such delocalisation  

w il l  be more extensive i f  the radical centre is planar.

1.4 Amine-Borvl Radicals

The amine-boranes and -boryl radicals are of particu lar  

in terest because they afford a comparison with organic systems in 

which a C-C moiety is replaced by the isoelectronic N-*B linkage.
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Ammonia-borane (HgN-GHs) is isoelectronic with ethane ( H 3 C - C H 3 ) ,  and 

the two possible radicals formed by hydrogen atom abstraction from 

H3N-0 H3 w i l l  be isoelectronic with the ethyl rad ica l.

t-Butoxyl radicals react with ammonia-borane or with primary, 

secondary, or te r t ia ry  amine-boranes to give amine-boryl radicals  

[equation ( 1 . 1 7 ) ] . i s , 1 9  y^e ESR spectroscopic parameters for the

Bu^o’ + RgN-*BHg -------- ►  RgN-^BHj + Bu^OH (1.17)

14

ammonia-boryl radical 14 (R = H) are a(^^B) 42.3, a(2Ha) 11.0, a(^^N) 

1.4, a(3Hp) 11.0 G, and g 2.0023 at 269 K in t-butyl alcohol-dimethyl 

ether (4:1 v/v) so lven t.1 * For comparison, the ethyl radical shows 

a(2Ha) 22.2 and a(3Hp) 26.9 G. The large magnitude of the ^̂ B 

s p li t t in g  and the re la t iv e ly  small a-proton hyperfine coupling 

constant show c learly  that H3N-*BH2 is pyramidal at boron, unlike 

ethyl radical 2 0  which is e f fec tive ly  planar at the radical centre.

I t  has been s h o w n t h a t  the equilibrium geometry at boron in 

the trimethylamine-boryl radical is also pyramidal, as shown in 15 (R

- 0 „ „ . H

Me

15

= H), again on the basis of the magnitude and temperature

dependencies of the ^̂ B and a-proton coupling constants and the 

effects of deuteriation at boron. The ESR parameters of the

amine-alkylboryl radicals are also indicative of a non-planar
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configuration at the radical centre.* The (7 = 3 /2 , natural 

abundance 80.2%) sp litt ings  are large (ca. 60 G) and correspond to 

8-9% unpaired electron population of the B-2s atomic o rb ita l .  

There is a small decrease in a(^^B) with increasing temperature, 

which implies that the time-average configuration becomes more nearly 

planar at higher temperatures, as expected for a pyramidal 

equilibrium geometry. For example,* the ESR parameters for the 

trimethyl amine-thexylboryl radical are a(^^B) 59.9, a(Ha) 9.8 G, and 

g 2.0021 at 264 K in cyclopropane. The magnitude of o{Ha) is 

appreciably smaller than the value (15.2 G at 253 K) for the planar 

or nearly-planar borane radical anion again in accord with a

pyramidal geometry for the amine-alkylboryl radicals. The sign of 

a(Ha) for 15 (R = a lky l) is almost certa in ly  negative, corresponding 

to spin-polarisation as the predominant mechanism for  

spin-transmission to the a-proton.

The ^̂ B sp litt ings  for 15 (R = a lky l) are 15-20% larger than 

j ( i iB )  for  15 (R = H) under s im ilar conditions, suggesting that the 

time-average configuration of the la t te r  deviates less from planarity  

at boron.

Secondary and primary amine-boryl radicals have been generated 

s im ilarly  and th e ir  chemical properties have been investigated. When 

the ligand is a secondary amine, although the amine-boryl radical 16 

is the in i t ia l  (k inetica lly -con tro lled) product of the reaction with 

t-butoxyl radicals, 16 subsequently abstracts hydrogen rapidly from 

the NH group of the parent amine-borane to give the more stable 

isomeric aminyl-borane radical 17 [equations (1.18) and ( 1 .1 9 ) ] .^*
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Bu^O’ + , RjNH^BHg ------- ►  R^NH-^BHg + Bu^OH (1.18)

16

R̂ NH-̂ BHg + RgNH-̂ BHg -------- ► R^N^BH, + R̂ NH-̂ BĤ  (1.19)

17

1.5 Reactions of Amine-Borvl Radicals with Alkvl Halides

The amine-boryl radicals i^ .zs react rapidly with both alkyl 

chlorides and bromides to give alkyl radicals [equation (1 .2 0 ) ] .  In

RgN-^BHj + R ’-Hal  ► R" + R^N^BHgHal (1.20)

these reactions, R3N-éH2 behaves in a fashion s im ilarly  to 

t r ia l  kyl si ly l radicals, rather than l ike  th e ir  isoelectronic

a lky l-rad ica l counterparts, re flecting  the “diagonal" relationship  

between boron and silicon in the Periodic Table.

Both thermodynamic and polar factors are thought to be 

responsible for the higher re ac tiv ity  of R3N-éH2 towards alkyl 

halides as compared with R3C-CH2 . I t  is l ik e ly  that the transition  

state fo r  dehalogenation of an alkyl halide by amine-boryl radical 

involves a large degree of charge transfer from R3N-»BH2 to the halide 

and this w ill  favour abstraction by the nucleophilic boron-centred 

radical [see 18a and 18b]. The bond to halogen is probably stronger

[RgN-^BHg R ’-Hal M  ►  RgN-^BHj"^ R" Hal"]

18a 18b
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in R3N-»BH2Hal than in R3C-CH2Hal, because of the metal loi dal 

character of boron. Generally, the abstraction of bromine by a 

ligated boryl radical from an alkyl bromide is faster than the 

abstraction of chlorine from an alkyl chloride.

1.6 6-Scission of Amine-Borvl Radicals

An important point which has to be considered when designing a 

donor po larity  reversal catalyst is the poss ib ility  of p-scission of 

the amine-boryl radical involved.

As stated above, in bimolecular processes the chemical 

re ac tiv ity  of an amine-boryl radical 19 resembles that of a si ly l 

radical more closely than that of the isoelectronic alkyl radical.  

However, whereas alkyl s i ly l  radicals do not undergo ready 

unimolecular p-scission, the amine-boryls do [equation (1.21)] and

R3 N-BH2 -------------------- ► R + R2 N=»BH2 ( 1 . 2 1 )

19

much more readily than the isoelectronic alkyl radicals.

The reactions of Bu‘0* with az ir id in e - and azetidine-boranes 

20 (n = 1 or 2) have been examined previouslyi4.27.28 using ESR 

spectroscopy and shown to lead ultimately to carbon-centred radicals 

22, formed by the ring-opening p-scission of intermediate amine-boryl 

radicals [equation (1 .2 2 ) ] .  The azirid ine-boryl radical thus 

resembles the isoelectronic cyclopropylmethyl radical, which 

undergoes ring opening to give the but-3-enyl r a d ic a l . 2 *

The acyclic t-butyldimethylamine-boryl radical 23 also 

undergoes rapid p-scission, now to produce Bu‘ * [equation ( 1 . 2 3 ) ] . i *
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CH, .H
V  /  Eu'O

/ V  --------------/  ^  -Bu'OH
(CHj)„ BH3

0, «
(CH,)„ BH.

CH, H

(CH,)^2)n BH;

( 1. 22)

20 21 22

ButMegN^BHg

23

4» Bu*' + Me2N=»BH2 (1.23)

The isoelectronic alkyl radical Bu^Me2C-CH2 shows no sign of

p-scission under sim ilar conditions. p-Scission also takes place 

rapidly fo r  PrSEtN-éH2 , to give the isopropyl radica l, although the 

rate of cleavage is ca, 3.7 times slower than that of 23 at 221 

and both are slower than the ring opening of the azirid ine-boryl 

radical.

The high rate of p-scission of amine-boryl radicals has been 

attributed to the thermodynamic favourability  of this process, which 

is reflected in much lower activation energies for decomposition of 

the amine-boryls^° as compared with the isoelectronic alkyl radicals, 

p-scission of which is much less favourable thermodynamically.
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CHAPTER 2 

RESULTS AND DISCUSSION

2.1 Syntheses of Catalysts

Trimethylamine-thexylborane^'2 1 was prepared by the

hydroboration of 2 ,3-dimethylbut-2-ene, using dimethyl 

sulphide-borane (BMS), followed by the addition of an excess of 

trimethyl ami ne [equations (2.1) and ( 2 . 2 ) ] .

Me g S ^BH g + Meg C-C Meg  -------- ►  l / 2 ( M e 2 C H C M e 2 B H 2 )2 +  ^628 (2.1)

l/2(Me2CHCMe2BH2)2 + Me^N ►  Me3N-»BH2CMe2CMe2H (2.2)

1

Trimethyl amine-n-butylborane 2 was prepared by reduction of 

tr i-n-butylboroxine with lithium aluminium hydride in the presence of 

excess trimethyl ami ne, using the method of Hawthorne^ [equation 

( 2 .3 ) ] .  The isomeric trimethyl amine-isobutylborane 3 and

1. LiAlH,
(Bu"BO)_ ----------------- ►  Me.NHGH.Bu* (2.3)

2. MegN

trimethyl amine-s-butylborane 4 were prepared s im ilarly  from the 

correspondi ng t r i  alkylboroxi nes. ^

The amine-boranes 2-4 are a ll  good po larity  reversal

catalysts. The trimethyl amine-butylboranes 2-4 have been shown* by 

NMR spectroscopy to be stable to hydrolysis a f te r  1.5 h exposure to 

the atmosphere. In the case of trimethyl amine-n-butylborane 2, no 

change was detected even a f te r  5 h of exposure. In comparison, 1 is
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a ir -sen sit ive  and hydrolyses very easily in the atmosphere to give 

thexylboronic acid 5 [see equation (2 .4 ) ] .  This is presumably because

^  2 H2 O
MegN-^BHgThx ------------  Me^N + BHgTHx  ► ThxBfOH); ( 2 . 4 )

of the re la t iv e ly  large bulk of the thexyl group, which results in a 

weak N-*B bond.

One way to increase the s ta b i l i ty  of the N-€ linkage is by 

incorporating i t  into a ring system.

1-M ethyl-cis-l-azonia-5-boratabicyclo[3.3 .0 ]octane 6  has been 

synthesised by Parveen Kaushal? by heating EtgN^BHs with 

W-methyldiallylamine in refluxing xylene at ca, 140 *C in a sealed 

tube [equation (2 .5 ) ] .  However, the y ie ld  was only 5%. The method was

%

Me— N + EtgN^BHg  ► Me ^ N —>B*^H + Et^N ( 2 . 5 )

therefore modified in order to obtain a higher y ie ld  and, by heating 

E t3N-*BH3 with /V-methyldiallylamine in refluxing benzene at ca, 190 'C 

using a pressure vessel, the y ie ld  was increased to 13%. However, the 

complex was s lig h tly  less pure than that obtained by the original 

route.

The complex 6  has also been prepared from /V-methyldiallylamine 

and BMS. The sulphide-borane was added to /V-methyldiallylamine in 

ether at 0 *C and, a f te r  s t ir r in g  for a further one hour at room
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temperature, the vo la tiles  were removed under reduced pressure ( 1 0  

Torr). The residual o il was then heated in benzene at ca, 190 “C for  

3 h in a pressure vessel. However, the complex 6  synthesised this way 

was no purer than that from the previous method.

The f i r s t  stage in the formation of 6  presumably involves 

formation of /V-methyldiallylamine-borane 7, which then undergoes 

stepwise intramolecular hydroboration to give the bicyclic product 6  

[equation (2 .6 ) ] .  The impurity obtained was possibly

\ benzene \Me —  N + Et-N-»BH--- — --- ►  Me —  N — »BH_

V V

O
Me — » B — *H

V (2 . 6 )

1 -methyl-1 , 2 -azaborolidine 8 , which would be formed by the 

elimination of propene from the intermediate 9 [equation (2 .7)],®*^

Me — »BH_ ^  Me —  N ̂ ^BH + (2.7)
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especially at high temperatures.

Cyclic /V,/V-dimethylglycinatoborane^° 10 was synthesised from 

t r i  methyl ami ne-iodoborane and /V,/V-dimethyl glycine [equation (2 .8 ) ] .

MegNCHgCOgH + MegNHI (2. 8)

10

Unfortunately, despite i ts  s ta b i l i ty  in a i r ,  the a b i l i ty  of 10 to act 

as a po larity  reversal catalyst could not be successfully 

investigated because of i ts  low s o lu b il i ty .  The best solvents found 

for  1 0  were oxirane and a mixture of t-butyl alcohol and t-pentyl 

alcohol. However, in both cases the so lu b il ity  was s t i l l  so low that 

the compound was unsuitable for ESR work.
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2.2 Catalysed Hvdroqen-Atom Abstraction by t-Butoxv1 Radicals from 

Ketones

2.2 .1  From Acetone

I t  has been known for many years that t-butoxyl radicals  

abstract hydrogen from acetone only re la t iv e ly  slowly [equation 

( 2 .9 ) ] .  At f i r s t  sight, th is is surprising since the abstraction is

Bu^O* + MSgCO ------------- ► Bu^OH + MeCfOÏCHg ( 2 . 9 )

11

appreciably exothermic because the a-carbonylalkyl radical 1 1  is  

stabilised by conjugative delocalisation of the unpaired electron. 

The radical 11 may be represented as a resonance hybrid of canonical 

structures 1 2 a and 1 2 b, and delocalisation of the unpaired electron 

onto oxygen is responsible for the re la t iv e ly  high g-factors of 

a-carbonylalkyl radicals [the g-factor of 11 is 2.0045, as compared 

with 2.0026 for H3C '] .  Because of this delocalisation onto oxygen the

H .0 H

H Me H

12a 12b

Ca-Cp bond order is greater than unity and there is an appreciable 

barrier  to rotation about this bond (ca,  40 kJmol"^) in radicals of 

th is type.

The re la t iv e ly  large activation energy for reaction (2 .9 ) ,  

despite its  exothermicity, can be understood in terms of polar
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effects , because i t  involves abstraction of electron deficient 

hydrogen by an e lectrophilic  rad ical. Reaction (2.9) should therefore 

be an ideal candidate for catalysis by an amine-alkylborane complex 

and we set out to confirm this proposal.

When a solution of acetone (1.2 Af) and DTBP (36% v /v )*  in 

cyclopropane was photolysed in the microwave cavity of the ESR 

spectrometer at 201 K, only a very weak spectrum of the radical 11 

was observed and other radicals were also present. Spectra of 

secondary product radicals could be formed by photo reactions of the 

ketone, for example photoreduction which would produce CH3C(0 H)CH3 .

In marked contrast, when the experiment was repeated in the 

presence of Me3N-8 H2fhx 1 (0.2 Af), a very strong, clean spectrum of 

the radical 11 [ a ( l H j  20.04, a ( lH 'J  19.50, a[3Hy) ca. 0.1 G, and g 

2.0045 at 201 K] alone was observed. A s im ilar result was obtained 

with Me3N-»BH2Bu" 2 as cata lyst. In the absence of DTBP and UV 

irrad ia tio n , acetone (1.0 Af) showed no sign of reacting with 2 (1.0 

Af) in CgOg during 1 hour at room temperature or, subsequently a fte r  1 

hour at 50 *C, as judged by NMR spectroscopy.

The trimethylamine-alkylboranes thus act as e f f ic ie n t  polarity  

reversal catalysts for the abstraction of hydrogen from acetone by 

t-butoxyl radicals, via the cycle of reactions (2 . 1 0 ) and (2 . 1 1 ) .

Despite being less exothermic than reaction (2 .9 ) ,  reaction 

(2.11) proceeds much more rapidly . This is reasonable, since the 

transition state for abstraction of hydrogen from acetone by the

*In  order to minimise the effects of l ig h t  absorption by the carbonyl 

chromophore, the DTBP : ketone concentration ra tio  was kept large.
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Bu/o' + MegN-^BHjR

MegN-̂ BHR + MegCO

fast -► Bu^OH + MegN-^BHR

fast

OVERALL Bu^O' + Me^CO

>► Me^N̂ BHgR + MeCfOjCHg 

fast

( 2. 10)

( 2. 11)

Bu^OH + MeC(0)CH.

highly nucleophilic amine-alkylboryl radical w ill  be strongly 

favoured by polar e ffects . The transition state fo r reaction (2.11) 

can be represented as a resonance hybrid of structures 13a-13c and 

the ionic structure 13c would be expected to make a major 

contribution. The ionisation potential of MeaN-éHR is low* and the 

electron a f f in i t y  of an a-carbonylal kyl radical w il l  be re la t iv e ly  

large because of the high s ta b i l i ty  of the enolate ion produced by 

electron addition.

Me^N^BHR H-CHgCOMe M --------- ►  Me^N^BHR-H *GH2C(0)Me

13a 13b

/
13c

A competition experiment was carried out to determine the 

re la tive  re a c t iv it ie s  of acetone and t-butyl methyl ether towards 

hydrogen-atom abstraction by Bu^O*. When a cyclopropane solution 

containing DTBP (35% v/v) and a 3:1 molar mixture of acetone (0.78 M)

*The calculated ionisation potential of MeaN-̂ BHMe is 6.39 eV. 12
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and t-butyl methyl ether (0.26 M) was UV irradiated at 190 K in the 

presence of 1 (0.20 A/), only the radical 11 was detected. When the 

experiment was repeated in the absence of the catalyst spectra of the 

radicals 11 and 14 were observed, together with secondary product 

radicals [equations (2.12) and (2 .1 3 )] .

Ic^  Bu^o' + MegCO --- ------ ►*CH2C(0)Me + Bu^OH (2.12)

11
^2  13^  Bu’̂O + Bu^OMe =--- ►  Bu’̂OCHj + Bu^OH (2.13)

14

The radicals 11 and 14 are removed by reactions (2 .14-2 .16).

2k A
11 + 11   >  n

k
11 + 14

21c ®14 + 14  ^  >  -J

(2.14)
molecular 
products (2.15)

(2.16)

During continuous UV photolysis, a steady state w ill  be 

established such that the rate of radical production is equal to the 

rate of th e ir  removal [equations (2.17) and (2 .1 8 ) ] .

0 - d[ll]/dt - i2[ButQ'][Me2C0] - 21c/[ll]2 - lc^[ll][14] (2.17)

0 - d[14]/dt = & 2 . isCBu'o" ][Bu'OMe] - 21c^®[14]2 - lc^[ll][14] (2.18)

Assuming that the s e lf -  and cross-reactions of 11 and 14 are 

a ll  diffusion-controlled and therefore e ffec tive ly  e q u a l , f r o m  

equations (2.17) and (2.18) we obtain equation (2 .19 ).

By computer simulation of the ESR spectra, i t  was found that 

[14 ]/[11] = 10.1 at 190 K and hence (&2 . 1 3 /& 2 . 1 2 ) is 30, i .e .  t-butyl 

methyl ether is 30 times more reactive than acetone towards
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[ 11]izfButQ'][Me^CO] ____
isCButQ"][Bu^OMe] [14]

r [11] + [14] 1

[11] + [14]

I.e.
•2 . 12

2 . 13

[Bu^QMe] [CH^C(0)Me]
[Me,CO] [Bu'OCH,] (2.19)

hydrogen-atom abstraction by Bû O* at 190 K. The value of [14]/ [ I I ]  

was unchanged when the [DTBP]: [acetone] ra tio  was doubled, keeping 

the [Me2CO] : [Bu’̂ OMe] ra tio  constant, showing that reactions of 

photoexcited ketone are unimportant under these conditions.

The re la t iv e ly  high re ac tiv ity  of Bû OMe compared to acetone 

can be understood by considering the transition states for the two 

reactions (2.12) and (2 .13 ). Charge transfer to the t-butoxy moiety 

can be represented by inclusion of the two canonical structures 15 

and 16. Of the two cationic species, +CH2 0 But is much more stable

[ Bu^O" H" ^CHgOBut ] [ Bu^O' H* +CH2C(0)Me ]
15 16

than +CH2C(0 )Me, because in the former the positive charge is 

e ffec tive ly  delocalised onto oxygen (resonance structures 17a and 

17b). In contrast, conjugative delocalisation of the positive charge

[ ^CH,-0-But ]^ ----►  [ CH,=0-Bu‘ ]

17a 17b

in +CH2 -C(0 )Me w il l  be negligible and inductive destabilisation of 

the cation w ill  dominate.

A s im ilar experiment was carried out with a 1:4 molar mixture 

of t-butyl methyl ether and cyclopropyl methyl ketone. The radicals 

14 and 18 were detected, but even with such a high concentration of
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the ketone, hydrogen was abstracted mainly from the ether [equations 

(2.13) and (2 .2 0 )] .

