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An Isotopic Study of the Reducing Action of the Grignard Reagent
Submitted by John Warkentin,
Summary.
Benzophenone was reduced to benzhydrol by an excess of isobutyl-
magnesium bromide according to the equations

6H5)200 + (CH ) CHCH_MgBr —> (c H ) GHOMgBr+ (C‘I ) C = CH

2 2

H,0

2 Br
(CgHz ) 5CHOH + Mg/

67572 N
OH N

Separate samples of Grignard reagent, having some deuterium in the

alpha, beta and gamma positions respectively, were used. The bromides

and benzhydrols were analysed for deuterium, through their respective

waters of combustiony, by the gradient density tube method.

Only those benzhydrols produced by reduction of benzophenone
with beta-deuterated Grignard reagent contained any deuterium, which
indicates that beta hydrogen of the Grignard reagent is transferred in
such a reaction. It was found that the transfer is about 2,1 times
faster for protium than fdr deuterium,

The isotope effect accompanying the thermal decarboxylation of

dimethylmalonic acid having some deuterium in its carboxyl groups was

determined, The ratio XH/KD was about 4.5,
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INTRODUCTTION

The Grignard reagent is one of the most useful reagents to the
organic chemist for the synthesis of organic compounds becsuse of its
ability to add to the carbonyl group according to the general equation:

RoCO # R'MgX =———>  RpR'COMgX .
With certain specific Grignard reagents and carbonyl compounds this
addition reaction may be accompanied by one or more of the following
side reactions (2L).
(a) Condensations
In this reaction the Grignard reagent catalyses an aldol-type

condensation between two molecules of ketone,

(1) (CHg)zcﬂMgBr‘
(2) Hy0

2 CH3CHQCOCH3 CH30HC (OH) CHpCOCHACH3

CH3

(b) Enolizatione

In this case the Grignard reagent reacts with the enol form of
the ketone to form the halo=magnesium salt, while the alkyl group of
the Grignard reagent is converted to saturated hydrocarbon.

CH3CHoCOCH3 === CH3CH = C(OH)CHj

CHyCH = C(OH)CHB # (CHB)ZCHMgBr —> CH3CH = C(OMgBr)CH3 # (CH3)20H2

Hn0
CH3CH = C(OH)CHj3 # Mg(OH)Br

(c¢) Reduction:

The Grignard reagent reduces the ketone to the halo-magnesium

salt of the corresponding secondary alcohol while the alkyl group of the




1.

Grignard reagent appears as unsaturated hydrocarbon.

=

CH3CHpCOCH3 /£ (CH3)pCHMgBr —> CH3CHoCH(O

P

1gBr)CH3 # CH3CH= CHp
150

1

i

CH3CHpCH(CH)CHy # Mg(OH)Br .
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HISTORTCAL

The reducing action of the Grignard reagent was first observed by
Grignard when he isolated benzyl alechol as a product of the reaction
of benzaldehyde with isocamyl Grignard reagent ( 11), Numerous instances
of reductiorn by the Grignard reagent have been reported since that time
and many attempts have been made tc explain this reducing property. Most
of these theories have been attempts to correlate the amouﬁt of reductim
observed with the chemical structures of both the Grignard reagent and 9
the carbonyl compound. Other theories have dealt with the mechanism of
the reduction, including possible intermediate complexes and the mode of
decomposition of, or attack on, these intermediates.

Some attempts at correlation of the amount of reduction obtained
with chemical structure, and some postulated reduction mechanisms will
be discussed briefly in the following pages. For an adequate review of
the literature on the reducing action of the Grignard reagent the reader
is referred to the recent surveys by Kharasch ard Weinhouse (15) and by
Kharaseh and Rheinmuth (14).

Whitmore and George attempted to correlate the extent of reduction
of a particular ketone with the steric eonditions in the alkyl group of
the Grignard reagent and with the number of substituents on its beta
carbon atom (29). Diisopropyl ketone was reacted with several Grignard

reagents to obtain the following resultss
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Grignard Reagent % Addition % Reduction % Enolization
CH3 MgBr 95 0 0
CHy CHp MgBr 77 21 2
CH, CH, CH, MgBr 36 60 2
(CH3) CH MgBr 0 65 29
(CH,),, CH CH, MgBr g 78 11
(CHy)g C CH, MgCL L 0 90

These results were interpreted in this way:

(1) The amount of addition to a particular ketone is determined
by the steric conditions in the alkyl group of the Grignard reagent.

(2) The extent of reduction depends on the number and on the
primary, secondary or tertiary nature of the beta hydrogen atoms of the
Grignard reagent. At least one beta hydrogen atom in the Grignard reagent
is necessary for reduction to occure.

Other investigators have never observed reduction of ecarbonyl
compounds with Grignard reagents lacking beta hydrogen or with phenyl
Grignard reagents. Whilé beta hydrogen in the Grignard reagent is essen-
tial to its reducing activity, it is also generally necessary that the
structures of either one of, or both, the reacting molecules be such as
to provide speeific steric hindrance te normal additions.

An early mechanism that was to account for the redueing action
of the Grignard reagent involved the dissociation of the Grignard molecule

into free radicals. Blicke ard Powers (L ) formulated the‘reaction of a
Grignard reagent with a carbonyl compound as follows:

RoCO + R'MgX —> Rot’ -OMEX | Ri_,
I IT




The free radicals I and II might:

(1) unite to form, on hydrolysis, the normal addition compound,

(2) undergo mutual oxidation-reduction with production of
R,C(0MgX)H leading to secondéry alcohol, and of olefin (R! minus H),

(3) polymerize to dimolecular forms RoC(OMgX) = RoC(OMgX)
and R' = R'. The former of these two would y2eld a pinacol while the
latter would appear as saturated hydrocarbon. In support of this
mechanism Blicke and Powers cite the observation that triphenylmethyl-
magnesium chloride dissociates into free radicals and that it reduces
benzophenone to benzopinacol (10).

Evidence that a pinacol and saturated hydrocarbon do not generally
appear as products of the reduction of a carbonyl compound with a Grignard
reagent was obtained by Noller, Grebe and Knox (22). These investigators
showed that in the reduction of bengophenone with isobutylmagnesium
bromide the only products obtained are benzhydrol and an equivalent amount
of isobutylene containing only 0.l percent of saturated hydrocarbon. The
fact that no benzopinacol and only a negligible amount of saturated hydro-
carbon were obtained indicates clearly that at least the reaction which
they studied does nét proceed by a free radical mechanism,

A different mechanism of reductioh, involving dissoclation of a
complex between the Grignard reagent and the carbonyl compound prior to
reduction of the carbonyl group, was advanéed by Rheinboldt and Roleff (23).
They reacted benzaldehyde with isobutylmagnesium bromide to obtain 58
percent of benzyl alcohol, However, when isovaleraldehyde was brought
together with phenylmagnesium bromide no reduction of the aidehyde was

observed. The different results in the two cases were explained by
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vogtulating that #in the reactions of (rignard resgents with carbonyl
compounds the organomagnesium halide atitaches iltself to The carbomyl
oxygen in the mamner of metallic salis®, A halomegnesium hydride formed
by the loss of olefin from the Grignard part of this complex was

-accredited with the reduction., This mechanism may be summarized in the

equations
R By X R}‘@ X
;G{’é + RMgY sy C0-= --wag\—mm) 00-= =-Mg.  + (R mimus H)
Bp Rp R R l j
Rl\w
/uiii}ﬁgx
‘ Rz L]

Phenyl Crignard veagents, therefore, could not reduce the carbonyl group
because they could not dissociate into olefin and halomagnesium hydride,
Thers is no other experimentsl evidence to indicate %hat halo=
magnesiun hydrides can exist as components of complexes such as the one
postulated by Rheinboldt and Roleff, but it has been showm by Noller and
co-workers (22) that some intermediate other than the halomagnesinm s&lt
of the zlechol does exist after the loss of alkene from the reaction of
a Grignard reagent with a carbonyl compound, These workers found that
when isobutylmagnesium bromide and benzophenone react in n-builyl ether
solution there is immediate evolution of isobutylene but no permanent
precipitation of (CgHg), CHOMgBr, even though the labber is soluble in
n=butyl @ﬁl@f to the extent of only 0.006 g./nl. By adding solid
(Cglig)o CHOM

were absent, It was pointed ocub that although these observaticons indicate

gBr to the solution it was shown that supersaturation effects

that a complex between carbonyl compound and halomagnesium hydride may
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exist, they could also be expleined if a soluble complex o
(CgHg)p CHOMgX with excess Crignard reagent is formed, or if the
reduction product exists in the ether soluble form1E66H5)2 CHé]ZTMg,
In a reduction mechanism recently advanced by Wiberg and
Bauer (27) an analogy was drawn between the olefin loss in a Grignard
reduction reaction and the pyrolytic loss of olefin from magnesium
dialkyls or Grignard reagents. To explain the loss of ethylene from
diethylmagnesium at 1750 Co it was assumed that in ﬁhe presence of
suitable neighboring atoms like magnesium, carbon can form "hydrcgen
bonds!, The formulation for diethylmagnesium then resembles that

postulated for the boron hydrides and the loss of olefin on heating

would go according to the schemes

22 52 10{2 22
S / ’// ~ e AN
HZC/ \Ng \CH2 —> HC S g SeH, ——
\ / \\ s - \\ V4 7
I H H
CH H,C
. 2\
HoC CH,
H-Mg=H .

These investigators suggested, by analogy, that the Grignard
reaction involving reduction of a carbonyl groﬁp and alkene formation
might proceed via intramolecular cyclization of the Grignard reagent
with magnesium being linked toc a beta hydrogen atom. Subséquent attack
by the carbonyl group would remove that hydrogen from the "Grignard
molecule" to leave an alkene and reduce the carbonyl compound. The

process was represented picltorially as follows:s




Te

H2C - MgX O HZC-—ggX Q
T — T
HoC = H ?\ HoC B (.;,\
X X
I g —— I ‘
HoC H-*“-}C\ HQC H=0C_ -

To distinguish their mechanism mors clearly from that of
Rheinboldt and co-workers (page L) Wiberg and Bauver emphasized the
following main features of their mechanisms

| (1) Separated magnesium hydrogen bindings are not suggested.

