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ABSTRACT

PART I. ASYMMETRIC REDUCTION OF KETONES
WITH THE GRIGNARD REAGENT FROM
R-1-BROMO-2~PHENYLETHANE-1,1,2-ds
PART II. ELECTROPHILICALLY ASSISTED
NUCLEOPHILIC OPENING OF
OPTICALLY ACTIVE STYRENE OXIDE
by

JOSEPH EDWARD TOMASZEWSKI

Part I. The preparation of the Grignard reagent
from R-l-bromo-2-phenylethane-1,1,2-ds and its reaction
with phenyl t-butyl and phenyl trifluoromethyl ketones is
discussed. The optically active alcohol products produced
in each reaction were analyzed as diastereomeric esters of
{+) -a-methoxy-a-trifluoromethylphenylacetyl chloride by 100
MHz NMR spectroscopy. In the case of the reduction of phenyl
£-butyl ketone, unlabeled and labeled phenyl-t-butylcarbinol
(48.6%) was produced with a 6.7% ee (enantiomeric excess) |
of the S5-(-) isomer. The stereoselectivities of H and D
transfer were almost the same, i.e., 13.5% ee of the S
isomer for H transfer and 13.3% ee of the R isomer for
D transfer. However, in the reduction of phenyl trifluoro-
methyl ketone, unlabeled and labeled phenyltrifluoromethyl-
carbinol (75.5%) was produced with a 6.5% ee of the R-(-)
isomer. The stereoselectivities of H and D transfer

xi
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differed by 6.3% with D transfer being more stereoselective,
i.e., 29.6% ee of the R isomer for H transfer and a 35.9%
ee of the S isomer for D transfer. Hydrolysis of the
Grignard reagent produced S-(+)-l-phenylethane-1,2,2-d,
which exhibited a rotation ([a]j?) of +1.04°. Maximum
rotations were calculated for l-phenylethane-1l,2,2-d; and
2-phenylethanol-1,1,2-ds.

Part II. The prepération of R-(+)-styrene oxide
and its reaction with the AlDj3/Et20, AlDs/THF, B,Dg/BFs+0Et;
and EtaMg/MgBr,-+dioxanate reagents is discussed. When
styrene oxide was reacted with the AlDs/Et,0 reagent,
S~ (-)-1-phenylethanol-2-d and S-(-)-2-phenylethanol-2-4d
were produced in 34% and 62% yields, respectively. Reaction
with the AlD3;/THF reagent produced S-(-~)-l-phenylethanol-2-d
and S~ (~)-2-phenylethanol-2-d in 66% and 22% yields, re-
spectively. The reaction with the B,D¢/BF3+OEt,; reagent
produced S-(-)-2-phenylethanol-1-d of 11-14% ee in a 72%
vield (the configuration and the % ee are only tentatively
assigned). Finally, the reaction with Et,Mg/MgBr,;+dioxanate
produced (=)-l-phenyl-2-butanol of very low optical purity
and S-(+)-2-phenyl-l-butanol of 44% ee in 30% and 50% yields,
respectively. Mechanisms have been postulated for all of
these reactions. Styrene oxide was also prepared by an
asymmetric reduction reaction. When the Grignard reagent
from R-(~)-l-chloro-2-phenylbutane was allowed to react
with o-chloroacetophenone, S-(-)-styrene oxide of 14% ee

was produced in a 39% yield after hydrolysis with KOH.

xii
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PART I

INTRODUCTION

The reduction of carbonyl compounds with Grignard
reagents has been extensively studied in the past.! The
reduction reaction was discovered by Grignard? in his origi-
nal study of the reaction; and Conant and Blatt? later
observed that reduction readily took place with sterically
hindered ketones. While Grignard reagents also add to
carbonyl compounds, this treatise will only be concerned
with the reduction reaction (Figure 1).

OMgX
R2C-CHaR' (addition)

R2C=0 + R$CHCHMgX —
—+R,CH  + R}C=CH,
OMgX (reduction)

Figure 1. Reduction and addition reactions of carbonyl
compounds with Grignard reagents.

Little was known about the mechanism of the re-
duction reaction until 1942, when Whitmore and George® pro-
posed their now famous mechanism (Figure 2). The principal
supporting evidence for this mechanism was the observation
that a correlation existed between the extent of reduction
and the availability of B-hydrogens in the Grignard reagent
(the neopentyl Grignard reagent with no 8-~hydrogens gave

no reduction with diisopropyl ketone, while the Z-butyl

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



X
Mg
0/ \CHz
R2C=0 + R}CHCHaMgX Il l
- /c\ H—CI:-R'
R R R'
1 2 / 3
 x- X- |
/Dig\ ‘IMg\
CH2a O| CH, OMgX CH2
I i+ 1 |
R-C+ H-C-R' —» R-C. C-R| — = R-C-H + C
I | a7 | /
R R* R R' | R R' R!
4a 4b S 6

Figure 2. Whitmore mechanism for Grignard reductions.

Grignard reagent, with nine B-hydrogens, gave 95% reduction.)
The mechanism depicts the reaction as the reversible forma-
tion of complex 3, which then proceeds to transfer a B~
hydrogen directly from the reagent to the substrate.

The fact that the f-hydrogen is the one that is
transferred has been proven by the deuterium labelling

experiments of Dunn and Warkentin.®

When benzophenone
was allowed to react with the BR-deuteroisobutyl Grignard
reagent, the product (benzhydrol) contained deuterium.
However, when benzophenone was reduced with the a- and y-
deutero Grignard reagents, the benzhydrol obtained did
not contain any deuteriﬁm.

The first observation of an asymmetric Grignard

reduction was made by Vavon and coworkers® in the reaction

of acetophenone (8) with the reagent (7) prepared from

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



"pinene hydrochloride" to give R-{+)-methylphenylcarbinol

(10, 30% ee).

0 CHs
(1) MgCl + Il — E\b + |
C HO»C
/\ I
Ph CHjy Ph
7 L3 2 10

The reagent consists of a mixture of the bornyl-
and isobornyl-magnesium chlorides, and it was presumed
that only the exo-isobornyl species (7) is the active re-
ducing agent. However, recent work in these laboratories
has cast some doubt on the validity of this assumption.’
Vavon and Angelo® extended this reaction to a series of
alkyl phenyl ketones but made no attempt to interpret the
results other than to say that a relationship existed be-
tween the extent of asymmetric reduction and the steric
hindrance of the ketone.

Since this first example of an asymmetric Grignard
reduction, Mosher and coworkers® 2® have expanded the reac-
tion substantially and have contributed much to a more
complete understanding of the mechanism. A brief summary
of this work is given in Table 1.

In the form of a general model. the reaction can
be visualized as shown in Figure 3.

It is presumgd that reduction mode 1l3a will be

favored over 13b because of the lower energy steric
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TABLE 1

ASYMMETRIC REDUCTION OF ALKYL PHENYL
KETONES BY GRIGNARD REAGENTS®
B

P R’

Ph R
¢=0 + H-q-CHzMgc1 — H-qcon +
R

Per Cent Asvmmetric Synthesis

R R'=Me Et L-Prd
Me 38> 47° ——-
Et 38; 52¢ 66
i-Pr 597, 82; 80
£-Bu  [22]° 16 91
CF, 47° 38° 22

In some experiments the enantiomeric reagent
was employed and the enantiomeric carbinol was
formed from that shown in the equations.

(a)

(b)
(e)
(d)
(e)

See reference 1l2.
See reference 11.
See reference 19.
See reference 21.

Product has configuration opposite to
that shown.

(£)

g
3' /)'M tCHz k MgX
" G é’l -L. o
o W T Ry
MgX R, RY Rg
CH, L. -
@ + RYSCOH — 3a l4a
R: k S fi{ —_ ===
§ X
PN
11 12 f) (GH2 | K, QMgX
—— ~‘C’\/c"0 — ‘\c
Rgh H7| Ry Rg |
]
R R Ry
- 13b 14b

Competing modes of reduction in the asymmetric
reduction reaction.

Figure 3.
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interactions involved. 1In l3a, a better fit of the two
pairs of interfering groups is possible than in 13b, i.e.,
(Rg V4 R{) + (R V4 Rg) is favored over (Rg vé Rg) + (R
v4 R'). Thus, isomer l4a will be produced in excess. This
model has been extremely successful in predicting the stereo-
chemistry of the reaction and there are very few exceptions
to it.2* oOne exception is the reduction of phenyl t-butyl
ketone by the Grignard reagent from S-(+)-l-chloro-2-phenyl-
propane which gives predominantly the enantiomer opposite
to that predicted on the basis of the above model, assuming
Z-butyl is smaller than }phenyl.‘2 This result serves as
a warning that there are limitations to the use of this
asymmetric synthesis for the determination of absolute
configurations.

Another apparent exception is the asymmetric re-
duction of phenyl trifluoromethyl ketone by the Grignard
reagent from S-(+)-l-chloro-2-methylbutane. From van der

28

Waals radii, rotational barriers in substituted ethanes,?®

7

conformational energy barriers,?’ and n.v. spectral measure-

ments, *®

one must conclude that the trifluoromethyl group
has a smaller steric bulk than phenyl (and also £-butyl).
Thus, one would predict, on steric grounds alone, that
13a (where: R; = Ph, Ry = CFs, R/' = Et and Ry = Me) is
the preferred mode of reduction, and that enantiomer l4a
(where: R, = Ph, Ry = CF3) should be obtained. Contrary

to this prediction, a 22% asymmetric synthesis of the oppo-

site enantiomer (14b) was obtained.?! This is a clear
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exception to the "bzsi steric fit" picture of this reaction;
and there seems to be no highly satisfactory way of ration-
alizing this observation.

The fact that electronic factors are important
in certain cases is illustrated by the reduction of phenyl
trifluoromethyl ketone by a Grignard reagent possessing
a phenyl group in the beta position. Again. steric con-~
siderations alone predict that 15a should be preferred,
but the results show that this is not the case and that
a presumed electronic repulsion between trifluoromethyl
and phenyl is the overriding consideration which determinés
that the lower energy mode of reduction is that represented
by 15b, in which the phenyl groups are forced to be cisoid

in the transition state.

c1 Cl
Mg
AN
0 Qcaz ) kfnz
N I
PH\ " / "'I;,R \\\\ ‘ H /
CF; Ph
15a 15b

While this part of the thesis is concerned with
the asymmetric Grignard reduction reaction it is equally
concerned with a comparison of the transfer of H versus the
transfer of D from the Grignard reagent to the carbonyl
compound.

A related study of this kind was carried out by

Mosher and coworkers!*r %23 in the preparation of optically
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active l-deutero-primary alcohols. A synthesis of this

kind can be achieved in one of two ways: (1) by transferring
hydrogen to a deuteroaldehyde, or (2) by transferring deu-
terium to an isotopically normal aldehyde. Models for

the comparable preferred modes of reductions for the forma-
tion of neopentyl-1-d alcohol, utilizing enantiomeric la-
beled and unlabeled 2-methylbutyl Grignard reagents are

shown below.

Cl Cl
g

J G g G

‘\\c \ C'.,' ‘,s‘c N\ "y,
z‘.’—Bu“é 1 | “Me H | 0 | Bt
Et 1-Bu Me
16a 16b

While these modes of reduction are very closely
related, they are not identical or enantiomeric. 1In 1l6a,
a C-H bond is being broken and reformed. In 1l6b, a C-D
bond is being broken and reformed. The other difference
is that in l6a, ethyl and deuterium are cisoid while in
16b, ethyl and hydrogen are cisoid. The observation by
Dunn and Warkentin® of an isotope effect (k,;/kp) of 2.3
indicates that the transfer of deuterium will be appreci-
ably slower than that of hydrogen in such reactions.

It was believed that the stereoselectivities of
these two modes of reductions (l6a and 16b) should be about

the same. However, it was observed that while hydrogen
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transfer gave 12% asymmetric reduction, the comparable

¥ since

deuterium transfer gave 36% asymmetric reduction.?
these'experiments were done before gas chromatographic
purification techniques were available, and because the
rotation of the product was very small, the study should

be repeated. If these results are correct, an interesting
rationalization seems to be one based on the tunneling
effect.?? Since hydrogen has a longer de Broglie wave-
length, it can be transferred from reagent to substrate
without going over the energy barrier. Therefore, the
transfer of hydrogen could take place between the carbon
atoms of the Grignard reagent and the aldehyde when they
are appreciably farther apart than in the case of deuterium
transfer which shows less tunneling.

Thus, the steric interactions would be accentuated
in the transfer of deuterium vensus hydrogen because of
the necessity for the carbon atoms to be closer together
in the former case and this would contribute to crowding
in the transition state.

When Morrison and Mosher®® reduced phenyl t-butyl
ketone with the Grignard reagent from S-(+)-~l-chloro-2-
phenylbutane-2~d, the amount of asymmetric synthesis was
the same (within experimental error) as that for the an-
alogous reduétion with the non-deuterated Grignard reagent
(15% vensus 16%). They found the same to be true for the
reduction of phenyl ethyl ketone with the same Grignard

reagents (54% for hydrogen transfer and 55% for deuterium).
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While these reactions are not exactly comparable to the
reduction of trimethylacetaldehyde represented by l6a and
16b, they do suggest that the important factor is the dif-
ference in the "steric size" of H v4 D and not an intrinsic

difference in the stereoselectivity of H va D transfer.

Statement of the Problem

Thus, it was the objective of this research to
combine these factors into one system, i.e. a Grignard
reagent that can transfer either H or D. In principle,
with this kind of system, only one experiment is necessary
to determine the stereoelectivity of H v4 D transfer.
However, in practice, a new analytical method had to be
developed in order to carry out this study. The overall
technique employed is a form of optical-isotopic double
labeling and this investigation represents the first use
of this method to study the relative energies of closely
related competing transition states for ketone reduction.
The reducing system ultimately chosen for this investigation
was the Grignard reagent from R-l-bromo-2-phenylethane-
1,1,2-d3. 1Its synthesis and the results of its reactions
with phenyl f£-butyl ketone and phenyl trifluormethyl ketone

are discussed in the following section.
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RESULTS AND DISCUSSION

The Preparation of the Grignard Reagent

The development of a suitable synthesis of the
Grignard reagent from chiral l-bromo-2-phenylethane-1,1,2-ds
proved to be a problem in itself, The synthetic routes
that were initially attempted will be discussed first to
illustrate the problems that were encountered.

The synthetic route attempted first was similar
to the final route chosen in that the starting material
in each was chiral mandelic acid. Mandelic acid (17) was
chosen as the starting material because it could be easily
resolved; %! later in the investigation optically active
mandelic acid of high optical purity became commercially
available. The resolved mandelic acid was converted to
the methyl ester (18) by the action of methanol, hydrochloric
acid and 2,2-dimethoxypropane according to the general
procedure 2f Lorette and Brown.3? The 2,2-dimethoxypropane
acts as a water scavenger thus allowing the esterification
to go to complietion in a short period of time. The ester
was then reduced with lithium aluminum hydride to give
1-phenyl-1,2-ethanediol (19).%? Conversion of the diol
to the monotosylate (20) and ring closure to styrene oxide

(21) was accomplished by a slight modification of the
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procedure of Eliel and Delmonte.?* At first, it was felt
that the synthesis of the desired chiral halide could be
achieved through an alane reduction of styrene oxide (see
Reaction Sequence 2). However, when styrene oxide was
reduced with the AlHg/Et20 reagent according to the procedure
of Rerick and Eliel,®® the products obtained were shown

to be 2-phenylethanol (22) and l-phenylethanol (10) in 58%

and 42% yields, respectively. This reduction was carried

+

OH MeOH, H OH LiAlH, OH

Ph-CH-CO,H > PhCHCO,CH, ———— PhCHCH,0H
(MeO) 2C (Me) 2
17 18 19
I

PhCH (OH) CH j2)'4

10

AlH, 0, KOH OH
+ — PhCH-CH, — PhCHCH,0Ts

PhCH,CH420H E @_

22

out under a number of different conditions, and it was
found that the product ratio remained essentially the same;
it was not possible to increase the relative yield of 22.
Since a large scale preparative gas chromatographic separa-
tion was found to be extremely difficult and time consuming
for this mixture, this synthetic route was abandoned.