Bu^O + Bu^OMe
2.13

►  Bu^OH + ButQCH;

14

Bû O + Bu^OH + /  \ T
(2.13)

CHg ( 2 . 2 0 )

0

18

2 . 13

2 . 20

[Bu^OCHJ [(C,H5 ) -C (0 )Me]

[(C3 H5 )-C (0 )-CH2 ]
X

[Butowe]
( 2. 21)

By computer simulation, [But0CH2]/[(C3Hs)-C(0)-CH2] was found 

to be 11.5 and therefore, from equation (2 .21 ), (/:2 . 1 3 / ^ 2 . 2 0 ) is ca. 

46. Combining this result with that obtained for acetone and Bu^OMe, 

(^ 2 . 1 2 / ^ 2 . 2 0 ) is therefore 1.8, i .e .  acetone is nearly twice as 

reactive as cyclopropyl methyl ketone towards hydrogen-atom 

abstraction by Bu^Q*. This is reasonable, because acetone has two 

methyl groups per molecule whereas cyclopropyl methyl ketone only has 

one, and so on a s ta t is t ic a l basis, acetone should be twice as 

reactive.
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2 .2 .2  From Methvi Isopropvl Ketone

Photolysis of a solution containing methyl isopropyl ketone 

(19, 0.85 M) and DTBP (36% v/v) in cyclopropane at 190 K afforded the 

spectrum of 20 shown in Figure 2.1 [a(3Hp) 20.35, a(3H'p) 19.06, 

a(3Hy) 0.69 G, and g 2.0042 at 190 K]. However, in the presence of 

Me3N-€H2Thx 1 (0.20 A/), the spectrum of the radical 21 [a(Ho) 19.94, 

a(H'o) 19.60, a(H-,) 0.65, a (6 Hs) 0.28 G; g 2.0045, g{21)-g{20)  = 

0.00027 at 190 K] along with a very low concentration of 20 was 

observed [equations (2.22) and (2 .2 3 ) ] .

Me

Me

MegCH

:o

19

Me-

Me

-XH

H

MegCH

( 2 . 22)

(2.23)

21

The spectrum of the radical 20 appears at f i r s t  glance to 

consist of a septet (with further fine structure), but i t  is actually  

a quartet of quartets with second-order e ffects , because the two 

methyl groups attached to the radical centre are non-equivalent. 

Delocalisation of the unpaired electron from Ca onto the carbonyl 

group induces partia l double bond character between the carbon atoms
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Figure Captions

Figure 2.1 (a) ESR spectrum of CH3C(0 )CMe2 20 generated in the

presence of methyl isopropyl ketone and DTBP in cyclopropane at 190
cm astensk

K. (b) Expansion of murkal (c) Computer simulation of (b)

using the parameters given in the text.
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[structures 2 2 a and 2 2 b] and gives rise to an appreciable barrier to

rotation about the C-C(O) bond, as described previously. Rotation 

about Ca-Cp is slow on the ESR timescale fo r such radicals below room 

temperature and d iffe ren t sp litt ings  are observed for groups attached 

to Ca which are cis- or t rans-  to the carbonyl group.

While Bu^O' p re feren tia lly  abstracts the more weakly bound and 

less electron defic ient a-hydrogen, the amine-alkylboryl radical 

MeaN-éHThx 23 abstracts more rapidly a more strongly bound, but more 

electron-defic ient, hydrogen from the MeC(O) group. Although polar 

effects are c learly  important in determining the reg iose lectiv it ies  

of Bu^O* and 23, the bulky amine-alkylboryl radical would also prefer 

to abstract from the MeC(O) group for s teric  reasons. In fact,  

steric  factors appear to be predominant, since when the experiment 

was repeated with 24 as the catalyst, which yields the less bulky 

amine-alkylboryl radical 25, hydrogen was abstracted mainly from the 

isopropyl group.

\ ^ N M e 2 \ ^ N M e .

24 25

Quantitative s e le c tiv it ie s  for hydrogen-atom abstraction from 

the ketone 19 by various amine-alkylboryl radicals were determined
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using ESR spectroscopy. Relative concentrations of the radicals 20 

and 2 1  were determined by computer simulation of spectra obtained at 

190 K during UV irrad ia tion  of cyclopropane or oxirane* solutions 

containing DTBP (35% v /v ) ,  19 (0.85 A/), and the amine-al kylborane

(0.23 AO. The value of [21 ]/[20 ] is taken^s to be equal to

( ^ 2 . 2 3 / ^ 2 . 2 2 ) and was unchanged when the amine-alkylborane 

concentration was increased to 0.44 Af, showing that a l l  the t-butoxyl

radicals are being trapped and converted to amine-alkylboryl

radicals , which are responsible for hydrogen abstraction. The 

s e le c tiv ity  of Bu^G* was determined from experiments in the absence 

of amine-alkylborane; the results are given in Table 2 .1 . Figure 

2.2a shows the second [Afj(6 Hp) = +1] and th ird  [Afi(6 Hp) = +2] groups 

of lines in the spectrum of the radical 2 0 , which is the only radical 

detected when Bu^O' reacts with the ketone 19, and Figures 2.2c and 

2 . 2 d show the same regions of the spectra obtained when abstraction 

is brought about by MegN^BHThx and by MegN^BHBu", respectively.

As congestion at the boron-radical centre decreases, so the 

tendency to abstract the more weakly bound of the two types of 

a-hydrogens in 19 becomes more pronounced. The ratios of ([2 1 ]/[2 0 ])  

increase with the increasing steric  demands of R in MeaN-éHR along 

the series R = Bu"<Bu^<Bu®<Thx. Although the 8 -a lkyl groups in 

MeaN-éhBu* and 26 are both secondary, the isopinocampheyl group is  

appreciably the more s te r ic a l ly  demanding. The amine-boryl radical

* In  oxirane at 190 K, 20 shows sp litt ing s  of 20.44 (3Hp), 19.02 

(3H'p), and 0.83 G (3H^). The radical 21 shows 19.94 ( H j ,  19.60 

(H’ a), 0.72 (Hy), and 0.34 G (SHg).
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26 therefore shows a greater preference than MesN-^HBu® for  

abstraction from the less hindered a-C-H group.
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Table 2.1

Relative rates of a-hydrogen-atoni abstraction (&2 . 2 3 / ^ 2  2 2 ) from 

methyl isopropyl ketone at 189 K.

Abstracting Radical Solvent* ( IC2 2 3/^ 2 . 2 2 )̂

A ^ 0.1

MegN-^BHBu" A 0.60

B 0.56

MegN-^BHBu" A 0.75

MegN-^BHBu* A 0.92

MegN-^BHThx A 7.6

25 A 0.7^

n
Me - N -» B • A 0.45

V
26 B 4.0

a A = cyclopropane, B = oxirane. b Independent of the amine-borane 

concentration in the range 0.23-0.44 M; the ketone concentration was 

generally 0.85 Af. c No amine-borane present. (/Weak spectra.
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Figure Captions

Figure 2.2 Low f ie ld  regions from the ESR spectra of 20 and 21 in 

cyclopropane at 190 K. The Mj(2HJ = -1 lines for 21 and the A/i(6Hp) 

= +1 and +2 lines for 20 are shown; computer simulations (including 

second-order effects) were obtained using the parameters given in the 

te x t, (a) Hydrogen abstraction by Bu^O*, only 20 is detected, (b) 

Simulation of (a ) ,  (c) Hydrogen abstraction by MegN^BHThx; [21 ]/[20 ]

= 7.8. (d) Hydrogen abstraction by MegN^BHBu". (e) Simulation of

(d), [21 ]/[20] = 0.56.
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2 .2 .3  From Cvclobutanone

Photolysis of a mixture of cyclobutanone (1.2 M) and DTBP (36% 

v/v) in cyclopropane at 199 K gave mainly the 2-oxocyclobutyl radical 

27 with a trace of 28 . When the experiment was repeated in the 

presence of 1 (0.19 A/), only the radical 27 [ a ( H j  18.73, cr(2Hp)

35.32, a{2Hy) 0.63 G, and g 2.0044 at 199 K] was observed.

Uncatalysed

0

.27 
ma j or

Catalysed ^

0

28
minor

Figure 2.3 shows the ESR spectrum of 27. I t  consists of a 

t r ip le t  of doublets due to coupling to two p-hydrogens and to one 

a-hydrogen, respectively. The fine structure on the wing line  shows 

a further t r ip le t  due to coupling with two r-hydrogens. However, the 

fine structure on the line  corresponding to Afi(2Hp) = 0 shows a 

1:3:3:1 quartet. This results from overlapping of two t r ip le ts  due 

to second-order e f f e c t s . T h e  second-order s p li t t in g  [a(2Hp)]VBo  

(= 0.39 G) is quite close in magnitude to a(2H^).
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Figure 2.3
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Figure Captions

Figure 2,3 (a) ESR spectrum of 2-oxocyclobutyl radical 27 generated

by photolysis of DTBP in the presence of cyclobutanone (1.2 M) and 

Me3N-€H2 Îhx (0.19 M) in cyclopropane at 199 K. (b) Computer 

simulation of the fine structure on the lines corresponding to 

Afj(2Hp) = +1. (c) Computer simulation of fine structures on the lines  

corresponding to Afj(2Hp) = 0.
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2 .2 .4  From Cvclopentanone

When DTBP (36% v/v) was photolysed in the presence of 

cyclopentanone (1.0 M) in cyclopropane, the planar 2-oxocyclopentyl 

radical 29 is the major product, because of the resonance effect  

which causes 29 to be stabilized by delocalisation of the unpaired 

electron onto the oxygen atom [structures 30a and 30b]. However, the

0.

H

0

30a 30b

reaction must be quite slow as evidenced by the weak spectra 

obtained. In contrast, when 1 (0.19 M) is present, only 29 [a(Ha)

18.33, a(2Hp) 36.45, a(2H^) 2.78, a(2Hs) 0.37 G, and g 2.0045 at 154 

K] was detected and a strong ESR spectrum was observed (Figure 2 .4 ) .

Uncatalysed

0

ma j or

Catalysed

0

+

minor

The spectrum of 29 shows a t r ip le t  of doublets which results 

from coupling of the unpaired electron with two p-protons and one
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Figure 2.4
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Figure Captions

Figure 2.4 (a) ESR spectrum of the 2-oxocyclopentyl radical 29

generated by photolysis of cyclopentanone (1.0 M), DTBP, and 1 (0.19 

M) in cyclopropane at 154 K. (b) Computer simulation of (a ) ,  using 

the parameters given in the tex t.
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a-proton. Each of these lines is then further s p l i t  into a t r ip le t  

by coupling with two T-protons. Under s t i l l  higher resolution, each 

l ine  of the f i r s t  t r ip le t  [A/j(2Hp) = +1] of the spectrum of 29 shows 

a further t r ip le t  s p li t t in g  due to coupling with two 5-protons. 

However, resolving the th ird  t r ip le t  [Wj(2Hp) = 0] did not give 

t r ip le ts  but approximate 1:3;3:1 quartets. Again, this is due to a 

second-order e ffect as in the case of the radical from cyclobutanone. 

To f irs t -o rd e r ,  we have a 1:2:1 t r ip le t  due to coupling with two 

equivalent p-hydrogens, but the intensity two component sp lits  into a 

1:1 doublet spaced by [o(2Hp)]2/Bo at second order. The 1:3:3:1 

quartets resolvable on the lines corresponding to = 0]

result from overlapping of two t r ip le ts  because of the near equality  

of oCZHs) and [a(2Hp)] VBo (=0.41 G) (Figure 2 .5 ) .

A competition experiment was carried out to determine the 

re la tive  re ac tiv it ie s  of cyclopentanone and t-butyl methyl ether 

towards hydrogen atom abstraction by Bu^O' and by MeaN-éhThx. When a 

1:2 molar mixture of cyclopentanone and t-butyl methyl ether was 

photolysed with DTBP (32% v/v) in cyclopropane in the presence of 1 

(0.18 M) at 154 K, a spectrum attributed to 29 alone was observed, 

and there was no sign of abstraction from the ether. Cyclopentanone 

must thus be at least 20 times as reactive as Bû OMe towards 

MegN^BHThx. When the experiment was repeated in the absence of the 

catalyst, a mixture of 29 and 31 were obtained [equations (2.24) and 

(2 .25); Figure 2 .6 ] .

By computer simulation, i t  was found that (&2 . 2 4 / ^ 2 . 2 5 ) is ca. 

1.3, i . e .  cyclopentanone is co. 1.3 times more reactive than Bû OMe 

towards hydrogen-atom abstraction by Bu^O*. Although polar effects  

favour hydrogen abstraction from Bu^OMe, the a-C-H bond weakening
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overlapping of two t r ip le ts

I l  j *- f ine  structure on lin e  Afi(2 H^) = 0

V w
Three 1:3;3:1 quartets

Figure 2.5 Stick diagram showing the analysis of the ESR spectrum of 

the radical 29.



Figure 2,6 ESR spectrum of the mixture of radicals derived from a 

1 : 2  molar mixture of cyclopentanone and t-butyl methyl ether in the 

absence of po larity  reversal catalyst at 154 K. The lines marked 

with an asterisk arise from Bu‘0 CH2 .

cntn



I -  Bu'O +

0

L- Bu^d + Bu*OCH,
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•2 . 24 + Bu^OH (2.24)

•2 . 25

0

29

Bu^OCHj + Bu^OH (2.25)
31

'2 . 24 [29] [Bu^OCHJ
2 . 25 [Bu^OCH.] [cyclopentanone]

e ffec t of the adjacent carbonyl group is evidently considerable and 

outweighs the polar e ffects .
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2.2.5 From Cvclohexanone

Photolysis of a solution containing cyclohexanone (0.88 M) and 

DTBP (36% v/v) in cyclopropane gives mainly the 2-oxocyclohexyl 

radical 32. However, in the presence of 1 (0.19 Af), a ll lines other 

than those attributed to the radical 32 were absent and the spectrum 

of 32 was very strong [cr(Hj 17.84, cr(Hp" )̂ 43.38, o(Hp*q) 23.62, 

cr(Ĥ ) 1.31 G, and g 2.0046 at 147 K].

uncatalysed

0

major

Catalysed

0

minor - probably present

Figure 2.7 shows spectra of 32 obtained at different  

temperatures. The 2-oxocyclohexyl radical is thought to exist in the 

half-chair conformation shown in structures 33a and 3 3 b . A t  low 

temperatures such as 147 K, exchange between Hp** and (as a

result of ring inversion) is slow on the ESR time scale, so the two 

are non-equivalent.

The mechanism of hyperfine coupling with a p-proton is 

hyperconjugation and the value of o(Hp) depends on the dihedral angle

(e) between the semi-occupied orbital on €« and the p-C-H bond [see
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Temperature  

147 K

168 K

A

184 K

210 K

259 K

284 K

Figure 2 .7  ESR spectrum of  32 obtained a t  d i f f e r e n t  temperatures in  

cyclopropane s o lv e n t .
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0

a X

H.

,ax0

33a 33b

34] according to the Heller-McConnell equation (2.26),^^-^^ in which

34

2 û  \  ^TTa(Hp) - (A + Bcos‘̂0)p Ca (2.26)

^ (ca, 1 G) and B (ca. 58.5 G) are constants and p^ca is the n spin 

population on Ca. Maximum hyperconjugation arises when the dihedral 

angle is equal to zero. Therefore, at low temperatures when the two 

p-hydrogens are non-equivalent, the value of is much greater

than and the spectrum obtained at 147 K is interpreted as a

doublet of doublets due to coupling to these two non-equivalent 

p-hydrogens. Each of the lines is then further s p l i t  by coupling to 

the a-hydrogen into a doublet, and a long-range doublet s p l i t t in g ,  

probably Ha (as in 33a), is also present.

As the temperature increases, interconversion between the two 

half-cha ir  conformations and exchange of the p-hydrogens becomes



60

fas te r . When the inversion occurs at an "intermediate" ra te , the 

central lines associated with A/j(2 Hp) = 0  are broadened beyond 

d etec tab ili ty  [Figure 2 .8 ] .  As temperature increases s t i l l  further, 

the two p-hydrogens are no longer distinguishable, and the spectrum 

appears as a t r ip le t  of doublets [Figure 2 .8 ] .



ox

slow Inversion

(Change

region

fast inversion

Figure 2.8 Change in s p li t t in g  pattern in 32 as a function of rate  

of ring-inversion.
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2.3 Halogen Abstraction from Alkvl Chlorides

During UV irrad ia tion  of a sample containing DTBP (16% v /v ) ,  

M0 3 N-€H2Bu" (1 M), and methyl chloride (1 M) in cyclopropane at 190 

K, a strong ESR spectrum of the methyl radical was observed [equation 

(2 .2 7 ) ] .  This suggests that Me3N^BH2Bu" could usefully replace

MegN-^BHBu" + MeCl ------ ►  Me^N^BHClBu" + Me (2.27)

t r ie th y l si lane as a source of halogen-abstracting radicals for the 

production of alkyl radicals from alkyl halides for ESR studies.

Halogen abstraction from alkyl bromides using photochemically 

generated t r ie th y l s i ly l  radicals is a very useful general method for  

the production of specific alkyl radicals for ESR studies in 

so lu tion .!*  However, this method is less suitable for alkyl 

chlorides, especially at low temperature, because s i ly l  radicals 

abstract chlorine more slowly than they abstract bromine; ESR spectra 

are weaker and persistent radicals tend to build up in sta tic  

samples. UV irrad ia tion  of solutions containing DTBP, Me3N-»BH2Bu", 

and an alkyl chloride provides a general route to alkyl radicals 

which complements the " tr ie th y l si lane method"!* for alkyl bromides.

ESR spectra of the corresponding alkyl radicals were also 

obtained from sim ilar samples containing Pr"Cl, Bu"Cl, Pr^Cl, Bu^Cl, 

2-chloronorbornane,!9 1 -ch lo ro a d am a n ta n e ,o r  benzyl chloride^! in 

place of MeCl (the papers cited display spectra of quality  sim ilar to 

those obtained in the present work). Figure 2.9a shows the ESR 

spectrum of the n-butyl radical generated by halogen abstraction from 

Bu"Cl by Me3N^BHBu" at 190 K in cyclopropane. For comparison. Figure 

2.9b shows the spectrum obtained from a sim ilar sample in which the
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amine-alkylborane has been replaced by an equal concentration of 

t r ie th y l  si lane. The spectrum of EtsSi- is s t i l l  apparent, that of 

Bu"' is much weaker than in Figure 2.9a and spectra of persistent 

radicals are evident.

The high reac tiv ity  of MegN^BHBu" towards alkyl chlorides is 

probably a result of polar e ffects . The transition state for  

dechlorination of an alkyl chloride by an amine-boryl radical is 

l ik e ly  to be s ig n if ican tly  stabilised by a large degree of charge 

transfer from MesN^BHBu" to the chlorine [see structures 35a and 

35b]. Alkyl bromides appear to react even faster than alkyl

[MegN-BHBu" R-Cl] ^ ----►  [Me^N-^BHBu" R* C1‘]

35a 35b

chlorides with MegN^BHBu", presumably because of more favourable 

enthalpic factors.

Ingold and co-workers have shown that photolysis of 

W-hydroxypyridine-2 -thione esters can provide a source of alkyl 

radicals for ESR spectroscopic and mechanistic s t u d ie s .H o w e v e r ,  

the esters would need to be synthesised. The above method from 

M6 3 N-^H2Bu" and an alkyl chloride would be more convenient.
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(a)

(b)

2 0  G

Figure 2.9 ESR spectra recorded during UV irrad ia tio n  at 190 K. (a) 

The butyl radical obtained from Me3N-*BH2Bu" (1 Af), Bu"Cl (1 Af), and 

DTBP (17% v/v) in cyclopropane, (b) The mixture of radicals obtained 

from EtgSiH (1 A/), Bu°Cl (1 Af), and DTBP (17% v /v ) .  The gain is  

s lig h t ly  lower than for (a ), otherwise the instrumental conditions 

are the same.
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CHAPTER 3 

EXPERIMENTAL

3.1 ESR Spectroscopy

The details  of this technique, including the methods for  

measuring hyperfine coupling constants and g-values are described in 

Chapter 9. Liquid samples were flame-sealed in evacuated Suprasil 

quartz tubes (e ither 3 mm i . d . ,  4 mm o.d. or 2.0 mm i . d . ,  3.0 mm

o .d .,  the la t te r  for samples which had a high d ie le c tr ic  constant).

Spectra were obtained using Varian E-109 or Bruker ESP-300 

instruments operating at 9 .1 -9 .4  GHz. Computer simulations of 

spectra were obtained using a modified version of Krusic's program 

ESRSPEC2,! extended to handle composite spectra from up to four 

radicals with d iffe ren t centres, second-order shifts  for coupling to 

single nuclei with I  > 1/2, and lineshapes continuously variable  

between 100% Gaussian and 100% Lorentzian.