(2) The magnesium plays only the role of a hydrogen carrier.

The Grignard addition reaction was assumed to proceed by a
similar mechanism except that the carbonyl group attaches itself to
magnesium and carbon instead of magnesium and hydrogen. Thus the
preformation of olefin inside the Grignard molecule is not favoured

as is seen from the following schematic representation.

X X
H---Mg O H Mg O
L —— L —
C==C C\ C—¢C Cw
H2 Hz | H2 H2 |

X X
H Mg--0 H Mg—0Q
I B l l
C"‘C“G\ C— C—C
Hy H2 ] Hy Hp | N

No comments on the reduction mechanism of Wiberg and Bauer were

found in the literabture to dates
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The most widely accepted mechanism for the reaction of a Grignard
reagent with a carbonyl compound is probably that proposed by Whitmore
at a meeting of the American Chemical Society (28). Since the paper
was not published the details of the proposed mechanism are unavailable.

Apparently Whitmore postulated (1L) that there is a co-ordinate
link between the magnesium and thé oxygen of the form I below, which
may rearrange to form addition product by a 1=3 shift of the alkyl
group from the magnesium to the carbonyl carbon atom as illustrated by
IT. The reduction reaction might involve a cyclic rearrangement of
electrons within the complex and a subsequent transfer of hydrogen from
the beta position of the Grignard reagent to the carbonyl carbon as

shown in IIT.

3 2
R2C = G\ Rzg = Q\
\\ \\l
////,Mg - X &\\/////Eg - X
RACH - CHy RACH - CH,
I II
RyC = o\\\ RoCH - 0\\\\
H) /\Mg -~ X — MeX
|
R4C - CH2 : Réc = CHp
11T

Various modifications of the mechanism have been suggested.
An example is the conclusion of Shine (24) that the side

reactions of the Grignard reagent, which were condensation, enolization
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and reduction in his study, proceed by the attack of other molecules
on an addition complex rather than by rearrangement of the complex

as suggested by Whitmore. The reactions Shine investigated were the

followinge
RCH200€H3—F (CH3)2 CHMgBr
— H20 50 . 1,0 .
Enolization Condensation Reduction
RCH)COCH3 RCHZC(OH)-CHQ-COCHQR RCH,CHOH-CH3
+ CH3CHpCH3 ' éHB + CH3CHpCH3 + CH3CH=CHp

The volume of the saturated gas obtained in a reaction was taken as X
a measure of the amount of enolization and condensation that had
cccurred, while the amount of alkene indicated the extent of reduction.
It was found that the total anomalous reaction as measured by the total
gas evolved was a maximum only with a large excess of Grignard reagent.
The results.shed little light on the mechanism of the reduction since
Shine observed three reactions at once. An examination of his results
reveals that the pepcentage of unsaturated gas and hence of reduction
usually dropped somewhat when the concentration of Grignard reagentd

in a particular reaction was substantially increased., This seems to
indicate that the extent of reduction was independent of how large an
excess of Grignard reagent was used and that probably only the enol-
ization and condensation reactions require an excess of the reagent

in order to go to completion. Thereforé, Shine's work cannot be cited

as evidence that reduction occurs by the attack of other molecules on

‘an addition complex rather than by rearrangement of the canplex as



postulated by Whitmore.

On the other hand a mechanism in ﬁhich the addition reaction
proceeds by attack of another molecule of Grignard reagent on a Grignard
reagent-carbonyl compound complex was suggesbted by Swain and Boyles (26),

The addition reaction was formulated thus:

B
- Mg I Br s
\)c/ |, o7 Me-C
?-— ————
SN O S~ MoR
,?C\\O/,MgBr '/G\\O//Hcgr

Reduction would occur by an intramolecular rearrangement of the corplex
as postulated by Whitmore.

Such a2 mechanism predicts that one should be able to increase
the yield of addition product at the expense of reduction‘by adding
magnesium bromide to the ketone prior to the addition of the Grignard
reagent. The ketone should complex preferentially with the magnesium
bromide since the lather is a stronger Lewis acid than the Grignard
reagent., Thus in the addition reaction, magnesium bromide would play
the part of the first moleculekof Grignard reagent and would polarize
the ketone even more strohglyﬁ The complex between ketone and
magnesium bfomide would be incabable of reduction by intramolecular
rearrangement so that the effect of adding magnesium bromide should
be té favour addition and hinder reductiocn.

Swain and Boyles succeeded in increasing the yield of add-
ition product in the reaction of n-propylmagnesium bromide with
diisopropyl ketone from 36 to 65 percent by adding magnesium bromide

4o the ketone prior to the addition of the Grignard reagent. Thus
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the predictions of their mechanism were corfirmed.

Additional experimental data which can be explained by the Whitmore
mechanism for reduction were reported by McBee, Fierce and Higgins (18).
The hydride ion transfer involved in the eyclic reduction mechanism may
be assumed to be assisted mainly by a partial positive charge on the
carbonyl carbon atom arising out of the complexing of the carbonyl
oxygen with magnesium. This positive charge should be enhanced and
hence the shift accelerated, by the introduction of electron-withdrawing
substituents into the carbonyl compound. McBee, Pierce and Higgins
found a pronounced increase in the amount of reduction when a fluorinated
carbonyl compound is substituted for ordinary material in a Grignard
reduction reaction. On the other hand they were able to decrease the
amount of reduction of pentafluoropropionsldehyde by ethyl Grignard re-
agent by about 25 percent through the addition of magnesium bromide to
the aldehyde prior to the addition of Grignard reagent.w This evidence
was cited in favour of a cyclic reduction process, the argument being
analogous to that of Swain ard Boyles ( pagelQ).

More recently McBee, Pierce and Meyer (19 ) reached conclusions
which are incompatible with the results mentioned above. By a series of
vapour pressure measurements of carbonyl compounds in phenetole, with
or without added magnesium bromide, these investigators were able to
show that fluorinated aldehydes, ketones ard esters do not co-ordinate
with magnesium bromide. Corresponding nénwfluorinated compounds showed
definite complex formation. Since the Grignard reagent is expected to
complex even less readily with a given carbonyl compound than does

magnesium bromide, the conclusion was reached that the cyclic mechanism
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of Whitmore does not apply to the reduction of perfluoro compounds by
Grignard reagents. Instead‘it was postulated that in perfluoro carbonyl
cempounds the carbonyl carbon is sufficiently positive, without complexing,
for intermoleecular transfer of hydride ion from the Grignard reagent to
take place.

It is hard to see why the’presence of magnesium bromide in the
reaction of a fluorinated carbonyl compound with a Grignard reagent
should cause an appreciablevdecrease in the amount of reduction, as
observed by McBee and co-workers (18), if no complex is formed between
the carbonyl compound and either the magnesium bromide or the Grignard
reagent. The difficulty is removed by postulating that even with
perfluoro ecarbonyl compounds a complex does form but that the equili=
brium concentration of complex is so small that its presenee can not be
established by the method that was employed (19). A lower equilibrium
concentration of complex is to be expected when the carbonyl compound
is fluorinated than when it is not because the electron-withdrawing
character of the fluorine atoms will decrease the tendency of the carbonyl
oxygen to coordinate with a metal atom. If the equilibrium between
the complex and its components is attsined rapidly, then reduction can
still proceed entirely by a cyclic mechanism even if the equilibrium
concentration of complex is very smail. The effect on the amountsvof
addition and reduction of adding magnesium bromide to a perfluoro
carbonyl compound prior to the addition of Grignard reagent can then be
accounted for.

The strongest evidence in favour of some closely associated

complex as an intermediate in the reduction of a carbonyl compound with
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a Grignard reagent is found in the results of reductions with optically
active Grignard reagents. Mosher and LaCombe reduced methyl-t-butyl
ketone to methyl-t-butyl carbinol with the Grignard reagent from (£) 2-
methybutyl chloride (20 ). The carbinol obtained was optically aetive,
indicating that partially asymmetric reduction had occurred. It had
been predicted on the basis'of the generalization proposed by Whitmore
that such a reaction should give a preponderance of one of the optical
isomers. The prediction was based on the assumption that there would
be less steric interference occurring in the proposed ring complex of
the transition state when the complex was arranged as in (a) than when

it was arranged as in (b) below.

—

C'}HB ¢~ CHy c1
HaC = C - CHg 0——Mg
0 ——Mg ¢ cw, o,
Ny \ NN/
c CHy  CH, H——(C™
/ 2
\H —-——\c'“' H,C~-C-CH C‘Hz
40~C~
AN | /
Cly P CHy iy
CHy
(a) (b)

The tendency for the six-membered ring to form with the larger gfcups,
namely, the t-butyl group of the ketone and the ethyl group of the
Grignard reagent both on the same side of the ring as in (b), should te
less than the tendency to form (2), due to sterie factors. The activation

energy necessary to form transition state (a) should, therefore, be less
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than the corresponding quantity for state (b). Thus the product of
reaction resulting from state (a) should predominate and the overall
product should be optically active. The fact that an optically active
product was obtained is strong evidence that an intermediate of the
kind postulated must exist in a stage of the reduction.

Evidence for the six-membered character of such a complex is
found in other work of Mosher and LaCombe (21) who found that no
asymnetric reduction is observed when the asymmetry centre of the
aliphatic Grignard reagent is at the gamma position as exemplified by
the action of (£) 3-methylpentylmagnesium chloride on mebthyl-t-butyl
ketone. These results are best explained if the hydride ion comes from
the beta carbon atom of the Grignard reagent in each case.