The next synthetic scheme that was attempted in-
volved the preparation of a-deuteromandelic acid. The
incorporation of deuterium was attempted by several dif-

ferent methods. The first of these was a deuterium-hydrogen
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exchange on methyl mandelate. When methyl mandelate in
a carbon tetrachloride solution was treated with potassium
L-butoxide and deuterium oxide for one-half hour at room
temperature, the resulting mandelic acid was found to contain
no deuterium. The reaction of methyl mandelate with sodium
methoxide in methanocl-0-d sclution again produced no deu-
terium incorporation in the resulting mandelic acid. The
third exchange reaction involved treating methyl mandelate
with a solution prepared by dissolving sodium in methanol-
O-d. This time, there was some deuterium incorporation -
in the resulting mandelic acid, but it was less than 10%.
The next synthetic route attempted involved the
reduction of phenylglyoxylic acid to mandelic acid. When
phenylglyoxylic acid was treated with sodium amalgam in
a weakly alkaline agqueous soclution,3® mandelic acid was
produced‘in only 31% yield. The hydrogenation of phenyl-
glyoxylic acid with a Pt/C catalyst in a methanolic sodium
hydroxide solution produced mandelic acid in a 90% yield.
However, when deuterium gas was used under the same con-
ditions, the recovered mandelic acid contained no deuterium.
This seemed to indicate that the solvent was participating
in the hydrogenation in some manner. When methanol-0-d
was used in the reduction, the resulting mandelic acid
contained approximately 80% deuterium. After numerous
other attempts to effect the exchange and reduction re-

actions, these experiments were finally abandoned due to
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low yields, low deuterium incorporation and the excessive
cost that would be involved in large-scale preparations.,
The synthetic route finally chosen is illustrated

in Pigure 4. S-(+4)-Mandelic acid (17) was converted to

CO2H CO2CH3 CO2CH3j
MeOH, H+ | MeS0,Cl
HOpC-dH > HOp-C-dlH —— MesOpC-H
(MeO) .C(Me) 2 | Py
Ph Ph Ph
S-(+)-17 S-(+)-18 S=-(+)-23
LiAng.k
CD,MgBr : CD2Br CD,0H
Mg | PheP
Hp»CaD — Hp-CD <+ Hp-C-aD
Et20 | Br,
Ph Ph Ph
25 R-24-1,1,2-d, R- (+)-22-1,1,2-d,

Figure 4. Preparation of the Grignard reagent 25.

the methyl ester (18) according to the general procedure

of Lorette and Brown®? in a 96% yield. The ester was con-
verted to S-(+)-methyl-O-mesyl mandelate (23) in a 70%
yvield by treatment with methanesulfonyl chloride in a pyri-
dine solution at -5°C. Reduction of the mesylate with
lithium aluminum deuteride produced R-(-)-2-phenylethanol-~
1,1,2-43 (22) in a 64% yield. That the reduction did pro-
ceed as was expected®’ has been supported independently

by Green and coworkers.3® starting with R-(-)-mandelic
acid (R-17), these workers prepared S-(+)-2-phenylethanol-

2-d (s-22) by a similar sequence of reactions (see Figure 5).
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CO2H CH20H CH,0CPh 3
LiAlH, | Ph3CCl
HpC«qOH ——> HPCOH ——> HP-COH
Ph Ph Ph
R-(-)-17 R-(-)-19 R-26
TsCl
|4
\ J
CH,OH CH,0CPh, CH,0CPhg
LiAlD,
D-CdH <  DpCH “—op—  HP-C0OTSs
Ph Ph Ph
§-(-)-22-2-4 s-28 R-27

Figure 5. Green scheme for the preparatlon of
S-(-)~-2~phenylethanol-2-d.

When 22 was initially prepared, it was believed by
both this author and Green that the rotation should be the

39 (see

opposite of that reported by DePuy and coworkers
Figure 6). However, it wasn't until after this work was
completed that the conflict was resolved. When analyzed
by glpc, the sample of 22 ([a]D -1.36°) appeared to be
pure; however, purification of 22 by preparative glpc gave
a sample of 2-phenylethanol-l,l,2~ds (R-22-1,1,2-ds) which
exhibited a rotation of +1.06°. A second purification by
preparative glpc gave a sample of R-22-1,2,2-d, which ex-

hibited the same rotation. Thus, it seems that there was
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a contaminant present of high optical rotatory power which
was not observed by glpc analysis of the sample. This re-
sult, i.e., a (+) rotation, agrees with that predicted by

Brewster's rules.*

CO2H CO2Et CO2Et
EtOH, | SOC1,,
Hp-C{OH — Hp»COH —0—® Clp-C-dH
HC1 | PY
Ph Ph Ph
R-(-)-17 R-(-)-29 s-(+)-30
TiAth
CH,OH CH20H
LiAlD,
HpC<dD +—— Clp-C-dH
D20
Ph Ph
R- (+)-22-2-d s-(+)-31

Figure 6. DePuy scheme®? *° for the preparation of
optically active 2-phenylethanol-2-d.

A side product in the reduction of methyi-O-mesyl

mandelate (23) was l-phenylethanol (10). Its formation

*Brewster's rule (see reference 48) states that a
compound with the configuration shown below will have a
dextrorotatory rotation if the polarizabilities of the
attached groups decrease in the order a>b>c>d.

b

i

1
a—-g——c

a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 16

can be accounted for in the following manner (see Figure
7). The ester group is first reduced by lithium aluminum
deuteride to give the alkoxide (32) which then displaces

the mesylate group with inversion®" to give the epoxide (21).

CO2CHg CDh,0M
LiAlD,
MesOP-C@H ———— MesOBCgqH —— H, O,
C-CD,
Ph Ph PH
S-(+)-23 32 21-2,2-d2
1 LiALlD,
Hc _OH H,0 HC _GM
¥ “cp, ¥ cps
S-(~)~10-2,2,2-ds 33

Figure 7. Formation of l-phenylethanol from reduction
of s-(+)~-23.

The epoxide then undergoes reduction to give S-(-)-l-phenyl-
ethanol-2,2,2-ds (10). The evidence for this chain of
events is as follows: (1) traces of styrene oxide were
found in the product mixture when analyzed by glpc; and
(2) the rotation of 22 was more levorotatory when there
was more of 10 present in the sample, and decreased as
the percentage of 10 in the sample decreased. This indi-
cates that the l-phenylethanol (10) had the S-(-) configu-
ration.

The preparation of R-l-bromo-2-phenylethane-
1,1,2-ds (24) was accomplished in a 46% yield according

to the general procedure of Wiley and coworkers"“? with
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triphenylphosphine and bromine. The bromide (24) was then
subjected to solvolysis in methanol in an attempt to remove
the l-bromo-l-phenylethane from the l-bromo-2-phenylethane-
1,1,2-ds (24)."® column chromatography of the solvolysis
mixture gave a sample of 24 that was only 90% pure--the
remaining 10% consisted of 4.5% l-bromo-l-phenylethane-
2,2,2-d3 and 5.5% styrene plus ethylbenzene. No further
purification was attempted and the bromide of this purity
was used to prepare the Grignard reagent (25) in the usual
manner from triply-sublimed magnesium turnings (86% yield
by acid-base titration).

The deuterium éontent of both the alcohol (22)
and the bromide (24) was determined by mass spectroscopy
(for a detailed description of the deuterium content calcu-
lation see Appendix I). The results are summarized in

Table 2.

TABLE 2

DEUTERIUM ANALYSIS OF R~-(+)—~2-PHENYL-
ETHANOL-1,1,2-ds (22) AND
R~-1-BROMO~-2-PHENYLETHANE~1,1,2-ds
(24) BY MASS SPECTROSCOPY

Compound 3da $ds 2dy
22 5.6 92.0 2,2
24 6.7 93.2 = ———

Using these values (i.e., assuming that only 4
bromide contributes to the optical activity) together with

the optical purity of the methyl mandelate used in the
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synthesis (96%) and assuming no racemization in the reaction
sequence 17 thru 24, the maximum enantiomeric purity of

the bromide can be estimated to be 93.5%. However, Helmkamp
and Rickborn®?® have shown that the reduction of a secondary
mesylate proceeds with about 20% racemization. Therefore,
the maximum optical purity of 22 and hence of 24 is probably
about 75%. However, the optical purity of the bromide

used to prepare the Grignard reagent is not crucial for

the discussion of the Grignard reductions. To the extent
that it is enantiomerically impure, the enantiomeric purity
of reduction products simply will be lower than would be

the case with an enantiomerically pure Grignard reagent.

No corrections will be made for the estimated enantiomeric
purity of the Grignard reagent in considering the amount

of asymmetry induced in the reduction reactions.

Reactions of the Grignard Reagent from

R-1l-bromo-2~-phenylethane-1,1,2-ds

An aliquot of the Grignard reagent (25) was hydro-
lyzed with water to obtain a sample of the hydrocarbon
(Equation 3). The l-phenylethane-1,2,2-ds (34) that was
isolated had a rotation ([a]éz) of +1.04°. The configu-

ration of (-)-l-phenylethane~l-d from the LiAlD4 reduction

D,MgBr CD,H
H,0
(3) Hpp»-C-dD —_— Hp»C<dD
Ph Ph
R-25 S-(+)-34-1,2,2-d,
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of S-(+)-l-chloro-l-phenylethane (35) has been unambig-
uously demonstrated to be R by Streitwieser and coworkers.“®
Therefore, the configuration of 34 is almost certainly

S, which is consistent with the configurations of its
mandelic acid precursor and the presumed stereochemistries
of the linkage reactions. Streitwieser calculated the
maximum rotation of l-phenylethane-1-d to be 0.76° based

on a maximum rotation of 116° for the precursor chloride.

This same reduction (Equation 4) has also been carried

CHg CHj;
LiAlD,
(4) Hp-C=Cl —_— Dp»-CH
Ph Ph
S-(+) -35 R~ (*)—ﬂ"l*d

out by Eliel,“’ Dauben and McCoy"“® and Streitwieser and
Reif."’ The maximum rotation of l-chloro-l-phenylethane
(35) has been calculated to be 125.4° by Eliel.*® There-
fore, assuming no racemization in the lithium aluminum
deuteride reduction of 35, the published estimates of the
maximum rotation of l-phenylethane-1-d vary from 0.71 to
1.00° with most estimates in the range 0.7-0.8°.

Mosher and coworkers!® have shown that the lithium
aluminum deuteride reduction of R~(+)-l-chloro-l-phenyl-
butane, prepared by chlorination of S-(-)-l-phenyl-l-
butanol with POCls/pyridine, proceeded with appreciable
racemization. It was assumed that there was about 20%

racemization in the chlorination and about 50% in the
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reduction. The S-(+)-l-phenylbutane-l-d recovered from
this reduction had a rotation of +0.84° and this is less
than half of the maximum rotation of 2.2° calculated by
Verbit.*® Since Mosher and coworkers used the same re-
actions in their synthesis that Eliel“® used in the pre-
paration of l-phenylethane-l-d, the maximum calculated
rotation for l-phenylethane-l-d (about 0.8°) may be too
low by a factor of 2.,6. If this is true, which seems
very likely, then the maximum rotation of l-phenylethane-
1-d should be about 2.1°. Therefore, since the rotation
of the l-phenylethane-1l,2,2-d3 (34) obtained in this in-
vestigation was 1.04°, its optical purity, and consequently
the optical purity of R-(+)~2-phenylethanol-1,1,2-ds (22)
and R-l-bromo-2-phenylethane-1,1,2-ds (24), should be
approximately 49.5% (assuming that the deuterium atoms in
the CD2H group do not appreciably affect the rotation).
This would correspond to approximately 44% racemization
in the lithium aluminum deuteride reduction of methyl-O-
mesyl mandelate (23), a figure that is in line with that
expected by extrapolation from similar reactions. Using
this value of 49.5% ee for R-(+)-2-phenylethanol-1l,1,2-ds,
its maximum rotation can be calculated to be approximately
2.14 (see Table 3).

The reaction of the Grignard reagent (25) prepared
from R-l-bromo-2-phenylethane-1,1,2~ds with phenyl.t—
butyl ketone (36) produced 48.6% phenyl-t-butylcarbinol

(37), which contained 25-30% deuterium at the carbinol
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TABLE 3

ROTATIONS OF R-(+)-2-PHENYLETHANOL-1,1,2-d; (22)
AND S-(+)-1-PHENYLETHANE-1,2,2-dy (34)

Compound No. (o], (obs)*? fal, (max)b
R=-(+)-22-1,1,2-d, +1.06 2.14

(a) Check the experimental for details.
(b) Calculated maximum assuming 49.5% ee
for all compounds.

carbon; whereas the reaction with phenyl trifluoromethyl
ketone (38) produced 75.5% of phenyltrifluoromethylcarbinol
(39) , which contained 36-40% deuterium at the carbinol carbon

(see Equations 5 and 6, respectively).

CDzMgBr 0
I H,0 g
(5) Hp»CtiD + c —_— PhCH (D)
p~ “£-Bu £-Bu
Ph
25 36 | (=)-37
CD,MgBr 0
(6) H><|:<D lcl 120 Ph g(n)
+ —_— C
| o~ CF, &,y
Ph
25 38 (-)-39

The rotation data (see Table 4) indicated that
the levorotatory isomer was produced in excess in each
reaction, i.e., the S isomer of labeled plus unlabeled

phenyl-t-butylcarbinol (37) was produced in 7.66% ee® and
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the R isomer of labeled plus unlabeled phenyltrifluoro-

methylcarbinol (39) was produced in 7.1% ee.®®

TABLE 4

REDUCTION PRODUCTS FROM THE REACTION OF THE
GRIGNARD REAGENT 25 WITH PHENYL 1-BUTYL
AND PHENYL TRIFLUOROMETHYL KETONES

Partially Labeled Alcohols

37 39
Actual Yield (%) 48.6 75.5
[all? -2.79, -2.26
% ee 7.66, 7.1°%,
Configuration S R
$ d (NMR) . 30 4G

% 4 (Mass Spec.) 24.8 36.2

(a) See reference 8 for the maximum rotation

and configurational assignment.

(b) See reference 50 for the maximum rotation

and configurational assignment.

(c) See Appendix I.

Prior consideration of the competing modes of re-
duction shown in FPigures 8 and 9 led to the a priorl con-
clusion that 40b and 41b should be the favored ones for
hydrogen transfer and that 404 and 414 should be the favored

ones for deuterium transfer on the basis of steric inter-

actions alone. This conclusion is based on the fact that

phenyl has been shown to have a greater steric require-
ment than both Z-butyl and trifluoromethyl.?5-2% However,
contrary to predictions based on steric size. it has been
shown for a numbeé of asymmetric reductions!®—2? that
phenyl and trifluoromethyl groups prefer to be transoid

to one another, apparently because of strong electronic

interactions. Therefore, by analogy to these closely
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Ph, " _OH

-’ NH

S-(-)-37

at—Bu,,,‘ ,OH

¥
R-(+)-37

1-Bu, ,OH

/
C
p? b

R-(+)-37-d

Ph, OH
c
-8’ “p

s-(-)-37-d

Figure 8. Competing modes of reduction of phenyl f-butyl
ketone by the Grignard reagent from R-(-)~1-

bromo-2-phenylethane-1,1,2-d;s.
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Br
g
o’)'M ~CD,
i\ Ph, OH
\\‘Ck\ ‘r, > 'C
Ph' H/c ‘Ph cr¥
CFs D
4la R-(-) -39
Br
g
o) ) ~CD,
” (oT Crs, ,OH
\\‘\ /c"o > "C\
CFs A H'p Ph P H
P D
41b 5-(+)_§g
Br
Mg,
/
oY /cp,
” (‘l CF s, /OH
W %, - ‘C
CF3 vl B ¥ p
2 Ph
4lc 5~ (+) -39-d
Br
Mg
0’)’ /D,

I Ph, OH
\\c A ”, = 'C
30 D/‘c ‘ crY o

CFjs Ph
414 R=-(-)~39-d

Figure 9. Competing modes of reduction of phenyl trifluoro-
methyl ketone with the Grignard reagent from
R-(-) ~1-bromo-2-phenylethane-1,1,2~ds.
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related reductions, the reduction modes illustrated by
4la and 4lc should be the favored ones for hydrogen and
deuterium transfer, respectively, and not 4lb and 41d.

While the results in Table 4 do suggest the overall
stereospecificity of the reactions (neglecting rotation
isotope effects) and the approximate deuterium content,
they do not reveal the stereoselectivity of hydrogen vs
deuterium transfer. For example, in the case of the re-
duction of phenyl t-butyl ketone the following limits are
obtained: (1) the contribution of 40a must be between
27 and 54% while that of 40b must be between 19 and 46%;

(2) the contributions of 40c and 404 must be between 0 and
27%. Thus, one cannot make an accurate estimate of the
relative contributions of the reduction modes for this
reaction. The same holds true for the phenyltrifluoro-
methyl ketone reduction. Therefore, it was necessary to
find a method of accurately determining the amount of each
product formed in these reactions before anv meaningful
discussion of the results could be attempted.

Initially, it was thought that a classical resolu-
tion might be carried out on the half-phthalates of the
carbinols.®? 5! However, due to the difficulty of working
with very small quantities and the necessity that complete
recovery of each enantiomer must be obtained for a strictly
valid result (i.e., to avoid isotope fractionation), this
method was abandoned in favor of an NMR method.. Mosher and

coworkers®? had developed a NMR method for the determina-
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tion of the enantiomeric purity of secondary alcohols and
certain amines. It was felt that this technique might also
be applied in the present study.

To be successful in this case, this absolute method
would require the complete reaction of each of the carbinol
mixtures 37 and 39 with (+)-a-methoxy-a-trifluoromethyl-
phenylacetyl chloride (MTPA, 42, probably of the R configura-
tion) to produce a mixture of diastereomeric MTPA esters
43a, b, ¢ and 4 (Scheme 7); and the analysis of this mixture
for diastereomeric and isotopic composition. Such a double
analysis had not been attempted previously. The reli-
ability of this technique for the enantiomeric analysis
of unlabeled compounds can be seen from the following

52 A sample of

results reported by Mosher and coworkers.
(+) -phenyltrifluoromethylcarbinol of 45.2% ee as indicated
by its rotation was determined to have a 44.9% ee by the
NMR analysis of the MTPA esters; and (+)-a-phenylethylamine,
42.2% ee by rotation, was shown to have a 42.4% ee by NMR
analysis of the diastereomeric MTPA amides. Since the
initial development of this procedure, numerous refine-
ments have reduced the amount of error considerably.

