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INTRODUCTION

Grignard Reduction Reactions

In his pioneering studies of the reactions of organo-
magnesium reagents, Grignard noted1 that carbonyl compounds
could react via several pathways. These less familiar
reactions, notably the enolization and reduction of aldehydes
and ketones, have been reviewed.2 The reduction reaction,

under which the proper conditions can become the major or
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even exclusive pathway, has been the object of considerable

study. The following empirical observations are pertinent

to the elucidation of the mechanism of this reduction reaction:
1) True Grignard reductions produce equimolar

quantities of alcoholate and an olefin arising from the

Grignard reagent. 2) Increased branching, i.e., steric

hindrance, of groups on both the carbonyl compound and the

Grignard reagent generally increases the amount of reduction

relative to addition.3 3) Only reagents bearing hydrogens

on the carbon B- to magnesium, behave as reducing agents.4

4) The amount of reduction relative to addition generally



increases as the number of hydrogens on the p-carbon(s)
increases. On the basis of these observations Whitmore5
proposed that the reduction proceeded by a pathway, (eq. 2),
whose most important and novel feature was the six-membered,
cyclic transition state 2 generated from an intermediate
complex 1. In this mechanism the rate determining step
involved the transfer of a "hydride-like" ﬁydrogen from the

B-carbon on the reducing agent to the carbonyl carbon of the

substrate.
0
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This mechanism has become generally accepted on the basis of
its simplicity and ability to accommodate experimental
observations obtained both prior to and after its proposal.
Further evidence bearing on the mechanism of these reduc-
tions has included the observation that treatment of ketones
with magnesium bromide prior to addition of Grignard
reagents greatly increases the yield of addition products

at the expense of reduction.6

This observation appears to
support the Whitmore mechanism since a magnesium bromide-
ketone complex 6§ could not undergo an intracomplex reduction
via 2 but could participate in the termolecular transition

state 7 generally accepted for the addition reaction.
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However, perfluoroalkyl carbonyl compounds which do not form
7
still

showed increased yields of addition products when magnesium
8

detectable amounts of complex with magnesium bromide

bromide was added prior to the Grignard reagent.

Dunn and Warkentin9

demonstrated using deuterium
labeling experiments that hydrogen was transferred only from
the p-carbon during the reduction of benzophenone with isobutyl-

magnesium bromide, The kinetic isotope effect, kH/kD 2.0



'to 2.2, observed at the B-hydrogen in these studies strongly
indicates that the rate-determining step, at least in this
one reaction, involves transfer of the B-hydrogen.

Regrettably, a recent report of the first kinetic
study of a Grignard reduction reaction has provided results
open to a variety of interpretations and has left unanswered
several questions about the detailed natufe of these reac-
tions.10

Additional evidence which has been cited as favoring
the Whitmore mechanism includes the observation of asymmetric
reduction by optically active Grignard reagents and the
utility of the presumed mechanism in rationalizing the
stereochemistry of these reductions. Vavon and coworkers

reported in 1946 and 194711

ketones with the Grignard reagent prepared from optically

that treatment of phenyl alkyl

active isobornyl chloride provided optically active phenyl-
alkylcarbinols. These authors did not elaborate on their
results other than to point out a relationship between the
steric bulk of the ketone reduced and ﬁhe amount of asym-
11b In 1950 Mosher and LaCombe
published the first of a series of papers dealing with

metric synthesis achieved, 12

reductions of unsymmetrical carbonyl compounds with chiral
Grignard reagents contalning an asymmetric center at the
carbon B- to magnesium. The initial investigation was
designed to test a prediction based on the Whitmore mechanism
that the reductions would provide optically active products
and that the configurations of the products could be related
to those of the reducing agents by a simple model. The

model used was based on a planar, or nearly planar, conforma-
tion of Whitmore's cyclic transition state 2 in which the
"sizes" of the groups on the Grignard reagent and the ketone