8 similarity between the Grignard reduction and the Meerwein=
Ponndorf-Verley reduction is indicated, for the latter reaction may also
yield partially asymmetric products. Hypothetical mechanisms for the
aluminum alkoxide and sodium alkoxide catalysed oxidationureductioh
reactions of carbinol-carbonyl systems have been suggested (31,5).
These mechanisms predicted that optically active products should be
obtained from reductions of unsymmetrical ketones with opbically active
carbinols. Doering and Young (4 ) attempted such reactions which were
formulated according to the proposed mechanism for an gluminum alkoxide

catalysed reduction as follows:
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\ //’ \ /'/
Al //Al\\
<|>/ \ﬁ (+) 0 ﬁ(+)l
Yoy a7
R Rt R CH3
CH3 CH3 CHS Rt

As in the reductions of carbonyl compounds with optically
active Grignard reagents (page 13), asymmetric reduction was expected ;ﬁf;
as a result of larger steric hindrance between the groups R and R! in
state (b) than in the state (a). Doering and Young found partially
asymmetric reduction in two systems, in agreement with the postulated
mechanism,

Studies of the Meerwein-Ponndorf-Verley redubtion with deuterated
carbinols (5 ) indicate that solvent hydrogen does not become attached
to the carbonyl carbon atom and that hydrogen is probably transferred
directly from the carbinol carbon to the carbonyl carbon as indicated
schematically above, It was also found that hydrogen is transferred
about 2,5 times faster than deuterium. In so far as the mechanism is
similar to that postulated for the Grignard reduction reaction
(compare page 8) it is probable that the latter also proceeds without
the intervention of solvent hydrogen and that beta hydrogen of the

Grignard reagent is involved.
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OBJECT AND METHOD OF THT PRESENT INVESTIGATION

The Whitmore mechanism for the reduction of carbonyl compounds
by Grignard reagents has gained considerable support from a variety of
experimental evidence. Scme of that evidence, however, is of negative
character and consequently inconclusive. An example is the evidence
for the origin of the reducing hydrogen. Although Grignard reagents
lacking beta hydrogen have never shown reducing activity it does not
necessarily follow that reduction, whan it does occur, involves the
transfer of a hydrogen atom from the beta position of the Grignard
reagent to the carbonyl carbon atom. Without evidence of a positive
nature one could not entirely exclude the bossibilities that the
hydrogen comes from the alpha or gamma positions of the Grignard re-
agent, the transfer being followed by rearrangement of the Grignard
reagent residue to unsaturated hydrocarbon, or that it is furnished
indirectly by the solvent,

It should be possible to determine the source of the reducing
hydrogen atom in a Grignard reduction reaction by using, in separate
runs, CGrignard reagents labelled with deuterium in different positions
of the molecule, The use of excess Grignard reagent would allow
competition between deuterated and non-deuterated molecules for the
carbonyl compound. Therefore, by suitable analysis of +the reactants
and products for deuterium the source of the hydrogen appearing in the
reduction product of such a reaction, as well as ths relative rates
of transfer of hydrogen and deuterium, should be determinad.

The' reduction chosen for the investigation was that of benzo-

phenone to benzhydrol by isobutylmagnesium bromide according to the
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equationsg
(06}15)200 + (CHB)zCHCHzMgBr — ((;635) QCH(OI‘JIgBr) + (CHB) oCH=CH,,
\l/ H»0
(CgHz ) oCHOH
The main reasons for this choice of reaction follow.

1. It has been shown that the reduction is almost guantitative
and that the only products are benzhydrol and isobutylene (22).

2‘; Isobutyl bromide hagralpha, beta and gamma carbon atoms 1o
be labelled with deuterium,

3. The bromomagnesium salt of benzhydrol is insoluble in ether
so that filtration of the reaction mixture is sufficient to separate
it from excess Grignard reagent and from traces of unreacted benzo-
phenone, |

e The necessary condition, that the product should not lose
deuterium by exchange during the hydrolysis of the alcoholate, was

satisfied. It has been shown that isopropyl alcohol produced by

reduction of acetone with lithium aluminum deuteride contains practically

one atom of deuterium per molecule and that no deuterium is lost when
the alcohol is converted to isopropyl bromide (25). Therefore, the
deuterium on the alpha carbon atom of isopropyl alcohol does notb
exchange when the lithium salt of the alcohol is hydrclysed. Since
benzhydrol differs from isopropyl alcohol only in that benzene rings
are substituted for methyl groups, deuterium attached to the aliphatic
carbon atom of benzhydrol should not exchange when the magnesium
alcoholate of the latter is hydrolysed.

The main steps involved in the investigation were (a) the
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preparation of separate samples of alpha, beta and gamma-deutero
isobutyl bremides, (b) the reduction of bsnzophenone to benzhydrol
with the individual Grignard reagents from the labelled bromides and
(c) the analysis of the bromides and benzhydrols for deuterium. The
results would indicate whether the reducing hydrogen comes from the
Grignard reagent and, if so, from which position.

An opportunity for a small side investigation arose out of the
method used in the preparstion of beta-deutero isobutyl bromide. One
step in that preparation was the decarboxylation of dimethylmalonic
‘acid having some deuterium in its carboxyl groups to form deutero
isobutyric acid. From the analyses of the isobutyric acid and the
isobutyl alcohél obtained from it by reduction, the relative rates of

transfer of carboxyl hydrogen and deuterium in the thermal decarboxy-

lation of dimethylmelonic acid could be calculated,



EXPERTMENTAT,

The experimental section follows under four main headings
which are:

1. Starting Materisls

2. ‘Preparation of Deuterated Isobutyl Bromides

3. Redvction of Benzophenone and Purification of Benzhydrol

Le Analysis for Deuterium.

Starting Materials

Anhydrous Ether. Commercial ether was dried over sodium wire
s

fractionated, and stored over fresh sodium wire.

Absolute Alcohol. Hthanol (95%) was refluxed with calcium oxide and

distilled. It was dried further by refluxing with magnesium ethylate
and redistilled.

Acetone, Acstone was dried with calcium sulphate and distilled before
use. The fraction boiling in the range 55.5 - 56.5°C, (750 mm,) was
collected.

Dioxane., Dioxane was purified by Fieser's method ( 8)e

Deuterium Oxide. The deuterium oxide was obtained through the

Commercilal Prcducts Division of Atomic Energy of Canada, Lid., and was
reported to have a mass-spectrometric analysis of 99.73 atom=percent
deuterium.

Lithium Aluminum Deuteride, The deuteride was obtained from the

National Research Council of Canada, Litd.. It was reported by the
suppliers to have a deuterium content of 96 atom-percent,

Isobutyraldehyde., The aldehyde was dried with anhydrous calcium
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sulphate and distilled immediately before use, The fraction boiling
within the temperature range 62-61°C., (7L6 mm.) was collected,

Bromobenzens, The bromobenzens was distilled through a fiftesn-plate

column, The fraction boiling at 155°C. (740 mm.) was collected.
Kerosene, The kerosene was purified in 500 ml, portions with concen-
trated sulphuric acid. Four such treatments were sufficient to remove
olefins and sulphur compounds. The kerosene was then dried with
sodivm sulphate and distilled through a fifteen-plate column., The
fraction boiling in the range 190-2200C. was collected. Tests with
bromine water and potassium permanganate showed that the kerosene was

free from unsaturated materials.

Othsr Chemicals., Benzophenone, phosphorus tribromide, paraformaldehydse

and methylmalonic acid diethylester were Mathsson, Coleman and Bell

reagent grade and were ussed without further purification.

Preparation of Deuterated Iscbutyl Bromides

Two methods for the preparation of each of the alpha, beta ard
gamma~deutero isobutyl bromides were considered. After testing each
scheme by means of runs with non-deuterated materials, the best one
was selected for the preparation of a particular deuterated bromide,

Unless otherwise indicated, typical runs described in the
following sections are thoss in which non-deuterated materials were
used since the yields of individual steps were accurately determined.
The results of similar runs with deulerated materials follow ths
discussion of a typical run., These yields are usually approximate

only, careful purification of the intermediate deuterated materisls
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having been avolded in the interests of the overall yield of the
desired product.e In cases where intermediates were not isolated from
the solvent but were reacted in solution in a further step, yields will

not be given,

Preparation of Alpha Deuterb Isobutyl Bromide.

Methods for preparing this compound were to reduce isobutyr=
aldehyde either with sodium and deuterated acetic acid (l.below) or
with lithium aluminum deuteride (2. below), and to convert the deutero

alcohol obtained to isobutyl bromide by means of phosphorus tribromides

1. (CH3)p CHCHO a,CH3C00D
PBTB

(CHg)p CHCHDOH —-——> (CH3)o CHCHDBr

2o (CH3)p CHCHO "LiAlD)

Reduction of Isobutyraldehyde with Sodium and Acetic Acid, This reaction

gave isobutyl alcohol in very low yield and was therefore abandoned in
favour of reaction 2. (above) in msking deuterated isobutyl alcohol.
The following is a typical run with sodium and non-deuterated acetic
acide.

Sodium (7.0g., 0,305 g. atom) was covered with 50 ml. of
o=-xylene in a three necked 250 ml. flask fitted with condenser, stirrer
and dropping funnel. The sodium was carefully melted by heating the
flask with a bare flame, and was dispersad in the xylene by rapid
stirring of the mixturs. Acetic acid, prepared by warming 7.l g.
(0.69 mole) of freshly distilled acetic anhydride with 1.25 g.(0.69 mole)

of water was added to 10 ml, of xylene and 10 g.{0.1lL mole) of
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isobutyraldehyde. The resulting solution was dropped onto the
rapidly stirring sodium dispersion over a pesriod of cne hour. The
reaction flask was cooled with ice during this time. Water (50 ml.)
was added carefully with cooling, and the agusous layer separated,
Ether extracts of this layer yislded 0.5 g. of isobutyl alcohol
(bepo 104-108°C. /738 mm.). The xylene layer was dried with calcium
sulphate and distilled, collecting all distillate boiling up to
1&006. (738 mm, ). This first fraction was redistilled from a 100 nil.
flask having a 9 x 13 am, fractionating arm packed with 1/8 inch
glass helices and yielded 2.8 g, of isobutyl alcohol boiling in the
range 104-108°C. (738 mn.). The total yield of alcohol (3.8 g.) is
about 30 percent of the theorstical amount, based on the water used

to make the aceltic acid.