The results from the NMR analysis of the diastereo-
meric and partially labeled MTPA esters of alcohol mixtures
37 and 39 are given in Table 5. A complete discussion of
the application of the technigue used to obtain these

results is given in Appendix II along with the chemical

shifts of the various groups on the MTPA esters.
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%* %* *
PhCH-Z~Bu , Ph¢D-1-Bu + PhC (OMe) COCL
OH OH CFgq
R~ & S-37 R- & 5~37-d (+)-42
(7) OMe Ph OMe £-Bu

Ph-C-CO,@C<gH + Ph-C-CO,BC-ai ,
CFs £-Bu CFs Ph

43a 43b

OMe £-Bu OMe Ph
Ph-C-CO,» CwD + Ph—T-COz>C<D
CFgs Ph CFg £-Bu

43c 434

TABLE 5

NMR ANALYSIS OF THE MTPA ESTERS OF
PHENYL-{-BUTYLCARBINOL (37) AND

PHENYLTRIFLUOROMETHYLCARBINOL (39)%*°

37 39
Net % ee® 6.7 (8) 6.5 (R)
H % ee 13.5 (s) 29.6 (R)
D % ee 13.3 (R) 35.9 (S)
% deuteriunk 27.0 35.0

$ deuterium 26.8 10.25 35.3 0.1

(a) This analysis was performed at Stanford
University on a Varian HA-100 NMR Spectrometer.
(b) Maximum error is $1%.
(c) The % ee from the rotations were 7.66% and
7.1% respectively.
(d) From combustion analysis performed by
Josef Nemeth, Urbana, Illinois.
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From the table it can be seen that the net % ee of
the phenyl-Z-butylcarbinol (i.e., the percent excess of
labeled plus unlabeled S-37) was 6.7% as compared to a value
of 7.66% calculated from the specific rotation. For phenyl-
trifluoromethylcarbinol these values were 6.5% and 7.1%.
This is a perfect example of the phenomenon observed by

®3 who showed that the optical purity and the enantio-

Horeau,
meric purity of a chiral substance are not necessarily equiva-
lent as was previously thought to be the case. Therefore,
the optical rotation cannot always be used as a precise
measurement of the enantiomeric purity of a chiral substance,
although in many cases it is probably accurate within ex-
perimental error.

An analysis of the results given in Table 5 shows
that the overall isotope effect (kﬁ/kD) for the reaction
with phenyl t-butyl ketone was 2.7, which is comparable to
the value of 2.3 observed by Dunn and Warkentin® for the re-
duction of benzophenone with the B-deuteroisobutyl Grignard
reagent. The overall kH/ k, for the reaction with phenyl
trifluoromethyl ketone was 1.85, which is almost the same
as the value of 1.94 observed by Ridgway®" for the reduction
of the same ketone with a y-asymmetric Grignard reagent.

The values in Table 5 also show that the stereo-
selectivity of H v4 D transfer was the same in the reduction
of phenyl t-butyl ketone (13.5% vs 13.3%), but differed by
6.3% in the reduction of phenyl trifluoromethyl ketone (29.6%
vé 35.9%). This difference in behavior will be discussed

later.
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By using the values from the NMR analyses, it was
possible to estimate guantitatively the percentage of each
enantiomer being produced by the competing modes of reduc-
tion that were illustrated in Figures 8 and 9. The results
of these calculations are shown in Figures 10 and 1l1. The
competing modes of reduction are shown in an abbreviated
form in these figures with the groups on the left side
of the vertical line being those on the ketone and those
on the right the groups on the asymmetric carbon of the

Grignard reagent.

Ketone | Grignard Reagent

Ph Ph 41.4¢
— s-(-)-37
£-Bu D
-Bu h
Ph

40a
z P 31.6%
_— R-(+)-37
D
40b
Z-Bu H 15.3%
—_— R-(+)-37-4
Ph Ph
40c
Ph H 11.7%
— S-(-)-37-d
£-Bu Ph
404

Figure 10. Quantitative estimate of the contributions of
the competing modes of reduction shown in
Figure 8.
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Ketone | Grignard Reagent

Ph Ph 42.1%
— R-(-)-39
CF, D
4l1a .
CF3s Ph 22.9%
E— s-(+)-39
Ph D
41b -
CF, H 23.8%
s-(+)-39-d
Ph Ph
4dlc
Ph H 11.2%
— R-(-) -39-d
CFgq Ph
414

Figure 1ll. - Quantitative estimate of the contributions of
the competing modes of reduction shown in
Figure 2.

From Figure 10 it can be seen that both hydrogen
and deuterium transfer are favored when the phenyl groups
are cisoid to one another (as in 40a and 40c) by a factor
of 1.3 over the reduction modes (40b and 404) in which
the phenyl groups are transoid to one another.

This result is an obvious deviation from the accepted
picture of the asymmetric Grignard reduction. The only
precedent for this type of behavior, i.e., a Grignard
reduction in which the phenyl groups préfer to be cisoid

to one another and not trensoid as would be predicted on
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the basis of steric interactions, was that observed by
Aaron'? in the reduction of phenyl f-butyl ketone with
the Grignard reagent from S-(+)-1l-chloro-2-phenylpropane
In this case, the favored transition state was that in
which the two phenyl groups were cisoid to one another,
The fact that this phenomenon has only occurred in the
reduction of phenyl iZ~butyl ketone with a Grignard reagent
containing a phenyl group and either a methyl, hydrogen
or deuterium on the asymmetric carbon suggests that some
subtle effect causes a deviation from the norm when the
small group reaches a certain "critical” size.

From Figure 11 it can be seen that both hydrogen
and deuterium transfer are favored when the phenyl groups
are cisoid (4la and 41lc) in the reduction of phenyl tri-
fluoromethyl ketone as was shown to be the case in the
reduction of phenyl Z-butyl ketone. This typical devia-
tion of the stereochemistry of phenyl trifluoromethyl ketone
Grignard reductions from the "steric size" model has already
been rationalized in terms of the electronic repulsion be-
tween phenyl and the trifluoromethyl group. It has also
been suggested that the transition states for the reduction
of trifluoromethyl ketones may deviate sufficiently from
a planar situation to one with cyclohexane-like chargcter
such as that represented by 44.2" The conformation of
lowest energy in this case is assumed to be that in which
the two phenyl groups are situated in the equatorial or

pseudoeguatorial positions. This conformation would predict
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CF3s
D |
%
Mg.. <1 \ Ph Ph, ,OH
O \ —_— C
V=GN cFy “H
cpz> \ #
Ph
44 . R=(-)-39

the major product observed in this case and in many others.
A deviat’nn from planarity might also be the explanation
for the results observed for phenyl t-butyl ketone in this
investigation and in that of Aaron.!?

To facilitate the discussion of the results given
in Table 5 and shown in Figures 10 and 11, the free energy
differences (-AAéF) between the competing modes of reduc-
tion were calculated (see Table 6), and are illustrated
diagramatically in Figure 12. While nine energy differences

for each reaction are listed in Table 6, only a few will

be discussed at this time.

TABLE 6

CALCULATED FREE ENERGY DIFFERENCES BETWEEN
THE COMPETING MODES OF REDUCTION FOR PHENYL
£-BUTYL (40) AND PHENYL TRIFLUOROMETHYL KETONES (41)

No. Competing Modes of Reduction -AAé= (40) -AAéf (41)

1l a/b 161 cal. 365 cal.
2 c/d 157 452
3 a+ b/c +d 595 370
4 a+ Eyg +c 72 78
5 a+c¢/b+d 163 395
6 a/c - 596 342
7 b/d 595 429
8 a/d 757 794
9 b/c 435 -23
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800+ 414

-

7004

600 40¢c

452

500+

Relative

Energy
Differences
(calories) 4004 435

300+

200+ 365

40b

100 161

0- 40a 41a |

PhCO-1-Bu PhCOCF3
Figure 12. A plot of the relative energy differences for

the competing modes of reduction for phenyl
Z-butyl and phenyl trifluoromethyl ketones.
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For the reduction of phenyl f-butyl ketone, it can
be seen that the energy differences (-AAGT) between the
pair of diastereomeric reduction modes for each reaction
(i.e., for hydrogen and deuterium transfer) is very small
and that the energy difference is nearly the same for both
sets; i.e., 40a is favored over 40b by 161 calories and
40c over 404 by 157 calories. In other words. the stereo-
selectivity of hydrogen and deuterium transfer are nearly
the same as was indicated by the results from the NMR analy-
sis of the diastereomeric MTPA esters (13.5% ee v4 13.3% ee).
This seems to indicate that there'is very little energy
difference between the interactions £-Bu v4 D and £-Bu v4 H
as well as those for Ph v4 H and Ph vs D.

For the reduction of phenyl trifluoromethyl ketone,
it can be seen that the stereoselectivity of deuterium
transfer was greater than that for hydrogen transfer; i.e.,
4lc was favored over 41d by 452 calories whereas 4la was
favored over 41b by only 365 calories. This difference of
87 calories accounts for the observed 6.3% difference in
the stereoselectivities of deuterium and hydrogen transfer
(35.9% ee v4 29.6% ee respectively). However, these results
do not directly indicate why there should be a difference
in the stereoselectivity of deuterium v4 hydrogen transfer
for phenyl trifluoromethyl ketone but not for phenyl Z-butyl
ketone.

It was previously stated that the results of Mosher

and coworkers?® for the reduction of labeled and unlabeled
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trimethylacetaldehyde with enantiomeric unlabeled and labeled
2-methylbutyl Grignard reagents (see 1l6a and 16b), i.e., 12%
asymmetric reduction for hydrogen transfer and 36% for deu-
terium transfer, might be rationalized in terms of the tunnel-
ing effect. When Morrison and Mosher®? reduced phenyl
£-butyl and phenyl ethyl ketones with the labeled and un-
labeled Grignard reagent from S-(+)-l-chloro-2-phenyl-

butane they observed no significant difference in the amount
of asymmetric reduction for H and D transfer. These results
seemed to indicate that the important factor in these reac-
tions may be a non-bcended isotopic disparity and not the
tunneling effect.

The present experiments were designed to take all
of these factors into consideration in one experiment, i.e.,
both hydrogen and deuterium transfer as well as hydrogen
and deuterium compression. The advantage of this is that
all of these events are taking place simultaneously under
the same set of conditions. Thus, there are no external
factors, such as time, temperature and work-up procedures,
that have to be taken into account in the discussion of
the results.

In the case of the reduction of phenyl t-butyl
ketone there was no isotope effect on the stereoselectivity
of H and D transfer even though both kinds of isotopic
disparity mentioned above were present. This was also
observed for phenyl t-butvl ketone when it was reduced

with a chiral 3-phenylbutyl Grignard reagent stereospecifi-
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cally deuterated at the two position.®® A moderate dif-
ference was observed for the reduction of phenyl trifluoro-
methyl ketone with this reagent as in this work; but a
very large effect (% ee D transfer/% ee H transfer =8.5)
was observed with phenyl isopropyl ketone. Thus, it seems
that phenyl t-butyl ketone is probably insensitive to the
factors responsible for this effect. All of this data
seems to suggest that this "isotope steric size" factor

is only felt in those reactions in which there are rather
large energy differences (due to steric and/or electronic
interactions) between the competing diastereomeric transi-
tion states.

From Figure 13, which is a plot of the percent
asymmetric reduction of phenyl f-butyl and phenyl trifluoro-
methyl ketones versus increasing size of the other inter-
acting group (R;) on the Grignard reagent PhCRiR;CH MgX of
the S configuration, it can be seen that in each case there
appears to be an increase in stereoselectivity (increase
of %R for PhCO-t-Bu and of %S for PhCOCF;f as the "sgize"
of R, increases up to methyl and then a decrease from
ethyl to isopropyl (R, is the group being transferred).

An observation such as this indicates that there may be

a "critical total bulk" factor for transition states with
lower stereoselectivity observed on either side of an
optimum array of groups. In a low total bulk situation
(e.g., A and B), steric compression is readily relieved;

whereas in higher total bulk situations {e.g., D and E),
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Figure 13. A plot of percent asymmetric reduction of
phenyl f-butyl (x—x) and phenyl trifluoro-
methyl (o--0) ketones vexsus increasing
size of the Ry, group on the Grignard reagent
PhCR3R2CH2MgX of S configuration where:

A Ry =H, Rp =D

B D, H
C H, Me
D H, Bt
E H, 4i-Pr

The group R; is the one being transfered,
while R, and Ph are the groups on the
Grignard reagent interacting with the
groups on the ketone.
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discrimination between the diastereomeric transition states
fades as Rz approaches the size of its companion phenyl
group. At some optimum bulk, these factors balance; in
this series that point is reached with the 2-phenylpropyl
Grignard reagent (R = Me).

Thusg, it seems that these results, i.e., a greater
stereoselectivity for deuterium transfer, may be due to
an isotopic size disparity between hydrogen and deuterium
and not to an intrinsic difference in the stereoselectivity
of hydrogen deuterium transfer. However, it is not
possible to pin-point the origin of this effect at this
time; and further work must be done in this area before
the exact nature of this effect can be determined.

While the experiments that have been described in
this thesis, i.e., the reduction of phenyl f-butyl and
phenyl trifluoromethyl ketones with the Grignard reagent
from R-l-bromo~-2-phenylethane-1l,1,2-ds3, do not directly
reveal the nature of the isotope effect on stereoselectivity,
they do establish another example of the effect and an
exception to it. The design of these experiments is novel
and the techniques involved, especially the method of

analysis, will be useful in future studies.
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EXPERIMENTAL

Analyses: All carbon and hydrogen analyses were performed
on an F & M Carbon, Hydrogen, Nitrogen Analyzer, Model

185.

Gas-Liquid Phase Chromatography: All quantitative analyses

were carried out on a Perkin-Elmer Vapor Fractometer, Model
154 equipped with a Disc integrétor. No corrections were
made for differences in thermal conductivity. Prepara-
tive scale runs were carried out on an Aerograph Autoprep,
Model A-700. Retention times (R.T.) are given for all
of the principal products.

Unless otherwise noted all quantitative analyses
were carried out under the following conditions: 1m x
6émm 20% Carbowax 20M on Chromosorb W-AW/DMCS column, 175°,
10psi; all preparative separations were carried out on

a l0' x 1/4" 10% Carbowax 20M on 60/80 Chromosorb W column.

Infra-Red: All IR spectra were taken on a Perkin-Elmer

! bands

Infracord Spectrometer using the 1601 and 1181 cm
of polystyrene as reference points. The spectra of solids
were taken as mulls and those of liquids as a smear between

salt plates.

Mass Spectra: All mass spectra were taken on a Hitachi

Perkin-Elmer RMU-GE Mass Spectrometer.
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Melting Points: All melting points were taken on a Thomas

Hoover Capillary Melting point apparatus and are uncorrected.

NMR: All NMR spectra were run on a Varian Model A-60 NMR
Spectrometer. The chemical shifts are given in parts per
million (ppm) relative to a tetramethylsilane standard

(the standard was used internally with solutions and exter-

nally with neat liquids).

Optical Rotations: All rotations were run on a Zeiss Photo-

electric Precision Polarimeter 0.005°., Rotations at the
sodium-D line (589 nm) were calculated from the following

equation:

578

S4e 5§78

o 546
578 + 1.3727

546 $78

General: All boiling points are uncorrected. The dry
ether used in most of the reactions was Fisher Anhydrous
Ethyl Ether (E-138) which was stored over sodium wire.
Reactions requiring anhydrous conditions were run in a
dry nitrogen atmosphere in oven-dried glassware. Dilute
solutions of sulfuric and hydrochloric acids are described
in terms of the volume per cent of concentrated acid used
to prepare the dilute solution. The lithium aluminum deu-

teride used was 98% d,. When IR énd NMR spectra are

i
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listed, they will be reported as follows: IR(9966) or

NMR(5646) . The numbers in parentheses correspond to the
spectrum nurber. The numbers that follow glpc analyses
are coded from the research notebook, e.g. II-58-1 means

Book II, page 58, glpc analysis number one.
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Phenyl t-Butyl Ketone (36):%2* An ether solution (480ml)

of Zf-butylmagnesium chloride, prepared in the usual manner
from t-butyl chloride®® (75.0g, 0.865mol) and magnesium
turnings (19.3g, 0.865g-atm) was added dropwise to a solu-
tion of benzonitrile (44.0g, 0.425m) and cuprous chloride
(lg) in 100ml of dry ether. The reaction mixture was heated
under reflux for two hours and then 500ml of 10% HCl was
added. The mixture was heated under reflux for one hour
to complete hydrolysis. The organic layer was separated,
combined with several ether extracts and washed with water.
The ether solution was dried over anhydrous magnesium sul-
fate, and the ether was removed under reduced pressure.
Distillation of the residue gave 52.3g of product, b.p.
(0.4mm) 51-56°, 93% pure by glpc (II-25, R.T. of ketone
4'55"), The ketone, 48.6g (70.6%), was obtained by redis-

tillation and characterized by IR(9966).

Phenyl Trifluoromethyl Ketone (38):%°® A solution of phenyl~-

magnesium bromide was prepared in the usual manner from
magnesium turnings (49g, 2g-atm) and bromobenzene (320qg,
2mol) in 400ml of dry ether. A solution of trifluorcacetic
acid (90g, 0.79mol) in 200ml dry ether was added dropwise
with caution to maintain a gentle reflux. The reaction
mixture was allowed to stand overnight at room temperatuze
and then was heated under reflux for two hours. It was then
cooled to room temperature and hydrolyzed with 600ml of 508%

(v/v) HCl. The organic layer was separated and combined with
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three ether extracts. The ether solution was washed once
with saturated aqueous sodium bicarbonate and twice with
water, it was then dried (MgSO,) and the ether was removed
under reduced pressure. Distillation of the residue at

aspirator pressure gave two fractions:

Fraction b.p. Wt (g) % Ketone*
1 62° 4.7 94.6
2 62-66° 93.5 99+

*Glpc (II-12, 10' x 1/4" Silicon SE-30 on 60/80
Chromosorb W, 120°, 60ml/min, R.T. of ketone,
4'50").

The yieid was 71.7%. The ketone was characterized

by IR(11007).