could be classified as large and small, i.e., R, or RL and



Ré and RL, respectively, using well known steric and elec-
tronic factors. Models of the two diastereomeric transition

states 10 and 11 are demonstrated (eq. 3) for the reduction

(':1
Mg
o’ kcu
o S
“ -7 ‘s‘
C MgCl t-Bu l\/k *Me
/\ + CH Me Et
t-Bu Me J: 2 "
H/ « ~'Me
Et 10
8 A
cl:l
Mg
o’ \CH (eq. 3)
2
)
Me,"’ /\\‘\Me
H Et
t-Bu
11
MgCl H
/
0/ 0
L ¢
10 —> t-Bu’ \H t-Bu” l\l{
Me Me
§-12
Ccl
/e P
0
I !
,/ ’/
11 => Me” A\H —> Me’ \H



of methyl t-butyl ketone (8) with the Grignard reagent 9
from §-(+)-1l-chloro-2-methylbutane. It was prédicted that
the transition state with the lower energy would be 10 in
which the large group on one center opposes the small group
on the other center to provide a better steric fit. Or,
from another view, the less favorable transition state would
be 11 in which the two large groups were on the same side
of the ring. This expectation was experimentally verified
vhen the methyl-t-butylcarbinol obtained from the reaction
was found to contain a 147 excess of the S-(+)-enantiomer,
§-12. 1In other papers in this series Mosher and coworkers

have reported the reduction of a number of t-butyl alky113,

cyclohexyl alkylla, and phenyl alkyl ketones.ls’16

17,18 that in some

More recently it has been found
cases the amount of asymmetric synthesis obtained in B-
asymmetric Grignard reductions is dramatically increased
when both of the reactants contain aromatic groups. Thus
the reduction of a series of phenyl alkyl ketones (13) with
the Grignard reagent prepared from S-(+)-l-chloro-2-phenyl-

butane (15), (eq. 4), provided phenylalkylcarbinols (14)

0 H OH Et
Ph-(I:-R + Pha—-(;:--uCl-legCl > >  Ph*-CH-R + Ph—(!:=CH2
Et
13 15 14 (eq. &)
R R
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containing up to 917 of the S-enantiomer, i.e., alcohols of
up to 827 optical purity.17 This last result, obtained with

13~c is unusually high for such a simple system and approaches




the absolute asymmetric synthesis of enzymatic reductions
for which these reactions have been considered models.19
The explanation offered for the unusually high values in
these cases involved electronic repulsions between the
aromatic rings in a transition state such as 16 which made

it even more disfavored relative to 17 than would be pre-

dicted on a purely steric basis.17
?l ?1
| Mg Mg
o;}” ¢ CH o \ERCH
II 2 I | 2
,C C~ C ”,,Cs,\
n /Y% R § “Et
16 17

In one of the earliest studies of asymmetric Grignard
reductions Mosher and LaC.ombe20 reacted methyl t-butyl
ketone (8) with the \6-asymmetric Grignard reagent (18)
prepared from S-(+)-l-chloro-3-methylpentane and obtained
racemic carbinol. This result has been interpreted as
evidence that only transfer of hydrogen from an asymmetric
center could produce observable asymmetric reduction, i.e.,
bnly B-asymmetric Grignard reagents could give asymmetric

reduction.

H

Etl!-¢--CH2CH2MgC1
Me
18



22, however, pointed out that Vavonts

Kharasch and Reinmuth
"isobornylmagnesium chloride” transferred hydrogen from a
nonasymmetric center although in this somewhat unusual case
the a-carbon bearing magnesium could be considered asymmetric.
It is now recognized that the only necessary conditions for
kinetically controlled asymmetric syntheses, such as those
under discussion, are that one of the reactants be chiral