Reduction of Isobutyraldehyde with Lithivm Aluminum Hydride. Isobutyr-

aldehyde (L.2 go 0,058 mole) in 20 ml, of dry ether was added drop=
wise to a stirring solution of 0,65 g. (6.017 mole) of lithium
aluminum hydride in 20 ml. of dry ether. The reaction vessel was a
250 ml, round-bottomed, three-necked flask fitted with stirrer,
condenser and dropping funnele A L5 minute reflux period was followed
by hydrolysis with dilute hydrochlorie acid and extraction of the
aqueous layer with ether. The ether extracts wers dried with anhydrous
calcium sulphate; the ether evaporated and the residue distilled from
a 50 ml, flask. The yield of alcohol boiling in the range 90-10?00.
(TLO mm.) was 58 percent. A 70 vercent yield was obtained in a

duplicate run,
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To prepare alpha-deuterc isobutyl alcohol 1.97 g. (0.0L7 mole)
of lithium aluminum deuteride was reacted with 13.5 g. (0,188 mole)
of isobutyraldehyde, Material boiling in the range 60 = 106°C. (750 mm.)
was collected on distillation of the product and was converted to
alpha=deutero isobutyl bromide by treatment with phosphorus tribromide

by the method described below,

Conversion of Isobutyl Alcohol to Isobutyl Bromide, Phosphorus tri-

bromide (19.5 g 0.072 mole) was added dropwise with stirring to
12.8 go (0,173 mole) of isobutyl alcohol over a period of L5 minutes.
The 250 ml, reaction flask, equipped with condenser, stirrer and
dropping funnel, was cooled during the addition by means of an ice-
salt cooling mixture. When the addition of tribromide was complete
the cooling bath was removed and the reactants allowed to warm up to
room temperature with continuous stirr;ng. The mixture was then
transferred to a 50 ml. distilling flask and slowly distilled, heating
the flask by means of an electric mantel. Distillate boiling up to
96°C. (745 mn.) was collected, cooled to 0°C., and washed several
times with cold concentrated sulphuric acid. Washing was repeated
with cold sodium carbonate solution and with cold water. Drying
with anhydrous calcium chloride preceded the final distillation which
yvielded L8 percent (11,5 g.) of isobutyl bromide hoiling in the range
88 = 92%., (735 mm.). Yields of similar runs were generally between
LO and 50 percente

The crude alpha-deutero isobutyl alcohol obtained by reduction

of isobutyraldehyde with lithium aluminum deuteride yielded 1.5 g. of
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algha~deutero isobutyl bromids on treatment with phosphorus tribromids.
The low overall yield obbtained in the synthsesis of the deutero bromide

~

must have bezen due to the use of lithium aluminum denteride which was
several years old and probably partislly hydrolysed.

The deutero bromide was diluted with enough ordinary isobutyl
bromide to produce 12 g, of stock material. This solution was

analysed three times for deuterium and the remainder converted into

two samples of Crignard reagent for reduction of benzophenone.

Preparation of Beta=Deutero Isobutyl Bromide.

The most elegant way to prepare this compound would be to add
deuterium bromide, in the presence of peroxides, to isobutylene
(1. below)., An alternative longer method involved the use of dimethyl-
malonic acid (2., below).

' - DBr ~ T
o H SCH == s H .
1 (Cc 3)2C CH oSS (¢ B)ZCDCHgBr

2. CH3CH(COOED), ——-——-%;2? (CHy)C(c00ES), LOH
(a) (b)

(CH3)QC(COOH)2 Diizane (CH3)C(C00D) o *%§§§~»
(c) (a)

LiAlH
(0:913)2013000@ L

™
> (Cf3) JCDCH,0H ~23-3 (CHy)pCD-CHoBr

(e) (£)

Attempted Addition of Hydrogen Bromide to Isobutylene. Isobutyl

bromide has been prepared in good vield by the addition of hydrogen
bromide to isobutylene in the gas phase in the presence of the peroxide

ascaridole (12, 13)., The runs described below in which either benzoyl
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peroxide or di-t-butyl peroxide were used gave very poor yields of
iscbutyl bromide so that the series 2 (above) had to be used in the
preparation of beta-deutsro isobutyl bromide,

The apparatus used in a typical run is sketched in Figure 1.
About 8 ml. of isobutylene, generated by dropping t-butyl alcochol onto
warm 50:50 sulphuric acid in a thres-necked flask equipped with
stirrer, condenser and dropping funnel, was passed into the top
opening of tube (b) (Fig. 1) and condensed in that vessel. The
peroxide used in a particular run was then added to the isobutylene
and the top outlet of tube (b) connected through the drying tube (c)
to the hydrogen bromide generator (f). Water was dropped onto the
phosphorus tribromide in (f) to génerate excess hydrogen bromide
which was kept over the isobutylene under a pressure of about 5 cm.
of mercury above atmospheric by means of the nitrometer (a).

The tube (b) was shaken at intervals until no more hydrogen
bromide was noticeably absorbed over a period of about 2 hours., The
reaction vessel was then opened and allowed to reach room temperature
while excess hydrogen bromide escaped. Concentrated sodium bicarbonate
solution and water were used successively in washing the product.
Isobutyl bromide is almost insoluble in either of these reagents but
t-butyl bromide dissolves slowly in sodium bicarbonate solutione. The
product was dried with calcium chloride prior to distillation,

The first run, carried out at =70°C. with 2.4 g. (0.0l mole)
of benzoyl peroxide, 8 ml. of isobutylens and excess hydrogen bromide
yielded L.5 g. of t-butyl bromide boiling in the range 71«72069(7h3 myg).

Additional t-butyl bromide must have been removed in the washing process.



b ard ¢ were immersed in a mixture of Dry-Ice and acetone.

‘Fig. 1. Apparatus for Addition of Hydrogen Bromide to Isobutylenes
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The fact that no isobutyl bromids could be isclated and that, therefore,
the normal Markownikoff addition had occurred was attributed to the
relative insclubility of benzoyl peroxide in isobutylene. In a
modified run 0.2 g. of the peroxide was added in ether solution to
the alkene. The products were t-butyl bromide and some tarry residue.

In the next run 2.0 g. (0.083 mole) of the peroxide was added
in ether solution (zbout 50 ml,). The apparatus was modified by
inserting a trap between the reaction tube (b) and the drying tube
(c) (Fig. 1) to catch any liquid sucked back by sudden changes of
pressure in the system. The solution was saturated with hydrogen
bromide at the reaction temperature (=30 to —lOOC.). Again only
t~butyl bromide and tarry residvues were obtained.

Further runs were made with di-t-butyl peroxide which was
found to be quite scluble in isobutyleng above =60°C. The same
apparatus and procedure were employed except that the products were
washed with sodium thiosulphate soluticn to remove the colour of
bromine before the usual washing procedure, During the first run
an attempt was made to remove excess di=-t=butyl peroxide from the
reaction-products by washing them with ferrous sulphabte solution.

No reducing action of ferrous sulphate on the peroxide could be
detected. Since the latter is fairly stable, distillation of the
products up to0 the boiling point of isobutyl bromide could be carried
out safely,

The first run in which 3.0 g. of di»i-butyl peroxide was
used, yielded t-butyl bromide and 1.0 g. of material boiling in the

range 85 - 95°C, (715 mm.). The refractive index CnéB) was 1.4100 as
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compared to a literature value of 1.L36 (ngo) for isobutyl bromide,
and of 1,128 (ni? for t=tutyl bromide. A second run with 5.0 g. of
the peroxide vielded only a negligible amount of isobutyl bromide.
In a third run with L.0 g. of di-t=butyl peroxide, both the
isobutylene and the hydrogen bromide were dried more thoroughly by
passage through calcium chloride tubes in their respective delivery
trains., The following fractions were collscted from a 100 ml, flask

having a 9 x l%’cm. fractionating arm packed with 1/8 inch glass helices:

(a) 5.0 g« b.ps 63-73°¢, (7h1 mm. ) n%? = l.MZOO,ﬁ
(b) 7.0 g« bup. 73 -85%C. (7.0 mm.),
(c) 2.5 g« Dbepe 85-92°C. (7L1 mm.); n%g = 1.h23.

The fraction (c¢) which boiled in the range bracketing the normal
boiling point (91.500.) of isobutyl bromide nevertheless differed
widely from the latter in refractive index. Hence the yield of
isobubtyl bromide obtained was really quite low and the method had
to be given up. The longer method (2. page 2L), which gave better

results, is described below.

Preparation of Dimethylmalonic Acid Diethylester. (2-z, page 2L).

Sodiuﬁ (3.8 g., 0.165 g. atom) was added in small amounts to 100 ml.

of absolute alcohol in a 500 ml, round bottomed flask fitted with
condenser, When all the sodium was dissolved, 26.0 g. (0,16 mole)

of methylmalonic acid diethylester was added all at once and the

flask shaken, Methyl iodide 22.7 ge. (0,16 mole) was then added drop= '
wise through the top of the condenssr. After a 3 hour reflux period |

2 ml, of methyl iodide was added and refluxing‘continued for one




29,

additional hour, Ethyl alcohol was distilled off on a steam bath and
the residue in the flask treated with water., From ether extracts of
the aqueous solution 19.1 g. (68%) of ester boiling in the range

186 - 190°C. was obtained by distillation. Since the boiling points
of monomethylmalonic and dimethylmalonic acid diethylesters at 750 mm,
are 196°C, and 196.5°C. respectively, it was necessafy to show, by
means of the neutral equivalent of the corresponding acid, that the

product was the dimethyl compound (page 30).

Saponification of Dimethylmalonic Acid Diethylester. (2-b, page 2.4).