S-(+) -Methyl Mandelate (18):2%2A stirred solution of S-

(+) ~mandelic acid (100g, 0.658mol, Aldrich Chemical Company,
Incorporated; [alp® +147.38, (578) +154.61, (546) +177.55
+0.005° (£ 1.0, ¢ 2.005, water; 94.1% ee®’), dry methanol
(21.1g, 0.658mol), 2,2-dimethoxypropane (66.5g, 0.658mol)
and concentrated hydrochloric acid (7ml, 0.1647mol) was
heated at 45°C for four hours. The reaction mixture was
allowed to stand overnight at room temperature, then all
volatile materials were removed at reduced pressure. The
residue (108g) was recrystallized from 300ml benzene/30-
60° pet. ether (1:2) to give 104.9g (96%) of pure ester

as shown by TLC; m.p. 55.8°C, [al}? +171.44, (578) +179.90,
(546) +207.35 %+0,005° (£ 1.0, ¢ 2.04, chloroform), 96.85%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



44

ee based on [al, (max) +176°,.38%

NMR(5646): 6.82(S,5H), 4.73(s,1H), 3.60(S,1H), 3.38(s,3H).

S-(+) -Methyl-0O-Mesyl Mandelate (23): S-(+)-methyl mandelate

(104.9g, 0.63mol) was dissolved in 250nml of dry pyridine
and cooled to =5°C in an ice-salt bath. Methanesulfonyl
chloride (80.18g, 0.70mol) was added dropwise (2.5 hours)
so that the temperature did not exceed 0°C. The reaction
mixture was stirred for one hour at -5°C and then poured
into a cold, stirred solution of 5% sulfuric acid (800ml).
The precipitated mesylate was collected by filtration and
air dried. Recrystallization from acetone/water gave 106g
(69.5%) of pure mesylate, m.p. 115-115.5°C, [a];" +108.71,
(578) +114.24, (546) +132.28 +0.005° (£ 1.0, ¢ 1.58, chloro-
form).
NMR(5682): 7.44(s,SH), 5.95(s,1H), 3.77(s,3H), 3.07(S,3H).
C&H Analysis (II-19): calc; C-49.17, H-4.95,

found; C-49.10, H-5.20.

R~ (-)-2-Phenylethanol-1l,1,2-ds (22): To a stirred suspen-

sion of lithium aluminum deuteride (18.03g, 0.43mol) in
600ml of dry ether, a solution of 5-(+)-methyl-O-mesyl
mandelate (105g, 0.43mocl in 950ml of dry THF) was added
dropwise to maintain a gentle reflux. The reaction mix-
ture was heated under reflux for 2.5 hours, allowed to
cool to room temperature, and then hydrolyzed with 750ml
of 10% HCl. The organic layer was combined with several

ether extracts, washed with water and dried (MgSO,). After

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

removal of the ether the residue was distilled to give

36.07g of product:

Fraction b.p.(0.6mm) we(g) $PhCH (OH) CH,D*  $PhCHDCD,0H*

1 74° 0.20 30.8 66.4
2 74-75° 10.21 8.7 91.3
3 " 6.50 5.9 94.1
4 " 14.08 1.5 98.5
5 " 2.70 —-=- 97.4
6 " 2.38 - 97.5

*Glpc analysis (II-20 R.T. l-phenylethanol, 5'10",
2-phenylethanol, 8'55").
The yield of 2-phenylethanol-l,1,2-ds was 34.4qg
(64%), af® -1.39, (578) -1.45, (546) -1.63 +0.005° (£ 1.0,
neat, fraction 4).
NMR(5724,7339): 6.93(s,5H), 3.90(S,1H), 2.50(S,0.94H).

Mase Spectrum (II-20): 5.6% da, 92.0% d;, 2.2% d,.

R-1-Bromo-2-phenylethane-1,1,2-d; (24):%? To a stirred

solution of R-(-)-2-phenylethanol-1l,1,2-d; (25.14g, 0.2008mol;
96.4% pure) and triphenylphosphine (52.67g, 0.2008mol)

in 175ml of dry DMF, bromine was slowly added (keeping

the temperature below 55°C) until a yellow color persisted.
The reaction mixture was stirred for one hour at room tem-
perature and then all volatile materials were removed at
reduced pressure. The residue was poured into water and

the separated bromide was taken up in ether. The ether
solution was dried (MgSO,) and the ether was removed at
reduced pressure. Distillation of the residue gave 18.05g

of product, b.p. (0.4mm) 44-46°, 93.6% pure by glpc
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(II-21-1), of' -2.34, (578) -2.44, (546) -2.79 0.005°

(£ 1.0, neat; 96.2% l-bromo-2-phenylethane, 0.76% l-bromo-
l-phenylethane and 3.04% styrene).

NMR(7338): 6.87(M,5H), 2.60 (S,0.94H).

k3

Solvolysis to Remove l-bromo-l-phenylethane: The mixture

of bromides was heated under reflux with 50ml of absolute
methanol for 24 hours. The methanol was removed and the
residue was distilled to give 15.1g, b.p. (0.4mm) 47-8°,

of product which was shown to be 91.2% l-bromo-2~phenyl-
ethane by glpc (II-22-1). Column Chromatography (18" x

3/4" Fisher A-950 Neutral Alumina Column of Brockman activity
1, 80/200 mesh; eluted with ether) was used to purify the
bromide. The ether was removed and the product was redis-
tilled to give 11l.3g, b.p. (0.55mm) 53-5°, 90% l-bromo-
2-phenylethane-1,1,2-ds, 4.56% l-bromo-l-phenylethane-
2,2,2-ds and 5.44% styrene plus ethylbenzene as shown by

glpc analysis (II-22-2). Although the rotation of the bromide
sample was (-), this may not correspond to the rotation of
the R bromide since the sample was not purified by glpc.

Mass Spectrum (IXI-22): 6.7% dz, 93.2% ds.

Grignard Reagent from R-—1l-bromo-2-phenylethane-

1,1,2-ds (25): The Grignard reagent was prepared from

triply-sublimed magnesium (1.400g, 0.0576g-atm) and a
mixture of the bromides (10.16g l-bromo-2-phenylethane-
1,1,2-d3 and 0.52 l-bromo-l-phenylethane-2,2,2-ds,

0.0569%9mol) in 65ml of dry ether in the usual manner. The
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Grignard solution was stirred for 2 hours at room tempera-
ture and used immediately in the following reactions. Acid-
base titration showed the solution to be 0.678M (82.5%

yield).

S-(+) ~1-phenylethane-1,2,2~ds (34): A 1l0ml aliquot of

the Grignard reagent 25 was hydrolyzed with 25ml of water.
The organic layer was separated and combined with several
ether extracts. The ether solution was washed with water
and dried (MgSO4). The ether was removed and the residue
was distilled to give 0.58g of impure hydrocarbon, b.p.
(=latm) 134-6°. One preparative glpc separation (100°,
60ml/min) gave pure ethylbenzene as shown by glpc analy-
sis (II-23, 100°, 5psi, R.T. of l-phenylethane, 5'10"),
(al3? +1.04, (578) +1.09, (546) +1.26 +0.05° (£ 0.1, neat).

Reactions of the Grignard Reagent from

R-1-bromo-2-phenylethane-1l,1,2-d,

Phenyl £-Butyl Ketone: To a 40ml aliquot of the Grignard

reagent 25 (0.027mol), a solution of phenyl Z-butyl ketone
(4.4g, 0.027mol) in 30ml of dry ether was added dropwise

to maintain a gentle reflux. The reaction mixture was heated
under reflux for 1.5 hours, allowed to cool to room tempera-
ture and hydrolyzed with 50ml of 10% HCl. The organic

layer was separated and combined with several ether extracts
of the aqueous layer. The ether solution was washed with

5% aqueous sodium bicarbonate solution and water, dried
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(Mgs04) and the ether removed under reduced pressure. Dis-

tillation of the residue gave 3.5g of product.

Fraction b.p. (0.4mm) wt(qg) $ Alc*
1 33° 0.10 -
2 57-9 2.45 50.4
3 59-~-76 0.05 -——
4 76 0.90 98.7

*3 phenyl-t-butylcarbinol by glpc (II-25,

R.T. 10'10")

The yield of phenyl-£-butyl carbinol was 2.17g
(48.6%), [al2® -2.79, (578) -2.94, {546) -3.44 *0.005°
(£ 1.0, ¢ 10.02, ether), 7.66% ee S-(~) based on [als7s
38.4°.°
NMR(5837): 6.91(s,5H), 3.91(s,0.7H), 3.20(s,1H), 0.60(S,9H).
Mass Spectrum (II-25): 76.1% do, 23.8% d;.

Phenyl trifluoromethyl Ketcne: A 20ml aliquot of the

Grignard reagent 25 (0.0135mol) was allowed to react with
a solution of phenyl trifluoromethyl ketone, (2.34g, 0.0135
mol) in 20ml of dry ether in the manner described for phenyl

Z-butyl ketone.

Fraction b.p. (1lmm) wt(g) % Alc*
1l 27°C 0.66 75.22
2 77.5-78.5 1.00 92.32
3 " 0.95 97.75

*% phenyltrifluoromethylcarbinol by glpc
(Ir 24, R.T. 10'36").

The total yield of alcohol was 1.79g (75.5%). The alcohol

was purified by one preparative glpc separation (185°,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49

85ml/min) and shown to be 99.4% pure by glpc analysis
(I11-24-2); [a)]® -2.26, (578) -2.36, (546) -2.68 $0.01°
(£ 0.5, neat), 7.1% ee R-(-) based on [al;, (max) 31.85°,39
NMR (5836): 7.28(s,5H), 4.69(Q,0.6H), 3.92 (S,1H).

Mass Spectrum (II-24): 63.8% do, 36.2% 4,.

Purification of R-2-phenylethanol-1l,1,2-ds (22): Purifi-

cation of 22 by preparative glpc gave a sample of the
alcohol which exhibited the following rotation, [a];‘;5
+1.064, (578) 1.319, (546) 2.468 *0.025° (£ 0.2, neat).

A second purificatiqn gave a sample of 22 which exhibited
the same rotation. Analysis of glpc showed the sample to
be 99+% pure. The compound that had previously contamina-
ted the alcohol was collected, but was of insufficient

size for identification.
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APPENDIX I

Determination of Deuterium Content

by Mass Spectroscopy

The method used for the calculation of the deuterium
content of the reaction products is from K. Biemann, "Mass
Spectrometry Organic Chemical Applications," McGraw-Hill
Book Company, Incorporated, New York, 1962, pp. 204-227.

The first step is to determine the amount of elec-
tron energy (eV) needed to give a reasonably intense parent
peak (M), but which does not give a M-1 peak when the com-
pound to be studied is only one mass unit higher than the
non-deuterated compound. For all of the compounds studied
in this work, 10eV was found to give optimum results.

The next step is to run the spectrum of the non-
deuterated compound and determine the ratio of the M+1,
M+2, etc. to the parent peak. This is done as follows
(the example given will be for 2-phenylethanol and 2-

phenylethanol-2-d, II-58-2):

For PhCH,CH20H: M , 122 = 104 units
M+1l, 123 = 8 units (A)
M+2, 124 = 7 units

Therefore, setting the M peak at 1.00, the M+l = 0.077 and

M+2 = 0.0096.
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To calculate the amount of deuterium in II-58-2,
the peak heights of the M, M+l. M+2 fragments are measured

(arbitrary units).

M , 122 = 6 units
M+1l, 123 = 214 units (B)
M+2, 124 = 20 units

The entire peak at mass 122 (6.0) is due to unlabled species.
To compute the contribution of the unlabled species
to M, M+l, and M+2, multiply the peak height at M with the

abundance of M, M+l, and M+2 in the standard.

6 x 1.00 6.00

6 x 0.077 0.46 (C)
6 x 0.0096 = 0.06

Subtract C from B:

6 214,00 20.00
-6 -0.46 -0.06
0 713.54 19.94 (D)

The peak height due to singly labeled species is 213.54 units.

Compute its contribution to M+l and M+2.

-213.54 x 1.00

213.54
312.54 x 0.077

16.44 ()
Subtract E from D:

213.54 19.94
-213.54 -16.44
0 3.50 (F)

The peak height due to doubly labeled species is 3.5 units.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

Since there are no species containing more than two
deuterium atoms, the sum of the corrected species is:

6.0 + 213.54 + 3.5 = 223.04

The distribution in mole & is:

( 6.0/223.04) (100) = 2.7% do
(213.54/223.04) (100) = 95.7% d4;
( 3.5/223.04) (100) = 1.5% d;
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APPENDIX II

CHEMICAL SHIFTS OF THE DIASTEREOMERIC MTPA
ESTERS OF PHENYL~{-BUTYLCARBINOL (21)‘AND
PHENYLTRIFLUOROMETHYLCARBINOL (39)

Compound CFg OCHj, H Other

R~ (+) -37 670 206 345,5 53 (t-Bu)
s-(~)-37 623 210 337.5 56 (t-Bu)
S-(+) -39 551 208 381.2 1106 (CF3)°
R-(-)-39 501 216 376.8 1086 (cFs)°

(2a) Chemical shifts are expressed in Hz downfield
from TMS or TFA.

(b) Trifluoromethyl group on MTPA.

(c) Trifluoromethyl group on the alcohol.

The results obtained from the analysis of the dia-
stereomeric MTPA esters of the partially labeled carbinols
37 and 39 were determined as follows:

1. For phenyl-f-butylcarbinol (37):

a) The net % ee and the % D were determined
from numerous integrations of the diastereo-
meric carbinol proton signals.

‘b) The % H ee was determined from numerous
integrations of the diastereomeric MTPA
trifluoromethyl group signals.

¢c) The % D ee was calculated from the results

of the ahove measurements.
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2. For phenyltrifluoromethylcarbinol (39):
All of the results were determined from numerous
planimeter measurements of four different scans
of the diastereomeric carbinol trifluoromethyl
group signals. A reproduction of one of the
actual NMR spectra is shown in the following

figure.
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Figure-14. NMR spectrum of the diastereomeric carbinol
trifluoromethyl groups.
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PART II. ELECTROPHILICALLY ASSISTED
NUCLEOPHILIC OPENING OF

OPTICALLY ACTIVE STYRENE OXIDE
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INTRODUCTION

Synthesis of Optically Active Styrene Oxide

The first synthesis of optically active styrene
oxide (4) was reported by Eliel and Delmonte! in 1956.
It involved the reaction of l-phenyl-l,2-ethanediol (2)
with p-toluenesulfonyl chloride to give the monotosylate
(3), which was converted to the epoxide (4) in a 42% yield

by reaction with base (Figure 1).

H H H
l LiAlH, | TsCl | ROH H, O
Ph»C«0H ———> Ph»C«OH — Ph»C<0H — 'r-caz
pY. Ph
COzH CH,CH H, OTs
R=(-)-1 R-(-)-2 R-3 R-(+) -4

Figure 1. Preparation of R-(+)-stvrene oxide.

The optical purity of the epoxide was determined
by lithium aluminum hydride reduction to l-phenylethanol
(5).

H, 0 LAH H, OH
(1) £—CH, " y <
PN ph “CH,
R-(+) -4 S-(-)-5

From the signs and magnitudes of the rotations

of the mandelic acid used and l-phenylethanol obtained,
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Eliel and Delmonte! calculated that the reaction sequence
shown in Figure 1 involved at least 85% retention of con-
figuration (i.e., at most 15% racemization). The maxi-

mum rotation of styrene oxide was calculated to be 33°
(neat). The reason for the loss of optical purity was

not determined; several possibilities can be envisaged:

(1) one or more of the steps in the synthesis may have

been less than 100% stereospecific; {(2) one of the inter-
mediates, or styrene oxide, may have partially racemized;
or (3) a small amount of secondary tosylate [PhCH(OTs)CH20H]
may have been formed; if so, it would have been converted
to epoxide with inversion of configuration at the asymmetric
carbon.

In 1962, Berti and coworkers? synthesized R-(+)-
styrene oxide by a slight modification of the method used
by Eliel and Delmonte. Using sodium methoxide instead
of potassium hydroxide in the cyclization step, the yield
was improved by about 14% and the rotation of the styrene
oxide, i.e. [a], + 34.2° (neat), was the highest yet reported.
It was stated that the optical purity of the epoxide must
be greater than 90%.

Another modification of Eliel and Delmonte's work,
in which the monobrosylate was used instead of the mono-

} The basic advantage

tosylate, was introduced by Tomdskdzi.
of this method is that the brosylate is more stable than

the tosylate and can be readily purified by recrystalliza-
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tion. The end result is a substantial enhancement of the
yield to about 80%.

In 1966, after preparing S-(-)-styrene oxide accord-
ing to Eliel and Delmonte's procedure, Pasto and coworkers"
reported that [a]D (max) for styrene oxide should be 34.2°.

Optically active styrene oxide has also been pre-
pared by asymmetric induction reactions.3» % ® Henbest
and coworkers® obtained S-(-)-styrene oxide (2.0-4.4% ee)
through the action of (+)-monopercamphoric acid on styrene
in a variety of solvents. The model used to predict the

course of the reaction is depicted as follows.

HOOC Me H
Me e
O3H- -~
H Ph
6
Figure 2. Henbest model for asymmetric epoxidation with
15~ (+) -monopercamphoric acid (6).

The hydrogen on the asymmetric a-carbon and the
carbonyl group of the peracid are eclipsed and the largest
groups on the a-carbon [-C(CHs),}] and the alkene (R) are
on opposite sides of the plane of the model as shown above.

Montanari and coworkers® also prepared optically
active styrene oxide by this same method. Using several
different peracids, optically active styrene oxide was

obtained (1.5-4.6% ee). The model used (Figure 3) for
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predicting the absolute configuration of the epoxide is
analogous to that proposed® for the asymmetric oxidation
of sulfides to sulfoxides with peracid. However, the
authors warn that in the epoxidation of other olefins,

stereoelectronic factors may change the mechanism. The

L M H

H H L, Ph,’ \
= “ -CO3H-~-- — ; -CHa
H | Ph M'T H
S S

Figure 3. Montanari model for asymmetric epoxidation.

model depicted in Figure 3 does not necessarily mean that
asymmetric induction is due to direct steric interactions
between the groups S, M and L of the peroxyacid and those
of the alkene. In fact, it is likely that in these oxida-
tions asymmetric induction is transmitted through a solvent
shell.% 7 This hypothesis is supported by the activation
parameters for both the epoxidation of alkenes® and the
oxidation of sulfides to a--',ulfo:@cidese measured in various
solvents.