3.2 NMR Spectroscopy

and NMR spectra were recorded using Varian XL-200 or 

VXR-400 instruments, with BFg.OEtg (^ B ) external or tetramethyl- 

silane (^H) internal standards. J-values are quoted in Hz.

3.3 M aterials

Cyclopropane (Union Carbide) and oxirane (Fluka) were used as 

received. DTBP (98% pure, Aldrich) was purified by passage down a 

column of basic alumina (a c tiv ity  1) followed by d is t i l la t io n  under
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reduced pressure (b.p. 31-32 “C at 30 T o rr ) . The ketones and t-butyl 

methyl ether, were freshly d is t i l le d  under argon before use. The 

alkyl halides were obtained from commercial sources and, i f  liquids,  

were d is t i l le d  before use. Trimethylamine-thexylborane^-^ 1

(compound numbers as in Chapter 2 ) ,  and 1 ,1 , -dimethyl-  

l,2-azaboro lid ine4'5  24, were prepared by Dr. Vikram Paul. 

Trimethyl amine-s-butylborane^ and -n-butylborane^ complexes were 

prepared by Dr. Parveen Kaushal. Trimethyl amine-isobutylborane was 

prepared from tri-isobutylboroxine by the method of Hawthorne.* The 

tetramethylethylenediami ne complex of isopinocampheylborane [prepared 

from (l/?)-(+)-a-pinene and sold as /?-Alpine-Boramine by the Aldrich 

Chemical Company] was purified by recrys ta llisa tion  from diethyl 

ether.

For competition experiments, a stock mixture of the two 

reactants was made up accurately by weight and portions of this were 

used for sample preparation.

3 .3 .1  1-Methvl- c is - l-a zo n ia-5-boratabicvcloF3.3.01 octane 6

A solution of /V-methyldiallylamine (16.4 g, 148 mmol) and 

t r i  ethyl ami ne-borane (16.5 g, 143 mmol) in benzene (400 crn̂ ) was 

s tir red  and heated in a sealed pressure vessel (Berghof, capacity 750 

cm )̂ at ca. 190 *C for 3.5 h. The solution was allowed to cool to 

room temperature. Benzene and tr ie th y l ami ne were removed using a 

rotary evaporator, and the residual liqu id  was d is t i l le d  under 

reduced pressure to give 1-m ethyl-cis-l-azonia-5-borata- 

bicyclo[3.3.0]octane (2.4 g, 13%), b.p. 58-60 "C/3.0 Torr ( l i t . ?  b.p. 

53-54 'C/1.8 Torr). ô(^H)(C6D6) 0.70 (m, 2H, CH^B), 1.27 (m, 2H, 

CH®B), 1.58 (m, 4M, CH2CH2B), 2.01 (s, 3H, MeN), 2.09 (m, 4M, CH2N),
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and 2.84 (q, IH, V bh 99, BH). sfiiBjfCgHs) 4.1 (d, V bh 103).

3 .3 .2  yy./V-DI methyl alvcinatoborane 10^

A solution of trimethyl amine-iodoborane^ (5.01 g, 25.2 mmol) in 

chloroform (36 cm̂ ) was added with s t ir r in g  to a suspension of 

/V,/V-di methyl glycine (2.60 g, 25.2 mmol) in chloroform (28 cm^). The 

mixture was stirred  at room temperature for 0.5 h, a f te r  which time 

the heavy crysta ll ine  precipitate [(CH3 ) 3NH+I“] was separated by 

f i l t r a t io n .  Evaporation of the chloroform from the f i l t r a t e  under 

vacuum le f t  a residue which was subsequently taken up in methanol and 

transferred to a sublimation apparatus. The methanol was then 

removed by evaporation under reduced pressure and the residue was 

sublimed twice at 120 *C (bath)/0 .1 Torr to give 1.03 g (35%) of 

/V,/V-dimethylglycinatoborane, m.p. 113 *C ( l i t .®  m.p. 119-121 "C). 

(Found: C, 42.25; H, 8.81; N, 12.30. C4H1 0 BO2N requires C, 41.80; 

H, 8.77; N, 12.19%). s(^H)(CDCl3 ) 2.81 (s, 6 H, MegN), 3.45 (s. 2H, 

CH2 ) .  6 ( i iB ) (C 6H6 ) 5.12 ( t ,  "Jbh ca, 118).
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SECTION B : POLARITY REVERSAL CATALYSIS OF ENANTIOSELECTIVE 

HYDROGEN-ATOM ABSTRACTION
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CHAPTER 4 

INTRODUCTION

The transition state energies for the reaction of an optically  

active molecule with a racemic mixture are d iffe ren t fo r each 

enantiomer. I f  a racemic mixture [50% (/?)-enantiomer + 50%

(S)-enantiomer] reacts with an optica lly  active reagent, say the 

(/?)-enantiomer, the two transition states 1  and 2  w i l l  be

[D .......... D 1 ̂  rc ......... p 1 *
 ̂ s u b s t r a t e  reagent-* *• s u b s t r a t e  reagent-*

diastereomeric and thus the two enantiomers w il l  react at d iffe rent  

rates. Hence, the reaction w il l  be enantioselective and one

enantiomer w i l l  be removed more rapidly. I f  the reactiv ity

difference is s u ff ic ie n tly  large, this would ultimately lead to the 

resolution of the racemic mixture.

An application of th is technique (k inetic  resolution^) is  

provided by the resolution of racemic 1 , 3-dimethylallene with the 

optica lly  active hydroborating agent (+)-tetra-isopinocampheyl- 

diborane [Scheme 4.1].% The recovered allene was enriched in the 

(/?)-enantiomer with an enantiomer excess (ee) of 1 2 . 6 %

The ee resulting from a kinetic resolution can, in principle, 

be tuned to any required value by adjusting the degree of conversion. 

Sharpless and co-workers^* have shown that re la t iv e ly  small

enantioselactiv ities can give rise to products of very high ee a fte r

only moderate conversions. For example, i f  one enantiomer reacts 10 

times faster than the other, the material remaining a fte r  ca, 70% 

total consumption w ill  show an ee of ca, 99%. Even a small rate



CHMe .Me ,BH
H

( R ) 50%

Me ,H
|c =  c=:c'^

Me

(5) 50%
Scheme 4.1
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Me

H

,,Me

H

( R )  12.6% ee

ra tio  of ca. 5 can s t i l l  provide useful amounts of substance with a 

very high ee (see Figure 4 .1 ) .

I t  has been s h o w n t h a t  a-hydrogen-atom abstraction from 

esters by Bu‘0* is , l ike  that from ketones, subject to PRC by 

amine-alkylborane complexes. An aim of this section of the Project 

was to discover whether a-hydrogen-atom abstraction from esters of 

the type R̂ R̂ CHC0 2 R̂  by op tica lly  active donor po larity  reversal 

catalysts is s ign if icantly  enantioselective and, i f  so, to make use 

of th is property to bring about the kinetic  resolution of such esters 

using PRC.

Although numerous stereoselective radical reactions are known, 

only a few enantioselective homolytic processes have been id en tif ie d .  

The f i r s t  example of an enantioselective hydrogen-atom abstraction 

process to be reported® was the kinetic  resolution of racemic 

2-phenyl butane by i ts  reaction with the optica lly  active  

2-phenyl-2-butoxyl radical 3 [equation (4 .1 ) ] .  When 3 was 86.2% 

optica lly  pure, a f te r  50% consumption of 2-phenyl butane, the 

unreacted alkane recovered was found to be enriched with 15.4% of the
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100

100 25

COo
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rate

c
«3

100500

% Conversion

Figure 4 .1  ̂ Dependence of enantiomeric excess (ee) on

re la t iv e  rates of reaction of two enantiomers
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Me Me Me MeI I I I
(+)- Ph — C — 0* + (±)- Ph — C — H ----- ►  (+)-Ph — Ç — OH + Ph — C' (4.1)

Et Et Et Et

3

(+)-enantiorner, which corresponds to a value of 1.42 for (&_/&+) at 

293 K, where (&_/&+) is the ra tio  of the rates of reaction of the 

( - ) -  and (+ )-  enantiomers.

The second example is provided by the enantioselective 

oxidation of benzoin 4 by the chiral acyl aminyl oxide 5* [equation

( 4 .2 ) ] . *  A fter 60% consumption of 4 at room temperature, the

( -

5

N

H
P h - C ^  ^ P h  --------------   ►  Ph-C — C —  Ph (4.2)I I  I I

OH I I  0 0
0

unreacted benzoin recovered showed (CHCl3 ) = +14',

corresponding to an ee of 7%. This implies tha t, hydrogen is 

abstracted from the (-)-enantiomer by the ( - ) -n itro x id e  1.17 times 

faster than from the (+)-enantiomer.^

*The nitroxide 5 was prepared by oxidation of the corresponding 

(-)-hydroxamic acid. The sign of rotation of 5 is assumed to be ( - )  

also.
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The th ird  example of an enantioselective hydrogen-atom transfer  

reaction is that which takes place from the 4-position of the 

op tica lly  active dihydronicotinamides 6 to the radical anion 7 

derived from the prochiral phenyl trifluoromethyl ketone [equation

(4 . 3 ) ] .1 0  The radical anion 7 reacts with (6; R = H) or (6; R = Me)

MeI
I ^
H

0
I

P h ^ ’

Me CF.I

H

(4 .3)

to give predominantly the (S)-alkoxide 8 with an ee of ca. 22% and 

ca. 67%, respectively.

In this section of the thesis, the ca ta ly tic  kinetic  

resolutions of racemic esters by op tica lly  active amine-alkylboryl 

radicals are described.

In general, the nature of e ither the amine ligand or the 

fi-alkyl group of an amine-alkylborane may be op tica lly  active and may 

be ta ilo red  to optimise enantioselectiv ity . However, i t  would be 

expected that the closer the chiral aux il ia ry  is to the boron radical 

centre, the higher w ill  be the enantioselectiv ity . Hence, i t  seemed 

l ik e ly  that having an optica lly  active 8-alkyl group in the 

amine-alkylborane complex would be the better choice. Moreover,
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these complexes can be prepared re la t ive ly  easily by hydroboration of 

optica lly  active alkenes. Although there are many 

naturally-occurring op tica lly  active amines available, e,g, brucine, 

quinine and strychnine, i t  would be expected that the bulkiness of 

these ligands would result in them forming unstable complexes with 

the alkylboranes.

The op tica lly  active amine-alkylborane complexes 9-13 have been

BH
MeMe

•BH

MeMe

9 ; R = H

1 0 : R =  Me

1 1 : R = CHgOMe

1 2 ; R = CHgOCHgPh

13

prepared and th e ir  a b i l i t ie s  to catalyse enantioselective 

hydrogen-atom abstraction from the substrates 14-24 [the (45, 55) 

enantiomer is shown for 24] have been investigated, using the results  

of kinetic resolutions to determine the enantioselectivit&ss.

In addition, ESR spectroscopy has been used, for the f i r s t  

time, to measure the re la tive  rates of the elementary 

enantioselective hydrogen-atom abstraction reactions of o p tica lly  

active amine-boryl radicals derived from 9-12.
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I
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14; R = Me R' * Me

15; R = Me R' = Et

16; R = Me R' = Bu

17; R = Et R ’ - Me

18; R = Bu': R' = Me

HI
Ph — C — CH,-CO,MeI

Me
19

C  COuMe

20

21

C —  COgMe

COgMe

Me C  H

22

COLMe

23 24
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CHAPTER 5 

RESULTS AND DISCUSSION

5.1 Syntheses of Catalysts

The 1:2 complex 2 of TMEDA with (+)-isopinocampheylborane^''^ is 

commercially available (Aldrich, /?-Alpine-Boramine), or can be 

prepared from the hydroboration of optica lly  active (l/?)-(+)-a-pinene  

1 with borane-methyl sulphide complex (BMS), followed by the addition 

of TMEDA (see Scheme 5 .1 ) .

BH
(i) BMS, ether/reflux

BH
2 (ii) TMEDA +

,BH.
Me
I I
NCH.CHJN

Me

[V]  ̂ I I
Me Me

s. 1 ^

2 (dipcC)

Scheme 5.1

Treatment of 1 (or i ts  enantiomer 3) with BMS in refluxing
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diethyl ether gives di-isopinocampheylborane. Subsequent addition of 

0.5 molar equivalent of TMEDA gives the complex 2 (or i ts  enantiomer 

8) by displacement of a-pinene, as described by Brown and his 

c o - w o r k e r s . 1 - 4  Corresponding alkylborane-TMEDA complexes 9-11 were 

prepared sim ilarly  from the 2-substituted apopinenes 4-6 which are 

readily  available from natural s o u r c e s . The use of chiral

R R
Me Me
I I
.NCH,CH,N- 
I  ̂ 1̂

.BH2

Me Me

R - H 

R = Me

R = CHgOMe

R = CHgOCHgPh

R = CHgOH

8

9

10
11

R - H (llpcC)

R - Me (^EapC)

R = CHgOMe (^MeapC)

R = CHgOCHgPh (^BeapC)

organoboranes of this type for asymmetric synthesis, based on 

hetero lytic  reactions, is well established.

The acronyms, given in parentheses a f te r  the structures (2, and 

8-11) indicate that the complex contains the isopinocampheyl ( Ip c ),  

iso-2-ethylapopinocampheyl (Eap), iso-2-(2-methoxyethyl)-

apopinocampheyl (Meap) or iso-2-(2-benzyloxyethyl)apopinocampheyl 

(Beap) group attached to boron, and the superscript d or 1 indicates 

whether the starting pinene was dextro-  or Zcrevo-rotatory, following 

the conventions adopted by Brown e t  o Z .s . f . io . iA  Syn-hydroboration 

takes place from the less hindered face of the pinene (opposite from 

the 6,6-dimethyl bridge) to give a product of defined
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stereochemistry.10 'i?

Pure c rys ta ll ine  IpcC was unchanged a fte r  exposure to the 

atmosphere for more than 12 h at room temperature. Contrary to 

reports in the l i t e r a t u r e , was found that ‘̂ IpcC did not melt 

cleanly at 140-141 "C and, in e ither a sealed or open tube, the 

behaviour of this compound depended on the rate of heating. Even 

when the complex was transferred to the preheated apparatus at 110 “C 

and then heated at 2 *C min’ i ,  the crystals began to melt at ca. 120 

*C; solid was s t i l l  present until ca. 145 'C and melting was 

accompanied by slow evolution of a gas (presumably hydrogen). We 

conclude that "̂ IpcC is thermally unstable at or below its  melting 

point; the other complexes 8-11 behaved in a q u a lita t ive ly  similar  

way on heating.

The samples of ( l /? )- (+ )-  and ( lS )-( - ) -a -p in en e  used were each 

almost enantiomerically-pure (>99% ee). However, i t  has been 

reported that when ‘̂ IpcC is prepared from (+ )-a-pinene of lower 

enantiomeric purity (91% ee), the complex may be upgraded to an ee of 

ca. 100% by crys ta ll isa tion  from diethyl ether.^ The structure of 

^IpcC has been determined by X-ray crystallography.^^

The pinenes 9-11 were prepared from (l/?)-(-)-nopol 7, which is 

available commercially with an ee of ca. 90%. The complex ÊapC is 

upgraded to 99-100% ee by crys ta ll isa tion  from ether.^ The complexes 

^MeapC and ^BeapC have not been described previously and th e ir  

enantiomeric purit ies  were determined by oxidation with alkaline  

hydrogen p e r o x i d e , s . f o l l o w e d  by reaction of the derived 

alcohol with (S)-(+)-2-methoxy-2-phenyl-3 ,3 ,3 -  trifluoropropanoyl 

chloride (Mosher's acid c h l o r i d e ) 12 and determination by and 

NMR spectroscopy of the diastereomeric composition of the ester
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13 or 14 (see Scheme 5.2 in which only the major enantiomer of the 

pinanol is.shown). Complete conversion to the esters is important 

for accurate measurement of ee of the alcohols, since the 

estérif ica tions  can be enantioselective. By using an excess of the 

acid chloride, the final step shown in Scheme 5.2 was >98% completed.

^MeapC or ^BeapC 

10 11

(i)

Ph
O C --

13; X = CHgOMe

14; X = CHgOCHgPh

Reagents : (i) HgOg / HO"

(ii) (5)-(+)-PhC(0Me)(CF3)C0Cl 12 / EtgN

Scheme 5.2

The diastereomeric chemical s h if t  differences observed for  

a-substituents at the acid moiety were generally too small to be 

useful, except for the NMR signals of the trifluoromethyl group. 

However, the diastereomeric ratios can be determined by examination 

of the CHO signals in the NMR spectra. Direct

hydroboration/oxidation of the pinenes 5 and 6 provided ca. 95:5
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diastereomeric mixtures of the Mosher esters for comparative 

purposes. After two recrystallisations from hexane/diethyl ether 

(1 :1 ) ,  ^BeapC prepared from 6 (89% ee) was upgraded to >98.5% ee, 

while ^MeapC was upgraded much more slowly by recrysta llisa tion  from 

hexane/diethyl ether (2 .5 :1 ) and the ee of the complex used as a 

catalyst in this work was 91%.

The spirocyclic amine-alkylborane complex 15 was thought to be 

a po ten tia lly  good chiral catalyst due to the steric  bulkiness of the 

substituents and the r ig id  stereochemistry. I t  was prepared from 

(l/?)-(-)-m yrtenol 16 as outlined in Scheme 5 .3 .

OH

Ph_P/Br.

16

Br

pyrrolidine

15

150 °C
Toluene

BMS

BH

17

Scheme 5.3

Cyclisation of the amine-alkylborane 17 has been studied using 

d if fe re n t ia l  scanning calorimetry (DSC), in which the uncyclised
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amine-alkylborane and a reference substance were both subjected to a 

continuously increasing temperature. When the thermocouples 

indicated a temperature difference, heat was added to the cooler of 

the two until temperature equality was restored. The added heat

therefore compensates for that lost or gained as a consequence of

endothermie or exothermic reactions occurring in the sample. The

rate of heating required to keep the temperatures equal was recorded 

as a function of sample temperatures. Figure 5.1 curve A shows the 

DSC thermogram of the amine-borane 17. The graph f i r s t  shows an

endothermie change which corresponds to the melting point of the 

amine-borane (ca. 80 °C). As the temperature was increased further, 

an exothermic reaction began at ca. 150 "C and i t  proceeded with an 

endothermie e ffe c t .  The exothermic reaction was l ik e ly  to be the 

intramolecular hydroboration of the CC double bond in the 

amine-borane to give 15.

Cyclisation of the amine-borane 17 was thus carried out at 150 

*C in toluene solvent in a sealed-tube. NMR spectroscopic

examination of the toluene solution a f te r  heating showed a main 

t r ip le t  at 8g -0.97 ppm (Jbh 105 Hz) (ca. 90%) which presumably 

corresponds to the cyclic amine-borane 15. There was also a small 

amount of the uncyclised amine-borane 17 and other unidentified  

impurities. Compound 15 was stable at 5 *C in toluene solution in 

the absence of a i r  for > 2 months. However, upon removal of the 

solvent, the complex gradually changed into what appeared to be a 

mixture of i ts  oligomers. In the absence of solvent, oligomerisation 

may be favoured because monomer units are held in close proximity and 

appropriately orientated by dipole-dipole attraction (see Scheme 

5 .4 ) .  Compound 15 was therefore stored and used as a stock solution
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>  B

| \  / | \  / | \
cyclodimer

Scheme 5 . 4

in toluene.

ESR experiments were carried out to tes t the effic iency  of th is  

solution as a p o larity  reversal ca ta lys t. When a solution of ethyl 

acetate (1.0  M) and DTBP (22% v/v) in a mixture of toluene and 

cyclopropane solvents (1 .2 :1 ) was UV irrad ia ted  in the cavity of an 

ESR spectrometer at 183 K, only the benzyl rad ica l, produced from 

H-atom abstraction from the toluene solvent by Bu*0", was detected. 

When the experiment was repeated with an equal volume of the stock 

solution of 15 in place of the toluene, only the radical 18 was 

detected. Abstraction must now be brought about by the nucleophilic 

radical 19, which reacts regioselectively  at an e lectron-defic ien t 

C-H bond of the ethyl acetate. The stock solution of 15 in toluene

Ĥ C /
\

OEt

18 19

can therefore act as a good p o la rity  reversal ca ta lys t.
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The cyclic  amine-borane 20 was to be prepared s im ila rly  from 

dimethyl ami ne, v ia  the amine-borane 21. Cyclisation of the

N— Me

Me
\
N Me

\ h .

20 21

amine-borane 21 was carried out at 150 *0 in toluene as before.