The ester was saponified by refluxing for 2% hours with an equal
weight of potassium hydroxide dissolved in its own weight of water.
Unconverted ester was removed by neutralizing the mixture and extract-
ing it with ether. Dimethylmalonic acid was similarly isolated after
acidification of the reaction mixture with dilute acid. The sapon=-
ification yields were over 90 percent. Samples of the acid that were
recrystallized from benzene melted in the range 188-190°C. (corrected).
By recrystallizing the acid from ether the melting point (corrected)

was raised to the literature value of 193°C.

Exchange of Dimethylmalonic Acid with Deuterium Oxide. (2-c, page 2k)e-

Dimethylmalonic acid (21.5 ge; 0,163 mole), dissolved in 60 ml. of
pure dioxane, was equilibrated for 70 hours with 3.3 g. (0.165 mole)
of deuterium oxide, The 100 ml. distilling flask which served as
vessel for the'exchange, was then fitted with a condenser and receiver
and kept under partial vacuum for L8 hours to evaporate the dioxane

and water. To remove the last traces of solvent, the flask was heated,
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under vacuum, to 90°C. by means of a water bath. A sample of exchanged
acid that was withdrawn immediately after evaporation of the solvents
had a neutraligzation equivalent of 67,5% 2, The calculated values

for dimethylmalonic and methylmalonic acids are 66 and 59 respectively.

Decarboxylation of Deuterated Dimethylmelonic Acide (2-d, page 2li)e

The acid was decarboxylated immediately after removal of the solvents
used in the exchange by heating the distilling flask above 19SOCo:With
an oil bath. A thoroughly flamed condenser, of the type having a
removable jacket, and a similarly dried receiver had been assembled

to the distilling flask to collect the isobutyric acid formed. A
portion of the latter was stored in a clean dry serum vial with self=
sealing rubber stopper for analysis in connection with the isotope
effect in the decarbogylation of dimethylmalonic acid (page 18).

A determination of the neutralization equivalent indicated a molecular
weight of 91% 2, The calculated value for nonodevtero iscbutyric
acid is 89. The overall yield of the exchange and decarboxylation

reactions was about 85 percent.

Reduction of Isobutyric Acid to Isobutyl Alcohol, (2-e, page 2k),

The following is a typical reduction of non-deuterated acid. TIso~
butyric acid (12.0 ge; 0.1L mole) in 15 ml, of anhydrous ether was added
dropwise with stirring to a slurry of lithium aluminum hydride

(7.0 ges 00136 mole) in 30 ml. of dry ether., A 250 ml. three-necked
flask fitted with condenser, stirrer and dropping fumnel, served as

reaction vessel, After the addition of about 15 ml. of ether %o
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1

provide for smooth stirring of the slurry, the mixturs was reiluxed

for one hovur. Excess hyvdride was hydrolysed with water and dilute
hydrochloric acld addesd to dissolve lithiuvm and alumimum salts. The
ether layer was separated and the agueous layer extracted three times
with small guantitiss of ether. The combined extraclts were neutralized
by shaking with a few ml. of sodium carbonate solution and dried

with anhydrous calcium sulphate. Distillation was carried out from

a 50 ml, flask., The yield of isobutyl alcohol boiling in the range

96 - 107°C. (738 rm.) was 60 percent (6.1 g.). Yields up to 70

percent were obtained in some duplicate runs,

In distilling the bsta-deutero isobutyl alcohol obtained by
reducing beta-deutero isobutyric acid from the decarboxylatvion reaction
(above) a cut of distillate coming over at the boiling point of purs
isobutyl alcohol was saved for analysis in connection with the |

isotope effect accompanying the decarboxyvlation of dimethylmalonic

acid (page 18).

Conversion of Isobubtyl Alcohol to Isobutyl Bromide. (2-f, page 2L),

The procedure outlined on page 23 was followed.‘ The yield of beta
labelled isobutyl bromide prepared from 26.0 g. of methylmalonic
acid diethylester was 1.5 g. The overall vield of the series,
corrected for the amcunts of isobutyric acid and of isobutyl alcohol

.

or analysis, was about 12 percent,

Iy

that were removed
The bromide was diluted with ordinary isobutyl bromide to
obtain two solutions of different deuterium conbtent. FEach solution

was analysed once for deuterium the remainder being converted to the
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Grignard rsagents and reacted with benzophenone,

Preparation of Gamma-Deutero Isobutyl Bromide ,

Two series of reactions for the preparation of gamma-deutero

isobutyl bromide, starting with acetone, wers investigated (1. and 2.

below). )
CH3 Cl a7, CH3 .
0 —2225 " om0 HEEL Tgpon 23,
CH3 D3 cD3
Qe. be Co
CH ; CHx - i
3~ Vg 3 CI-I 3.
oo O Tetmer? r -~ >cuongon 235
3 CD3
d, ‘\‘ o1 / LiAlH), £,
> CH-COOH
CH
g = CH-CHpBr
cny” .

Typical trial runs, followed by brief mention of the results obtained

in similar runs with deuterated materials, are given below,

Txchange of Acetone with Deuterium Oxide (a. page 32). No trial runs

with ordinary water were necessary. Acetone 30 g. (0.52 mole) was
equilibrated with 30 g. (1.5 mole) of 99.7 percent deuterium oxide in
a 100 ml. flask fitted with a short ffactionating arm. A 0.2 g,
pellet of sodium hydroxide was added to catalyse the exchangs., After
L8 hours of standing at room temperature the solution was distilled,
collecting distillate boiling up to 9500. (741 mm.). The deutero
acetone was dried overnight with calcium sulphate, filtered and

weighed to within 0.1 g. The yield was 30.8 g.
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Reduction of Acetone with Lithium Aluminum Hydride (b. page 32).Four

trial reductions were carried out, two of which were done in ethyl
ether and two in diethyl carbitol solvent.

fcetons (1L.0 2., 0.2l mole) was dissolved in 15 ml. of dry
ether and added dropwise with stirring to 2.6 ge (0,069 mole) of
lithium alumimum hydride in 35 ml. of ether. The reaction was carried
out in a 250 ml, flask fitted with condenser, stirrer and dropping
funnel. After all the acetone had been added (about one hour) the
mizture was refluxed with stirring for one hour. Excess lithium
aluminum hydride was carefully hydrolysed with water and dilute
hydrochloric acid added to decompose lithium and aluminum hydroxides.
The agueous layer was extracted three times with small volumes of
ethers These extracts were neubtralized by shaking with a few ml. of‘
sodium carbonate solution, and were dried with anhydrous calcium
sulphate, The yileld of isopropyl alcohol boiling in the range 77~
80°C (738 mm,) was 23 percent (3.3 g.)e

In a duplicate run the products were fractionated in a short
column collecting the fraction boiling in the range 79—79,500,(738 mm. ).
The yield was 22 percent, based on the acetone. Attempts to raise
the yields by using the higher boiling solvent diethyl carbitol instead
of ethyl ether are described below.

The apparatus used was identical with that employed in reductions
in solvent ethyl ether. Acetone (1L.0 ge, 0.2 mole) was dissolved
in 20 ml. of diethyl carbitol and the solution added to a stirring
slurry of 3.0 g. (0.08 mole) of lithimm aluminum hydride in 20 ml,

of diesthyl carbitol. The rate of addition was so regulated that no
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vefluxing occurred, although the reaction mixture became quite hot,

The test for lithium aluminum hydride, using Michler's ketone and
iodine in glacial acetic acid (9)was positive at the end of the 13
hour addition pefiod, Dilute hydrochloric acid was added carefully,
with stirringe The reaction mixture was then distilled from a

500 ml. flask, collecting all distillate boiling up to 95°C. (750 mm.).
This fraction was transferred to a small flask having 2 9 x % Cile
fractionating arm packed with 1/8 inch glass helices, and fractionated.
The yield of isopropyl alcohol boiling in the range 78-83°C. (742 mm.)
was 10.5 g. (7L%). The refractive index (H%O) of this material was
1.376lL as compared to the literature value for isopropyl aléohol

(n3)) of 1.3775.

A duplicate run yielded 80 percent of isopropyl alcohol boiling
in the range 79-81°C. (7L0O mm.), The refractive index of this material
(n%7°5) was 1.3772,

Reductiors of deuterzated acetone were carried out wifh a con-
siderable excess (about 20%) of lithium aluminmum hydride., The yields

of deuterated isopropyl alcohol were about 80 percent of theoretical.,

Conversion of Isopropyl Alcohol to Isopropyl Bromide (c. page 32) .

The method described on page 23 for the analogous conversion of isobutyl
alcohol to the bromide was followed. The yield of isopropyl bromide
boiling in the range 56=60°C. (7L6 mm.) was 55 percent, Yields of
deuterated bromides from'the corrssponding isopropyl alcohols were

L8 percent of theoretical.

Preparation of Isopronyl CGrignard Reagent (d. page 32). The Grignard
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reagent was prepared in a 250 ml., flask equipped with condenser and
dropping funnel. A 10 percent excsss of magnesium turnings were

used with LO ml., of ether for about 0.2 moles of the halids., A third
of the halide was added with a bit of iodine to the magnesium and the
reaction initiated by gentle heating. The remaining halide, in 20 ml.
of ether, was added at such a rate that the ether refluxed smoothly.
When all the halide had been added refluxing was continued for a few
hours, The solution was then decanted into a graduated cylinder and
its volume determined. A one ml, portion was added to an excess of
standard acid in an Brlenmeyer flask and the solution titrabed to

the neutral point with standard alkali., The yield of Grignard reagent
could‘then be calculated. The percent conversion was generally

o

between 85 and 90.