Johnson and Schroeck9 prepared optically active

styrene oxide through the reaction of benzaldehyde with

an optically active oxo-sulfonium methylide (7).

- o+ DMSO H, O

(3) PhCHO + CH PgdAr > ,"C \Cﬂz + AIP&N {(CH3) 2
N(CHs) 2 Pl”'
7 4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



65

The optical purity of 4 was reported to be 5%.
(However, this was based on [a]D (max) +31°, which is not

the maximum rotation of styrene oxide).

The Reaction of Epoxides with Mixed Hydride Reagents

The reaction of styrene oxide (and other epoxides)
with mixed hydride reagents (those hydrides prepared from
3:1, 1:1, 1:3, and 1:4 molar ratios of LiAlH, and AlCly)
has received much attention.!?-12

In 1947, Schlesinger and coworkers!® found that
aluminum hydride, also called alane, (8) was formed when

lithium aluminum hydride and aluminum chloride were mixed

in a 3:1 molar ratio in ether. This reaction was also

(4) 3LiAlHy + AlCly — 4AlHy + 3LiCl
8

observed by Wiberg and coworkers.!* It was noted, that
the alane ether solution is not stable and that the alane
precipitates out of solution as a polymer within minutes
after mixing the reagents.

In 1966, Ashby and Prather!® studied the composi-
tion of the "mixed hydride" reagents in diethyl ether solu-
tion. The study showed that the reduction of aluminum
halide to aluminum hydride by lithium aluminum hydride
proceeds stepwise by way of the intermediate hydridoaluminum
halides. By controlling the stoichiometry, these inter-

mediates could be prepared (Equations 5-7) and isolated
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(5) LiAlHs <+ 3AlXy —— 4HAlX, + LiX
(6) LiAlH, <+ AlXs —> 2H3AlX + LiX
(7) 3LiAlH,y + AlXy —> 4H3Al + LiX

as amine complexes. The composition of each amine com-
plex was determined by elemental analysis.

Eliel and Delmonte“"? have shown that the direc-
tion of ring opening of styrene oxide by mixed hydride
is dependent upon the ratio of LiAlH4/AlCl3 used. Their
results are summarized in Table 1. As can be seen from
the table, the use of a large excess of aluminum chloride
reverses the direction of ring opening. This was interpreted
at the time to mean that the 1:4 mixed hydride reduction
proceeded through phenylacetaldehyde formed by a hydride
shift.

The first example of the reduction of styrene oxide
with the AlDj3/Et,0 reagent (3LiAlD4/l1AlCls)* was reported
by Eliel.!® However, the only data given was that which

is illustrated in equation 8.

(8) PhCﬁS\CHz + AlD3 —» PhCHDCH20H
4 9-2-4

*When the term alane is used in this thesis, it
is intended to signify the reagent prepared from LiAlH,/
AlCls in a 3:1 molar ratio.
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TABLE 1

REDUCTION OF STYRENE OXIDE WITH
"MIXED HYDRIDE" REAGENTS

X &
PhCH-0H, -— PhCHCH; + PhCH,CH,0H

4 5 9
LiAlH,:A1C1, $ 5 $ 9
1:0 90-95 5~-10
1:1 16 84
16 i “s1.6°
(a) LiAlDs

(b) PhCH(OH)CH,D
(c) PhCH,CHDOH

TABLE 2

REDUCTION OF EPOXIDES WITH
"MIXED HYDRIDE" REAGENTS

)
Rp,C-CHR' —>  R,CHCH(OH)R' + R,R'CCH,0H

10a R = R' = Ph 11 12
2 R'= ft"'Bu]
R = Me
Epoxide L.iAlH,/AlCl; $ 11 $ 12
10a 3/1a 100b 0
10a 3/1 100 0
10a 1/4 0 67
10b LialH, 100 0
10b 3/1 mainly
10b 4/1 mainly
(a) LiAlD,

(b) Ph,CDCH(OH)Ph
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Rerick and Eliel!® have done a more extensive study
on the direction of ring opening of epoxides with mixed
hydride reagents and their results are summarized in Table
2. An excess of AlCls not only reverses the direction
of ring opening, but also causes migration of a phenyl
group (l0a) or a Z-butyl group (1l0b).

0 observed that the reduction

Rickborn and Quartucci?
of trans-4-t~-butylcyclohexene oxide with alane was slightly
more stereospecific than the corresponding reduction with
lithium aluminum hydride. Reduction with alane gave >99%
of the ftrans-3-f-butylcyclohexanol while lithium aluminum
hydride gave 90% of the same product plus 10% of the
isomer.

Rickborn and Lamke?! shed more light on the subject
by doing a more extensive study of 3-methylcyclohexene
oxide with the same reagents (see Table 3). It can be
seen that while lithium aluminum hydride proceeds mainly
with retention of configuration (ci{é-epoxide to e{é-alcohol
and trans-epoxide to trans-alcohol), it also gives some
inverted product. Reduction with alane appears to be com-

pletely stereospecific in that only cis~alcohol is formed

from c{s-epoxide and taans-alcohol from trans-epoxide.

OH
NN
I \/ - CH,
H
13a 14
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The major reduction pathway thus appears to involve diaxial
opening presumably through a more stable gquasi-equatorial

methyl half-chair conformer (1l3a).

TABLE 3

REDUCTION OF 3-METHYLCYCLOHEXENE OXIDE
WITH HYDRIDE REAGENTS

0 OH H
H \\\OH =
— + + +
CHg CH 3 Ha CHg CH s
13b = cdis 14 15 16 17
c = trans
Epoxide Hydride 14 15 16 17
13b LiAlH, 89 9 -- 2
13c " -- 30 61 9
13b AlHg 94 - - 6
13c " - 32 68 --

The results of previous workers may be rationalized
by the following mechanistic picture which is an adaptation
of that proposed by Ashby and Prather.!® The reduction
of triphenylethylene oxide with mixed hydride (LiAlH,/AlCl,.
1:4)!° probably involves electrophilic attack by HAlCl,

(18) at the oxygen atom of the epoxide. The resulting
adduct (19) has an Al-H bond from which hydride attack

on the ring carbons can occur via a four-center transition
state (20). The hydride could attack the secondary epoxide
carbon atom as well as the tertiary position (illustrated

by 20) to produce 1,1,2-triphenylethanol. When the attack-
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cL c1 c1 c1
- AL - Al
B\ + H \ +
H H (o, H
Phodt!" + mAlCl, —  phadc — | Phyd-(
N\ph Ph i Ph
10a 18 19 20

HyO
PhCHCH (Ph) OH <—— Ph,CHCH (Ph)0AlC1,

lla 21l (major)

Figure 4. Complex formation followed by concerted

reduction and ring opening (see also

Figure 5).
ing Lewis acid is a strong acid such as AlCl; or HAlCl,,
the epoxide ring opening to form a carbonium ion (22) should
be fast and thus reduction and migration are competing
reactions (Figures 4 and 5). Since the product of this
reaction was 2,2,2-triphenylethanol,!® carbonium ion forma-
tion and subsequent phenyl migration (Figure 5) occurs
faster than reduction via 20 (Figure 4).

However, if the attacking reagent is a weaker Lewis
acid than HA1Cl,, for example AlH,;, complexation at the
epoxide oxygen atom is still expected, but ring opening
should not be as rapid. Therefore, reduction via a four-
center transition state should be the major pathway. This
is consistent with Eliel and Rerick's!? observation that
1,2,2-triphenylethanol-2-d is formed from the reaction
of triphenylethylene oxide with AlDs. It must be borne
in mind that this product (11-2-d) could also result from

the attack of deuteride on the ion 22. The only way to
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differentiate between these possibilities for styrene oxide

is to study the reduction of the optically active species.

ci ¢l - ¥ - - 7
- Al HALCL, HAIC12 HALC1,
B O\ + | i &
o H o) +
[\ + .
PhpC-C ——> Ph,C-C-H — | PhyC-CH «——> Ph,C-C-H
+
Ph h - -
19 22 23a 23b
H,O g
PhaCCHz0H <+—— Ph3aCCH0A1Cl,; +— Ph3C-C-0 /Zl
5+
H--Al
§- C1
12a 25 24

—— ——

Figure 5. Complex formation followed by phenyl migration
and hydride transfer.

Reduction of l-phenylcyclopentene oxide (26) with

alane (8) occurs with overall trans stereochemistry.2? 23

0 OH OH OH
(9) + AlDy — 1+ } o+
h ] Ph
Ph

26 27 (708) 28 (20%) 29 (10%)

It was demonstrated by reduction with trideuterocalane that
the reaction probably proceeded by an intermolecular process.
Compound 27 was formed in an 8% yield with >0.8 deuterium

at C2 and <0.2 deuterium at C;. The intermolecular attack
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(Figure 6) observed is expected to predominate only when

excess alane is present.

- excess - .,
0~-21D3j —_— -AlDy —> H
AlDa ,Ph

D

Ph /j Ph

Figure 6. Intermolecular attack of alane.

Inverse addition of insufficient alane gives pro-
ducts whose structures imply that under these conditions
substantial rearrangement via a 1,2-hydride shift takes
place (Figure 7). Alkoxyaluminum hydrides have been shown
to be comparable to alane in terms of their Lewis acidity;
but they are less reactive hydride sources, thus allowing

the rearrangement pathway to become competitive.

—AlD(OR)z Ph I OAl (OR) 2

D—Al (OR) 2 /

27-1-d + 28-1-d

Ph O+
D-A1 (OR) ,

Figure 7. Complex formation followed by hydride migration.

A third pathway for reduction is via an intramo-

lecular mechanism (Figure 4),!% which leads to 28-2-d.
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However, this product (28-2-d) is only a minor one for

the range of conditions studied by Lansbury and Pattison.?2
The authors make the comment that this may be a consequence
of the substantial bond angle and torsional strain inherent
in the cyclopentene oxide system. This strain may cause

26 to undergo Lewis acid catalyzed ring opening more readily
than styrene oxide or even l-phenylcyclohexene oxide. hence,
facilitating rearrangement.

When l-phenylcyclopentene oxide (26) was reduced
with AlD; in THF, prepared by Brown's method,* the results
were similar, but not identical to those obtained with
"mixed hydride" in ether (solutions of the latter reagent
contain lithium chloride). The use of an alane/THF reagent
which was virtually free of lithium sulfate gave 27 ex-
clusively. Thus, it seems that lithium salts play an im-
portant role in some alane reductions.

The reduction of styrene oxide with alane/THF gave
73% l-phenylethanol and 27% 2-phenylethanol.?% The reduc-
tion of other epoxides with this reagent is summarized

in Table 4.

*The Brown method?* for the preparation of alane
is to treat a clear, standardized solution of lithium
aluminum hydride with the theoretical quantity of 100%
sulfuric acid. The precipitated lithium sulfate is then
filtered to give a clear alane/THF reagent. The reaction
is shown in equation 10.

(10) 2LiAlH, + H,SO, — 2AlHs + 2Ha4 + Li,SO4+
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TABLE 4

REDUCTION OF EPOXIDES WITH
ALANE/THF REAGENT AND LiAlH,2?%

Epoxide Hydride Product
l-phenyl- LiAlH, 100% l-phenylcyclohexanol
cyclohexene
oxide AlH;, 64% 1- and 36% cis-2-
phenylcyclohexanol
l-phenyl- LiAlH, 87% 1- and 13% cis-2-
cyclopentene phenylcyclopentanol
oxide AlH, 9% 1- and 91% cis-2-
cyclopentanol
Norbornene LiAlH, 100% exo-2-norbornanol
oxide
AlHg (25°) 69% exo-2- and 31% 7-
’ norbornanol
AlHg (65°) 51% exo-2-, 48% 7- and
1% endo-2-norbor-
nanol

By comparing data from reductions of styrene oxide
with mixed hydride reagents, Ashby and coworkers?® made
the following observations. (1) There is a significant
solvent effect observed in going from diethyl ether to
tetrahydrofuran. In a solvent such as THF, which increases
the hydride donor ability of the mixed hydride reagent,
it is found that direct reduction is the predominant mech-
anism. The results also indicate that for the most part
direct reduction probably does not involve complexed hydride
since this should result in the predominant formation of
2-phenylethanol. (2) The product ratios arising from the
reductions with several alkoxyaluminum hydrides and alu-
minum hydride are similar, but there is a noticeable de-

crease in the percentage of 2-phenylethanol when proceed-
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ing from AlH3 to dimeric AlH,0-{-Bu to the more highly
associated AlH,0-{-Pr. The trend probably reflects the
"size" of the reagent.

Ashby and Cooke?? determined the effect of mixed
hydride stoichiometry, the nature of the halogen in mixed
hydride reagents and the solvating ligand on the product
ratios of epoxide reductions and have drawn the following
conclusions. (1) The use of LiAlH,:Al1Cls in the ratios
of 1:3 and 1:4 appears to give the same product distri-
bution. (2) The presence of LiCl in the reaction medium
does not exert any dramatic effect on the product distri-
bution suggesting that LiCl probably does not take part
in the reaction by complexation with the epoxide. (3)

When mixed hydride reagents are solvated by tetrahydrofuran,
the resulting mixed hydride is a better hvdride donor than
when diethyl ether is used as the solvent. The results
obtained with triethylamine indicate that it is very similar
to diethyl ether in this respect.

Laurent and Villa?® studied the reaction of 1-
phenylcyclopentene oxide (26) and l-phenylcyclohexene oxide
(gg)‘with the reagents from LiAlH,:AlCls in 1:4 and 1:3
ratios. The reaction of l-phenylcyclohexene oxide with
the 1l:4 reagent produced striking results. The ci4- and
irans~2-phenylcyclohexanols were only minor products in
the reaction. The major product of the reaction was 31,
which results from carbonium ion formation followed by

migration of a methylene group in the ring. Reduction
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Ph
Ph Ph
(11) —_— O + —
CH,0A1l CH,0H

30 31

of l-phenylcyclopentene oxide with the 1:4 and 1:3 reagents
preferentially produced trans-2-phenylcyclopentanol, arising
from carbonium ion formation and hydride migration.

Mashimo and Sato?? have used the “"mixed hydride"
reagents (HAlCl, and AlHj3) to prepare the intermediates
33 and 35 in their synthesis of isoajmaline, showing that
the reagents have practical synthetic applications (Equa-

tions 12 and 13).

ﬂ CH,0H

—CH,Ph  HALCl, CH,Ph

CH,0H

CN

In a related study of the stereochemistry of the

hydrogenolysis of C-0 bonds with a mixed hydride reagent,
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Habib and Watts®® have shown that the reduction of 2-exo-
(36) and 2-endo-ferrocenyl-2-norbornanol with dihydrido-
aluminum chloride proceeds with complete retention of con-
figuration to give the 2-exo- (37) and 2-endo-ferrocenyl-
norbornanes, respectively. To account for the stereospeci-
ficity of the reaction, Habib and Watts envision prior

coordination of an oxygen to aluminumm to give an intermediate

F¢ HoAlCl Fc
————

(14)
OH H

36 37

of the type (38), and concerted displacement by hydride
through a four-center transition state to give the product

(37) with retention of configuration.

Fc Fe

(15) -

GH
o) - H

7 M1~

38 37

The foregoing discussion shows that the mixed hy-
dride opening of epoxides is a well-known reaction and
the stereochemistry has been studied. Up to this time,
however, no definitive work has been done with an acyclic
epoxide in terms of the stereochemistrv of the reaction

with mixed hydrides.
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Reaction of Epoxides with Borane

Compared to alane, diborane is a reducing agent
with much stronger electrophilic or "acidic" properties.
The first report of the reaction of an epoxide

! However, their

with borane was by Stone and Emeleus.?
interest was centered around the polymerization of epoxides.
The reaction of ethylene oxide and propylene oxide with
diborane produced diethoxyborane and diisopropoxyborane,
respectively, plus large amounts of polymeric material

of the general structure H(CHRCH0),BH., where R is hydrogen
or methyl.

In 1960, Brown and Subba Rao?! reported the reduc-
tion of propylene and styrene oxides. The reduction of
styrene oxide by the in s{ftu generation of borane from
sodium borohydride and boron trifluoride ethyl etherate
produced a mixture of 2-phenylethanol (73%) and l-phenyl-
ethanol (27%¢).

However, it wasn't until 1966 that a careful inves-
tigation of the reaction was conducted. Pasto and coworkers??
reduced a number of different epoxides with borane-ds and
determined the deuterium distribution in the products.

The reaction was found to be very complex, as illustrated
in Figure 8. Reduction of ci4- and trans-2-butene oxides
(39a) occurred without rearrangement and with complete
inversion at the epoxide carbon atom undergoing attack.
The initial reaction is believed to be the formation of

a complex (40) of the epoxide and borane-ds. It does not
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seem reasonable that the borane-ds portion could transfer
deuteride in a concerted, intramolecular ring opening with
inversion. Furthermore, it appears that borodeuteride

is not involved since the product distribution reported

by Brown and Subba Rao®! with BHs3/BH,~- differs from that
observed by Pasto and coworkers.3?

The source of deuteride does not seem to be very
nucleophilic since both epoxide and tetrahydrofuran suc-
cessfully compete with the source of deuteride for the
epoxide-borane-ds complex(40) forming ether adducts. Thus,
the most likely source of deuteride is either borane-ds
or possibly another molecule of the complex 49.