NMR spectroscopic examination of the toluene solution a fte r  heating 

showed a t r ip le t  (ôg +1.45 ppm, Jgn 116 Hz) which presumably

corresponds to the cyclic  amine-borane 20. However, a large amount 

of the uncyclised amine-borane 21 (6g -7.41 ppm, Jgn 97 Hz) and other 

unidentified im purities were also present. This resu lt is in accord 

with DSC experiments which were carried out la te r . Figure 5.1 curve 

B shows the DSC thermogram of the amine-borane 21. The endothermie 

change at ca, 78 *C corresponds to the melting point of the

amine-borane. The exothermic reaction occurs at a higher

temperature, accounting fo r the fact that more of the amine-borane 21

remained a fte r  heating under the same conditions as used fo r 17.
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5.2 Kinetic Resolution of Esters

When an oxirane solution containing DTBP (20% v/v) and t-bu ty l 

2-phenylpropanoate 22 (0.96 M) was irrad ia ted  with UV lig h t at 199 K 

while the sample was in the microwave cavity of the ESR spectrometer, 

only the spectrum of the oxiranyl radical was observed [equation

(5 .1 ) ] .  However, when the experiment was repeated in the presence of

Bu^O’ A ButQH (5.1)

e ith er amine-borane 23 (0.23 M) in oxirane or cyclopropane, or 

amine-borane 2 (0.15 M) in oxirane, an ESR spectrum ascribed to the 

radical 26 [a(3Hp) 16.53, a(lHp) 4.61, o(2H,) 4 .11, a (2 H j 1.40 G, 

and g 2.0031 in cyclopropane at 190 K] was detected in place of that 

of the oxiranyl radical [Figures 5.2 and 5 .3 ] . The t-butoxyl radical

XNMeĝ GĤ R (5.2)

23
2

Me, R - Bu" 24
X = CHgCHzNMey^GHgR 25

R

XNMeẑ BHR PhMeC(H)C02Bu^

22

PhMeCCOjBu^
26

XNMeg^BHzR (5.3)

now abstracts hydrogen from the amine-borane in preference to oxirane 

and hydrogen abstraction from the ester is  brought about by the
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Figure 5,2
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Figure Caption 

Figure 5.2

(a) ESR spectrum of the radical PhMeCC02Bu‘ 26 generated in the 

presence of 23 as p o la rity  reversal catalyst in cyclopropane at 190 

K. (b) Computer simulation of (a) using the parameters given in the 

te x t.



a)

A

Figure 5.3 (a) Central region of the spectrum of PhMeCC02Bu‘ 26

(b) Computer simulation of (a ).

UDro
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derived amine-boryl radical [equations (5 .2) and (5 .3 ) ] .  In 

p rin c ip le , two rotational isomers of 26 which d if fe r  in geometry 

about the C-C(O) bond [see structures 27 and 28], could be present.

Ph ,0 Me ^0
\ .  // \  //

c  c ------

Me OBu ̂ Ph OBu^

27 28 
A few weak lines which might be associated with a minor isomer were

detected alongside the main spectrum.

Sim ilar results were obtained with the methyl ester 29. When 

an oxirane solution containing DTBP (21% v/v) and the ester (0.98 M) 

was UV irrad ia ted  at 189 K, only the spectrum of the oxiranyl radical 

was observed [equation (5 .1 ) ] .  However, when the experiment was 

repeated in the presence of e ith e r 23 (0.25 M) or 2 (0.17 M), a 

spectrum attributed  to the radical 30 was detected instead [equations

(5.2) and (5 .4 ) ] .  The ESR spectrum of 30 was more complex and

XNMeg-BHR + PhMeCCHjCOgMe ►  PhMeCCOjMe + XNMeg^BHgR (5.4)

29 30

consequently weaker than that of its  (?-t-butyl counterpart.

A probe experiment was also carried out with n-propyl bromide. 

When an oxirane solution containing n-propyl bromide (1 M) and DTBP 

(23% v /v) was irrad ia ted  at 191 K, only the oxiranyl radical was 

detected, indicating that oxirane is  more reactive than the alkyl 

bromide towards Bû O* under these conditions. When the experiment 

was repeated in the presence of 29 (1 M) and 2 (0.17 Af), only the 

spectrum of the n-propyl radical was detected. This confirms that in 

the presence of 2, Bu‘0* reacts with the amine-borane in preference
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to oxirane and produces the radical 25, which then goes on to 

abstract the halogen atom from n-propyl b r o m i d e . T h e  bromide is  

thus more reactive than the ester under these conditions. Since no 

oxiranyl radical was detected, i t  shows that a ll the t-butoxyl 

radicals generated were trapped by the amine-borane 2.

The next stage was to investigate whether a-hydrogen-atom 

abstraction from 29 by the o p tica lly  active amine-boryl radical 25 is  

enantioselective. Preliminary experiments were carried out using 0.2  

mmol of ester.

An oxirane solution containing racemic 29 (0 .8  Af), DTBP (18% 

v /v ) , and t-bu ty l benzene (0.32 Af) as an internal concentration 

standard was UV irrad ia ted  in the microwave cavity of the ESR 

spectrometer at 191 K fo r 3 h. Oxirane was allowed to evaporate from 

the sample at room temperature, a fte r  which GLC analysis showed that 

96% of the ester s t i l l  remained. This resu lt is  in accord with the 

e a r l ie r  observations made by ESR spectroscopy, since Bu^O* should 

react almost exclusively with oxirane under these conditions. 

However, when the experiment was repeated in the presence of ‘̂ IpcC 2 

(0.15 Af), 26% of the ester was consumed. Examination of the residual 

ester by 400 MHz Ĥ NMR spectroscopy in the presence of the o p tica lly  

active s h ift  reagent europium tris(D-3-heptafluorobutylcamphorate) 

[E u (h fc )3] ,  showed i t  to be enriched in one enantiomer with an ee of 

14%.*

* In the absence of DTBP, with or without added t-bu ty l alcohol (0.16 

Af) (which would be formed as a photo-product from the peroxide), no 

ester was consumed.
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Clearly hydrogen-atom abstraction by the o p tica lly  active 

amine-boryl radical 25 from the ester 29 is an enantioselective  

process. Comparison with the NMR spectrum obtained from ester of 

known ee prepared from authentic (/?)-29 and racemic ester, showed 

that the radical 25 derived from ‘̂ IpcC abstracts hydrogen more 

rapidly from the (/?)-es te r.

As an important control fo r the experimental methods used , i t

was shown that racemic ester remained a fte r  49% consumption of 29 in

the presence of the achiral trimethyl amine-butylborane 23.

I t  was hoped that by increasing the ester consumption, the ee

would also increase. However, photolysing the sample fo r 5 h

increased the ester consumption to only 31%. One possible way to 

increase the ester consumption is to use a higher concentration of 

the catalyst 2. However, a 0.15 M solution of 2 at 190 K in oxirane 

is  already saturated. Diethyl ether, 1,2-dimethoxyethane, toluene, 

and a mixture of DTBP and benzene (5 :2 ), were tr ie d  as solvents, but 

a ll were less good than oxirane. Tetrahydrofuran (THF) is a very 

good solvent fo r 2. However, when a solution containing methyl 

2-phenyl propanoate (0 .8  A/), DTBP (18% v /v ) , t-bu ty l benzene (ca. 0.3 

Af), and 2 (0.15 Af) in THF was UV irrad ia ted  at 191 K, the radical 31 

(produced by H-atom abstraction from the THF by Bu^O*) was detected.

O
31

Oxirane is therefore the most suitable solvent fo r use with 2.

Increasing the reaction temperature should increase the

s o lu b ility  of 2. However, i t  is generally true that the lower the
"(zKû-

reaction temperature, the greater w ill be ^difference in rates of
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reaction of the two enantiomers, and thus the higher the 

en an tio se lec tiv ity . The k inetic  resolutions studied here were 

therefore carried out at low temperatures (ca. 196 K).

I t  might be possible to increase the consumption of ester by 

increasing the concentration of DTBP so that more lig h t is absorbed 

by the peroxide. An oxirane solution containing the ester 29 (0.18  

M), 2 (0.15 A/), t-bu ty l benzene (0.5 Af) and DTBP (28% v /v , c f ,  18% v/v 

previously) was photolysed fo r 5 h at 191 K, a fte r  which GLC analysis 

showed that consumption of the ester had increased to 41%. The 

residual ester was shown by NMR analysis to contain a 22% ee of 

the (S )-es te r. However, a fu rther increase in concentration of DTBP 

is not possible because i t  d ras tica lly  reduces the s o lu b ility  of 2.

I f  none of the a-carbonylalkyl radicals 30 produced in reaction 

(5 .4 ) go on to abstract hydrogen and regenerate racemic substrate, 

the enantioselectiv ity  factor s w ill be given by equation (5 .5 ) .

Here and are the rate constants for abstraction of hydrogen 

from the fa s te r- and slower-reacting enantiomer, respectively, C is  

the fraction  of substrate consumed, and EE is the fractional ee of 

the ester which remains. According to th is  equation, an ee of 22%

s = (Jĉ A b ) ” ln[(l-C)(l-EE)]/ln[(l-C)(l+2E)] (5.5)

a fte r  41% consumption of the ester implies that the (/?)-ester is ca. 

2.4 times more reactive than the (S )-ester towards 25 at 190 K.

The experiment could be carried out on a larger scale with 0.8  

mmol of ester using the apparatus shown in Figure 5 .4 . The UV source 

was a Mazda 250 W high-pressure mercury arc lamp and un filte red  lig h t  

from th is  was focused onto the sample by a pa ir of quartz lenses 

(focal length 10 cm, diameter 10 cm). The temperature of the



scaled tube containing sampleshutter

lens 1250 W lamp
lens 2

pre-cooled gas
to variable temperature controller

Figure 5.4 Apparatus used for kinetic resolution of the esters
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reaction mixture was controlled by passing a stream of pre-cooled 

nitrogen gas over the sample tube, using a Varian ESR spectrometer

temperature u n it. The temperature of the sample was monitored by a

thermocouple placed in the gas stream alongside the sample tube.

A fter 5 h of UV irrad ia tio n  at 206 K, 55% of the ester 29 was 

consumed, and the residual substrate had 30% ee of the (5 )-es te r.

This corresponds to an s value of 2 .2 , according to equation (5 .5 ) . 

Repetition of the experiment using the antipode of 2, ^IpcC 8, gave 

rise  to 53% consumption of the ester. The recovered substrate showed 

an ee of 29% in favour of the (/?)-es te r. Now, the (S)-enantiomer 

reacts fas te r than the (/?)-enantiomer, and ks/k^  is 2 .2 . Figure 5.5 

shows the 400 MHz NMR spectra in the C-methyl region obtained from 

the ester 29 in the presence of Eufhfcjg.

The radical 30 would be expected to be removed mainly v ia  

c o u p l i n g t o  produce the dimers 32 and 33 [equation (5 .6 ) ] .

However, a small portion might undergo disproportionation which would 

produce 34 and regenerate the racemic ester [equation (5 .7 ) ] .  The

Ph
I

Me ^COjMe

dimérisation
Ph Ph Ph Me
I I  I I

Me—  C —  C — Me + Me—  C —  C —  Ph (5.6)I II I
MeOgC COgMe

32

MeOgC COgMe

33

disproportionation H
\  /C =  C
/  \

Ph
+ PhMeC(H)CO,Me (5.7)

H CO 2 Me

34

fa te  of the a-carbonylalkyl radical 30 is important since, i f
te. J

e ff ic ie n t  k ine tic  resolution is  to achieve, the major route fo r its



(fî)-ester 99

(S)-ester

2,7 ppm2,9

H

( ± ) -  Ph C  CO-Me

I
Me

29

30 % G.G.

3 3  ppm3,6

^IpcC cata lyst, 190 K 

55% ester consumed 

~  2,2

2,9 ppm3,1

iIpcC ca ta lys t, 190 K 

53% ester consumed

^s/^R ~ 2 ,2

Figure 5 . 5
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Figure Caption 

Figure 5.5

400 MHz NMR spectra in the C-methyl region obtained from methyl 

2-phenylpropanoate 29 in CDCl3 in the presence of Eu(hfc) 3  (ca. 0.2  

molar equivalents), (a) From racemic ester, (b) From residual ester

a fte r  UV irrad ia tio n  with DTBP and ‘‘IpcC 2 prepared from

(l/? )-(+ )-a -p inene. (c) As (b ), but ^IpcC 8 prepared from

(1 5 )-(-)-a -p in e n e  was used in place of 2.
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decay must not be by abstraction of hydrogen to regenerate racemic 

ester.

A control experiment using authentic (/?)-29, which is 97% 

enantiomerically pure as judged by NMR in the presence of 

Eu(hfc)3 , was carried out to ascertain the fa te  of the radical 30. 

Using the same experimental conditions as fo r the k inetic  resolution  

of racemic 29 with “̂ IpcC ca ta lyst, 60% of the ester was consumed and 

the residual ester contained 15% of the (5)-enantiomer. Since the 

(S )-ester is the slower reacting enantiomer towards the radical 25 

derived from ‘̂ IpcC, th is  experiment has the best chance of detecting 

enantiomer interconversion under the conditions of k inetic  

resolution. Clearly some racémisation does take place and hence, the 

value of s obtained using equation (5 .5 ) w ill be a lower l im it .  

H-atom transfer to the a-carbonylalkyl radical would not cause a 

problem i f  th is  radical were to be trapped rapidly in another type of 

reaction, fo r example by addition to a CC double bond.^*

The temperature dependence of s should be described by the 

Arrhenius equation (5 .8 ) , in which E is  the activation energy, A is  

the pre-exponential factor and T is the absolute temperature. The

s -  (& \/kg) = (A^/Ag) expC^g-E^l/RT (5 .8 )

value of s would be expected to increase with decreasing temperature 

and the activation energy difference (Eb-^^a) can be determined from 

the temperature dependence of s. However, more accurate measurements 

of s over a wider range of temperatures and using a more quantitative  

technique^? (see Chapter 7) than that employed here would be required 

to determine {Aa/A^) and (£b-£’a) separately. I f  {A/JA^) is taken to 

be un ity , then s values of 2-20 at 198 K correspond to activation  

energy differences (£b-£a) of 1 .1 -4 .9  kJmol"^.



102

I f  a k inetic  resolution is to y ie ld  useful quantities of 

substrate with a high ee, the value of s must be ca, 5 or 

g re a te r .21'22 When o p tica lly  active isopinocampheylborane or its  

derivatives hydroborate prochiral alkenes, the extent of asymmetric 

induction is sensitive to the s teric  requirement of the substituent 

at the 2-position of the apopinocampheyl group, although the effects  

are not l a r g e . por example,^ hydroboration of a series of trans 

and trisu b s titu ted  alkenes with EapBH2 , followed by oxidation of the 

intermediate organoborane, produces the corresponding alcohols with 

s ig n ific a n tly  improved enantiomeric pu rities  over those realised with 

IpcBH2 under the same conditions. S im ila rly , reductions of prochiral 

ketones by lith ium  fl-a lkyl-9-borabicyclo[3 .3 .1 ]nonyl hydrides 35 or 

by the chiral dialkyl(chioro)-boranes 36 and 37 generally proceed

Li

35 R = Me
R -  CHgCHgOCHgPh

R = Et

36

OCHgPh

"But

37

with a greater degree of asymmetric induction when the B-alkyl group 

is  Eap (35, R = Et) or Beap (35, R = CH2CH20CH2Ph) than when i t  is
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Ipc (35, R = Me). The next stage of the project was, therefore, to 

investigate the e ffec t of replacing the Me group at the 2-position of 

the pinene moiety with more bulky substituents. I t  was found th a t, 

using the amine-boranes 9-11 in place of IpcC as catalyst has an 

e ffec t on the enantioselectiv ity  of H-atom abstraction s im ilar to 

that found fo r the non-radical processes discussed above (Table 5 .1 , 

entries 2 -6 ).

Other esters 38-46 [the (45,55) enantiomer is  shown for 46] 

H
Ph—  C —  CO-R

I
Me

29; R = Me 
38; R - Et 
39; R = Bu‘

COgMe

40

CO 2 Me

CO 2 Me

H
Ph— C — C02Me

Et

41 42 43

H
I

Ph— C — CO-Me
I
Bu‘

H
I

Ph —  C —  CH.- CO,MeI
Me

Me02C

Me02C

44 45 46

were then examined in an in i t ia l  attempt to id en tify  some of the 

factors which influence the enantioselectiv ity  of a-H-atom 

abstraction by chiral amine-boryl rad ica ls . Typ ically , samples 

consisted of the racemic substrate (ca. 0 .8 Af), DTBP (ca. 28% v /v ) .



104

Table 5 .1: 
oxi rane

Results from representative k inetic  resolutions of racemic esters in

Entry Substrate C a ta ly s t Temp/K
I r r a d i a t i o n

time"*

Substrate
consumption

(%)

More
re a c t iv e
enantiomer

Ee of  
res idua l  
subst rate (%)^

1 29 dipcC 190 5 h 41,0 R 22 .0  ( S) 2 .4

2 29 dipcC 206 5 h 54 .5 R 30 .2  {S) 2.2

3 29 ‘ ipcC 206 5 h 52 .9 S 28 .5  (R) 2.2

4 29 ^EapC 196 5 h 14.7 S 10.4 (R) 4.5

5 29 ' MeapC 196 5 h 41 .3 S 22 .0  (/?) 2.3

6 29 * BeapC 196 5 h 25 .4 S 17.8 (R) 3 .8

7 38 '^IpcC 196 5 h 49 .3 d 27 .4 2 .3

8 39 dipcC 196 5 h 29. 1 d 22 .5 4 .2

9 40 dipcC 201 5 h 46 .5 R 23 .2  ( S) 2.1

10 40  ̂ IpcC 201 5 h 48.9 S 27 .7  ( R) 2 .3

11 40  ̂BeapC 196 5 h 21.9 S 8 .8  (/?) 2.1

12 41 dipcC 201 5 h 48 .6 R 17.8 ( S) 1.7

13 41 ^BeapC 201 5 h 33 .5 S 17.2 ( R) 2 .4

14 42 dipcC 196 5 h 14.7 d 4 .0 1.7

15 43 ^IpcC 196 5 h 10.5 R 7 .0  ( S) 4 .2

16 43 ' IpcC 196 5 h 18.2 S 14.3 (/?) 5 .3

17 45 dipcC 201 5 h 48 .4 S 12.7 (/?) 1.5

18 45 ' IpcC 196 5 h 50 .8 R 10.5 {S) 1.3

19 46 dipcC 183 15 min 42 .8 s ,s 58 .4  ( R , R) 14.6

20 46 ' ipcC 183 15 min 47 .0 R, R 64 .5  ( S , S ) 12.0

21 46 dipcC 183 25 min 75 .0 S, S 96 .6  ( R , R) ( 6 . 7 ) '

a With the aromatic substrates 29 and 38-45, the sample developed a pronounced 
yellow colouration during irra d ia tio n ; th is  resulted in unproductive lig h t  
absorption and necessitated the long irrad ia tio n  times. 
b Enantiomer present in excess shown in parentheses, 
c Calculated using equation (5 .5 ) .  
d Not determined.
e Under these experimental conditions, the value of s calculated from C and EE 
w ill be a gross underestimate.
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amine-borane catalyst {ca. 0.15 M) and t-butylbenzene (0.5 M) in 

oxirane solvent. The results of representative k inetic  resolutions 

are summarised in Table 5 .1 .

With IpcC ca ta lys t, increasing the bulk of the 0-alkyl group in 

the 2-phenylpropanoate esters from Me in 29 to Bu‘ in 39 causes s to 

increase from 2.2 to 4 .2 , approaching the c r it ic a l value 5 required 

fo r e ff ic ie n t k inetic  resolution.

2 - (4 - Isobutyl phenyl)propanoic acid is the well-known 

anti-inflammatory drug Ibuprofen^® and its  methyl ester 40 showed a 

value of s s im ilar to that obtained fo r the unsubstituted compound. 

With '‘IpcC ca ta lys t, the methyl ester of F Iu r o b ip r o fe n 41 showed a 

lower value of s than 29, but the enantioselectiv ity  was increased 

when ^BeapC was used. Exchanging the phenyl group in 29 fo r a

1-naphthyl group (compound 42) caused a small decrease in s. 

Increasing the bulk of the a-alkyl group from Me in 29 to Et in 38 

resulted in a s ign ifican t increase in s, but the photochemical 

reaction became very sluggish and only a low conversion was achieved. 