Attempted Reaction of Isopropyl Grignard Reagent with Formaldshyde

(1. page 32).Isopropyvlmagnesium bromide was prepared as outlined above,
Formaldehyde, generated by heating paraformaldshyde in a small single-
necked flask, was passed into the flask containing the Grignard re-
agent by means of a delivery tube reaching down almost to the surface
of the liquid. The Grignard reagent was stirred vigorously to provide
maximum contact with the gassous formeldehyde. Enough formaldehyde
was generated to react with all the Grignard reagent the presence

of which was periodically tested for by means of the Gilman test with
Michler's ketone (9). A u-tube with a little mercury in the bottom

of it wés connected to the third neck of the reaction flask to keep

a slight pressure in excess of atmospheric in the system and also
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to indicate the rate of escape of unreached formaldshyde. A slight
excess of paraformaldehyde was always sufficient to react with all
the Crignard reagent present, although some of the generated form-

aldehyde escaped out of the reaction flask. The yields of isobutyl

Il

alcchol obtained were 30 percent or less. A titrsvion o

=

the para-

1

formaldehyds with Karl Fischer reagent indicated that less than 1.8
parcent of free waber was present so that the low yields were not
due to the use of wet paraformaldehyde,

Deuterated isopropyl Crignard reagent was coanverted to isobutyl

alcohol by the longer method (2. page 32) which gave better overall

yvields. Typical trial runs follow,

Carbonation of Isopropyl Grignard Reagenﬁ (2, page 32). The Grignard

reagent prepared as outlined on page 3L was poured slowly into a
beaker containing crushed Dry Ice covered with anhydrous ether,

When all the Grignard solution had been added, the beaker was covered
with a clock glass and allowed to stand at room temperature until

all the Dry Ice was gone. The isobutyric acid was liberated from

its magnesium salt by the addition of dilute hydrochloric acid and

was extracted from the aqueous layer with ether, Combined extracts
were dried with anhydrous calcium sulphate and distilled after evapor-
ation of the bulk of the ether, Yields of acid boiling in the range
115-150°. (7L0 mm,) were 7C to 80 percent based on the Grignard

reagent,

Reduction of Camma-Deutero Isobutyric Acid to the Alcohol (2. page 32).

The reductions were carried out as outlined on page 30 The yields
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obtained in the reductions of two samples of gamma-deubero isobutyric

acid were 60 and 65 percent.

Conversion of Gamna-Deutero Isobutyl Alcohol to the Bromide (f. page 32).

The method outlined on page 23 was followed in this las®t step of the

synthesis of the gamma-labelled bromide. The best overall yield of the

synthesis, based on the amount of acebone exchanged with heavy water, was

13 percent. In another series the overall efficiency was 8.5 percent.
The gamma=deutero bromides obbtained in the two runs were

combined and diluted with ordinary isobutyl bromide to a total of

12 g., from which three samples of Grignard reagent were prepared for

reductions of benzophenone, The stock bromide was analysed twice to

determine the deuterium contentb.

Reduction of Benzovhenone and Purificabtion of Benzhydrol

Several reductions of benzophenone with non=deuterated isobutyl-
magnesium bromide were made in order to find a suitable procedure for
a small scale reaction., The best resulis were obtained when the
ketone was added in ether solution to the Grignard reagent. Adding
the kebtone in benzene solution gives good results when reductions are
carried out on a fairly large scale, but when less than 2 g. of
benzophenone was reduced the presence of benzene made purification of
the product difficult,

A 2:1 excess of Grignard reagent over ketone was used in all
reductions., The reason for this procsdure was that isobutylmagnesium

bromide has only one hydrogen atom in the beta position. Should the
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reducing hydrogen be supplied from the besta position, a opreference
for hydrogen over deuterium in the transfer would not be detecied
unless the reagent were presant in aexcess. For ths sake of uniform-
ity the reductions with alpha and gamma-deutero Grignard reagents
were also carried out with the reagents present in 2:1 excess., The
procedure followed in The preparation of iscobutylmagnesium bromide
and in the reduction of benzophenone with the reagent, is outlined in

the following run with non-deuterated material,

Preparation of Isobulbyl Grignard Reagent, Isobutyl bromide (3.0 g.,

0.022 mole) dissolved in 5 ml, of dry ether, was added to a 10 percent
excess of magnesium turnings (0.53 g.) in 25 mle of dry ether. The
reactlion flask was of 250 ml. capacity and was equipped with a con-
denser and a dropping funnel. The reaction was initiabted without
the addition of iodine by warming the flask gently with a free flame,
and was completed by refluxing for several hours. The volume of the
solution was then measured by decanting it off excess magnesium into
a dry graduated cylinder, from which it was immediately transferred
to a dry, 250 ml., thres-necked flask fitted with condenser, stirrer
and dropping funnel. A 1 ml. vortion was then pipetted into an
excess of sbtandard acid which was back-titrated with standard base
to determine the amount of Grignard reagent present. The vield of

Grignard reagent was 75 percent (0,0166 mole).

Reduction of Benzophenone, To the non-dsuterated Grignard reagent

prepared as outlined above was added one half of thz eguivalent

quantity (1.51 g., 0.0083 mols) of benzophenone dissolved in 10 ml.
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of anhydrous ether. The solution turned deep red as soon as the
ketone was added but the color disappeared after the addition was
complete and reaction solution had been refluxed for a few minutes,
When the mixbture had been refluxed for a few hours to snsure completion
of the reaction, the bromomagnesium salt of benzhydrol was allowed to
settle out and was filtered off in a 7 cm. Buchner funnel. The salt
was washed immediately with about 10 ml. of anhydrous ether, returned
to the reaction flask, and hydrolysed with dilute hydrochloric acid.
The liberated benzhydrol was extracted with ether and recrystalized
from ligroin., The yield of benzhydrol melting at 66°C. was 1.2 g
(80%). The melting point was determinéd on a Fischer melting point
block and was read when the first crystal of the material collapsed,

The results of the reduction with the labelled Grignard re-
agents are summarized in Table 1.

Table 1.
Results of Reductions with Labelled Grignard Reagents

Bromide Run Grignard Reagent Bengzophenone Benzhydrol
Tield? moles x10° Gm. moles x10° Cm. Yield% I.P.(°C)

Alpha- 1 80 16.80 1.53  8.40 1.20 78 66
deutero 2 79 15,90 1.L5  7.95 1.1k 78 66

3 78 17.00 1.5 8,50 1.29 83 66
Beta- 1 82 16,72 1.52 8,36 1.1k 7k 66
deutero 2 87 16,09 1.46 8.0L .80 54 65
Gamma- 1 72 15.90 1.4y  7.95 .98 67 65
deutero 2 68 11l 1.29  7.07 1.05 81 66

3 77 15,4k .1 7.72 1.12 79 65

The low yields of benzhydrol isolated in run 2 with beta-deutero Grignard

reaggent and in run 1 with gamma=-deutero Grignard reagent were probably
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due to mechanical losses sustainsd in isolating the benghydrol. The
samples of benzhydrol obtained in the mins with deuterated CGrignard
reagents were stored in weilghing bottles having tight-fitting glass

stoppers.

Analysis For Deuterium
To analyse a compound for deuterium a sample large encugh to
yield about 0.5 g. of waber of combustion was burned in a combustion
apparatus and the water collected. The weight-percent deuterium
oxide in the purified water was determined by a method involving the
density. The amount of deuterium present in the original compound
could then be calculated.

The Combustion Train, The combustion apraratus consisted of a three

unit macro furnace with a Vycor combustion tube having a standard
taper joint as an outlet. Near the outlet was a plug of silver wool
to remove halogens. The rest of the tube up to the central heating
unit of the furnace was filled with copper oxide. A roll of copper
gauze, three inches long, touched the copper oxide and extended into
the central section of the furnace. Oxygen from a cylinder was dried
in a calcium chloride drying tower and two Greiner-Friedrichs gas-
washing bottles filled with sulphuric acid before it was passed into
the combustion tube. The receiver for combustion water consisted of
a Pyrex glass u=tube with a standard taper joint at right angles to
ong end and with a capillary opening at the other end.

To prepare rfor a combustion oxygen was passed through the tube
while the long section of the furnace heated the copper oxide in the

tube to dull redness. The receiver was then assembled to the
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combustion tube and thoroughly flamed while a stream of oxygsn passed
through it. When the u-tube had cooled sufficiently it was surrounded
by a freezing mixture of Dry Ice-acetone in a Dewar flask. The com~
bustion was then begun by introducing the sample and adjusting the rate
of flow of oxygen to about 2 bubbles per second.

At the end of a combustion the receiving tube was removed, the
furnace sections were opened, and the combustiqn tube allowed to cool
with alslow stream of dry air passing through. When cool the tube was
tightly stoppered. For another combustion the procedure outlined above

was repeated.

Combustion of Isobutyl Bromide, Isobutyl bromide was introduced into

the combustion tube in a Pyrei glass ampule of about l% ml. capacity
which had been loaded with 0.8 to 1.2 g. of the bromide to be analysed.
The ampule was pushed far enough into the tube that the tip touched the
roll of copper gauze in the centre of the combustion tube. The heat
conducted to the gauze by the copper oxide with which it was in contact
was sufficient to vaporize the bromide very slowly from the ampile.

To assist in distilling out the sample, the central section of the
furnace was turned on at a very low setting of the rheostat control.
Very careful heating was necessary to prevent the occurrence of flash=
backs, Until the ampule was nearly empty the temperature of the tube

in its immediate vicinity was kept at about 80°C. The temperature of

the central section was then increased to dull red heat along with the
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traces of water into the u-tube, The total time required for the
combustion of a sample of bromide was 2 hours. At the end of the
process water condensed in the upper part of the recelver was "swept
down' by heating the glass with a free flame and the capillary opening
sealed by melting the tip. The receiver was then separated from the
combustion tube and sealed with a standard taper glass stopper. The

yield of water was 95-98 percent of the theoretical amount.