The low nucleophilic character of the source of
deuteride is such that carbonium ion intermediates can
form in those cases where substituents are present which
lead to stabilization of such ions. As indicated in Figure
8 the ionic intermediate (42) can undergo rearrangement
by hydride migration (if styrene oxide is reduced) or hy-
dride and phenyl migration (if cis- or frans-stilbene oxide
is reduced). These migrations result in the formation
of a borane-ds complex of the corresponding carbonyl com-
pounds 44 and 46, which can undergo intramolecular reduction
to give the l-deutero alcohols. If intermediate (42) is
attacked by deuteride, the resﬁlting alcohol will have
deuterium in the 2-position. The intermediacy of 42 seems
very plausible because both ci4- and trans-stilbene oxides
give the same mixture of erythno— and threo-2-deutero-1,2-

diphenylethanols (43b).
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Figure 8. A mechanism for the reaction of an epoxide
with deuteroborane (continued on next page).
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Figure 8. (continued)
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Products 49 and 53 result from nucleophilic attack
on the epoxide-borane-ds complex 40 by tetrahydrofuran
and epoxide, to give intermediates 48 and 52, respectively.
Nucleophilic attack by deuteride then yields the products
49 and 53. The formation of 50 and 51 is the result of
similar reactions of 48.

Thus, the complexity of the borane-epoxide reaction
is readily apparent.

In an attempt to increase the rate of reaction

3% added some boro-

of borane with epoxides, Brown and Yoon
hydride to the reaction. The result was a substantial
enhancement of the rate as well as the yield of alcohol
product, especially in the case of trisubstituted epoxides.
The reaction is pictured as preliminary complexation of

the epoxide with borane and then preferential attack by
borohydride at the polarized tertiary position, with in-
version, to form cis-2-methylcyclohexanol when 2-methyl-
cyclohexene oxide is reduced. If no borohydride were pre-
sent, then diborane apparently attacks electrophilically
at the methyl group (Equation 16), with evolution of hy-
drogen.

The product distribution in the reduction of 2~
methylcyclohexene oxide with diborane/borohydride is duite
different from that obtained from reduction with AlH,+2Al1Cl;.
In the former case the only products were l-methylecyclo-

hexanol (24%) and cis-2—-methyl-cyclohexanol (76%), whereas

in the latter case four products are formed; l-methyleyclo-
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CHs
5 DOBH
BH&
CHy CHy
(16) ~.
0 — + :OBH;-
HoBCH,
BHj OBH,
——— N )
+ Hj4

hexanol (10%), cis-2-methylcyclohexanol (19%), trans—-2-
methylcyclohexanol (11%) and (l-methyl)cyclopentylcarbinol
(60%). These latter results parallel those of Laurent
and Villa?® for l-phenylcyclohexene oxide.

In another modification of the reaction of an epoxide
with borane, Brown and Yoon?®® added boron trifluoride as
a catalyst. The introduction of boron trifluoride into
the system produces ring opening of the epoxide to form
the least substituted alcohol almost exclusively. A summary
of these results is given in Table 5.

The reduction of 2-phenylcyclopentanone gave the
same product ratio as did reduction of l-phenylcyclopentene
oxide under the same conditions.’’ Therefore, it seems probable,
at least with this substrate, that the reaction involves
a rearrangement of the epoxide to a carbonyl derivative
under the influence of the boron trifluoride, followed
by a rapid reduction of the carbonyl derivative.

All of these results make it clear that the reduc-

tive possibilities with diborane can be greatly modified
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TABLE 5

REACTION OF EPOXIDES WITH BaHg/BFgs*OEt,

Epoxide Product % Yield
styrene oxide 2-phenylethanol 98
a-methyl 2-phenylpropanol 100
styrene oxide
trans-B-methyl l-phenyl-2-propanol (97)
styrene oxide 2-phenylpropanol (3)
a~phenyl 2,2-diphenylethanol 95
styrene oxide
l-phenyl c{4=2-phenylcyclo~
cyclopentene pentanol 18
oxide Ltrans-2-phenylcyclo-

pentanol 82

by using it in the presence of a nucleophilic component,
such as lithium or sodium borohydride, or an electrophilic

component, such as boron trifluoride.

The Reaction of Epoxides with

Grignard Reagents and RpMg

The first example of the reaction of a Grignard
reagent with an epoxide was reported in 1908 by Tiffeneau
and Forneau.3?® when styrene oxide was allowed to react
with the Grignard reagentc from methyl- and ethyl bromides,
the products formed were l-phenyl-2~propanol (54a) and

l-phenyl-2-butanol (54b) respectively. The fact that

O H

(17) PhCH-CH, + RMgX —— PhCH,CHR
4 54a: R = Me
b: R = Et
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phenylacetaldehyde produced these same products when reacted
with methyl- and ethylmagnesium bromides suggested that
an aldehyde intermediate was the species being reduced.
The formation of the aldehyde can be accounted for by ring
opening of the epoxide to form a carbonium ion which then
rearranges with hydride migration to form the aldehyde
(cf£. Figure 8, Pasto's mechanism for the reduction of styrene
oxide with borane for a comparable reaction sequence).

In 1929, Schlenk and Schlenk?? observed that the
reaction of a Grignard reagent with dioxane resulted in

the formation of a dialkylmagnesium reagent and a precipitate
(18) RMgBr + O 0 — RyMg + MgBr;°+O o+

of magnesium bromide-~dioxanate. The reagent could be used
with the precipitate present or the solution could be fil-
tered to give a halide-free solution of dialkylmagnesium
reagent. In 1950, Kullman3®® confirmed the earlier results
of Noller and White®? and showed that the addition of suf-
ficient dioxane to an ethereal solution of ethylmagnesium
bromide to effect complete precipitation of bromide leaves
only 55-60% of the ethyl groups in solution in the form
of diethylmagnesium. The diethylmagnesium content of the
solution increases with time such that after 24 hours the
percentage of ether-soluble ethyl groups reaches 70-75%.
When the same amount of dioxane is added in three or four
portions, with approximately 24 hours intervening between
each addition, 93-97% of the ethyl groups are accounted

for in the ethereal solution of diethylmagnesium.
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The first example of the reaction of an epoxide
with a dialkylmagnesium reagent was reported by Bartlett
and Manly Berry in 1934.%° when a filtered solution of
dimethylmagnesium was allowed to react with cyclohexene

oxide (55), the resulting product was ftaans-2-methylcyclo-

Me
(19) + MegMg ——
mOH’
55 15
(20) D+ MeMgI ——» QCH—Me
b
55 56

hexanol (15). The reaction with a filtered solution of
diethylmagnesium produced farans—2-ethylceyclohexanol. How-—
ever, when the same epoxide was treated with the Grignard
reagent from methyl iodide, the reaction involved a ring
contraction to form 56.

Norton and Hass confirmed these results in a study
of acyclic, alkyl-substituted epoxides."! wWhen allowed
to react with a filtered solution of diethylmagnesium,
these epoxides formed the alcohol resulting from attack
of an ethyl group at the least-hindered carbon atom of
the epoxide, whereas the reaction with ethylmagnesium bromide
produced an alecohol resulting from attack of an ethyl group
on a carbonyl derivative formed after initial epoxide rear-

rangement.
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The work of Cottle and Powell®? was consistent
with these earlier studies. The only new entry was the
reaction of 2, 3-epoxybutane with the magnesium bromide-
dioxanate precipitate from the ethyl Grignard reagent.
The result was the same in this case as for the reaction
with a filtered solution of diethylmagnesium, i.e., the
product formed was 3-methyl-2-pentanol. This result con-
firmed the observations of Kullman3?® and Noller and White?®?
that the magnesium bromide-~dioxante precipitate contained
some diethylmagnesium.

Kharasch and Clapr"“?® noted a striking reversal
in the direction of ring opening of styrene oxide with
phenylmagnesium bromide when the order of addition of the
reactants was reversed. When styrene oxide was added to
phenylmagnesium bromide (normal addition), the product
that was obtained (2,2-diphenylethanol, 57) resulted from
displacement at the more-hindered carbon of the epoxide

and none of 58 from addition to a carbonyl rearrangement

Normal
— Ph,CHCH,0H

Addition

<0 31

(21)  PhCH-CH, + PhMgBr —

Inverse

4 » PhCHCH (OH)Ph
aAddition

58

product as was was observed by Tiffeneau and Forneau®® with
methyl- and ethylmagnesium bromides. However, 38 was ob-
tained when the Grignard reagent was added to the styrene

oxide (inverse addition).
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Golumbic and Cottle“" obtained the same product
(54a) as Tiffeneau and Forneau’® from the reaction of
styrene oxide with methylmagnesium iodide. The addition
of magnesium iodide did not seem to have any effect on
the course of the reaction other than to reduce the yield
of l-phenyl-2-propanol substantially. The reaction of
propylene oxide with a filtered solution of dimethylmag-
nesium produced 2-butanol, resulting from attack at the
least hindered carbon, whereas the same reagent with
styrene oxide produced 2-phenyl-l-propanol, resulting from
attack at the more-hindered epoxide carbon atom.

Whitesides and Roberts“® observed that diisopropyl-
magnesium, magnesium bromide/dioxanate reacted with styrene
oxide vd{a attack at the more-hindered epoxide carbon to
give the primary alcohol, 3—methy1-2—pﬁeny1—l—butanol.

When Cottle and Hollyday"“® compared the reaction
of ethylene oxide with n-butylmagnesium bromide and di-
n-butylmagnesium, magnesium bromide-dioxanate, they found
relatively little difference in the product distribution.
Reaction with the former reagent produced 65% l-hexanol
and 6nly 10% of 2-hexanol, the latter resulting from addi-
tion to acetaldehyde formed by a hydride shift. The for-
mation of so little 2-hexanol is somewhat surprising in
view of the fact that most of the earlier studies found
that the rearranged product was the predominant one under
similar conditions. When ethylene oxide was allowed to

react with the latter reagent, 44% l-hexanol was produced,
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but 1.8% 2-hexanol was also found. This is the first report
of rearrangement during the reaction of an epoxide with
a dialkylmagnesium reagent. |
Huston and Brault"? discovered that with 59 and

an ethyl Grignard reagent the product ratio is dependent
upon the ratio of epoxide to Grignard reagent. When allowed
to react in a 1l:1 molar ratio, the rearranged product (60)
was formé& in a 42% yield. However, when a 2:1 molar ratio
of epoxide:RMgX was used, almost equal amounts of the rear-
ranged (60) and direct displacement (61) products were

Io\
(22) (CHj3)2C-CH2 + EtMgBr —+ CH3yCH,CH(OH)CH(CHs)

59 60

Q H
(23) 2(CH3)2C~CHp + EtMgBr —— 60 + CH3CH2CHC(CHy)

59 . 61

formed (13.2% 60 and 17.9% 61). Both reactions were accom-
panied by substantial formation of l-bromo-2-methyl-2-
propanol. When a 1:2 molar ratio was used only the rear-
ranged product (60) was formed. The reaction of equimolar
amounts of epoxide and a filtered solution of diethylmag-
nesium led to the exclusive formation of the direct dis-
placement product (61).

Freedman and Becker“® have shown that 1,2-epoxybut-
3-ene {62) reacted in the same manner as styrene oxide

with diethylmagnesium (filtered) and ethylmagnesium bromide.
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When allowed to react with dimethylmagnesium, 2-vinylbutanol

(63) was produced, presumably from the attack of a dimeric

Cl:H=CH2
H2C-CH
\/
5 Et
CHy~CH-CH=CH, + EtgMg — P
o Et-Mg Mg-Et
62 ‘\ I’
- Et
CH=CH,
| I
=CHa HaC~C~H
CH3CHZCH” — | ]
O Et + EtyMg
CH,0H Et-Mg
63

Figure 9. Mechanism of diethylmagnesium reaction with
an epoxide.

diethylmagnesium species, which is coordinated to the epox-
ide, at the more-hindered epoxide carbon. As envisioned
by Freedman and Becker (see Figure 9) this process would
involve retention of configuration if an epoxide of known
configuration were used in this reaction.

Schaap and Arens"? reinvestigated the reaciion
of propylene oxide with various organomagnesium reagents
and did a careful analysis of the reaction products. From
this work the following conclusions may be drawn. The
course of the reaction is dependent upon three factors:
(1) the Lewis acidity of the magnesium in the Grignard
complex; (2) the nucleophilicity of the reacting ligand;

and (3) the basicity of the solvent.
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The extent to which the ligands satisfy the electron
demand of the magnesium determines the Lewis acidity of
the Grignard reagent. The more electron-donating the ligand,
the more it will reduce the acidity of the magnesium making
it a weaker Lewis acid. With stronger Lewis acids, there
can be more complete ring opening of the propylene oxide
via a Sni-mechanism; whereas complexing with a moderately
strong Lewis acid will only activate (polarize) the C-0
bonds of the epoxide, thus making reaction possible through
either a Snz;—- or Sn;-mechanism. Therefore, the stronger
the Lewis acidity, the more complete ring opening will be.

In general, the more nucleophilic the ligand, the
more it will attack the least-substituted carbon atom;
whereas a ligand of low nucleophilic reactivity will be
less discriminating.

Results obtained in ether v4 THF solvents reveal
the role of solvent basicity. When THF was used as the
solvent in place of ether, attack took place almost ex-
clusively at the least~substituted carbon atom of the pro-
pvlene oxide. This is attributed to the fact that THF
is a better base than ether; and, therefore, will simul-
taneously increase ligand nucleophilicity and decrease
the Lewis acidity of the magnesium complex.

The structure of the epoxide itself also plays
an important role in the direction of ring opening. When
the substituent in a mono-substituted epoxide is large,

attack will take place mainly at the terminal carbon atom.
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If the substituent is a (potential) electron-donating group,
then attack will take place at the secondary carbon atom
because the substituent can stabilize the incipent carbonium
ion. Electron-withdrawing groups have the opposite effect.
Thus, it seems that the reaction of an epoxide
with an organomagnesium reagent can proceed by two dif-
ferent mechanisms: (1) direct displacement at either the
more- or least-hindered carbon atom of the epoxide; or
(2) rearrangement to a carbonyl intermediate to which the
Grignard reagent then adds. The course of the reaction
depends upon the structure of the epoxide as well as the

organomagnesium reagent.

statement of the Problem

Even though a considerable amount of work has been
done on all of the reactions discussed in this section.
no definitive work has been done on the stereochemistry
of the ring-opening of an optically active acyclic epoxide
with these reagents, namely the AlHs/Et20, AlHg/THF, B2Hg/
BFs*0OEt, and RyMg/MgBrj;+dioxanate reagents. Studies of
Grignard reduction reactions in this laboratory led to
an interest in these reactions as possible synthetically
useful routes to Grignard reagent precursors of known abso-
lute configuration. Thus, this exploratory investigation
was initiated to determine their stereochemistry and syn-
thetic utility. The substrate chosen for study was optically

active styrene oxide because it is rather easily synthesized.
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The synthesis of R-(+)-styrene oxide and the results of
this preliminary study are discussed in the following

section.
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RESULTS AND DISCUSSION

The Preparation of Optically Active Styrene Oxide

The preparation of R-(+)-styrene oxide (4) was
effected from R-(-)-mandelic acid (1) of 89% ee®’ (see
Figure 10) in the following manner. The mandelic acid
was converted to R-(-)-methyl mandelate (64) in 97% yield
according to the general procedure of Lorette and Brown. 5!
~ Lithium aluminum hydride reduction of 64 produced R-(-)-

l-phenyl-1,2-ethanediol (2) in 57% yield. Conversion of
the diol to R-(-)-2-brosyloxy-l-phenylethanol (65) was

effected by reaction with p-bromobenzenesulfonyl chlcr-

ide in pyridine solution at 0°C in a 67% yield. Ring

CO,H + CO,CHg CH,0H
MeOH, H | LiAlH,
H®>C <aOH » HPC<@0OH ———> HB-C-OH
(MeO) 2C(Me) 2
Ph Ph Ph
R-(-)-1 R-(-)-64 R-(-)-2
|Bscl, py.
H CH,0Bros
%/ KOH |
/’c— Hy <— HC<dOH
Ph Ph
R-(+)-4 R-(~)~65

Figure 10. Preparation of R-(+)-styrene oxide.
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closure to form the epoxide was accomplished by treating
the brosylate with a methanolic solution of potassium
hydroxide at -5°C.*® The yield of styrene oxide (4) in
the final step was 76% (87% ee of the R configuration).?
The overall yield of this reaction sequence was 25% based
on mandelic acid. Howe#er, it has been found that this
yield can be substantially increased using an improved
method for recovery of the diol (2) from the lithium aluminum
hydride reduction of 64. A trial reduction of racemic
ester using the improved method gave an 85% yield of the
diol as compared to the 57% obtained in the original sequence.
This increases the possible overall vield to 42%.

A new synthesis of partially active styrene oxide
was developed in this laboratory in the course of this
investigation. The procedure involved the asymmetric
reduction (Equation 24) of a-chloroacetophenocne (66) with
the Grignard reagent (67) prepared from R-(-)-l-chloro-
2-phenylbutane to produce the chlorohydrin (68) as an
intermediate. Ring closure was effected by working up
of the reaction with a potassium hydroxide solution. Styrene
oxide was recovered in a 39% yield and found to contain
a 14% ee of the S configuration. Since the optical purity
of the chloride used to prepare the Grignard reagent (67)
was only 80% ee,32? the reaction gave 18% asymmetric in-
duction after correcting for the optical purity of the

chloride.
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0 H
| Ph, ,OMgCl
(24) c + Ph-C-CH,MgCl — "
/ \C ‘ H'C\CH 2Cl
Ph HoCl Et
66 67 68
Ph,
"c'(-)‘CH 2
a?
s-(-)-4

Consideration of the transition state models 69a
and 69b for this reaction shows that, as might be expected
on the basis of steric factors alone, the one favored was
69b in which the two phenyl groups are transoid to one

another, 53

Ao A9
o G N
] -
‘\\\cs < tc'l ) \\\“c~ /c'/,
Ph" ! “H \"‘Ph ClH,C" l Sy \"Ph
H,Cl Et Ph Et
69a 69b
R-68 S-68

It was determined that it was hest to isolate
the chlorohydrin first so that the 2-phenylbutane and
the 2-phenyl-l-butene from the Grignard reagent could
be removed. The pure chlorohydrin was then treated with
potassium hydroxide to effect ring closure. The yield

of this two-step sequence was comparahle to that of the
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one-step (36% v4 39%), but the styrene oxide isolated
by simple distillation from the two-step reaction was
of higher chemical purity than that from the one-step
(98% vs 50%).