and nonracemic, and that two diastereomeric transition states

lead to enantiomeric products. Thus, in theory at least,

H
Pharc::-—CHz-CHZMgC1
Me
19

reductions by \K-asymmetric Grignard reagents such as 18
should provide asymmetric syntheses although the optical
rotation of the products might not be experimentally observ-
able. This conclusion was recently verified by Morrison and
coworker323 who reduced isopropyl phenyl ketone (13-c) with
the Grignard reagent (125 prepared from R-(-)-l-chloro-3-
phenylbutane, This experiment provided isopropylphenyl-
carbinol (l4-c), containing a 25% excess of the R-(+)-
enantiomer, a surprisingly high value in the face of the
earlier study with 18. This initial result raised questions
about the generality of ‘ﬁ-asymmetric Grignard reductions,
their relation to reductions of similar series of ketones

by P-asymmetric reagents and the possibility of obtaining
"long range' asymmetric synthesis from reductions utilizing
reagents such as 20 in which the methylene chain was extended

even further.
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Another interesting aspect of‘K-asymmetric Grignard
reductions was the fact that the hydrogené transferred from
the p-carbon of reagents such as 18 and 19 were diastereo-
topic and therefore, their rates of reaction should, in
theory at least, differ. Morrison and coworker523 predicted
on the basis of a planar transition state model and the
observed product configuration that in the reduction of 13-c
with R-19 the pro-$ hydrogen on the B-carbon would be trans-
ferred more rapidly than the pro-R hydrogen.

This research was initiated to investigate long
range asymmetric reductions in general and the various
aspects of \K-asymmetric Grignard reductions discussed above
in particular, However, during the course of these investi-
gations two new areas which were either directly involved or
were closely related to Grignard reduction reactions were
taken under study. These areas, Meerwein-Ponndorf-Verley
(MPV) reductions and the reductions of perfluoroalkyl
carbonyl compounds by both Grignard and Meerwein-Ponndorf-
Verley reagents, are discussed separately in the introduction
although the similarities of these three areas of investiga-
tion will be emphasized in other portions of the thesis,

Meerwein~-Ponndorf-Verley Reductions

The reduction of aldehydes by primary metal alcoholates
was discovered independently in 1925 by Verley24 and Meerwein
and Schmidt,?> 26

by using a secondary alcoholate, aluminum isopropoxide, as

Ponndorf extended the reduction to ketones
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the reducing agent. In 1937, Oppenhauer27 developed practical
conditions for the reverse reaction, the alcocholate-catalysed
oxidation of alcohols to carbonyl compounds.

Q OH A1(0-iPr) , OH

| il
R-C-R + CHB-CH-CH3 = R-CH-R + CH3-C-CH3

(eq. 5)

Although aluminum alcoholates are generally associated with
the Meerwein-Ponndorf-Verley reduction, a variety of metals
have been utilized to prepare the reducing agents28 and the
entire range of these systems is included under the term
"Meerwein-Ponndorf-Verley (MPV)~type reductions", for
simplicity of discussion., MPV reductions have been used
extensively as a mild and selective method of reducing
ketones and aldehydes in the presence of other sensitive
or reducible functions, and the literature has been reviewed
from a synthetic standpoint.28
The generally accepted mechanism for MPV-type reduc-
tions was first suggested by Woodward9 and later elaborated

upon by Jackman and Mills.30

Comparison of the cyclic
transition state for these reactions (22) with that proposed
earlier by Whitmore5 for the Grignard reduction (2) emphasizes
the great similarity between the mechanisms of the two
reactions, A major difference, however, lies in the well
documented31 reversibility of MPV-type reductions as com-
pared to the essentially irreversible Grignard reductions.
This difference leads to thermodynamically controlled

product mixtures for most MPV reductions, whereas Grignard

reductions lead to kinetically controlled products.
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Evidence for the mechanism of MPV-type reductions is quite
similar to that ptesented earlier for Grignard reductions.