Combustion of Benzhydrol. With the combustion tube prepared for a run

a sample of benzhydrol (about 0.8 g.) was rapidly transferred from

its storage vial to a dry porcelain combustion boat and weighed as
quickly as possible to within one milligram, The boat was then placed
in contact with the wire gauze in the central section of the combustion
tube and the heating unit above it turned on at a fairly high setting
to melt the benzhydrol, The rate of heating was decreased once the
benzhydrol had melted and was then kept constant until the boat was
practically dry. The process was completed in a manner analogous to
that outlined under the previous heading., The average duration of a
combustion of benzhydrol was 1% hours with yields of water near 99

percent of theoretical,

Combustion of Isobutyric Acid and Isobutyl Alcohol. The method outlined

under the heading "Combustion of Isobutyl Bromide" (page L1) was followed,
except that the rate of heating was faster in accordance with the

higher boiling points of the materials. Samples of acid and of alcohol
weighing about 0.5 g. were burned in two and 1% hours respectively

with 98 percent yields of waters.
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Purification of the Water Samples. The water samples obtained in the

oxidation processes were purified by a modification of the method of
Keston, Rittenberg and Schoenheimer (16). The purification apparatus
consisted of a train of L Pyrex glass u-tubes having standard taper
joints. These tubes were cleaned with chromic acid mixture, washed
with dilute ammonium hydroxide, rinssd with distilled water and dried
in an oven. The distillation train was arranged as shown in Figure 2.
Distillations were carried cut under partial vacuum (about
10 mm. Hg.) supplied by a wabter aspirator. Before assembling tube 1.,
which served as receiving tube dufing the combustions and contained the
water sample to be purified, the rest of the apparatus was evacuated
and thoroughly flamed. When the apparatus had cooled to near room
temperature the two-way stopcock A (Fig. 2.) was turned to allow air
to enter the system through three calcium chloride tubes. These tubes
had cotton batting packed above the calcium chloride to prevent fine
particles of the drying agent from being swept into tube 5. Small
amounts of calcium oxide and potassium permanganate were now introduced
into tube 2. and tube 1l. assembled to the rest of the system. The
stopcock A was returned to the vacuum position and tube 2. surrounded
by a Dry Ice-acetone freezing mixture. The sample was distilled into
tube 2. by warming tube l. with a bsaker full of warm water. When the
distillation was finished the system was restored to atmospheric pressure,
tube 1. was removed, tube 2. closed with a standard taper stopper, and
the freezing mixture moved to tube 3. The water in tube 2. was then
heated to the boiling point undsr atmospheric pressure and refluxed

for a moment on the calcium oxide and permanganate to remove carbon
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Fig. 2. Apparatus for Purification of Water Samples.
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dioxide. When the water had cooled down tc near room temperature the
system was again evacuated and the distillation into tube 3. carried
out. The process was repeated until the sample had been distilled
three times after the initial distillation onto the purifying agents.
"The water sample was transferred from the receiver 5. to a clean dry
serum vial with self-sealing hypodermic stopper, by means of Fyrex
bing with capillary tip and rubber suction bulbe Clean dry tubing

for this purpose was drawn out to a capillary just before use.

Analysis of the Water Samples for Deuterium Oxide . The gradient density

tube method described by C. Anfinsen (1) was used to determine the
percent deuterium oxide in the water samples obtained by combustion.
The method is based on Fick's principle that a linear gradient of

densities is produced at the juncture of two miscible liquids of unequal

specific gravities. Two bromobenzene~kerosene solutions having specific

gravities of 0.998 and 1.019 respectively were used for the top and
bottom liquids,

The gradient tube consisted of a 35 cm. Pyrex tube of diameter
5 cm. the ends of which were sealed to the neck of a 1 l. round=-
bottomed flask and to the bottom of a 500 ml. round-bottomed flask
respectively. The neck of the latter flask was fitted with a ground
glass cap which protected the system from moisture and duste

The apparatus was mounted vertically in a glass=fronted thermo-
stat maintained at 25.0 * ,1°C., and was filled tc the mid-point with
the bromobenzene-kerosene solution of specific gravity 1.019. The

lighter solution was then gently layered over it by means of a funnel



the tip of which was kept just below the surface of the liguid, to
£i11 the system to within about l inches of the top.

A glass rod, the end of which had been shaped into a spiral in
a plane perpendicular to the rod was then lowered gently to the centre
of the tube and the solutions stirred slowly with strokes of increas-
ing length until at the tenth stroke the entire length of the tube had
been traversed., The system was then allowed to stand for two days to
attain equilibrium.

The linearity of the gradient was checked by inbroducing drops
of standard water-deuterium oxide solutions and measuring their equi-
librium heights with a cathetometer. The standards were prepared on a
weight-percent basis and were stored in serum vials with self-sealing
stoppers. It was found that a plot of welght=percent deuterium oxide
against height of the standard drops in the tube was as nearly linear
as the corresponding plot of density against height, for the low
deuteriun content of the standards. Therefore, the gradient could
be used to read weight-percent deuterium oxide directly, within the
error associated with the measurement of the equilibrium height of
the drops concerned.

The gradient prepared as outlined above had a working range of
0-2 percent deuterium oxide. Another gradient with a range of 0-8
percent deuterium oxide was used to analyse combustion waters falling
into that range of deuterium content., Plots of cathetometer readings
versus percent deuterium oxide for the two gradients are shown in
Figure 3.

The drop to be inbroduced into the gradient density tube was
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withdrawn from the serum vial with a hypodermic needle atitached to a
ground fitting of a capillary tube of 10 cm. length and = mm.kboree
A rubber policeman was slipped onto the capillary extension to serve
as suction bulb. The needle was inserted into the sample through the
stopper of the vial to eliminate the possibility of contaminating the
sample by contact with the atmosphere. The solution was drawn halfway
up the capillary by means of the fubber policeman. The needle was
withdravn from the vial and emptied; then reinserted and refilled. A
drop was introduced into the density tube by lowering the tip of the
needle into the gradient solution and applying gentle pressure to the
rubber policeman. Droés formed in this manner were ccnsistently of
3 mm. diemeter. The needle was changed and the capillary dried before
introducing a new éampleo

Standard and sample drops were introduced on opposite sides of
the tube to avoid‘confusion. The heaviest of a series was dropped in
first. The drops were allowed five hours in which Yo attain their
equilibrium levels which were recorded as the mean of the top and
bottom levels read with a cathetometer accurate to 0.1 mm., From the
known values of the percent deuterium oxide in the standards bracketing
each unknown drop and the vertical differences in levels between the
standards and the unknown the percent deuterium oxide in the sample
could be calculated by intsrpolation.

Slight fluctuations in the linearity of the gradient occurred
with changes in pressure and temperature, To follow these irregular-
ities and so get consistent readings, new standards were introduced

with each set of unknowns. As a double check the samples most pertinent



to the investigation were analysed two times with an interval of
several days between the analyses. The results differed by less than
E parts per hundred.

A loss of deuterium due to exchange with protons on the walls
of the combustion tube and distillation train occurred during the
combustion and purification processes. The magnitude of this loss
was determined by putting standard deuterium oxide=-water solutions
through the combustion and purification procedures and then measuring
the loss of deuterium by analysis in the gradient density tube.
Standard samples of 0,585 and 2.956 percent deuterium oxide showed
respective losses of 3.9 and 3.6 percent of the initial deuterium
present, The mean value 3.75 percent was used in correcting results
for exchange losses. To determine whether or not a greater loss
of deuterium occurred when the boat instead of an ampule was used
in the combustion step, the standard 7.797 percent deuterium oxide
sample was put through both steps separately. The loss of deuterium
in each case was 1.6 percent of the initial deuterium present.

The results of the analyses are given in the following table.
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Table 2
Rasults of the Analyses

Source of Sample Weight Mean Corracted
Water Sample 10, % D0 Weight % po0®
Alrha-deutero 1 0.68
Isobutyl Bromide 2 0.65 0.69

3 0.67
Garma~deutero 1 20,65P
Isobutyl Broumide 2 21,32 21.82

Benzhydrol from
Alpha=~deutero 1-3 nil nil
Grignard reagent

Benzhydrol from 1 nil

Gamma~deu tero 2 .03 nil

Grignard reagent 3 nil

Beta-deutero 1 1.30¢ 1.38
1.35

Isobutyl Bromide 2 1.ld 1.18
1.k '

Benzhydrol from 1 0.62¢ 0.65

Beta~deutero 0.63 °

Grignard reagent 2 0.75 0.78
0.75 °

Tsobutyric Acidd 1 13.62P

(Dimethylmalonic Acid) 2 13.87 1h.32

3 13.85
Beta=-deutero 1 2.95
Isobutyl Alcchol 2 2.97 3.07

a Corrected for exchange losses in the purification process.

b pnalysed on the 0-8% gradient by suitable dilution,

CThe two values for each sample are readings obtained on different
days against a freshly calibrated gradient.

d Since no loss of hydrogen occurrs on decarboxylation of dimethyl-
malonic acid to form isobutyric acid, the analyses apply to either
compound. .
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RESULTS AND DISCUSSION

Tt will be seen from the preceding table that the benzhydrols
obtained by reducticn of benzophenone with beta-deutero iscbutyl
Grignard reagents contained deuterium, while those obtained by the
use of alpha and gamma-deutero Grignard reagents did not. Therefore,
the reduction occurs by hydrogen transfer from the beta position of
the Grignard reagent as was postulated by Whitmore. The ?ossibility
that slight intervention of alpha or gamma deuterium would not have
been detected by the method of analysis is admitted. The 0-2 percent
gradient was spread over a vertical distance of 17.5 cms., and drop
levels read to within O.1 mm., so that the limit of detectability of
deuterium oxide in the water samples was 0.0l percent by weight. In
order to use this figure to compute the maximum percentages of reaction
that could have occurred by transfer of hydrogen from the alpha or
gamme, positions and yet have escaped detection it is necessary to
obtain an equation‘connecting the concentrations of deuterium in
starting materials and products and the percent completion of the
reaction with the relative rates of transfer of hydrogen and deuter-
ium in the reduction., Such a difference in the rate of reaction,
caused by the substitution of a lighter or heavier isotopic atom for
some atom in one of the reacting molecules is now referred to in the
literature simply as an "isotope effect".,

The absolute reaction rate theory of Zyring shows the depend-
ence of the rate constant on the zero-point energy difference between
the activated complex and the reactants. The energy of a bond is a

function of the vibrational frequency which in turn depends on the
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reduced mass of the atoms held together by the bond in question. It
can be shown that if the reduced mass is increased by the substitution
of a heavier isotope for one of the atoms forming the bond the vibratiqn
frequency and hence the zero-point energy will be decreased. On
passing to the transition state a decrease in the zero-point energy
will occur whether the bond under consideration is isotopically sub-
stituted or not but that decresase will be smaller for the heavier than
for the normal form. Therefore, the heavier formvwill require a
larger activation energy to reach the transition state and should
react at a slower rate if the isotopically substituted position is
involved in the rate controlling step of the process. For a detailed
discussion of the theory of isétope effects the reader should refer to
the treatment by Bigeleisen (2,3).