When the reduction was attempted with a-bromoaceto-
phenone, the yield of 2-bromo-l-phenylethanol was only
about 5%, and no attempt was made to convert it to styrene
oxide. The low yield of reduction in this case was due
to the formation of large amounts of condensation by-

products.

The Reaction of R« (+)-Stvyrene Oxide

with Alane Reagents

The reaction of R-(+)-styrene oxide (4) with the
AlD3/Et20 reagent (prepared from LiAlD, and AlCls in a
3:1 molar ratio in ether)!? and with the AlDs/THF reagent
(prepared from LiAlD, and D2S0,4 in a 2:1 molar ratio in
THF) 25 will be considered together. While constitution-
ally similar, these reagents are quite different from
one another in terms of their reactivity toward epoxides.
This difference will be shown in the following discus-
sion.

When R-~(+)-styrene oxide was allowed to react
with the AlD3/Et,0 reagent in a 1l:1 molar ratio according
to the procedure of Eliel and Delmonte,!® the products
obtained were l-phenylethanol (5) and 2-phenylethanol
(9) in 34.2% and 62.1% yield, respectively. The rotation
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data (see Table 6) showed that 5 possessed the S configura-
tion®* and 9, the S configuration.’® From the NMR data

it can be seen that all of the deuterium in each case is

at the C2 position of the product (the Cz position of 1-.
phenylethanol corresponds to the C2 position in styrene
oxide whereas the C2 position of 2-phenylethanol corresponds
to the Ci position of styrene oxide). Since the LiAlD,

that was used contained 98%d,, a minimum of 2% do should

TABLE 6

RESULTS OF THE REDUCTION OF R-(+)-STYRENE OXIDE®
WITH THE AlDs/Et,0 REAGENT

PhCH (OH) CH2D PhCHDCH20H
Actual yield (%) 34.2 62.1
falp -41.1b - 1.12
% ee 94.3 52.4°
Configuration S S
NMR %4 at C, - -
¥d at,C» 99 99
Mass Spec %4, 3.3 2.7
3d, 96.6 95.7
3d; -— 1.5

(a) The optical purity of the styrene oxide
used was 87%.
(b) see reference 56 for [a]p (max).
(c) See page 21 of Part I for the calculated
maximum rotation.
(d) See Appendix I of Part I.
be observed in each product (if all of the deuteride was
consumed in the reaction): and the above results are in
fair agreement with this value. Therefore, the products
from this reaction are S-(-)-l-phenylethanol-2-d (5) and
S-(-)-2-phenylethanol-2-d (9) as illustrated in equation

25.
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H, (1) AlDs H, OH H, ,CH20H
(25) #C-CH2 i +

PR (2) H,0 PWY “CH,D p¥ b

R-(+)-4 S-(-)-5-2-4 §-(-)-9-2-4

The reaction of R-(+)-styrene oxide (4) with the
AlDs/THF reagent in a 1:1 molar ratio according to the
procedure of Yoon and Brown?® produced the same products
but in substantially different yields (65.9% l-phenyl-
ethanol and 21.9% 2-phenylethanol). Again the rotation
data (see Table 7) indicated that the configurations of
'g and 9 were both S, and the NMR data showed that all of

the deuterium was at the C; position in each product.

TABLE 7

RESULTS OF THE REDUCTION OF R~ (+)-~STYRENE OXIDE"
WITH THE AlDj3/THF REAGENT

PhCH (OH)CH2D PhCHDCH 2 OH
Actual Yield (%) 65.9 21.9
lalp -42.2, - 1.86
% ee 96.9 87°
Configuration S ]
NMR %4 at C; —— -
%d atng 99 99

Mass Spec %d, 3.3 2.1

2d, 96 .6 95.5

td, - 2.3

(a) The optical purity of the styrene oxide
used was 87%.

(b) See reference 56 for [alp (max).

(c) See page 21 of Part I for the calculated
maximun rotation. ,

(d) See Appendix I of Part I.
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These results indicate that, with both of the
alane reagents, the reduction of styrene oxide to give
the secondary alcohol (l-phenylethanol) took place via
deuteride attack at Cz with no change of configuration
at Ci. The 2-phenylethanol-2-d was formed with deuterium
replacing oxygen with inversion of configuration.

The results with styrene oxide confirm the obser-
vations of Lansbury and coworkers?? 23 yith l-phenylcyclo-
pentene oxide (26). When 26 was allowed to react with
the AlDy/Et,;0 reagent, the reaction proceeded with about
70% inversion; whereas, the reaction with the AlD;/THF
reagent proceeded with 98% inversion. In comparison, the
reaction of styrene oxide with these reagents produced
almost the same results, i.e., 60% inversion with the
former reagent and 100% with the latter. The only dif-
ference between the reactions of these reagents with the
two epoxides was that the reduction of l-phenylcyclopentene
oxide was accompanied by substantial rearrangement and
styrene oxide with none.

The mechanism of the styrene oxide-alane reaction
seems to involve the initial formation of an alane-epoxide
complex (70) followed by either inter- or intramolecular
hydride transfer (see Figure 11). In the case of the
formation of l-phenylethanol (5), the reaction could proceed
by either pathway 7la or 71b and still give the same product,
i.e., S-(-)~-l-phenylethanol-2-d [S-(-)-5-2-d]. However, |
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because the optical purity of 5, obtained in both reactions,
was slightly higher than that of the styrene oxide used
(cf. 94.3% ee of l-phenylethanol-2-d4 from the AlDj3/Et.0
reaction and 96.9% ee from the AlD3;/THF reaction with the
optical purity of the styrene oxide used, i.e., 87% ee),
it seems that one enantiomer of the epoxide (i.e., the
R isomer) is reacting preferentially with alane by way
of the intramolecular pathway 71b, or that the reducing
agent is another molecule of the alane-epoxide complex
(70), and it is asymmetrically reducing the epoxide by
way of the intermolecular pathway 7la. Not only is there
no precedent for the former explanation, i.e., a preferential
reaction of one enantiomer over the other with an achiral
reagent, but.it is disallowed on the basis of symmetry
arguements. Therefore, it seems that the only reasonable
explanation is that the reaction is proceeding by pathway
7la. Since the optical purity of the S-(-)-l-phenylethanol-
2-d obtained in each reaction was almost the same (94.3%
ee and 96.9% ee), the differences in the reagents did
not seem to significantly affect the degree of optical
enrichment.

The formation of the 2-phenylethanol could also
take place by two possible pathways (73a and 73b). However,
the predominant pathway is the intermolecular reduction
illustrated by 73a to give inversion of configuration.
A comparison of the yields and optical rotations of the

S-(-)-2-phenylethanol-2-d obtained in each reduction (cf.
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H,%c OH
¥’ “CH,D
S-(-)-5-2-4
IHzO
- - A B - 7
AlD;, D,Al~D
H, + H, ,OALD, H,
Jﬁegﬁz Emm— ‘ﬁ: — %Lbﬂz
rrY \ pi¥ “cH,D pi¥
>al-D ]
71la \\\\\\ /////x 71b
Ang
H, O H, o+
'd-CH, ——— ;é—}:nz
i’ . pH
R-(+) -4 / 70 \
- - - o C
?ng D-AlD»
H, CQ+ H,\(O+
" (-)\CHz “€—CH,
Ph Ph
| D-21(_ i ]
13a 73p
H% /CH20A1D3 H%C/D
¥ p pi¥ CH,0A1D,
HyO HaO
75 N AN T]
H, ,CH2OH K, D
Ph(c p p1¥ CH,0H
8- (+)-9-2-d R~ (+)-9~2-d

Figure 11l. Mechanisms for the reaction of R-(+)-styrene
oxide with AlD,.
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data in Tables 6 and 7) shows a distinct difference in
the stereochemical behavior of the two reagents used.

The 2-phenylethanol obtained from the reduction of styrene
oxide with the AlD3/Et20 reagent is of much lower optical
purity than that obtained from the reduction with the
AlDg/THF reagent. Due to the higher basicity of the THF
as compared to ethyl ether, the nucleophilicity of the
hydride ligands will be increased as the Lewis acidity

of the aluminum in complex (70) decreases.?® *® Thus,
epoxide activation (C-O bond polarization) is poor in

THF and C-0 bond breaking and C-D bond formation should
take place in a concerted fashion. This phenomenon also
accounts for the higher yield of the secondary alcohol
(1-phenvlethanol). In ethyl ether, epoxide activation
will be more pronounced and C-0 bond polarization should
take place between the secondary epoxide carbon and the

oxygen as illustrated in 77 because the phenyl group

AlDs

S+
H o, //0\
“"C——CH,
Ph/6+
77

would stabilize this incipient carbonium ion. Thus, hydride
attack should take place predominantly at the secondary

carbon (73a) to give 2--phenylethanol. The formation of
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this more open carbonium ion would also account for the
lower optical purity of the S-(-)-2-phenylethanol-2-d
formed in the AlDs/Et20 reaction.

The presence of the salts LiCl and Li2SOs4 in these
reactions did not seem to exert any influence on the product
yields, e.g., the yields of 5 and 9 in the AlDs/THF reaction
(with Li,SO, present) are essentially the same as those

25 with the salt free reagent. This

reported by Brown
is consistent with the observation by Ashby and Cooke??

that the presence of lithium chloride does not exert any
dramatic effect on the product distribution suggesting

that lithium chloride does not take part in the reaction

by complexation with the epoxide. However, Lansbury and
coworkers?? state that the salt (Li,SO,) does make a dif-
ference in the product distribution with 2-phenylcyclopentene
oxide. The bicyclic epoxide may be a special case; and
furthermore, since the reactions were not run under exactly
the same conditions (the ratio of epoxide to alane was

2:1 in the reaction with some Li»S0, present and greater

than 2$l in thé salt-free reaction) the important variable
cannot be identified with certainty at this timé. If

there was a salt effect, it was not very dramatic; the
reagent with Li2S04 present gave 89% cié- and 6% Ltrans-
2-phenylcyclopentanol, whereas the salt-free reagent gave
only the ci4 isomer. Thus, it seems doubtful that the

presence of a lithium salt exerts any dramatic influence

on the course of the reaction.
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The above work has shown that the reduction of
an optically active epoxide with alane does produce optically .
active products. More specifically, under the conditions
specified the reduction of R-(+)-styrene oxide with AlD,
proceeds with no change of configuration (probably through
an intermolecular mechanism) to give S-(-)-l-phenylethanol-
2-d, and with inversion of configuration (probably by way
of an intermolecular mechanism) to give S§-(-)-2-phenyl-
ethanol-2-d in both ethyl ether and THF solvents. While
these results are definitive in themselves, much work remains
to be done in oréér to complete the picture of the reaction.
Specifically, the following points deserve attention: the
preparation of AlDs from LiAlD4/AlClsy (3:1) in THF and
from LiRlD4/D280s (2:1) in ether to determine the effect
of the solvent; the control of the temperature and time
of reaction so that meaningful studies of other variables
(e.g., concentration) may be accomplished, and a valid
comparison of reagents prepared in different ways may be
obtained; and naturally, the application of this work to

other systems to test the generality of the above results.

The Reaction of R—(+)-Styrene Oxide with

the B,Dg/BF3*OEt, Reagent

The reaction of R-(+)-styrene oxide (4) with the
B2Dg/BFs*OEt; reagent according to the procedure of Brown

and Yoon®® gave 71.8% of 2-phenylethanol, which was shown
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to be predominantly the levorotatory isomer of 2-phenyl-

ethanol-l-d (9) (Table 8).

L O, (1) B2D¢/BF3°+OEt, H, JOH
(26) ("C—CHz > ("c\
PhH (2) H,0 PhCH, D
R-(+)-4 S~(~)~9-1-d
TABLE 8

RESULTS OF THE REACTION OF R-(+)-STYRENE OXIDE
WITH THE B,Dg¢/BF3+*0Et, REAGENT

Actual Yield (%) 71.8
GD -0.415
NMR %d at C, 99
2d at C, -
Mass Spec® %4y 2.2
gd, 96.5
$d, 1.3

(a) See Appendix I of Part I.

The configuration of (-)-2-phenylethanol-1-d has
been tentatively assigned by reference to a related con-
figurational assignment for 2-(p-methoxyphenyl)-ethanol-1l-d
(80) . Belleau and Burba®® have shown that the reduction
of (p-methoxyphenyl)acetaldehyde (78) with the magnesium
alkoxide of exo-isoborneol-1-4 (79) proceéded to give

(-)-2- (p-methoxyphenyl) -ethanol-1-d (80). Assuming that

OH

%/
(27) CHﬁ)@CH,CHO 3 OMgBr — ;C
oA
D

78 79 s-(-)-80
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this asymmetric reduction obeys the stereocorrelation model
for reductions with isobornyloxymagnesium bromide, (-)-80
is assigned the S configuration. PFurther assuming that

the p-methoxyl group does not significantly affect the

sign of the rotation, then the configuration of (-)-2-
phenylethanol-l-d should also be S. The latter assump-
tion appears to be reasonable and is based on the following
observations: (1) Mosher and coworkers®? have shown that
the sign of the rotation of S-(+)-2-phenylbutanoic acid and
its derivatives is unaffected by the substitution of a
methoxy group in the para position; and (2) Eliel®® has
also shown that substitution of an acetyl group in R-(-)-1~-
phenylethane-1-d did not affect the sign of the rotation.
Assuming the configurational assignment is correct,. attack
by deuteride would have to take place with inversion of
configuration as shown in step d of Figure 12 to produce
S—(-)-2~-phenylethanol-1l-d.

Since it has been shown in related cases that the
p-methoxy group affects neither the sign nor appreciably
affects the magnitude of the rotation, the maximum rotation
of 2-phenylethanol-1~-d should be of the same order of mag-
nitude as that of the p-methoxy compound (80). It was
stated®® that the optical purity of 80, which exhibited
a rotation of 1.44°, was about 40-50%. Therefore, the
S—-(-) -2-phenylethanol-l-d produced in this investigation

is probably about 11-14% optically pure, which means that
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the reaction of R-(+)-styrene oxide with BD3/BF3s proceeded
with about 13-16% transfer of chirality.

One mechanism for the reaction can be envisioned
as an initial complexation of styrene oxide by boron tri-
fluoride followed by éssentially complete ring opening
to form the secondary carbonium ion (82) due to the strong
Lewis acid character of the boron trifluoride. The secon-
dary carbonium ion will be formed in preference to the
primary one due to resonance stabilization by the phenyl
group. Ring opening will be accompanied by rotation about
the C;-C; bond. Viewing the process along the Ci-C, axis
and remote from C,, the favored direction of rotation is
seen as clockwise with the complexed oxygen moving past
hydrogen, rather than counterclockwise past phenyl. The
rotation positions Hp in an orientation more favorable
for migration than is Hg. A preferential Hp hydride shift
generates 84 in resonance with 85. Reduction by borane-dj
would give 2-phenylethanol-l-d after hydrolysis (See Figure
12).

% orginally postulated the rearrange-

Yoon and Brown?
ment to a carbonyl intermediate after showing that the
reduction of 2-phenylcyclopentanone gave the same product
ratio as l-phenylcyclopentene oxide when reduced under
the same conditions. Pasto and coworkers?!? have also pos-
tulated the intermediacy of a carbonyl compound in the

reduction of an epoxide with borane-ds(cf. Figure 8). How-

ever, an intermediate with the characteristics of 84 or

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

?Fg ?FS
H"’/ 0, H’I;(. F H"l+ Q \\\““‘H
Jo-CHa  _BFs "d(-)‘cx-zz a 755 R
PH > ¥ — ¥ Py
R=-(+)-4 B 8l 82 )
l b
"D ,B-D - -]
T\ (BFs #BF 3
D <OBF3 H, +0 H+ O
" d oIy c “C—C"
PhCH} y 2 L AN
Hp Hp
| -
86 84 83
Hs0 I
- - ]
“\BF s
D OH H +0
\c‘\ ll,'c — c‘:\“‘\
PheH,” WH | W
Hp

§-(=)~9-1~-d 85

Figure 12. A mechanism for the reaction of R-(+)-styrene
oxide with the B,Dg/BF;3;°*0OEt, reagent.
85 seems rather unlikely in view of the optical activity
of the S-(-)-9-1-d produced in this reaction. If the mech-
anism shown in Figure 12 is a good approximation of the
actual chain of events, then there must be a high degree
of concertedness to the steps a through d. The chiral
influence of the asymmetric carbon in R-(+)-4 appears to
exert a considerable measure of control over the process.

Hydrogen participation in the ring opening step
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is not without analogy. Tiéhi and coworkerss7recehtly
proposed a similar kind of participation in the solvoly-
sis of 2-alkylcyclohexyl tosylates.

The only other possible explanation for the for-
mation of chiral product is that the deuteride source is
~chiral. For example, one might hypothesize that BDjs is
utilized as a complex with R-(+)-4, rather than as free
borane. This possibility cannot be excluded at the present

time and further experiments are needed to clarify this

point.