The exclusive transfer of the carbinol hydrogen has been

32,33

demonstrated by deuterium labeling experiments, Reduc-

tion was found to be hindered by bases such as amineszg’Bl'b,

which form stable complexes with aluminum salts and presumably

inhibit the formation of 21. Studies involving Hammett-type

treatments of the reduction of aryl methyl34

35

and aryl phenyl
ketones™” demonstrated that the reactions were facilitated
by increasing positive charge on the carbonyl carbon. These
observations were in accordance with the assumed "hydride-
like" nature of the hydrogen transferred during reduction.
As with Grignard reductions the observation of asymmetric
synthesis during MPV-type reductions with chiral alcoholates
has been widely cited as evidence for a transition state
such as 22,

In 1949, Jackman and Mills30 briefly discussed the

stereochemical consequences of a cyclic transition state for



12

MPV reductions of substituted cyclohexanones. 1In a subse-
quent paper these author536 elaborated upon the idea of a
cyclic, planar transition state to justify experimental
observations. At about the same time Baker and Linn37
reported unsuccessful attempts at asymmetric MPV reductions
based upon a cyclic model. These three papers all predated
that12 in which a similar model was suggested for Grignard
reductions and represented the first use of principles such
as "steric size" to explain or predict stereochemical re-
sults on the basis of simple transition state models.

The first example of an asymmetric MPV reduction was
reported in 1947 by Doering and Aschneras, but regrettably
this result never appeared in the formal literature other

than as a footnote.39

Phenyl isopropyl ketone (13-c) was
reduced with the sodium salt of $~-(-)-2-methyl-1l-butanol
(24) to provide l4-c containing a 2% excess of the S-(-)-
enantiomer. In 1950. Doering and Youngsg, Vavon and
Antoniniao, and Jackman, Mills and Shannon47 all reported
asymmetric MPV-type reductions of unsymmetrical ketones using

H

|
Et = ¢ —=oCH, OH

]

Me

24

alcoholates prepared from optically active secondary alcohols,
These results as well as almost all obtained since that time
were found to be in accordance with the planar cyclic transi-
tion state model in which the preferred transition state was
25, with the two "large" groups on opposite sides of the ring,

42

rather than 26. However, Cervinka and coworkers “ have
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reported two cases in which the reduction of phenyl aryl
ketones 27 and 28 with S-l-phenylethoxypotassium appears to
proceed with 26 preferred.

A very useful extension of asymmetric MPV reductions
has been the preparation of optically active primary alcohols
(29) owing their asymmetry to deuterium labeling.333’43

Recently, reductions of this type were used to assign the

absolute configurations of two compounds of the type 22,44’45

Mislow and coworkers have used the partial reduction
of racemic mixtures of chiral ketones in the biphenyl series
with optically active alcoholates to assign the absolute
configurations of several series of biphenyl compounds.46

Although asymmetric MPV reductions have been widely
studied and used in the assignment of absolute configurations,
very little has been done to study the effect of the
alcoholate, ketone, solvent and other variables on the
degree of asymmetric synthesis obtained in these reactions,

This has been due largely to the reversible nature of MFV
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reductions, which generally renders any correlation of the
optical purity of products and differences in transition
state energies unreliable. Also, there appears to have been
little or no attempt made by different workers to standardize
either the systems or conditions used in these reductions,

so that the available results are not necessarily comparable.

The great similarity between Grignérd and MPV reduc-

tions suggested that it would be worthwhile to study MPV
reductions by primary optically active alcoholates 30, as an
extension of our studies of long range Grignard reductions,
Reductions by primary alkoxymagnesium halides 30, M = MgX,
seemed especilally attractive because the reagents and transi-
tion states for these reactions would be expected to be very

similar to those involved in Grignard reductions with 31,

R! R®
| |
R-C- (CH, ) -0-M R-G- (CH,) ;CH,MgX
H n>1 H n>1
30 31

In view of the failure of the 1S-asymmetric Grignard
reagent 18 to provide measurable asymmetric synthesiszo, it
was somewhat surprising that the first asymmetric MPV-type

reduction38 reported involved the structurally analogous



15

alcoholate* the sodium salt of 24. More recently three

examples of asymmetric reduction by aluminum salts of 24

47 37

were reported ' while earlier attempts by Baker and Linn
had been unsuccessful,

Thus our initial interest in this area involved
extending studies of long range asymmetric reductions to
MPV-type systems. However, during iInitial investigations
it became apparent that reductions of 13-f by alkoxymagnesium
halides provided 14-f of appreciable optical purity in high
yield under conditions that were both mild and reproducible.
More important, it was found that under the conditions em-
ployed the reaction was essentially irreversible. Thus the
optical purities of the products obtained could be related
directly to transition state energy differences and utilized

to study variables influencing these differences.