This could be because H-atom abstraction is retarded by the more 

bulky ethyl group and/or because the a-carbonylalkyl radicals  

produced undergo predominant d is p r o p o r t io n a t io n , rather than 

combination as in the case of the a-methyl analogue. In

addition to regenerating racemic substrate, disproportionation would 

give the unsaturated ester 34, to which amine-boryl radicals would 

add very read ily  because of favourable polar e ffe c ts .z *  The 

a -t-b u ty l analogue 44 did not react under the normal conditions and 

th is  must be the resu lt of s te ric  hindrance to H-atom abstraction by 

the amine-boryl rad ical; disproportionation of the derived 

a-carbonylalkyl radical is not now possible.
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Amine-boryl radicals abstract hydrogen only from the a-carbon 

atom of methyl 3-phenylbutanoate 45 as judged by ESR spectroscopy.* 

The a-hydrogen atoms are diastereotopic and non-equivalent in 45; the 

asymmetric centre is  retained in the derived radical 47 and its

H H
I /Ph- C —  C
I \Me COjMe

47

reaction products w ill be o p tic a lly  active i f  the in i t ia l  H-atom 

abstraction is enantioselective. Considering that abstraction takes 

place from the carbon adjacent to the asymmetric centre, the value 

of s is encouragingly large.

a-Hydrogen-atom abstraction from the isopropylidene ta rtra te  46 

takes place with high enantioselectiv ity  (entries 19 and 20) and in 

an experiment when 75% of the ta r tra te  was consumed (entry 21), the 

ee of the residual ester was 97%. The lower value of s obtained from 

the la t te r  data is not surprising considering the s e n s itiv ity  of s to 

C and EE when s is re la tiv e ly  large and the fac t that C and EE 

provide only an in d irec t measure o f s using equation (5 .5 ).

A control experiment was carried out to assess the extent of 

racémisation of 46 under the reaction conditions. Using (45,55)-46, 

which is more reactive than the (4/?,5/?)-enantiomer towards the

* The ESR spectrum of 47 shows ojlH^) 20.4, cr(lHp) 9 .8 6 and g 2.0034 

at 208 K in cyclopropane; fu rther s p littin g s  aris ing  from long-range 

hyperfine coupling were observed and distortions indicated the 

probable presence of two rotameric forms.
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amine-boryl radical 25 derived from ^IpcC, a fte r  20 min irra d ia tio n  

at 183 K under the usual conditions, 51% of the ester had been 

consumed. The residual ester contained a barely-detectable amount 

(<0.3%) of the (4/?,5/?)-enantiomer; its  absence is  understandable 

since its  formation requires inversion at both asymmetric centres, 

which would have to take place v ia  the intermediacy of the 

CIS-(meso)-isomer.z?

Although the spirocyclic amine-borane 15 is a good p o larity  

reversal catalyst (as mentioned previously), its  a b il i ty  to induce 

enantioselective H-atom abstraction is poor (see Table 5 .2 ) . As with 

IpcC cata lys t, increasing the bulk of the 0-al kyl in the

2-phenyl propanoate esters from Me in 29 to Et in 43 causes s to 

increase, although the e ffec t is not as large.
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Table 5.2

Kinetic resolutions of racemic esters using the spirocyclic  

amine-borane 15 in to luene.*

Entry Substrate Substrate 
consumption (%)

More reactive 
enantiomer

Ee of residual 
substrate (%)*’

1 29 64.1 R 4.6 (5) 1.1

2 40 61.7 R 7.9 (5) 1.2

3 43 34.6 R 8.1 (5) 1.5

4 45 59.4 S 18.0 ( R ) 1.5

a Concentration of catalyst is ca, 0.3 M. A ll samples were 

irrad iated  at 196 K fo r 5 h. b Enantiomer present in excess shown 

in parentheses, c Calculated using equation (5 .5 ) .
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5.3 Model for Enantioselective Hydrogen-atom Abstraction

I t  is c learly  important to develop a tran s ition  state model 

which w ill account fo r the absolute stereochemical course of 

enantioselective H-atom tran sfer. For s te ric  and electronic reasons, 

i t  is  lik e ly  that abstraction of hydrogen from four coordinate carbon 

by an amine-boryl radical w ill proceed through a tran s itio n  state in 

which the preferred geometry of the B H C fragment is near-to  

l in e a r, although d istortion  from the optimum angle would not be 

expected to resu lt in a large increase in activation energy.3°

I f  long-range to rs io n a l/s te ric  interactions between the 

substituents on the boron and carbon, atoms are dominant in 

determining the preferred tran s ition  state conformation, the la t te r  

should be of the staggered type 48, in which the symbols L, M and S 

re fe r to substituents of large, medium and small e ffec tive  bulk.

Li

\
M

M L

48

I f  we define s te r ic  c h i r a l i t y ,  by analogy with the

Cahn-Ingold-PrelogSi conventions for describing absolute

stereochemistry, using the p r io r ity  sequence L > M > S, then a boron 

centre of s te ric  c h ira lity  49a (p) w ill give a lower-energy 

tran s itio n  state when associated with a carbon-centre of s teric

c h ira lity  49b (a) than with a centre of s te ric  c h ira lity  p (E = B or 

C).
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Figure 5.6 Partia l structure of ‘̂ IpcC in the c ry s ta l, drawn using 

the coordinates given in re f. 15.
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Inspection of the crystal structure determined for ^IpcC by 

Soderquist et and shown p a r t ia lly  in Figure 5 .6 , suggests that

the hydrogen atom being transferred from C to B w ill be in a position  

s im ilar to that occupied by H^, rather than that occupied by the more 

s te r ic a lly  encumbered H^. Thus, the configuration at the

49a (p) 49b (a)

boron-centre in the tran s ition  state fo r abstraction catalysed by 

th is  enantiomer of the amine-borane w ill be a, as shown in 50. The 

preferred s teric  c h ira lity  at the carbon-centre w ill thus be p, as 

shown.

TMEDA (M)

\
Ipc (L)

H- \
M

50

When assessing the e ffec tive  bulk of substituents attached to 

carbon, stereoelectronic effects  must be considered, since in the 

tran s itio n  state carbonyl groups, alkoxy groups and aromatic rings 

w ill presumably adopt conformations in which overlap is optimised 

between th e ir  tt systems and the nascent semi-occupied o rb ita l on Cq.

For the r ig id  ta rtra te  46, molecular models indicate that the 

(45,55) enantiomer possessesp s te ric  c h ira lity  at Ca and thus th is
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Table 5.3: S teric c h ira lit ie s  of substrate enantiomers which are the

more reactive towards the amine-boryl radical derived from ‘̂ IpcC

Substrate More reactive 
enantiomer Steric chirality

29 R P '
40 R P "
43 R P "
45 S P '
46 S , S P "

a Assuming substituent size C02Me > Ph, p-Bu^CgH, > Me, Et. 

b See te x t.

c Assuming substituent size C(H)(0-)C02Me > CÔ Me > 0C(0-)Me2.
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enantiomer should react more rapidly than its  antipode with the

amine-boryl radical derived from ‘̂ IpcC, in accord with experiment 

(see Table 5 .3 ).

For many of the substrates resolved in th is  work i t  is  not 

straightforward to decide on the s te ric  c h ira lity  at C«. I f  the 

assumptions are made that the e ffec tive  Ca-substituent sizes in the 

tran s itio n  state are CÔ Me > Ph, p-Bu^Cs^A > Me, Et fo r the acyclic  

esters 29, 40 and 43, then the s te ric  c h ira lit ie s  of the enantiomers 

which are found to react more rapidly with the amine-boryl radical

derived from ‘̂ IpcC w ill be those shown in Table 5 .3 . These s teric

c h ira lit ie s  are a ll p, in accord with the predictions of the 

to rs io n a l-s tra in  model.

For the ester 45 the preferred conformation about the Ca-Cp 

bond should be that shown in 51 fo r the (5 )-enantiomer and th is

Ph

(M) Me

51

conclusion is consistent with the experimental values of ^Jhh (8.3  

and 6.9 Hz), although the conformational preference is evidently not 

large. On s te ric  grounds, the more accessible should be

abstracted more read ily  than and, assuming that the substituent 

sizes in the tran s ition  state are PhC(H)Me = L, Me02C = M and H = S, 

the s te ric  c h ira lity  of 51 is  p. Thus, the prediction of the 

to rs io n a l-s tra in  model is that the (5 ) -enantiomer of 45 should react
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more rapidly when "̂ IpcC is the ca ta lys t, as is observed by experiment 

(see Table 5 .3 ) .

The low en an tio se lec tiv ities  observed with the catalyst 15 is 

probably due to the small difference in sizes of the pinene and 

pyrrolid ine substituents attached to the radical centre in 19, which 

reduces the preference fo r a particu la r tran s itio n  state  

conformation.
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CHAPTER 6 

EXPERIMENTAL

6.1 ESR Spectroscopy

The techniques used to obtain ESR spectra from samples in f lu id  

solution were those described in Chapter 3. The experimental 

de ta ils , including the method for measuring hyperfine coupling 

constants and g-values are described in Chapter 9.

6.2 NMR Spectroscopy

and NMR spectra were recorded using Varian XL-200 

or VXR-400 instruments, with BF3 . 0 E t2 ( ^ B ) ,  t r if lu o ro ace tic  acid 

( i*F )  external or tetramethylsilane (^H) internal standards; J-values 

are quoted in Hz. Spectra of '‘IpcC, ^IpcC, ^EapC, ^MeapC and ‘BeapC 

were recorded immediately a f te r  preparation of the solutions.

6.3 Gas Liquid Chromatography Analyses

GLC analyses were carried out using a Pye-Unicam 204 

chromatograph equipped with a flame-ionisation detector and a 

Pye-Unicam model DP 8 8  in tegrator. A glass column (2 m x 1/8 in) 

packed with 10% OV-101 on Chromosorb WHP 80-100 mesh with nitrogen 

c a rr ie r  gas.
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6.4 High-Performance Liquid Chromatography

HPLC analyses were carried out using a Gilson 305 instrument in 

conjunction with a UV (254 nm) detector. The achiral stationary

phase was Nucleosil 5 ijn s i l ic a  gel (analytical and preparative) and 

Chiralcel CD (Dai cel Chemical Industries) was used to effect

analytical separation of enantiomers. Peaks were integrated using a 

Hewlett-Packard 3390A integrator. The mobile phases were 

hexane-ethyl acetate mixtures (achiral) or hexane-isopropyl alcohol 

mixtures (Chiralcel 00).

6.5 Column Chromatography and TIC

Column chromatography and TLC were carried out using Merck

Kieselgel 60 (230-400 mesh) and Kieselgel 60 F 2 5 4  aluminium-backed

pre-coated plates, respectively. Light petroleum refers to petroleum 

ether b.p. 60-80 'C.

6.6 Optical Rotation Measurements

Optical rotations were determined at 589 nm (sodium D line)  

with an Optical A ctiv ity  AA-10 automatic d ig ita l polarimeter using a 

1 dm pathlength c e l l .

6.7 D iffe re n tia l Scanning Calorimetry

DSC analyses were carried out using a Perkin-Elmer DSC-7 

instrument. Samples were heated at 10.0 *C min"^. I am grateful to
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Ms. M. Odlyha for carrying out the DSC analyses.

6 . 8  Materials

All preparations and handling of boron-containing compounds 

were carried out under an atmosphere of dry argon. All solvents were 

dried by conventional methods. t-Butylbenzene and TMEDA were 

d is t i l le d  from calcium hydride. BMS (10 M solution in excess Me2S ), 

boron trifluoride-methanol complex (50 wt.% BF3 in excess methanol), 

(+ ) -Eu(hfc) 3 ,  (/? )-(+)-2-methoxy-2-phenyl -3 ,3 ,3-trifluoropropanoic

acid (Mosher's acid) (a l l  A ldrich), oxirane (Fluka), and cyclopropane 

(Union Carbide) were used as received. The sources and enantiomeric 

compositions of the pinenes used in this project are given in Table 

6.1 . Nopol methyl ether was prepared by Ms P. T. McKetty. Compound 

numbers correspond to those in Chapter 5. Racemic and (/?)-methyl 

2-phenylbutanoate were prepared by Ms. P. T. McKetty from 

commerically obtained acids (Aldrich) by the method used for the

preparation of 29 (see below). The esters 42^ and 44 were prepared

by Mr. C. J. Cooksey. Compound 44 was obtained by es tér if ica tio n  of

3,3-dimethyl-2-phenylbutanoic a c i d . T h e  ester 42 was prepared by 

treatment of methyl 1 -naphthylacetate with lithium di-isopropyl ami de 

in THF, followed by quenching of the enolate with methyl iodide. 

The (45,55) enantiomer of the isopropylidene ta r tra te  46 and its

antipode were obtained from Fluka Chemicals. Trimethyl amine-

n-butylborane 23 was prepared by the method of Hawthorne.*
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Properties of pinenes

121

Pinene
Source or 
reference to 
preparation

B.p./'C
(Torr)* [a]:°D

[a]^D forenantiomerically 
pure pinene (T/'C)

ee
(%)

1 Aldrich 40-41
(1 0 )

+ 51.1' 
(neat)

+ 51.1' (20)b 
(neat)

> 99

3 Aldrich 40
(1 0 )

- 51.1' 
(neat)

- 51.3' (20)b 
(neat)

> 99

4 c 48
(5.5)

- 43.8' 
(neat)

- 46.6' (23)c 
(neat)

94

5 d 60-64
(0 .2 )

- 32.4' 
(neat)

- 35.1' (26)d 
(neat)

92

6 Aldrich 105-110
(0 .0 1 )

- 26.6' 
(C-10, CHClg)

- 29.8' (20)* 
(c-10, CHCI3 )

89

7 Aldrich 83-84
(1.5)

- 36.4' 
(neat)

- 40.1' (20)f 
(neat)

91

a All the pinenes [except ( IS ) - ( - ) -nopol 7] were d is t i l le d  from 

calcium hydride, b F. H. Thurber and R. C. Thielke, J. Am, Chem, 

Soc,, 1931, 53, 1030. c H. C. Brown, R. S. Randad, K. S. Bhat, M. 

Zaidlewicz, S. A. Weissman, P. K. Jadhav and P. T. Perumal, J, Org, 

Chem,, 1988, 53, 5513. d C. S. Shiner, C. M. Garner and R. C. 

Haltiwanger, J, Am, Chem, Soc,, 1985, 107, 7167. e H. C. Brown and 

P. V. Ramachandran, J. Org, Chem,, 1989, 54, 4504. /  M. M. Midland

and A. Kazubski, J, Org, Chem,, 1982, 47, 2814.
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6 .8 .1  Racemic Methvi 2-Phenv1propanoate 29

A solution of racemic 2-phenyl propanoic acid (Aldrich) (9.97g,

66.4 mmol), boron trifluoride-methanol complex (15.0 cm ,̂ 180.7 

mmol),5 and methanol (70 cm̂ ) was heated under reflux for 8  h under 

argon. Methanol was then removed by rotary evaporation. The residue 

was taken up in diethyl ether (150 cm^), washed with saturated 

aqueous sodium hydrogen carbonate (4 x 100 cm^), saturated aqueous 

sodium chloride (3 x 80 cm̂ ) and dried (MgSO, and K2CO3 ) .  Ether was 

removed under reduced pressure and the residue was d is t i l le d  to y ield  

8.3 g (76%) of 29, b.p. 62-65 'C/2.9 Torr ( l i t . *  b.p. 98-100 'C/12 

Torr). 6 (iH)(CDCl3 ) 1.50 (d, 3H, J 7 .1 , CMe), 3.66 (s, 3H, COgMe),

3.73 (q, IH, J 7.2, HCMe), 7.31 (m, 5H, Ph).

6 .8 .2  Racemic Methvi 3-Phenv1butanoate 45

This was prepared from racemic 3-phenylbutanoic acid (Fluka) by 

the method used for 29; b.p. 50 'C/0.1 Torr ( l i t . ?  b.p. 120-122 'C/15 

Torr). 6 (iH)(CDCl3 ) 1.30 (d, 3H, J 6 . 8 , CHMe), 2.55 (dd, IH, Jab

15.2, Jax 8 .3 , CHAHBCOzMe), 2.63 (dd, IH, Jab 15.2, Jbx 6 .9 , 

CH^^COsMe), 3.28 (m, IH, J 8 .0 , CHCHg), 3.62 (s, 3H, COgMe), 

7.18-7.32 (m, 5H, Ph).

6 .8 .3  Racemic Methvi 2 - (4-Isobutv1phenvl)propanoate 40

This was prepared from racemic 2 - (4-isobutylphenyl)propanoic 

acid (Sigma) by the same method as 29; b.p. 82-86 'C/0.1 Torr ( l i t . *  

b.p. 110-130 'C/2 Torr). s(^H)(CDCl3 ) 0.89 (d, 6 H, J 6 . 8 , CHMe2) ,
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1.48 (d, 3H, J 7 .2 , PhCMe). 1.84 (m, IH, J 6 . 8 , CHMe2 ) ,  2.44 (d, 2H, 

J 6 . 8 , CHzCMez), 3.64 (s, 3H, COgMe), 3.69 (q, IH, J 7 .2 , CHCOgMe), 

7.09, 7.19 (AB quartqt, 4M, Jab 8 .0 ) .

6 .8 .4  Racemic Flurbiprofen^  ̂ Methvi Ester 41

This was prepared from racemic Flurbiprofen, which was a g i f t  

from Dr. J. W. Cooper, using the same method as for 29; b.p. 126-130 

'C/0.015 Torr, m.p. 46-47 'C. 6 (^H)(CDCl3 ) 1.52 (d, 3H, J 7.2,

CHMe), 3.68 (s, 3H, COgMe), 3.76 (q, IH, J 8 .0 , CHMe), 7.10-7.54 (m, 

8 H).

6 .8 .5  Racemic Ethvl 2 -Phenvlpropanoate 38

This ester was obtained by es tér if ica tion  of the acid with 

ethanol in the presence of concentrated sulfuric  acid; b.p. 8 6  'C/4 

Torr ( l i t . 9 b.p. 107-110 'C/13 Torr). 6 (^H)(CDCl3 ) 1.11 ( t ,  3H, J

6 . 8 , COzCHzMe), 1.46 (d, 3H, J 7.9, PhCMe), 3.67 (q, IH, J 7.3, 

PhCH), 4.06 (q, 2H, J 6 . 8 , CO2CH2 ) ,  7.23 (m, Ph).

6 .8 .6  Racemic t-B utvl 2-Phenvlpropanoate 39

Thionyl chloride (9.9 cm ,̂ 136 mmol) was added dropwise during 

25 min to a s tirred  solution of racemic 2-phenyl propanoic acid (12.87 

g, 85.7 mmol) at room temperature. The mixture was further s tirred  

for 0.5 h, heated under re flux  for 1 h, and d is t i l le d  to y ie ld  11.7 g 

(81%) of 2-phenylpropanoyl chloride, b.p. 55-58 'C/0.95 Torr ( l i t . ^ °  

100-101 'C/13 Torr). 5 (^H)(CDCl3 ) 1.59 (d, 3H, J 6 .9 , CHMe), 4.11
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(q, IH. J 6 .9 , CHMe), 7.33 (m, 5H, Ph).

A solution of t-butyl alcohol (4.92 g, 66.3 mmol) and 

t r i  ethyl ami ne (9.8 cm ,̂ 70 mmol) in diethyl ether (40 cm )̂ was heated 

under gentle reflux and racemic 2 -phenylpropanoyl chloride ( 1 1 . 2  g,

66.3 mmol) in diethyl ether (25 cm )̂ was added dropwise to the 

solution. After the addition was complete, the mixture was heated 

under reflux for a further 2.5 h and then cooled to room temperature. 

Water (70 cm̂ ) was added dropwise with s t ir r in g  and the s t ir r in g  was 

continued until a l l  the precipitate had dissolved. The ether layer 

was separated and washed with cold 1 0 % aqueous sulfuric  acid ( 2 0 0  

cm )̂ until the acid extract did not become cloudy when rendered 

alkaline  with sodium hydroxide solution. I t  was then washed with 

saturated aqueous sodium hydrogen carbonate (2 x 50 cm )̂ and dried 

(Na2S0 4  and K2CO3 ) .  Ether was removed under reduced pressure and the 

residual o il was d is t i l le d  to y ie ld  8.0 g (59%) of 39, b.p. 60-64 

*0/0.02 Torr. Found: C, 75.89; H, 8.82. C1 3 H1 8 O2 requires C, 75.69;

H, 8.80%. 6 (iH)(CDCl3 ) 1.39 (s, 9H, CMe3 ) ,  1.45 (d, 3H, J 7.1, 

CHMe), 3.61 (q, IH, J 7.1, CHMe), 7.30 (m, 5H, Ph).

6 .8 .7  O ptically  Active Esters

Authentic samples of op tica lly  active esters were prepared from 

( /? ) - ( - ) -2-phenyl propanoic (Aldrich) and (5 ) - ( + ) -3-phenyl butanoic 

(Fluka) acids; ( /? ) - ( - ) -2 - (4-isobutyl phenyl) propanoic acid and 

( 5 ) - { + ) -Flurbiprofen were g if ts  from Dr. J. W. Cooper. The esters 

were prepared as th e ir  racemic counterparts, but on a much smaller 

scale and were not purified by d is t i l la t io n .  The methyl 

2-phenylpropanoate so prepared contained a 94% ee of the
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(/?)-enantiomer.