The Reaction of R-~(+)-Styrene Oxide with

Diethylmagnesium/Magnesium Bromide Dioxanate

The reaction of R-(+)-styrene oxide (4) with diethyl-
magnesium/magnesium bromide dioxanate according to the
procedure of Whitesides and Roberts“’ produced 30% of 1-

phenyl-2-butanol (90) and 50.2% of 2-phenyl-l-butanol (95).

H, (1) Et,Mg/Mg3r,;-0 p‘ H, CH,OH *

(28) “C~CH2 > "c\ + PhCH,CHCH2CH3
p¥ (2) H20 P’ “CH,CH, H
R-(+)-4 S=-(+)-95 (-)=-90

The products obtained were shown to be the levorota-
tory isomer of 90 and the dextrorotatory isomer of 95;
the latter contained a 43.9% ee®? of the S isomer (Table 9).
The reaction probably involves (see Figure 13) the
initial formation of a magnesium-epoxide complex (87).

The formation of l-phenyl-2-butanol (90) can be explained
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TABLE 9

RESULTS OF THE REACTION OF R~ (+)-STYRENE'
OXIDE WITH Et:Mg/MgBr2 *DIOXANATE
!

PhCH,CH (OH) Et PhCH (Et) CH,0H

Actual Yield (%) 30 50.2
Cp -0.31 +7.44
% ee - 4309
Configuration aaley S

(a) The optical purity of the styrene oxide used
was 87%.

by the addition of an ethyl group to the aldehyde inter-
mediate (88) formed as a result of ring opening and hydride
migration. The fact that this alcohol exhibited a very
small rotation seems to indicate that the rearrangement
and subsequent addition are not taking place in a highly
concerted fashion as mighg g;_ﬁhe case in the borane-ds/
boron trifluoride etherate reduction (see previous section).

Since the 2-phenyl-l-butanol (95) formed in this
reaction had predominantly the S coiifiguration, the prin-
cipal mode of reaction is thought to be one of inversion
through an intermolecular pathway as illustrated in 92.
The fact that the optical purity of the 2-phenyl-l-butanol
was only about half that of the styrene oxide (43.9% ee
vd 87.1% ee) suggests that there is considerable carbonium ion
character at the secondary epoxide carbon or that the reac-
tion also proceeded partially by an intramolecular pathway
(91) with retention of configuration. No definitive state-
ment can be made at this time as to which is the predominant

mode of reaction. If the racemization is due to a competitive
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H
PhCH,COMgEt
Et
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H2O

PhCH,CH (OH) Et
20

Mechanisms for the reaction of R-(+)-styrene
oxide with Et2Mg/MgBra-+dioxanate.
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intramolecular pathway (91), then the optical purity of
the 2-phenyl-l-butanol formed from the reaction of chiral
styrene oxide with a large excess of the Grignard -dioxante
might be expected to be more nearly the same as that of
the styrene oxide used. However, if the racemization is
due primarily to non-concerted ring opening, then the opti-
cal purity of the 2-phenyl-l-butanol would not be increased
significantly from that observed with an egquimolar amount
of reagent.

The fact that the exploratory work discussed in
this section has posed a number of new questions about
the electrophilically assisted ring opening reactions of
epoxides illustrates the complex nature of such reactions
and implies that they will continue to be of interest to
the organic chemist for some time to come. Even though
this investigation has not given a definitive picture of
all the mechanistic details involved, it must be remembered
that the original objective was to determine if these reac-
tions proceeded to give optically active products. This
question has been answered in the affirmative; in fact,
optically active products were obtained from all of the

reactions studied.
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EXPERIMENTAL

General: All statements on pp. 39 to 41 of the Experi-
mental Section of Part I are the same for Part II except
that the preparative GLPC conditions are different.” In
this section the conditions were: 10' x 1/4" 20% Carbowax

20M on Chromosorb W-HP Column, 180°, 120ml/min.
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R-(-)-Methyl Mandelate (64):%! The ester was prepared

exactly as directed on p. 43 from R-(-)-mandelic acid.
[al,-139.09, (578) -145.90, (546) -167.27 $0.01° (£ 0.5, ¢
2.2, water), 88.8% ee.®? The yield of ester was 105.4g
(96.5%) , m.p. 54°, [a]l}? -164.45, (578) -177.71, (546)
-198.26 $0.01° (£ 0.5, ¢ 1.84, chloroform), 93.4% ee.®!
NMR(6942): 6.82(S,5H), 4.73(s,1H), 3.60(s,1H), 3.38(s,3H).

R- (~)-1-Phenyl-1,2-Ethanediol (2):? To a stirred suspension

of lithium aluminum hydride (17.5g, 0.46mol) in 500ml of

dry ether, a solution of R-(-~)-methyl mandelate (100g,
0.6mol) in 12 of Ary ether was added dropwise to maintain

a gentle reflux (3.5 hours). The mixture was heated under
reflux for 1.5 hours, allowed to cool to room temperature

and thén hydrolyzed with 750ml of 10% sulfuric acid. The
organic layer was separated from the aqueous layer and
combined with several ether extracts of the aqueous layer.
The ether solution was washed with cold 5% sodium hydroxide
solution and dried {MgSOs4). The ether was removed at reduced
pressure; the crude diol was recrystallized from benzene/
30-60° pet ether (3:2) to give 47.4g (57.2%) of diol, m.p.
65-65.5°C; [al3? -35.7, (578) -37.07, (546) -41.37 £0.01°

(£ 0.5, ¢ 3.48, 95% EtOH), 87.9% ee based on [a], (max) 40.6°.°2
NMR(7141): 7.25(s,5H), 4.72(t,1lH), 4.25(s,2H), 3.60(d,2H).

R~ (=) ~2-Brosyloxy-1-Phenylethanol (65):% To a stirred

solution of p-bromocbenzenesulfonyl chloride (83.2g, 0.325mol)

in 250ml of dry pyridine at ~5°C, a solution of R-(~-)-
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l-phenyl-l,2-ethanediol (45.0g, 0.325mol in 250m1 of dry

pyridine) was added dropwise so that the temperature did

not exceed 0°C. The mixture was placed in the refrigerator

(5°C) for 72 hours and then allowed to stand at room tempera-

ture for 1.5 hours. The mixture was then poured into ice-

cold. dilute hydrochloric acid (1200g ice + 200ml conc.

HCl1l); and the gummy solid which deposited was taken up

in ether. The ether extracts were washed with dilute HCl

and water and then dried (MgSO,). Removal of the ether

left a viscous o0il which was dissolved in 270ml of benzene/

30-60° pet ether (1.25:1) and placed in a refrigerator.

The crystals that deposited were filtered, washed with

30-60° pet ether and air dried. The yield of brosylate

was 77.§g (67%) , m.p. 70-71°; [a]éz -32.02, (578) -33.59,

(546) -38.61 +0.01° (£ 0.5, ¢2.59, 95% EtOH).

NMR(7190): 7.35(s.4H), 7.16(S,5H), 4.81(m,1H), 3.92(t,2H),
3.34(s,1H).

R-(+)-Styrene Oxide (4):3 The brosylate (76.5g, 0.214mol)

was dissolved in 400ml of dry ether, cooled to -5°C and
treated with a solution of potassium hydroxide (16.0q,
0.287mol) in 160ml of dry methanol) in a dropwise manner

so that the temperature did not exceed 0°C. After addition,
750ml of cold water was added to the reaction mixture and
the aqueous layer was extracted with ether. The combined

ether extracts were washed with water and dried (MgSQ, ).
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The ether was removed at reduced pressure and the residue

was distilled.

Fraction b.p. (6.5mnm) wt(g) % epoxide*
1 67° 0.25 98.6
2 67-69 18.30 98.3
3 70-95 1.30 76.9
4 95-100 1.40 23.8

Fractions 1-3 were combined and redistilled to purify

the epoxide further.

Fraction b.p. (17mm) Wt (qg) $ epoxide*
1 83~-86° l16.0 99+
2 87 1.5 94.9
3 88 1.2 89.3
4 88-111 2.2 45.4

*Clpc (II-55, lm x 6mm Silicon GE XE-60 nitrile
gum on Chromosorb W, 125°, 5psi; R.T. of epoxide
3'10"). The other component was l-phenylethanol.
The yield of epoxide was 19.55g (76%); [a];a
+29.8, (578) +31.2, (546) +35.5 *0.01° (£0.5, neat), 87.1%

ee based on [al +34.2°.2

Reactions of R-(+)-Styrene Oxide

Reaction with AlDs/Et,0 Reagent:!®To a cold, stirred solu-

tion of anhydrous aluminum chloride (1.067g, 0.008mol)

in 40ml of dry ether, lithium aluminum deuteride (1l.05g,
0.025mol) and 25ml of dry ether were added. The mixture
was stirred for 45 minutes at room temperature and then
a solution of R-(+)-styrene oxide (4.00qg, 0.0234mol) in

25ml of dry ether was added dropwise to maintain a gentle
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reflux. The mixture was heated under reflux for two hours,
allowed to cool to room temperature and then 1l0ml of water
and 25ml of 10% sulfuric acid were added. The organic
layer was separated and combined with several ether extracts
of the aqueous layer. The ether solution was dried (MgSO.)
and then the ether was removed. Distillation of the residue
gave 3,95g (96.4%) of product, b.p. (0.3mm) 55-57°. Glpc
analysis (II-58-1) showed the sample to be 35.5% l-phenyl-
ethanol (R.T. 3'25") and 64.5% 2-phenylethanol (R.T. 5')
corresponding to yields of 34.2% and 62.2%, respectively.
Two preparative scale glpc¢ separations gave samples that
were 99+% pure (II-58-2):

1-Phenylethanol-2-4, [alp® -41.1, (578) -~43.0,
(546) -48.95 *0.025° (£ 0.2, neat), 94.3% ee S-(-) based
on [a]  (max) 43.6°.°°
NMR(7261): 6.79(s,5H), 4.51(s,1H), 4.25(t,1H), 0.88(4,2H).
Mass Spectrum (II-58-1): 3.3% dy,, 96.6%d;.

2-Phenylethanol-2-d, a3® -1.15, (578) -1.21, (546)
-1.40 *0.01° (£ 0.5, neat), S configuration.
NMR(7240): 6.72(s,5H), 4.37(s,1H), 3.28(d,2H), 2.34(t,1lH).
Mass Spectrum (II-58-2): 2.7%do, 95.7%d;, 1.5%4,.

Reaction with AlDs/THF Reagent:?% To a stirred suspension

of lithium aluminum deuteride (1.05g, 0.025mol) in 25ml
of dry THF, dideuterosulfuric acid (1.26g, 0.0125mol, Dia-
prep Incorporated, 99.5%D) was added dropwise with caution.

The mixture was stirred for forty-five minutes at room
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temperature and then a solution of R-(+)-styrene oxide
(4.00g, 0.0234mol) in 25ml of dry THF was added dropwise
to maintain a gentle reflux. The reaction mixture was
stirred for one hour at room temperature and then hydrolyzed
with a 1l:1 mixture of THF/water. The agueous layer was
saturated with potassium carbonate and the organic layer
was then separated from it. The ether extracts of the
agueous layer were combined with the organic layer and
dried (MgSO4). The ether was removed at reduced pressure
and the residue was distilled to give 3.6g (87.8%) of pro-
duct b.p. (0.25mm) 49-51°. Glpc analysis (II-57-1) showed
the product to be 75% l-phenylethanol (R.T. 3'25") and
25% 2-phenylethanol (R.T. 5') corresponding to yields of
65.9% and 21.9%, respectively. Purification by two prepara-
tive scale glpc separations gave samples that were 99+%
pure (II-57-2):

1-Phenylethanol-2-d, [al2® -42.2, (578) -44.2,
(546) -50.45 #0.01° (£ 0.5, neat), 96.9% ee S-(-).5¢
NMR(7269): 6.75(S,5H), 4.44{(s,1uw), 4.25(t,1H), 0.80(d,2H).
Mass Spectrum (II-57-1): 3.3%d,, 96.6%4;.

2-Phenylethanol-2-d, 2" -1.90, (578) -2.00, (546)
-2.35 $£0.05° (£ 0.1, neat), S configuration.
NMR(7268): 6.66(s,5H), 4.29(s,1H), 3.23(d,2H), 2.25(t,1H).

Mass Spectrum (II-57~2): 2.1%d,, 95.5%d;, 2.3%d4..

Reaction with B,Dg/BFs*OEt, Reagent:®® Deuteroborane was

prepared according to the method of Brown and 2weifel®?
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from lithium aluminum deuteride 1.05g, 0.025mol) and boron
trifluoride etherate (7.09g, 0.05mol) in 35ml of dry ether,
and‘flushed into a separate flask containing 50ml of dry
THF. Boron trifluoride etherate 3.17g, 0.02mol) was added
to the deuteroborane/THF solution and the solution was
cooled to 0°C. A cold solution of R-(+)-styrene oxide
(2.4g, 0.02mol in 20ml of dry THF) was added dropwise and
then the solution was stirred for one-half hour at 0°C,.

The solution was allowed to warm to room temperature and

was then hydrolyzed with 25ml of water. The aqueous phase
was saturated with potassium carbonate, and the organic
layer was separated from it. The organic layer was combined
with the ether extracts of the aqueous layer and dried
(MgSO4). The ether was removed at reduced pressure and

then 5ml of methanol was added to the residue. The methanol
solution was distilled to give 1l.8g of product, b.p. (0.25mm)
49-~50°, 97.3% pure by glpc (II-59-1, R.T. 5"). Purification
by one preparative scale glpc separation gave a sample

that was 99+% pure glpc (II-59-2). The vield of «-phenyl-
ethanol-1-d was 71.8%, a2® -0.415, (578) -0.475, (546)
-0.525 £0,025° (£ 0.2, neat).

NMR(7230): 6.76(s,5H), 4.19(S,1H), 3.22(t,1H), 2.31(d4,2H).
Mass Spectrum (II-59): 2.2%d4,, 926.5%d;, 1l.3%d..

Reaction with Diethylmagnesium/Magnesium bromide dioxanate:"3

Diethylmagnesium was prepared by the addition of dry dioxane

(2.35g, 0.0233mol) to a solution of ethylmagnesium bromide
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(22.8m1 of 1.02M solution, 0.023mol). The precipitated
magnesium bromide dioxanate was not filtered off. The
reaction mixture was stirred for ten minutes and then
R-(+)~styrene oxide (2.00g, 0.0l66mol) was added dropwise
to maintain a gentle reflux. The reaction mixture was
then stirred for four hours at room temperature, heated
under reflux for one hour; and a saturated agqueous ammonium
chloride solution was added until the solids conglomerated
on the sides of the flask. The ether was decanted off
and dried (MgSO,). Removal of the ether and digtillation
of the residue gave 2.lg of product, b.p. (0.3mm) 65-68°.
Glpc analysis (II-56-1) showed the product to be a mixture
of 35.9% l-phenyl-2-butanol R.T. 4'45") and 60.6% 2-phenyl-
1-butanol (R.T. 6'20") corresponding to yields of 30% and
50.2%, respectively. Purification by two preparative scale
glpc separations gave samples that were 99+% pure (II-56-2):
1~Phenyl-2-butanol, a2® -0.31, (578) -0.325, (546)
-0.375 20.025° (£ 0.2, neat).
NMR(7289): 7.15(s,5H), 3.62(m,1H), 2.60 and 2.55(d,4,3H),
1.42(Q,2H), 0.95(t,3H).
IR(12073): 3425(s), 2915(s), 1601(m), 1475(S), 1425(s),
1100(m), 1000(m), 960(S), 820(w), 720(S),
670(s).
C & H Analysis (II-56-1): calc; C-79.95;, H-9.39,
found; C-80.25, H-9.34.

Mass Spectrum (II-56-1): m/e 150 (M).
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2-Phenyl-l-butanol, a>® +7.44, (578) +7.75, (546)

+8.775 %0.025°, (£ 0.2, neat), 43.9% of S-(+) ee based on

. -16.5° (97.3% ee).>?

D
NMR(7288): 6.81(s,5H), 3.92(s,1H), 3.26(d,2H), 2.27(m,1H),

1.28(m,2H), 0.47(t,3H).

S-(~-)-Styrene Oxide (8-4): A solution of a~-chloroaceto-

phenone (15.46g, 0.lmol in 150ml of drvy ether) was added
dropwise (1.5 hours) to a stirred solution of the Grignard
reagent (173ml of 0.58M solution, 0.1lmol) prepared f£rom
R-(-)-1-chloro-2-phenylbutane of 80% ee according to the pro-

52 The reaction mixture

cedure of Birtwistle and coworkers.
was stirred for four hours at room temperature, cooled to

0°C, and treated with a methanolic soltuion (175ml) of potas-
sium hydroxide (16.83g, 0.3mol) in a dropwise manner so that
the temperature d4id not exceed 5°C. After addition, 200ml

of c¢old water was added to the reaction mixture. The mixture
was filtered, and the agueous laver was extracted with ether.
The combined ether extracts were washed once with 5% H2S50,,
twice with 5% NaOH and twice with water and then dried (MgSO4).
The ether was removed at reduced pressure, and the residue

was distilled at aspirator pressure to give 13.05g of product,
_b.p. 62-77°, 38.5% pure by glpc (II-45-1, lm x 6mm Silicon

GE XE-60 nitrile gum on Chromosorb W, 125°, 5psi; R.T. of
epoxide 3'10") corresponding to a vield of 39%. Purification
by two preparative scale glpc separations gave a 99+% pure
(glpc II-45-2) sample of styrene oxide, [a]3® -4.81, (578)
~5.02, (546) -5.79 *0.01° (£ 0.5, neat), 13.9% ee S-(-).2
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