Difficulty is encountered in comparing obviously similar
reagents such as 30 and 31 if the Greek letter designations
commonly used for asymmetric Grignard reduction are extended
to MPV type reductions. Thus the ‘g-asymmetric Grignard
reagent 18 was prepared from a Y ~asymmetric chloride but
the corresponding alcoholates are prepared from the B-
asymmetric alcohol 24. To resolve this difficulty all
comparisons between the two types of reagents will be desig-
nated "l,n-asymmetric inductions", following the terminology
of Cram and coworkers.#8 1In this system "l" and "n" refer
to the relative positions of the inducing and incipient
asymmetric centers in the transition states., Using this
convention reductions by Grignard reagents such as 9 or 15
and those by secondary alccholates prepared from optically
active aleohols such as 14 are both 1,3-asymmetric reductions
since in the transition states the inducing and incipient
asymmetric centers are separated by the hydrogen transferred.
Reductions by both 30 and 31 would be 1,4-asymmetric for

=1; 1,5-asymmetric for n = 2; and so on.
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Reductions of Perfluoroalkyl Carbonyl Compounds

The unusual behavior of carbonyl groups adjacent to
perfluoroalkyl groups relative to that of "mormal" carbonyl
groups has been known for some time and has been discussed
19 Most, 1f not all, of

this unusual behavior may be attributed to the electron-

in a review by Braendlin and McBee.

withdrawing inductive effect of the strongly electronegative
perfluoroalkyl groups. Thus the carbonyl carbon in these
compounds is much more susceptible to attack by nucleophilic
species, while the carbonyl oxygen is a weaker Lewis base
than usual.

Among the consequences of increasing the positive
character of the carbonyl group is the great ease with which
it is reduced by a variety of methods including the use of
metal hydrides and catalytic hydrogenation. This ease of
reduction becomes quite striking in cases where there are
two reaction pathways available, one of which is reduction.
One such instance is the competative addition to and reduc-
tion of carbonyl compounds by Grignard reagents containing
B-hydrogens. In all cases where the results may be compared,
the relative yield of Grignard reduction products has been
much greater for perfluoroalkyl carbonyl compounds than with
corresponding "normal" compounds of similar steric sizel.’9

The unusual facility of Grignard reductions of per-
fluoroalkyl carbonyl compounds is in line with the generally
accepted "hydride-like" character of the hydrogen transferred
in these reactions. However, the decreased basicity of the
carbonyl oxygen in the same compounds would be expected to
decrease the stability of the Grignard reagent-ketone com-
plexes 1 assumed to be precursors for both the reduction

and addition reactions. This was experimentally demonstrated
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by McBee and coworkers7, who were unable to detect any
complex formation between perfluoroalkyl carbonyl compounds
and magnesium bromide, a stronger Lewis acid than Grignard
reagents. On the basis of the ease of reduction and lack

of observable complexation, MbBee7

proposed that the
Grignard reduction of perfluoroalkyl carbonyls might proceed
by an intermolecular transfer of hydrogen rather than by the
intracomplex transfer proposed in the Whitmore mechanism.
Confusing the issue was an observation that treatment of
perfluoroalkyl carbonyls with magnesium bromide prior to
adding a potentially reducing Grignard reagent greatly in-
creased the relative amount of addition reaction at the