6 . 8 . 8  Racemic Dimethyl 2 . 2 -D1methv1 - 1 . 3 -dioxo1 ane-trgn5 - 

dicarboxyl ate 46

This was prepared from racemic ta r ta r ic  acid and 2, 

2-dimethoxypropane using the method of Carmack and K e l l e y ; b . p .  

82-84 'C/0.17 Torr ( l i t . i i  b.p. 82-90 'C/0.02 T o rr ) . ô(^H)(CDCl3 ) 

1.50 (s, 6 H, CMez), 3.83 (s, 6 H, COzMe), 4.82 (s, 2H, CHCOgMe). 

A fter d is t i l la t io n ,  the ester was pale yellow but the colour could be 

removed by column chromatography using l ig h t  petroleum/diethyl ether 

(3:1) as eluant.

6 .8 .9  R- and 5-AlDine-Boramine^  ̂ (*̂ IpcC 2 and ÎdcC 8 )

The amine-borane '^IpcC^^'^^ was prepared as described in the 

l i te ra tu re  from (l/?)-(+)-a-pinene; m.p. 120-145 'C dec. ( l i t . ^ ^ - i s  

m.p. 140-141 'C). Found: C. 75.07; H, 13.19; N. 6.74. C2 6 H5 4 B2N2

requires C, 75.01; H, 13.07; N, 6.73%. s(^H)(CDCl3 ) 0.66 (broad m, 

2H, CHS), 0.78 (d. 2H, J 9 .0 ) ,  1.00 (d, 6 H, J 7 .1 , C^Me), 1.09 (s, 

6 H, CMe4ieB), 1.16 (s, 6 H, C M e^® ), 1.56 (m, 2H), 1.73 (m, 2H), 1.83 

(m, 4H), 2.08 (m, 2H), 2.20 (m, 2H), 2.60 (s, 6 H, NMe*), 2.63 (s, 6 H, 

NMe®), 3.20 (m, 4H, CHgN). s(^3C)(CDCl3 ) 22.7 ( 0 *0 ^ 3 * ) ,  22.8

( C ^ C H 3 ® ) ,  25.2 (broad, Ç B ) ,  28.4 ( C 2 Ç H 3 ) ,  34.1, 38.0, 38.9 (C*),

42.2, 42.9, 48.6 ( 0 %), 50.8 ( N Ç H 3 A ) ,  51.0 ( N Ç H 3 ® ) ,  57.2 ( N Ç H 2 ) .  

5(^^B)(CeH6) 1 . 1 1  (broad s ) .

The complex ^IpcC was prepared from ( lS )-( - ) -a -p in e n e  in the 

same way as i ts  antipode.
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6.8 .10  (15 )-2-Ethv1apop1nocaniphev1borane~TMEDA Complex (^EapC) 9

This was prepared using the method of Brown e t,  A

solution of (l/?)-(-)-nopol (31.06 g, 187 mmol) in THF (80 cm )̂ was 

cooled to -78 'C. n-Butyllithium (122.5 cm̂  of a 1.6 M solution in 

hexane, 196 mmol) was added dropwise and then the mixture was stirred  

fo r  1 h at -78 'C. p-Toluenesulfonyl chloride (35.70 g, 187 mmol) in 

THF (65 cm )̂ was added dropwise and the s t ir r in g  was continued for

another hour at -78 “C. The mixture was then warmed to room

temperature and stirred  for 2  h, during which time a thick paste 

(LiCl) was formed. The reaction mixture was poured into ice-water 

{ca, 400 cm̂ ) and extracted with pentane (5 x 200 cm^). Removal of 

the solvent gave a yellow o i l ,  which was redissolved in diethyl ether 

and dried (MgSO,). Removal of the ether gave a solid residue which

was recrystallised twice from pentane to give 34.0 g (56%) of nopol

tosylate; m.p. 49-51 *C ( l i t . m . p .  50-51 *C).

Lithium aluminium hydride (3.29 g, 86.7 mmol) was dissolved in 

diethyl ether (130 cm̂ ) by s t ir r in g  at room temperature. Nopol 

tosylate (21.4 g, 66.7 mmol) in ether (70 cm )̂ was added dropwise to 

the mixture at room temperature. A fter the addition was complete, 

the reaction mixture was heated to reflux for 8  h. I t  was then 

poured into ice-water {ca, 400 cm )̂ slowly with s t ir r in g . Sodium 

chloride was added and the mixture was f i l te re d  through C elite .  The 

f i l t r a t e  was saturated with more sodium chloride and extracted with 

ether (3 x 100 cm^). The combined organic layer was washed with 5% 

sulfuric  acid (2 x 200 cm^), aqueous sodium hydrogen carbonate (3 x 

200 cm^), brine (2 x 200 cm^), and dried (MgSO,). After removal of 

the ether, the residual liquid was d is t i l le d  from calcium hydride to
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give 6.3 g (63%) of 2-ethylapopinene 4, b.p. 48 'C/5.5 Torr ( l i t . i *  

b.p. 8 8  'C/40 Torr). [ a ] - 4 3 . 8 ' ( n e a t ) .

A solution of BMS (1.56 cm ,̂ 15.6 mmol) in diethyl ether (9 

cm̂ ) was heated to re flux . 2-Ethylapopinene (5.20 g, 34.6 mmol) was 

added dropwise with s t ir r in g  and the reaction mixture was refluxed 

for a further 4 h. TMEDA (1.24 cm ,̂ 8.22 mmol) was added and the 

mixture was heated under reflux for another 0.5 h. The cooled 

reaction mixture was then f i l te r e d ,  the solid was washed on the 

sinter with cold ether ( 4 x 1  cm )̂ and dried at room temperature 

under vacuum (0.01 Torr) to give 2.3 g (64%) of ^EapC. The white

solid was recrystallised from cyclohexane/toluene (2 :1 ) ,  m.p. 123-140 

'C dec. ( l i t . i *  m.p. 138-141 'C ). Found.: C, 75.83; H, 12.98; N, 

6.26. C2 8 H5 8 B2N2 requires C, 75.68; H, 13.15; N, 6.30%.

6 (iH)(CDCl3 ) 0.64 (broad m, 2H, CHS), 0.78 (d, 2H, J 8 . 8 ) ,  0.84 ( t ,  

6 H, J 7 .6 , CH2M ) .  1.06 (s, 6 H, CMe^Me®), 1.16 (s, 6 H, CMe'^le®), 1.28

(m, 2H, CHEt), 1.40 (m, 4H, CH2CH3 ) ,  1.84 (m, 4H), 1.99 (m, 2H), 2.08

(m, 2H), 2.22 (m, 2H), 2.59 (s, 6 H, NMe*), 2.63 (s, 6 H, NMe®), 3.20 

(m, 4H, CH2N).

6 .8 .11 N. /V*-Bisr(15.2/?.35.55)-iso-2-(2-methoxvethv1)aDODlnO“ 

camohevlboranel-TMEDA Complex ( M̂eaoC) 10

A solution of BMS (2.6 cm ,̂ 26.0 mmol) in diethyl ether (15

cm )̂ was heated to re flux . Nopol methyl ether (9.80 g, 54.4 mmol) 

was added dropwise and the reaction mixture was heated under reflux  

for 4 h. TMEDA (2.0 cm ,̂ 13.3 mmol) was added and the refluxing was 

continued for a further 1 h. The solution was then allowed to cool 

to room temperature before half of the vo la tiles  were removed under
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reduced pressure. Hexane (15 cm̂ ) was added and the reaction mixture 

was le f t  at -20 *C to induce c rys ta ll isa t io n . The white solid was 

then removed by f i l t r a t io n ,  washed with cold hexane ( 5 x 5  cm )̂ and 

dried at room temperature under vacuum (0.01 Torr) to give 3.2 g

(48%) of ^MeapC. This was recrystallised from hexane/diethyl ether 

(2 .5 :1 );  m.p. 60-85 *C dec. Found: C, 71.25; H, 12.43; N, 5.29.

C3 0 H6 2 B2N2O2 requires C, 71.43; H, 12.39; N, 5.55%. s(iH)(CDCl3 ) 

0.69 (broad m, 2H, CHB), 0.78 (d, 2H, J 8 . 8 ) ,  1.10 (s, 6 H, CMe^Me®), 

1.16 (s, 6 H, CMe^MeB), 1.44 (m, 2H), 1.69 (m, 4M), 1.85 (m, 6 H), 2.09 

(m, 2H), 2.21 (m, 2H), 2.58 (s. 6 H, NMe*), 2.61 (s, 6 H, NMe»), 3.19

(m, 4H, CH2N), 3.32 (s, 6 H, OMe), 3.38 (m, 4M, CHgOMe).

6 .8 .12 N. /V*-Bisrf 15.2/?.35.55)-iso-2-(2-benzv1 oxvethvl) apopino-  

camphevlboranel-TMEDA Complex ( B̂eapQ 11

A solution of BMS (2.5 cm ,̂ 25.0 mmol) in diethyl ether (18 

cm )̂ was heated to re flux . Nopol benzyl ether (14.7 g, 57.5 mmol) 

was added dropwise as before. The mixture was heated under reflux  

for 1 h before TMEDA (1.8 c m 11.9 mmol) was added, and the reflux  

continued for 40 min. The solution was then allowed to cool to room 

temperature. Ether and dimethyl sulphide were removed under reduced 

pressure and hexane (ca. 25 cm )̂ was added to the residue to induce 

c rys ta ll is a t io n . The solid was removed by f i l t r a t io n ,  washed with 

cold hexane and then dried at room temperature under vacuum (0 . 0 1  

Torr) to give 4.3 g (55%) of ^BeapC. The complex was recrystallised  

from hexane/diethyl ether (1 :1); m.p. 74-89 “C dec.. Found: C, 

76.06; H, 10.84; N, 3.91. C4 2 H7 0 B2N2O2 requires C, 76.82; H, 10.74;
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N, 4.27%. 5(^H){CDCl3) 0.68 (broad m, 2H, CHB), 0.78 (d, 2H, J 8 . 8 ) ,

1.10 (s, 6H, CMe*«e®), 1.15 (s, 6H, CHe'Hle®}, 1.46 (m, 2H), 1 .7 -1 .9  

(m. ION), 2.09 (m, 2H), 2.20 (m, 2H), 2.57 (s, 6H, NMe*), 2.58 (s. 

6H. NMe®), 3.18 (m. 4H, CHzN). 3.47 (m, 4H, OCH2CH2) ,  4.47, 4.52 (AB 

quartet, 4M, Jab 12.0, PhCH^), 7 .2 -7 .4  (m, lOH, Ph).
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6.8 .13 Determination of the Enantiomeric Compositions of M̂eaoC and 

B̂eaoC

(a) iMeapÇi?

A solution of BMS (6.0 cm ,̂ 60 mmol)^® in diethyl ether (30 

cm )̂ was heated to re flux . Nopol methyl ether (11.37 g, 63.1 mmol) 

was added dropwise to the refluxing solution over a period of 2 0  min. 

A fter the addition, the reaction mixture was refluxed for 4 h. I t  

was then cooled to room temperature. Ethanol (30 cm )̂ was added 

dropwise and the solution was stirred  until no more gas (H2 ) was

evolved. Aqueous sodium hydroxide (3 M, 21.1 cm ,̂ 63.6 mmol) was 

then added and the mixture was cooled in an. ice-water bath before 30% 

aqueous hydrogen peroxide (7.6 cm ,̂ 67 mmol) was added dropwise with 

s t ir r in g .  Following the addition of the peroxide, the cooling bath 

was removed and the reaction mixture was heated at reflux for 1.25 h. 

The reaction mixture was allowed to cool to room temperature and was 

then poured into ice-water (260 cm^). More ether (100 cm )̂ was added 

and the organic layer was separated and washed with water (2 x 50 

cm3), saturated aqueous sodium chloride (1 x 50 cm̂ ) and dried 

( K 2 C O 3 ) .  After removal of the ether, the residual o il was d is t i l le d  

to give 8 . 1  g (6 8 %) of iso -2 - ( 2 -methoxyethyl)apopinocampheol, b.p. 

83.5-86 'C/0.45 Torr. s(^H)(CDCl3 ) 0.91 (s, 3H, CMe^Me®), 1.08 (d, 

IH, J 9 .6 ) ,  1.21 (s, 3H, C M e^® ), 1.59 (m, IH ), 1.76 (m, IH ),

1.81-1.97 (m, 4H), 2.36 (m, IH ), 2.47 (m, IH ), 3.31 (s, IH, OH), 3.38

(s, 3H, OMe), 3.44-3.61 (m, 2H, CH^OMe), 4.15 (m, IH, HCOH).

Oxalyl chloride (50 pi, 0.573 mmol) was added to a solution of 

( /? )-(+ )-Mosher's acid (0.025 g, 0.107 mmol) and /V.iV-dimethylformamide 

(9.5 pi, 0.123 mmol) in hexane (5 cm )̂ at room temperature under
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argon. A white precipitate formed immediately and the mixture was 

stirred  at room temperature for 1 h. The mixture was then decanted 

into another flask and hexane was removed by rotary evaporation. A 

solution of iso-2-(2-methoxyethyl)apopinocampheol (0.0132 g, 0.0664 

mmol), tr ie th y l ami ne (40 p i , 0.287 mmol), and 4-dimethyl ami nopyridine 

(DMAP) (0.0121 g, 0.0991 mmol) in CDCl 3 (1 cm )̂ was added to the 

residue. After standing for 1.5 h at room temperature, NMR 

spectroscopic examination of the mixture revealed complete conversion 

into the diastereomeric Mosher esters 13.1* The multiplets arising  

from the CHO proton in the NMR spectrum and from the CF3 group in 

the NMR spectrum were used to determine the diastereomeric 

composition. The major diastereomer (96%) showed 6 (^H) 5.23 (d t, IH, 

J 9.5 and 4 .1 ) ,  and s(^^F) 4.17 (s); the minor diastereomer (4%) 

showed 6 (iH) 5.29 (d t, IH, J 9.5 and 4.0) and 6 ( i*F ) 4.22 (s ),  

confirming that the ee of the starting nopol methyl ether 5 was 92 ± 

1% (see Table 6 .1 ) .

Ethanol (5 cm )̂ was added dropwise to a solution of ^MeapC 

(0.549 g, 1.09 mmol) in diethyl ether (5 cm^), followed by 3 W sodium 

hydroxide solution (0.8 cm ,̂ 2.4 mmol). The reaction mixture was 

then cooled in an ice bath. 30% Aqueous hydrogen peroxide (0.4 cm ,̂

3.53 mmol) was added dropwise and the solution was heated to reflux  

for 1.25 h. The mixture was allowed to cool to room temperature and 

was poured into ice-water (10 cm^). More ether (15 cm )̂ was added 

and the organic layer was separated and washed successively with 

water (2 x 10 cm^), 2 M sulfuric  acid (1 x 10 cm^), saturated aqueous 

sodium hydrogen carbonate ( 1  x 1 0  cm^), saturated aqueous sodium 

chloride (1 x 10 cm )̂ and dried ( K 2 C O 3 ) .  After removal of the 

solvent, the residue was subjected to column chromatography, using
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hexane/ethyl acetate (7:3) as eluant, to give 0.32 g (74%) of 

iso-2-(2-methoxyethyl)apopinocampheol. The alcohol was es ter if ied  as 

before and the diastereomeric composition of the Mosher esters was 

determined by NMR spectroscopy, showing that the ee of ^MeapC

was 91%.

(b) B̂eapC

Nopol benzyl ether was converted to

iso -2 - ( 2 -benzyloxyethyl)apopinocampheol by the method used for nopol 

methyl ether; b.p. 120-121 ‘C/0.01 Torr. s(^H)(CDCl3 ) 0.90 (s, 3H, 

CMe^eB), 1.07 (d, IH, J 10.0), 1.21 (s, 3H, C M e^® ), 1.62 (m, IH ),

1.74 (m, IH ), 1.78-1.99 (m, 4H), 2.35 (m, IH ), 2.45 (m, IH ) , 3.15 (d, 

IH, J 2 .8 , OH), 3.54-3.72 (m, 2H, CHgOCHzPh), 4.16 (m, IH, HCOH),

4.53 (s, 2H, CHzPh), 7.25-7.40 (m, 5H, Ph).

The alcohol was es ter if ied  with Mosher's acid chloride as 

before. The multiplets arising from the CHO proton in the Ĥ NMR 

spectrum and from the CF3 group in the ^̂ F NMR spectrum were used to 

determine the diastereomeric composition of the esters. The major 

diastereomer (95%) showed s(^H) 5.30 (d t, IH, J 9.8 and 4.2) and 

s(i9F) 4.02 (s ); the minor diastereomer (5%) showed 6 (^H) 5.35 (dt,  

IH, J 9.7 and 4.2) and ô(^^F) 4.10 (s ) ,  confirming that the ee of the 

starting nopol benzyl ether 6  was 90 ± 1%.

Treatment of ^BeapC in a sim ilar way to that derived for  

iMeapC, with a lkaline hydrogen peroxide gave 

iso -2 - ( 2 -benzyloxyethyl)apopinocampheol, which was purified by column 

chromatography using hexane/ethyl acetate (7:3) as eluant. The 

alcohol was then e s te r if ied , as before, to give the Mosher ester 

which showed the ee of ^BeapC to be > 98.5%.
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6 .8 .14  Attempted Synthesis of Cyclic /V-Mvrtenv1pyrrolidine-Borane 15

Myrtenyl bromide was prepared from (l/?)-(-)-myrtenol and 

triphenylphosphine dibromide as described in the l i t e r a t u r e ; 2 ° b.p. 

50-53 'C/0.1 Torr ( l i t . 2° b.p. 45-47 'C/0.05 Torr). ôfiHjfCDCls)

0.83 (s, 3H, CMe^e®), 1.18 (d, IH, J 8 . 8 ) ,  1.31 (s, 3H, C M e^® ),

2.10 (m, IH ), 2.20-2.37 (m, 3H), 2.45 (m, IH ), 3.96 (m, 2H, CHgBr), 

5.68 (m, IH, C=CH).

Myrtenyl bromide (52.6 g, 245 mmol) was added dropwise with 

mechanical s t ir r in g  to neat pyrrolidine (400 cm ,̂ 4.79 mol) and the

mixture was heated under reflux for 8  h. Excess pyrrolidine was

removed using a water pump and aqueous potassium hydroxide (265 cm̂  

of a 3.5 M solution) was added to the residue with s t ir r in g . The 

mixture was then extracted with ether (4 x 150 cm )̂ and the ethereal 

solution was washed with saturated aqueous sodium chloride (2 x 240 

cm )̂ and dried (NasSO,). After removal of the ether, the residual 

brown o il was d is t i l le d  to give 41 g (82%) of iV-myrtenylpyrrolidine, 

b.p. 70-82 'C/0.019 Torr. 6 (^H)(CDCl3) 0.84 (s, 3H, CMe^Me®), 1.15

(d, IH, J 8 .4 ) ,  1.28 (s, 3H, CMe^Me®), 1.77 (m, 4H, NCH2CH2 ) .  2.08

(m, IH ), 2.16-2.32 (m, 3H), 2.39 (m, IH ), 2.47 (m, 4H, NCH2) ,  2.84,

3.06 (AB quartet, 2H, J 14, CH2NCH2CH2) ,  5.38 (m, IH, C=CH).

BMS (22.0 cm ,̂ 220 mmol) was added dropwise to a s tirred  

solution of yV-myrtenylpyrrolidine (45.5 g, 222 mmol) in hexane (100 

cm )̂ at 0 'C. A fter the addition, the mixture was stirred  at room 

temperature for 1 h and then re-cooled in an ice-water bath. The 

white crys ta ll ine  precipitate  was removed by f i l t r a t io n ,  washed with 

hexane (4 x 30 cm )̂ and dried at 0.01 Torr to give 23.0 g (48%) of 

yv-myrtenylpyrrolidine-borane 17; m.p. 78-79 'C. Found: C, 76.58; H,
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12.03; N, 6.45. C1 4 H2 6 NB requires C, 76.72; H, 11.96; N, 6.39%. 

6 (iH)(CDCls) 0.81 (s, 3H, CMe^e®), 1.18 {d, IH, J 8 . 8 ) ,  1.27 (s, 3H, 

C M e^B ), 1.82 (m, 2H), 2.02-2.48 (m, 7H), 2.80 (m, 2H), 2.98 (m, 

2H), 3.37 (m, 2H, OCCH2N), 5.60 (m, IH, C=CH).