The isotope effect kH/kD may be calculated from an equation
derived from the rate constants of the two species that are in com-
petition. Thus, if the reaction can be assumed to be first order with
respect to Grignard reagent,_as most investigators in the field postulate
that it is, then

= a = at
kHt in — and th 1n -t

represent the rate expressions for the reactions of normal and deutero
Grignard reagentg where

ky = the rate constant for the transfer of hydrogen;

kp = the rate constant for the transfer of deuterium;

a

1]
o+
&
[0}

initial concentration of non-deuterated form;

]
ct
j=p
0]

at initial concentration of deuterated formg

a - x = the concentration of non-deuterated form at time tj
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a! = x' = the concentration of deuterated form at time t.

The isotope effect kH’/kD is then given by the expression

a
kg log Py L
i G e o A AT

af *
kD lOg g Vet

which can be shown to be equivalent to the form

g _10g (L4 x) -.log[1 £ x - P(L £ 4)] )
kp 1%(1#?»1%[1{3-?@/Kﬂ ;

if the following substitutions are made

at xv X F x!
= A 3 = X 3 amd P =‘§—é"57 3

where A = the ratio of deuterium to hydrogen in theylabelled position

of the starting material;

P
1

the ratio of deuterium to hydrogen in the labelled position

of the products

5V
1] ]

‘the fraction of reaction completed (ratio of products to
reactants).

Before equation 2. Qould be used to estimate the possible amount
‘of reaction iﬁvolﬁing alpha and gamma’hydrogen from tﬁé Grignardkreégent :
it wasknecessafykto‘estimatg thé;maximumkvalue;of kH/kD when cérbon—
hydrogenvand carbon~-deuterium bonds are broken, and to evaluabte A and X,
as defined, from the analyticsl data which were obtained in terms of
Weight—percent:deuterium oXida ih}the‘waters‘§f COmeStiQn; The :
maximum value of kH/kD‘has been~showﬁ to be about 6 at foom témperature

(7) while A and X could be calculated from the equation




5he

D 1
H™ nf
e (1000=Q) =1 °
5o ( Q) 3
where D/H = the ratio of deuterium atoms to hydrogen atoms in the

" 1abelled position of the compounds
n' = the total number of hydrogen atoms (protium plus
deuterium) in the labelled position of a molecule of the
: coﬁpound;e |

n = the total number of hydrogen atoms in aknan-deuterated

moieculé of thé compound | | |

Q = the weight-percent deuterium oxide in the water of com-

bustion of the compound.

The maximum pergenfage of reaction involving the alpha pdsition
of the Grignard reagent which would just have escaped debtection was
then catculated in the following way:

1. The value of A for alpha-deutero isobutyl bromide was
calculated from eguation 3., using the mean corrected weight-percent
deuterium oxide value from Table 2.

26 ;The equation 2, was solved for X by the method ofisuccéssiVe
approximation using gﬁ = 6 and P = 0.5.%

3. The value of X for benzhydrol whose combustion water would
contain the minimm detectable weight-percent (0,01) of deuterium

oxide was calculated from equation 3¢

€ For the behzhydrol samples the only position that’cculd have con-
tained deuterium was the aliphatic C-H group, so that n'=1,

£ Since the Grignard reagent was pressnt in 2:1 excsess the percent
completion of the reaction with respect to Grignard reagent could not
exceed 50,
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ie The value of X from step 3. was multiplied by 100 and
divided by the value of X calculated in step 2.

- It can easily be verified that the result gives the maximum
percentage of the reaction that could have proceeded by the transfer of
~ hydride ion from the alpha position of the Grignard reagent. The
result obtained for the alpha position was 17 percent and for the
gamma~position, by a siﬁilar calculation, one percent

It is unllkply howevbr that the reduction proceeds by more
than one mechanlsm.‘ Slnce the data 1ndlcate that the beta p031t10n is
certainly involved, it is probable that no deuterium or hydrogen atoms
were incorporated intc the benghydrol from the alpha or gamma positions
of the Grignard reagent.

The source of the reducing hydrogen having been determined as
kthe beta position, it was desirable to calculate the isotope effect
accompanying the reduction with partially beta-deuterated material,
Equation 2. was again employed. The values of A and X for each run
w1th beta-deutero Grignard reagent were calculated from the daua in
Table 1 w1th the help of equatlon 3@ Using P = 0.5 the value of %5
cou1d~be calculated from equation 2, The ratio ig for the decarboXy;‘
lation of dimethylmalonie acid was obtained in an analogous manner. g

The results are given in Table 3.

= Since onlv half of the carboxyl hydrogen is transferreq to the beta
position on decarboxylatlmn the value P= 0,5 again applies.
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Table 3
Calculated Values of D/H and KH/XD

Q n' n D/H  XH/%D  Mean ku/kD

Beta~-deutero
Isobutyl Bromide #1 = 1.38 1 9 0'126i>
2.0

Corresponding
Benzhydrol 0,65 1 12 0.076
261
Beta-deutero ‘ :
Isobutyl Bromide #2  1.hk8 1 9 0,137 }
. . k . . 2 o 2

Corresponding
Benzhydrol 0,78 1 12 0,092
Dimethylmalonic
Acid lh.Bg 2 8 1,096

: L.5 L.5

Beta=-deutero
Isobutyl Alcohol 3.07 1 10 0,383

It will be seen from Table 3 that the transfer of hydrogen from
the beta position of isobutyl Grignard reagent to ﬁhe carbonyl carbon
of benzophenone according to the equation |

: k1 -

(06H5)2005+-(CH3)20HCH2MgBr — (CéHg)QC - 0,

TR B

. /Mg-X
(CH3 )2-6-CH

ko S : |
— (CéHS)ZOH(OMgBr) + (CHB)QC = CH,
is about 2.1 times faster for protium than for deuterium. The observed
isotope effect does not throw any light on the question of whether or
not redaction proceeds by rearrangementkof‘a complez‘as postulated by
Whitmore and other workers. However, it may be used to predict some-
thing about the rates of formation and rearrangement of such a complex

if +the proposed mechanism is assumed to be correct, The facility of

the formation of complex should not be affected by the presence of
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deuterium in the beta position of the Grignérd reagent. The relative
amounts of deutero and ordinary complex, therefore, should be the same
as the relative amounts of deutero and non=deutero Grignard reagent
used in the reaction. Now if every complex that formed were decomposed
to form products then the relative amounts of deutero and non-deuterc
benzhydrol obtained should also be the same, that is, there should be
no isotope effect. Since an isotope effect was observed, not every
complex that forms rearranges to form products but rather an equilib-
riumlbetween COmplex‘and its components must exist as written in the
equation., In addition the equilibrium mist be attained at a rate
exceeding the rate of decomposition of complex to form products in
order for competitive transfer of hydrogen and deuterium to be possible.
The small magnitude of the isotope effect may indicate that k2 is not
mich smaller than k 4.

It is seen from Table 3 that there is an isotope effect of
about Li.5 in the thermal decarboxylation of dimethylmalonic acid
having some carboxyl deuterium. The following mechanism for the decar-

boxylation of a malonic acid has been suggested by King (17). h

0
COOD C—0
/ < \
R,C — RCQ D
2™ coon 2 \c\= 0”
OH
0D

e !
RsC = C + Co
2 l N on 2
R,CHCOOD # RyCDCOCH | .

D 7he deuterium in the formulae has been introduced by the present
author,
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The first step can not be relevant to the isotope effect since proton
transfers from one carboxyl to another are expected to be practically
instantaneous., Even if a preference for either hydrogen or deuterium
wefe inherent in that step the same material would be formed in the
next step in each case. The last step in which the dihydroxy compound
rearranges should be accompanied by an isotope effect since competition
is pdssible bétween hydrogen and deuterium.

Therefore, the observed iéotope effect is in agreement with the
suggested~meChéhism; ‘Howéﬁer, the evidehce is in no way cohfirmatory
since an isotope effect would be expected for other mechanisms. The
only mechanism not involving an isotope effect would be one in which the
hydrogen transfer occurs in a step such that no choice between hydrogen
and deuterium is presented. It seems to be impossible to visualize

such a mechanisme,
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CONCLUSIONS

1. 1In the reduction of benzophsnone to benzhydrol by isobutjl-
magnesium bromide the reducing hydride hydrogen comes from the beta
position of the Grignard reagent.

2o The transfer of hydride hydrogen in the reaction is about
2,1 times faster than the transfer of deuteride deuterium,

3. The fact thét an iSotope éffect was observed indicates that
if the reduction occurs through the rearrangement of an intermediate
complex as is generally postulated, the formation of such a complex
mist be a rapidly reversible equilibrium process.,

Le The small magnitude of the isotope effect may indicate that
the rate of reduction is nearly as great as the rate of attainment of
equilibrium between the reactants and the proposed intermediate complex,

5. The thermal decarboxylation of dimethylmalonic acid having
one carboxyl group deuterated shows an isotope effect of about l.5.
This evidence is in agreement with the postulated mechanism of such a

decarboxylation, but does not confirm the mechanism,
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