7,50 As discussed in the introduction

expense of reduction,
for Grignard reduction reactions, a similar observation with
normal carbonyl compounds was interpreted as evidence for
intracomplex hydrogen transfer6 although alternative explan-
ations have been offered in the perfluoroalkyl case.7
Mosher and coworkerslG, in an attempt to resolve
this problem, reduced trifluoromethyl phenyl ketone (13-f)
with the Grignard reagent from S-(+)-1l-chloro-2-methylbutane
(9). Trifluoromethylphenylcarbinol of "high optical rotation”
was obtained as the only high-boiling product, although at
the time this experiment was conducted neither the maximum
rotation nor the absolute configuration of the product was
known. On this basis the authors concluded that a highly
oriented transition state, involving either intermolecular
(32-2) or intracomplex (32-b) hydrogen transfer was required
to explain the asymmetric synthesis. However, in theory a
transition state such as 33 which has no particular orienta-
tion between the two molecules other than that required for

the hydrogen transfer could provide the same result,
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On the basis of the evidence available at that time
three mechanistic possibilities were considered.7’16’49 The
first involved a scheme identical to that of the normal
Grignard reduction mechanism, except that the amount of
complex present at any one time was too small to be detected;
i.e., the equilibrium between uncomplexed and complexed
reactant heavily favored the uncomplexed form, The second
involved a rate-determining complex formation step followed
by a fast hydrogen transfer. The third possibility consisted
of a nonoriented transition state such as 33 involving inter-
molecular hydrogen transfer. No experimental evidence has

been presented which clearly distingulshes between these

- F

three alternatives.

Recently the absolute configuration and maximum rotation
(14-£)

making it possible to determine that the product obtained
16

were reported for trifluoromethylphenylcarbinol51
earlier by Mosher and coworkers™ had the configuration
shown in 34 rather than that shown in 35 which was obtained

on reducing a series of "normal" phenyl alkyl ketones with

18
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the same reagent.15 The result was also the opposite of

R H
PhweC ~—=0OH Ph me=-(; —=t OH
H R

34 35

that predicted on the basis of the cyclic transition state
model and points up the rather large unexplained differences .
in behavior between mormal and perfluoroalkyl carbonyl
compounds. In the meantime preliminary experiments conducted
as part of this thesis also demonstrated anomalous behavior
for trifluoromethyl phenyl ketone in asymmetric reductions.
Studies were initiated with the aim of defining the
extent and the origin of this anomalous behavior and, hope-
fully of elucidating the details of the mechanism of
reductions of perfluorocalkyl carbonyl compounds. At the
same time, H. S. Mosher and his group have been conducting
complimentary investigations18 with 1,3-asymmetric Grignard

reductions.
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RESULTS AND DISCUSSION

General

There has been a great deal of interest in asymmetric Grignard
and Meerwein-Ponndorf-Verley (MPV) reductions in the 20 years since
their discovery. The vast majority of studies have been concerned with
1,3-asymmetric reductions in which hydrogen was transferred from an
asymmetric center on the reducing agent, A few examples of 1,4-
asymmetric reductions of this type have been reported, but the reduc-
ing agents studied were either rather complex and not amenable to
simple interpretation11 or the results obtained could not be compared

38,h7

to those from other systems. No examples of 1,5- (or greater)
asymmetric Grignard or MPV reductions have been reported. An interesting
feature of long range asymmetric reductions {1,k or greater) is the
possibility of studying two asymmetric processes simultaneously. Thus,
in reducing agents such as 36 in which a hydrogen is transferred from

a methylene group there should be a preference for transfer of one or

R! H 0 R : H
*l | LLJ lé " *I ﬂ*' '
R-?/\/-(I:-Y-M + RY-CeR"' = — R-C':—/\_/-CH=Y + R -C.!-R
B H H H
(Eq. 6)

16_, Y = CHz or «0-

the other diastereotopic hydrogen, while at the same time an optically
active alcohol is formed (eq. 6). This stereochemical behavior is
formally quite similar to that observed in enzymatic reductions involv-
ing NADH as a coenzyme. These reactions have been shown to be stereo-

specific with respect to both the transfer of the diastereotopic