/V-Myrtenylpyrrolidine-borane (3.04 g, 13.9 mmol) was 

transferred to a thick-wall glass tube containing a small 

Teflon-covered magnetic s t i r r e r  bar. Toluene (22 cm̂ ) was added and 

the solution was frozen in liqu id  N2 . The tube was attached to the 

vacuum lin e , evacuated and flame-sealed. The contents were thawed to 

room temperature and then heated in an o il bath at 150 *C for 1.5 h. 

The solution was allowed to cool to room temperature, the tube was 

cracked open at the neck and the solution was removed by syringe into 

a conical flask . NMR spectroscopic examination of the solution 

using a mixture of benzene and CgDg as solvents showed a main t r ip le t  

(co. 90%) at 0  -0.97 (Jbh 105).

6 .8 .15 Attempted Synthesis of Cyclic /V-Mvrtenvldimethviamine-Borane 20

Myrtenyl bromide was prepared as described in the l i te ra tu re .  

Dimethyl ami ne (140 cm ,̂ 2.11 mol) was allowed to evaporate into a 

reaction flask equipped with a condenser containing solid CO 2 -acetone 

slush, while the flask was cooled in an ic e -s a lt  bath at -10 'C. 

Myrtenyl bromide (48.9 g, 227 mmol) was added dropwise during 0.5 h 

and the reaction mixture was then s tirred  at 0 *0 for a further 4.5  

h. Excess dimethyl ami ne was allowed to evaporate at room temperature 

overnight and potassium hydroxide (247 cm̂  of a 20% solution) was 

added to the residual liqu id . The mixture was extracted with diethyl 

ether (3 x 150 cm^), the ethereal solution was washed with saturated
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aqueous sodium chloride (2 x 200 cm )̂ and dried (Na2S0 4 ) .  After

removal of the solvent, the residual liquid was d is t i l le d  to give 28 

g (69%) of /V,/V-di methyl myrtenyl ami ne, b.p. 54-64 "C/1.4 Torr ( l i t . ^ i  

b.p. 40-41 'C/0.6 Torr). s("H)(CDCl3 ) 0.84 (s, 3H, CMe^e^), 1.14 

(d, IH, J 8 . 8 ) ,  1.28 (s, 3H, C M e^® ), 2.09 (m, IH ), 2.18 (s. 6 H.

NMez), 2.20-2.35 (m, 3H), 2.40 (m. IH ) , 2.67, 2.82 (AB quartet, 2H,

Jab 12.8), 5.36 (m, IH, C=CH).

BMS (9.4 cm ,̂ 94 mmol) was added dropwise to a solution of 

yv,yv-di methyl myrtenyl ami ne (17.0 g, 94.6 mmol) in hexane (43 cm )̂ at 0 

'C. A fter the addition, the solution was s tirred  for 1 h at room 

temperature before being re-cooled to 0 *C and the precipitated

material was removed by f i l t r a t io n .  The solid was washed with cold 

hexane and dried at 0.01 Torr to give 12 g (6 8 %) of 

/V,/V-di methyl myrtenyl amine-borane 21, m.p. 75-76 'C. Found: C, 74.41; 

H, 12.77; N, 7.17. C1 2 H2 4 NB requires C, 74.63; H, 12.52; N, 7.25%. 

s(^H)(C6D6) 0.69 (s, 3H, CMe^MeS), 0.95 (d, IH, J 8 . 8 ) ,  1.13 (s, 3H, 

C M e ^ s ) ,  1.85 (m, IH ), 1.92-2.04 (m, 3H), 2.12 (s, 3H, NMe*), 2.13 

(s, 3H, NMe®), 2.20 (m, IH ) , 2.45 (q, 3H, Jbh 79, BH3 ) ,  3.12 (m, 2H, 

CH2N), 5.07 (m, IH, C=CH). s(i3C)(CgD6) 21.2 (CÇH3 A), 26.1 (CCH3 ®).

31.8, 31.9, 37.6 (CMe2) ,  40.1 [N(CH3 ) 2] ,  47.3, 50.1, 69.0 (CH2N),

129.3 (C=CH), 140.8 (C=CH). 6 ( i iB ) (C 6H6 and CgDe) -7.41 (q, Jbh 98).

The amine-borane complex (2.64 g, 13.6 mmol) was heated in 

toluene (19 cm )̂ in a sealed tube at 150-160 'C for 1.5 h, as 

described above. The ^̂ B NMR spectrum showed a t r ip le t  at 5  +1.45 

(Jbh 116), which we believe is due to the cyclic complex 2 0 . I t  also 

showed a quartet at 0  -7.41 (Jbh 97) due to the uncyclised 

amine-borane and a t r ip le t  at 0  +6.56 (Jbh 121), along with other 

unidentified signals.
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6.9 UV Irrad ia tion

The experimental arrangement as shown in Chapter 5, Figure 5.4 

was used. All sample tubes and other apparatus through which the 

photolysing beam passed were made from fused s i l ic a .

Reactions were carried out using the dewar cavity insert from a 

Varian temperature control unit designed for operation with an ESR

spectrometer. The upper part of the standard insert was cut o f f  and

replaced with a wide-bore section which could accommodate sample 

tubes up to 9 mm in diameter. Pre-cooled nitrogen was passed through 

the dewar insert and around the sample to control i ts  temperature, 

which was monitored by a thermocouple placed alongside the sample. 

The section of the insert which contained the sample was surrounded

by a fused s i l ic a  tube sealed to the insert with silicone rubber.

Through the jacket so formed, which was backed with aluminium fo i l  to 

act as a re flec to r , a slow flow of dry argon was maintained to 

prevent condensation of moisture on the insert. Unfiltered l ig h t  

from a Mazda 250 W high-pressure mercury arc lamp was foetussed onto 

the sample using two lenses of focal length 1 0  cm ( 1 0  cm diameter). 

The sample temperature during photolysis was estimated by immersing a 

small thermocouple in an open sample tube containing a solution of 

DTBP in diethyl ether and re lating the temperature of th is to the 

reading obtained from the external thermocouple positioned in the gas 

flow. Quoted reaction temperatures are considered accurate to ± 5 

*C. The lamp could be shuttered to fa c i l i ta te  removal of the sample, 

which was mixed by shaking at frequent in terva ls .
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6.10 Typical Procedure fo r K inetic Resolution

A representative experiment is described. The complex '*IpcC

(0.063 g, 0.15 mmol) was f i r s t  transferred to a dry, argon-filled  

Suprasil quartz sample tube (9 mm o .d .,  1 mm w a l l ) . A mixture of

racemic methyl 2-phenylpropanoate (250 p i) ,  DTBP (560 pi) and

t-butylbenzene (160 pi) was made up in a small pyrex sample tube and 

kept in an ice bath. An aliquot (485 pi) of th is  mixture was

transferred by a microsyringe to the quartz sample tube. The sample

tube was then attached to the vacuum line  and the contents were 

frozen in liquid N2 . The tube was evacuated and oxirane (520 pi) was 

condensed onto the frozen reagents before the tube was flame-sealed 

under vacuum. The sample was transferred to a bath containing 

CO2 -IMS slush {ca. -78 *C) and the contents were mixed thoroughly by 

repeated inversion of the tube. (The depth of liqu id  in the sample 

tube was ca. 2.8 cm). The sample was UV irradiated for 5 h at ca. 

196 K with unfiltered l ig h t from a Mazda 250 W high-pressure mercury 

arc lamp. The sample tube was removed from the dewar insert and the 

contents mixed by shaking every 20-30 min. After photolysis, the 

tube was cooled to ca. -78 ‘C and was cracked open at the neck. 

Toluene (2.0 cm )̂ was added, the contents of the tube was transferred  

into a small pyrex sample tube. The sample was then kept in ice and 

subjected to GLC analysis, using the t-butylbenzene as internal 

standard, to determine the ester consumption by comparison with the 

chromatogram obtained from the stock mixture before photolysis. The 

solution was then transferred to a round-bottomed flask and v o la t i le  

material was removed by rotary evaporation at ca. 30 "C. The residue 

was redissolved in diethyl ether (30 cm )̂ and the solution was washed



138

with 1.8 M sulfuric  acid (4 x 25 crn̂ ) (to remove the 

amine-alkylborane or any free amines present, which might otherwise 

complex to the chiral s h if t  reagent), followed by saturated aqueous 

sodium hydrogen carbonate (4 x 25 cm )̂ and then dried (MgSO,).** 

Ether was removed using a rotary evaporator and other vo la tiles  were 

removed at room temperature by pumping at ca, 1.2 Torr; under these 

conditions, no ester was lo s t. The residual ester was examined by 

400 MHz NMR spectroscopy in CDCl 3 solvent in the presence of 

Eu(hfc)s. The ee was calculated e ither from the integrals or peak 

weights for the CHMe doublets from the (/?)- and (S)-enantiomers of 

the ester.

Pure residual ester could be obtained by column chromatography 

a f te r  the washing procedure* using hexane/diethyl ether (4:1) as

* A control experiment was carried out using (K)-methyl 2-phenyl 

propanoate. The ester (50 pi) dissolved in diethyl ether was washed 

with l ,S  M sulphuric acid ( 4 x 8  cm^), saturated sodium hydrogen 

carbonate ( 4 x 8  cm )̂ and dried (MgSO,). The NMR spectrum of the 

recovered material in the presence of Eu(hfc)s showed that there was 

no racémisation of the ester under these conditions used.

+ For t-butyl 2-phenyl propanoate 39, the residue was washed with

1,1 M sulfuric  acid (2 x 30 cm^), saturated aqueous sodium hydrogen 

carbonate (2 x 25 cm )̂ and dried (MgSO,).

* In the case of dimethyl 2 ,2-dimethyl-1,3-dioxolane-trcrns-

dicarboxyl ate 46, the residual material a f te r  removal of toluene 

was d irec tly  subjected to column chromatography without the washing 

procedures. Dichioromethane/diethyl ether (9:1) was used as eluant.
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eluant, or by HPLC using hexane/ethyl acetate (95:5). The HPLC 

chromatograms showed two peaks which may correspond to the dehydro 

dimers 32 and 3 3 . 2 2 . 2 3  The meso-dimer was isolated as a solid. 

6 (iH)(CDCl3 ) 1.68 (s, 6 H, CMe), 3.74 (s, 6 H, COgMe), 6.80-7.40 (m, 

lOH, Ph). [ l i t . 23 ô(^H)(CCl4 ) 1.66 (s, 6 H, CMe), 3.66 (s, 6 H, 

CO^Me), 6 .6 -7 .3  (m, lOH, Ph)]. The dZ-dimer was obtained as a 

l iq u id . 5 (^H)(CDCl3 ) 1.78 (s, 6 H, CMe), 3.70 (s, 6 H, COgMe),

6.70-7.20 (m, lOH, Ph). [ l i t . ? :  ô(^H)(CCl4) 1.83 (s, 6 H, CMe), 3.66

(s, 6 H, COzMe), 6.68-7.22 (m, lOH, Ph)].

The ee of the residual esters could also be determined by HPLC 

analyses using the Chiral cel CD column. The eluant used was usually 

hexane/isopropyl alcohol (99.95:0.05).^* The ee determined by HPLC 

agreed with that found by the NMR spectroscopic method.

For the ester 39, the ee can only be determined by HPLC, using 

hexane ( 1 0 0 %) as eluant.
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CHAPTER 7

ESR SPECTROSCOPIC STUDIES OF ENANTIOSELECTIVE HYDROGEN-ATOM

ABSTRACTION REACTIONS 

RESULTS AND DISCUSSION

In Chapter 5, the kinetic resolutions of racemic esters were 

described. In this chapter, we describe the use of ESR spectroscopic 

methods which permit the elementary enantioselective H-atom transfer  

steps to be studied in isolation and to allow determination of the 

re la t iv e  rates of a-hydrogen-atom abstraction from enantiomeric pairs 

of esters by chiral amine-boryl rad ica ls .. As in the work involving 

kinetic  resolution, the concept of po larity  reversal c a t a l y s i s w a s  

u ti l is e d  to control the chemo- and enantio-selactiv ity  of the H-atom 

abstraction.

When an oxirane solution containing DTBP (28% v/v) and methyl 

2 ,2-dimethyl-l,3-dioxolane-4-carboxylate 1-/? or 1-S (0.83 M) was 

irrad iated with UV l ig h t at 188 K, while the sample was in the

C.X XX
1 - R  1 - 5

microwave cavity of the ESR spectrometer, signals from the radicals  

2 - f  [a(2Hp) 22.36, a(3Hs) 1.31 G, and g 2.0041(0) at 188 K], 2-Z  

[o(2Hp) 22.96, a(3H5) 1.56 G, and g 2.0040(8) at 188 K], and 3 [a(Ha) 

12.78, a(Hp) 27.40 G, and g 2.0033 at 188 K] were observed along with 

the spectrum of the oxiranyl rad ical. The e lectrophilic  t-butoxyl
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radical abstracts hydrogen unselactively from the ester and from the 

solvent. The designations E and Z re fe r  to the eneoxyl resonance 

forms 4-E and 4-Z; the assignments are speculative.

Me

-XX
2 - E 2 - Z

Me

4-E 4 -Z

When the experiment was repeated in the additional presence of 

MesN^BHzBu" (0.15 A/), which acts as a po larity  reversal catalyst,  

H-atom abstraction is brought about by MegN^BHBu" 5, through the 

ca ta ly tic  cycle of reactions (7.1) and (7 .2 ) ,  both of which benefit

Bu*0' + amine^BH^R  ►  Bu*OH + amine-^BHR (7.1)

am i ne-»BHR
_____ .0

■ XX amlne^BHJR

0

1-R  or 1-S

* XX ( 7 .2 )

from favourable polar e ffects . Now, the highly nucleophilic  

amine-boryl radical abstracts hydrogen exclusively from the C-H group
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a to the electron-withdrawing carbonyl function to give only 2 - f /Z  

( [2 -£ ] : [2 -2 ]  = 1:1.4 at 186 K determined by computer simulation) 

(Figure 7 .1 ) .

The isomer ra tio  [2 -E ]:[2-2] varies with the nature of the 

abstracting radical. By computer simulation of the ESR spectrum, for  

H-atom abstraction by Bu‘0 ’ , the ra tio  [2 -E ]:[2-2] was found to be 

1:2.3 at 188 K. Rotation about the C(0)-C bond must be slow compared 

to the lifetim es of the radicals (ca. 1 ms) for non-equilibrium 

ratios of rotamers to be detected. Relatively high rotational 

barriers might be expected for these captodatively-substituted  

ra d ic a ls .4

The re la tive  re a c t iv i t ie s  of the enantiomers of 1 (&i_a/&i_f) 

towards 5 could be determined by competition experiments^*^ using an 

achiral competitor and measuring (*i_*/&competitor) and 

(k i-j/kcom petitor) Separately. When an oxirane solution containing 

1-/? (0.75 M), dimethyl methyl malonate (DMMM) (0.51 M), as the achiral 

competitor, Me3N^BH2Bu" (0.16 Af) and DTBP (27% v/v) was UV irradiated  

at 188 K, ESR spectra of a mixture of the radicals 2 -E /2 and 6 were 

recorded. Computer simulation or double integration of the ESR 

spectra provided re la t iv e  concentrations of the radicals, and hence 

(^ 1 -r/^dmmm) could be determined. At 188 K the value of ( î-/?//tdmmm) 

was found to be 0.71. Similar experiments using 1-5 gave 

(ki-f/koMMM) = 0.66. Hence, ( k i . n / k i . s )  is equal to unity within 

experimental error, as required because 5 is achiral (Scheme 7 .1 ) .

In contrast, when the op tica lly -active  amine-boranes 7 a - l la  

(ca. 0.07 M) were used in place of Me3N-^H2Bu" as po larity  reversal 

catalysts, the re a c t iv i t ie s  of 1-/? and 1-5 towards the chiral 

amine-boryl radicals d iffered  and the enantioselectiv ity  constants s
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Figure 7.1 ESR spectrum of the radical 2 generated in the presence 

of 1-S and MejN-eHaBu" in oxirane at 184 K.
4̂tXl
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MeOjC
-------------------------------------►

in  ox irane

a t 188 K

--------------------------------------►
DMMM

Scheme 7,1

t k
2 - E / Z

2

m

Me Me

NCHgCHgN ►BH.

Me Me

7a; R = H, X = H 

7b; R = H, X = unpaired e le c tro n  ( u .p .e . )

Me Me

BH

Me Me

8

R = CHLOCHJPh

R = CH.OMe

(= k i - g / s / k i - s /R )  for H-atom abstraction to give 2 are lis ted  in 

Table 7 .1 . Figure 7.2a shows parts of the spectra of 2 - f /Z  and 6 

obtained from a mixture of 1~R (0.66 Af), DMMM (0.45 Af), DTBP (23%
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Table 7.1

Enantioselectivity constants (s) for  hydrogen-atom abstraction from 1 

in oxirane at 188 K.

Abstracting
radical ^ 1-5/^DMMM

Faster
reacting
enantiomer

7b 0.68 1.63 S 2.4

8b 1.65 0.67 R 2.5

9b 1.92 1.16 R 1 .7 b

10b 2.56 1.23 R 2.1

11b 1.71 0.88 R 1.9

a [Amine-borane] = ca, 0.07 M; s did not change s ign ificantly  when 

the catalyst concentration was doubled. b At 202 K.
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b)

Figure 7.2 Low f ie ld  regions from the ESR spectra of 2 - f /Z  and 6 

generated from a mixture of 1-R, DMMM and DTBP in oxirane at 184 K. 

The A/i(2Hp) = + 1 lines for 2 - f /Z  (multiplets A) and the Afi(3Hp) = + 

1/2 lines for 6 (multiplets B) are shown, (a) Using 8a as cata lyst,

(b) Using 7a as cata lyst.
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v/v) and catalyst 8a in oxirane at 184 K. Figure 7.2b shows the same 

region of the spectra obtained from the same mixture, but using the 

enantiomeric catalyst 7a. The E:Z rotamer ratios d i f fe r  s lig h tly  for  

diastereomeric radical-substrate reactant pairs. For example, at 188 

K [2 -f]  : [2-2] = 1:1.3 from 7b + 1-/? and 1:1.6 from 7b + 1-S.

Another substrate investigated was dimethyl 2,2-dimethyl- 

1,3-dioxolane-trcrns-dicarboxylate 12. When an oxirane solution 

containing 12-/?,/? (0.75 M) and DTBP (28% v/v) was UV irradiated at 

198 K, a mixture of the radicals 1 3 -f/Z  and the oxiranyl radical was 

obtained. However, when the experiment was repeated in the presence 

of MesN^BHzBu" (0.25 M), only the radicals 13-E [a(Hp) 20.52, a(3H8) 

1.23 G, and g 2.0039(9) at 201 K] and 13-Z [a(Hp) 20.52, oCSHg) 1.52 

G, and g 2.0039(7) at 201 K] were detected. The Z-rotamer is 

a r b i t r a r i ly  assumed to predominate and [1 3 -£ ]: [13:Z] = 1:1.2 for  

abstraction by 5 (Figure 7 .3 ) .

. , , . . ^ 0  M e O . C ^ o

MeOjC MeO^C

1 2 - R , R  1 2 - S , S

Me

13-E 13-Z

Competition experiments with 12 showed that H-atom abstraction 

by 7 b -llb  to give 13 takes place with very high enantioselectiv ity .
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Figure 7.3 ESR spectrum of the radical 13 generated by reaction of 

the amine-boryl radical 5 with 12-/?,/? in oxirane at 201 K; both £- 

and Z-rotamers are present.
in
o
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The reac tiv it ies  of 12-/?,/? and 12-5,5 were determined in separate 

experiments re la tive  to tr ie th y l methanetricarboxyl ate (TEMT) (Scheme 

7 .2 ) .2  When an oxirane solution containing 12-/?,/? (0.49 M), TEMT

1 2 - R , R / S , S
--------------- ^ ^

^R,R/S,S

in oxirane
at 188 K

T̂EMT

TEMT

Scheme 7.2

MeOoCrxMeOgC *' ^ 0

13-E/Z

►  'C(CO.Et)

14

(0.25 M), DTBP (23% v/v) and MegN-^HjBu” (0.15 M) was UV irradiated  

at 189 K, ESR spectra of a mixture of the radicals 13-E/Z and 14 were 

detected. From double integration of the spectra, (/tr,r//ttemt) = 

1.70. Similar experiments using 12-5,5 showed (Es,s/Etemt) = 1.83. 

Hence, (Er^r/Es,^) is equal to unity within experimental error, as 

required because 5 is ach ira l. However, when the chiral 

amine-boranes 7 a - l la  were used, very high enantioselectiv ities were 

observed and the derived enantioselectiv ity  constants are given in 

Table 7 .2 .

The high enantioselectiv ity  of H-atom abstraction from 12 is  

immediately obvious from comparison of Figures 7.4a and b. Figure 

7.4a shows the composite ESR spectra of 13 and 14 recorded during 

generation of 7b in the presence of a mixture of 12-5,5 (0.51 M) and 

TEMT (0.26 M) in oxirane at 187 K, while Figure 7.4b shows the 

corresponding spectrum recorded when the enantiomeric amine-boryl
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Table 7.2

Enantioselectivity constants (s) for hydrogen-atom abstraction from 

12 in oxirane at 188 K.

Abstracting
radical ^R, r/'^TEMT ^ S , 5/^TEMT

Faster 
reacting 
enantiorner

s

7b 0.090 1.91 S , S 21

8b 2.27 0 . 1 1 R , R 21

9b 1 . 1 1 0.072 R , R 15^

1 0b 5.24 0.23 R , R 23

1 1b 1.51 0.086 R , R 18

a At 202 K
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1 0  G#—-----------------------------------H

B

Figure 7.4 ESR spectra of 13 (multiplets A) and 14 (multiplets B), 

generated at 187 K from a mixture of 12-S,S (0.51 M) and TEMT (0.26 

A/), (a) Using 7a as polarity  reversal ca talyst, (b) Using 8a as

catalyst.
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radical 8b was generated in the presence of the same mixture of 

esters.

Results obtained using the d irect ESR method fo r  determining 

enantioselectiv ities were compared with the values of s calculated 

from kinetic resolution data using equation (7.3) (see Chapter 5).^-®

S = (Ic^Ag) - ln[(l - C)(l - E E ) ] / l n [ i l  - C)(l + E E ) ]  (7.3)

With racemic 12 and the amine-borane 7a, {ks,s/l<R,R) was found to be 

14, as described in Chapter 5. With 8a, the value of (& R,a/& j,j)  was 

12. An accurate value of s w ill  be obtained from equation (7.3) only 

i f  s t r ic t  homogeneity of the reaction mixture is maintained during 

photolysis. Since samples were unstirred .in  the experiments, i t  is 

possible that the faster-reacting enantiomer could become depleted in 

the region of the sample nearer to the l ig h t source, allowing more of 

the slower-reacting enantiomer to be consumed, leading to a value of 

s which is too low. In contrast, in the ESR experiments, the tube 

was e ither taken out from the cavity and shaken up a f te r  each peak 

was recorded, or, the spectra were recorded continuously and then 

extrapolated to zero irrad ia tion  time. Considering the sens itiv ity  

of s to C and EE when s is large,s * and the fact that C and EE

provide only an indirect measure of s using equation (7 .3 ) ,  the

agreement with the values determined by ESR spectroscopy is 

satisfactory.

Control experiments with 1 and 12, in which the DTBP was

replaced with an equal volume of UV-transparent 

2,2,5,5-tetramethyltetrahydrofuran 15 were also carried out. When an 

oxirane solution containing 1-5 (0.65 M), 15 (1.5 M) and the

amine-borane 7a (0.07 M) was UV irradiated at 187 K, a spectrum
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attributed to the radical 16 [a(2Hp) 27.84, cr(Ha) 11.80 G, and g 

2.0032 at 187 K] was obtained. Similar experiments using 12-/?,/? (0.51 

M), 15 (1.5 M) and the amine-borane 7a (0.08 M) at 187 K yielded a 

weak spectrum of the radical 3. These radicals are probably formed 

by Norrish Type 1 photochemical cleavage of the esters [equations 

(7.4) and (7.5)] and were not detected in the presence of the

MeO.C
+ CO,Me (7.4)

0 

16

MeOgC,^ ^0^ MeO,C
+ *CO,Me (7.5)XX x xM e O jC ^  ^ 0

peroxide, which presumably absorbs most of the UV l ig h t .
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CHAPTER 8 

EXPERIMENTAL

8.1 ESR Spectroscopy

ESR spectra were recorded with a Varian E-109 instrument 

operating at ca, 9.1 GHz. The experimental d e ta ils , including the 

method for measuring hyperfine coupling constants and g-values are 

described in Chapter 9.

Relative radical concentrations were determined by double 

integration of suitable lines in each spectrum. Some of the radicals 

exhibited CIDER effects , such that corresponding hyperfine lines to 

low- and h igh-fie ld  of the spectrum centre were of unequal intensity  

(E/A p o la r is a t io n ) .1-3 In these circumstances, re la t iv e  radical 

concentrations were determined by taking the average in tensity of 

corresponding low- and h igh-fie ld  l i n e s . T h e  rotamer ratios were 

obtained by computer simulation of spectra using a modified version 

of Krusic's program ESRSPECZ,* as described in Chapter 3.

8 .2  Materia1s

The enantiomers of methyl 2,2-dimethyl-1,3-dioxolane- 

4-carboxylate 1 and dimethyl 2,2-dimethyl-1,3-dioxolane- 

trons-dicarboxyl ate (sold as 2,3-^?-isopropylidene-tartrate) 12 and 

oxirane (a l l  Fluka) were used as received. 

Trimethyl amine-n-butylborane, the amine-boranes 7a -11a (compound 

numbers as in Chapter 7 ), and racemic 12 were prepared as described 

in Chapter 6.
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For competition experiments, a stock mixture of the two 

reactants was made up accurately by weight and portions of this were 

used for sample preparation.
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CHAPTER 9

ELECTRON SPIN RESONANCE SPECTROSCOPY

In this chapter the theoretical principles of electron spin 

resonance (ESR) spectroscopy are discussed b r ie f ly .  ESR spectroscopy 

is by fa r  the most useful method for radical detection. As w ill  be 

apparent la te r ,  detailed analysis of an ESR spectrum frequently makes 

i t  possible to deduce not only the gross chemical structure of the 

radica l, but also i ts  detailed conformation. Spin populations on 

various atoms in delocalised radicals may also be obtained. The

technique can be applied to the measurement of radical 

concentrations. ESR spectroscopy is of particu lar value in that, by 

use of suitable methods of generation, the spectra of short-lived  

radicals may be obtained and the sen s it iv ity  of the method allows 

radical concentrations of > 10"* M to  be detected.

9.1 Principles of ESR Spectroscopy

An unpaired electron possesses spin angular momentum and thus 

also possesses a magnetic moment. I t  can thus exist in two spin

states, which are of equal energy in the absence of an external

magnetic f ie ld .  In the presence of an applied magnetic f ie ld ,  the

magnetic moment of the electron can align i t s e l f  paralle l {nis -  -1 /2 ,  

the a state) or anti paralle l = + 1/2, the p state) to this f ie ld .  

The difference in energy of these states is given by equation (9 .1 ) .

AE = (9.1)

Here g is a dimensionless proportionality factor, which has the value 

2.00232 for a free electron, pe is the Bohr magneton, and B is the
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strength of the applied magnetic f ie ld  (more precisely, the magnetic 

flux density). I t  is imperative that th is f ie ld  be homogeneous i f  

the absorption peak is not to be broadened with resultant obscuring 

of the hyperfine s p li t t in g , which is so important in determination of 

radical structures.

I n i t i a l l y ,  in a bulk sample there are more unpaired electrons 

in the lower (m̂  = -1 /2 ) energy leve l. The ra tio  of the numbers of

spins in the two energy states at thermal equilibrium is given by

equation (9 .2 ) ,  in which and are the numbers of spins in the

Ha/Op = exp ( à E / k T )  = exp ( g [ i ^ B / k T ) (9.2)

lower and higher states, respectively, and k  is Boltzmann's constant. 

Irrad ia tion  with electromagnetic radiation of frequency vq results in 

transitions from the lower to the higher (//7s = +1/2) energy level 

when the resonance condition, equation (9 .3 ) ,  is sa t is f ied . Here Bq

^^0 “ (9-3)

is the resonance f ie ld ,  such that = //vq. Non-emitting relaxation  

processes maintain the Boltzmann d istribution of the two states and 

normally prevent saturation.

In general, for the study of organic free radicals, a magnetic 

f ie ld  of about 330 ml (3300 gauss) is employed and the value of vq is 

ca, 9.2 GHz, in the X-band microwave region of the electromagnetic 

spectrum. In princip le , resonance can be achieved e ither by 

variation of the irrad ia tion  frequency or of the applied f ie ld ,  but 

invariably the frequency is kept constant and the magnetic f ie ld  

varied. In contrast to NMR spectrometers, ESR spectrometers are 

arranged to record the f i rs t -d e r iv a t iv e  of the absorption curve, 

rather than the absorption curve i t s e l f .  This gives somewhat greater
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sens it iv ity  and also better resolution. The area under the 

absorption curve is proportional to the number of spins in the 

sample. Integration of the f i rs t -d e r iv a t iv e  to give the absorption 

curve, followed by integration of this to obtain i ts  area, enables 

one to determine radical concentrations by comparison of this area 

with that due to a known concentration of radicals.

9.2 Methods of Radical Production fo r ESR Studies

Most simple organic radicals are transient species and hence 

special experimental techniques have to be devised to allow th e ir  

detection by ESR spectroscopy. Three principal methods are used, 

(a) Radicals may be generated and immobilised in a r ig id  matrix, (b) 

They can be produced by continuous UV or electron irrad ia tion  of a 

solution of a suitable precursor in the cavity of the spectrometer,

(c) They may be formed continuously by rapid mixing of reagents just  

before introduction into the cavity by use of a flow system.

The lifetim es of radicals generated in a matrix are very much 

greater than would be the case in f lu id  solution, because the slow 

rate of diffusion prevents or retards bimolecular radical-radical 

reactions. The spectra of radicals produced in this way can be

complicated by anisotropic Zeeman and hyperfine interactions which 

are absent in the spectra of liqu ids, where the tumbling of the 

radicals averages out such interactions. However, i f  the radicals 

are free to tumble within cavities in a r ig id  matrix, such as

adamantane, near-isotropic spectra can be obtained.

For study of the ESR spectra of specific radicals in solution, 

the most useful procedure involves continuous UV irrad ia tion  in the
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cavity of the spectrometer, and this is the method used in the

present work. ESR spectra were recorded using a Varian E-109 or

Bruker ESP-300 instrument operating with a microwave frequency of

9 .1 -9 .4  GHz. The spectrometers were equipped for in s i t u  UV

irrad ia tion  of samples. For each spectrometer, the l ig h t source was 

an Osram HBO-500 W/2 mercury discharge lamp in an Oriel Universal 1 

KW housing equipped with an f /0 .7  Aspherab fused s i l ic a  condensing 

lens. The slightly-converging beam from this was focussed onto the 

sample, using a fused s i l ic a  lens (focal length 10 cm, diameter 7.5 

cm). The intensity of the incident radiation could be varied by 

placing metal gauze screens (nominally 30, 10, and 3% transmittance) 

in the l ig h t path. Most of the infrared and much of the v is ib le  

radiation were removed by passage of the beam through a water-cooled 

aqueous solution f i l t e r  (s i l ic a  c e l l ,  path length 3 cm) containing 

NiS0 4 . 7 H2 0  (0.38 A/), C0 SO4 . 7 H2O (0.70 M) and H2SO4 (0.04 Af). The 

l ig h t  reaching the sample was mainly in the wavelength region 240-340 

nm and the heating e ffect of irrad ia tion  on the sample was reduced to 

ca. 6-7 “C at fu l l  in tensity.

The temperature of the sample in the cavity was controlled by a 

pre-cooled flow of nitrogen using a standard variable temperature 

unit; i t  was measured by a thermocouple placed alongside the ESR tube 

about 2-3 cm from the top of the cavity insert and displayed on a 

d ig ita l thermometer (Comark). The insert thermocouple was calibrated  

against a second thermocouple contained in a sample tube f i l l e d  with 

cyclopentane.

The heating e ffect of the UV irrad ia tio n  on the sample was 

measured u t i l is in g  the temperature dependence of a(Hp) for the 

isobutyl radical (generated by photolysis of a cyclopropane solution
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containing t r i  ethyl si lane and isobutyl bromide) as a function of 

l ig h t in tensity , as described previously.^ The relationship between 

o(Hp) and the sample temperature is given in equation (9 .4 ) .

T(°C) = 2.7039 4[ a (H p )] 2  - 198.419[a(Hp)] + 3490.41 (9.4)

Extrapolation to zero intensity gives the heating e ffec t,  and actual 

sample temperatures during photolysis are given by the sample 

temperature in the dark plus this heating correction. In a ll

temperatures quoted in this thesis, the heating effect of the

radiation has been accounted for.

9.3 Characteristics of ESR Spectra

Electron spin resonance spectra are characterised by three

parameters: 2 the g-factor, the hyperfine s p li t t in g  constants, and the 

linewidths. A close study of these parameters and of th e ir  

temperature dependencies enables much detailed structural information 

about the particu lar radical to be gleaned.

9 .3 .1  q-Factors

In a magnetic f ie ld  an unpaired electron in a free radical

possesses, in addition to i ts  spin angular momentum, a small amount 

of unquenched orbital angular momentum as a result of spin-orbit 

coupling. This causes the electron to have a s lig h tly  d iffe rent  

effective  magnetic moment from that which a free electron would 

possess (g 2.00232). The experimentally-measured isotropic g-factor 

of a polyatomic free radical as defined by the resonance condition 

[equation (9 .3 )] w il l  thus deviate s lig h tly  from the spin-only value.



165

Hence, for a given operating frequency, radicals with d iffe ren t  

g-factors resonate at d iffe ren t applied f ie ld  strengths. The 

difference in the g-factor for a radical and that for the free 

electron is analogous to the chemical s h if t  in NMR spectroscopy. 

Differences in g-values are small, e.g. g-values for CM3 * and HOCH2 

are 2.0026 and 2.0033, respectively, but are nevertheless significant  

and can give valuable information about the structure of a radical.

In this work g-values were determined by measurement of the 

microwave frequency (using an E .I .P . Autohet microwave counter, model 

331) and the magnetic f ie ld  at the centre of the spectrum (using a 

Varian NMR gaussmeter). The difference in f ie ld  between the

gaussmeter probe and the sample was determined by measuring the 

g-value of the pyrene radical anion, which is accurately known to be 

2.002710,3 generated by the reduction of pyrene with sodium in THF. 

The unknown g-value was calculated using the resonance condition

shown in equation (9 .3 ) .

9 .3 .2  Hyperfine S p littin g  Constants

These are by fa r  the most useful characteristics of ESR

spectra, both for determining the iden tity  and also the detailed  

structure of the radical under study. Hyperfine coupling arises from 

interaction between the unpaired electron and neighbouring magnetic 

nuclei (^H, ^B , "̂̂ N, ^^0, e tc , )  present in the radical. The

interaction with n equivalent nuclei of spin I  results in {2n l  + 1) 

lines and the distance between each of these lines is (to 

f irs t -o rd e r)  equal to the hyperfine s p li t t in g  constant. Since 

has no magnetic moment, proton hyperfine couplings dominate ESR
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spectra of neutral and ionic hydrocarbon radicals. The interaction  

of the unpaired electron with n equivalent protons ( /  = 1 / 2 ) gives {n 

+ 1 ) lines and, furthermore, the re la tive  in tensities  of these lines 

are given by the coefficients of the binomial expansion of ( 1  + %)", 

which can be found readily from Pascal's tr iang le . Although the

natural abundance of { I  = 1/2) is only ca. 1.1%, other elements

have non-zero spin isotopes which are present in high abundance. 

These include ( /  = 3) ca. 19.8%, { /  = 3/2) ca. 80.2%, and

( I  = 1) 99.6%.

9.4 Origins of Hvoerfine S p littin g

Anisotropic hyperfine s p li t t in g , which arises from magnetic

dipolar interactions, is only important in the solid state or in 

viscous media and w il l  not be considered. In solution, such 

interactions are averaged to zero by rapid tumbling of the radicals. 

Isotropic hyperfine s p li t t in g  only results i f  the unpaired electron 

has a f in i t e  probability of being at the magnetic nucleus in 

question. This is usually referred to as the Fermi contact 

in teraction. Thus, coupling might be expected to be observable only 

when the singly occupied molecular orbital (SOMO) has some 

s-character, since only then w ill  there be a f in i t e  electron density 

at the nucleus. For n-radicals, no s p li t t in g  would be expected, 

since the unpaired electron is in a n-orbital which has a node in the 

molecular plane which contains a l l  the magnetic nuclei. 

Experimentally, i t  is found that though s p li t t in g  for electrons in 

orb ita ls  with s-character can be very large (506 G for the hydrogen 

atom), there is nevertheless also some s p li t t in g  for n-radicals.
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9 .4 .1  g-Proton S plitt ings*

Hyperfine interaction of this type can be best i l lu s tra te d  by 

the methyl radical H 3 C " .  Figure 9.1 shows schematically the spin

a b

Figure 9.1 The spin polarisation mechanism for the methyl radical.

polarisation mechanism, which is responsible for the g-H and g-^^C 

s p lit t in g s . For the two possible arrangements of electron spins 

about the trigonal carbon, that shown in Figure 9.1a is the more 

probable (Hund's ru les ). The electrons in the o bond are not 

perfectly  paired due to an exchange interaction, which causes the a 

electron with the same spin as the electron in the SOMO to come 

closer to this electron than the a electron of opposite spin [Figure 

9.1b]. The value of a(Ha) w il l  thus be negative while w ill

be positive.

McConnell 4 has shown for n-radicals that the unpaired spin 

induced in the Ha-ls orbital is approximately proportional to the

*Throughout this thesis, the common nomenclature used was for

hydrogen positions with reference to atom X : -CH2 -CH2-X-H
T p g
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unpaired spin population on the adjacent carbon atom, p^ca* This can 

be expressed by equation (9 .5 ) ,  in which Q is  à proportionality

a(Ha) . Qp*c, (9.5)

constant, which has a value between -20 and -30 G, depending on the 

particu lar type of radical.

9 .4 .2  B-Proton Splittings

Since spin polarisation depends strongly on the distance 

between the unpaired electron and the interacting nuclei another 

mechanism must be operative in transferring spin density to a 

p-proton. As commonly accepted, th is is the hvoercon.iugation 

mechanism, which allows some of the unpaired a-spin density to appear 

at the p-proton, producing a positive coupling constant [see the 

canonical structures 9 .2 ] .

\,-̂ A \C  C ^ H  ^ -------- ►  C = # = C  HT/  1 / I
9.2a 9.2b

The hyperconjugation mechanism can be explained using simple 

molecular orbital theory, and can be visualized in Figure 9.3 for the 

ethyl radical. The basic concept is that there must be overlap 

between one or more sigma C-H bonds and the Ca-2pn orbital which 

formally contains the unpaired electron. This interaction follows a 

cos^e law, as shown by the Heller-McConnell equation^'* (9 .6 ) ,  in 

which A is a spin-polarisation parameter of small value {ca. 1 G),
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Figure 9.3 The hyperconjugation mechanism for the ethyl radical

a(Hp) - (A + Bcos^e) (9.6)

often neglected, and B is the hyperconjugation parameter of value

58.5 G. The angle e is defined as the dihedral angle between the 

Ca“2pn orbital and the C-H bond (Figure 9 .4 ) .  The coupling constant

Figure 9.4

with a p-proton is thus at a maximum when i t  is in the same plane as 

that of the Ca-2 pn orbital i .e .  when e is zero.

9 .4 .3  Long-Range Proton S p littin gs

Long-range hyperfine interactions with % and 5 hydrogens are 

usually rather small, and positive and negative contributions to them
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often cancel each other. They are very dependent on stereochemistry. 

An extensive review of this subject has been given by King.? 

El linger et  oZ.* have given theoretical analyses of long-range 

hyperfine interactions in both simple a liphatic  and bicyclic  free 

radicals. Figure 9.5 i l lu s tra te s  the so-called "W" and "anti-W"

H a n t i - w

Figure 9.5 "V” and "anti-W" protons

rules. The former type of interaction leads to the larger value of 

a{Hy) because contributions from spin-delocalisation and 

spin-polarisation are both positive, whereas they cancel for the 

la t te r .

9.5 Second-Order Effects

The analysis of hyperfine sp litt ings  which has been presented 

here is valid only in cases where the coupling energy is very much 

smaller than the electronic Zeeman energy. When hyperfine coupling 

constants are very large or the applied magnetic f ie ld  is very small, 

additional sp litt ings  can occur which arise due to the removal of the 

degeneracy of certain Zeeman energy levels . Furthermore, lines can 

be shifted from the positions predicted by simple theory. These 

phenomena are referred to as second-order e ffects . Line sh ifts  from 

the f irs t -o rd e r  positions are of the order {a^/^Bo) where a is the 

hyperfine coupling constant and Bq is the applied magnetic f ie ld  at
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the centre of the spectrum.^

For example, to second-order, coupling of the unpaired electron 

with three equivalent protons actually gives rise to the splitting  

pattern shown below rather than to a simple 1:3:3:1 quartet.

First-order

Second-order

Intensity 1 2 1 2

Shift from first 
order position in units 
of (a2/4g_)

7 1 7 1
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