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ABSTRACT

I. THE STRUCTURE OF ALLYLIC GRIGNARD REAGENTS

The nuclear magnetic resonance (n.m.r.) specira of several
simple allylic Grignard reagents in diethyl ether solution, of benzyl~
magnesium chloride in ether, and of diallylmagnesium and dibutenyl~
magnesium in dioxane have been investigated. The results for the
simple allylic systems are best interpreted in terms of an extren.nely
mobile tautomeric exchange of magnesium between allylic positions,
whereas the conventional structure is indicated for the benzyl Grignard
reagent. The results are related to the rearrangements known to occur

in the Grignard reactions of allylic halides.

1I. THE INTERCONVERSION OF CYCLOFROPYLCARBINYL AND
ALLYLCARBINYL GRIGNARD REAGENTS
The Grignard reagent, in ether solution, from either cyclo-
propylecarbinyl chloride or allylcarbinyl chloride has been shown by its
n.m.r. spectrum to possess the allylcarbinyl structure. Nortricyclyl

chloride and exo- or endo~5-dehydronorbornyl chloride also give a

common Grignard reagent, whose n.m.r. spectrum seems best fitted

to the nortricyclyl structure. The results explain the products formed
in the Grignard reactions of these sets of isomeric halides. They are
also discussed with respect to the recently discovered interchange be-

tween the l- and 2-positions in allylcarbinylmagnesium halides.
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I. THE STRUCTURE C& ALLYLIC GRIGNATD REAGENTS



INTRCDUC TION

Considerable research has been stimulatied by the remarkable
reactions of a variety of allylic-type Grignard reagents. Precise
definition of this class of compounds still awaits more certain and
thorough structural knowledge. For the present discussion, however,
these reagents will be defined broadly as species in which a magnesium
atcm is attached to a position adjacent to carbon-carbon, or in some
cases possibly carbon-nitrogen unsaturation. The rmost distinctive
feature of allylic-type Grignard reagents is their propensity to form
products by bonding at a position allylic to (conjugated with) that from
which an atom was displaced in their preparation. The {ollowing known
reactions illustrate the diverse systems which display such behavior
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“uch rearrangements have been studied for over fifty years and scores

of papers dealing with this general subject have been published (5).
Nonetheless, it is fair to state today that a thorough elucidation of an
allylic Grignard reaction mechanism has not yet been achieved. The
principal obstacle to a better understanding of these processes has been
the failure of purely chemical experiments to determine unambiguously
the structures of the Grignard reagents themselves. The objective in
the present research was the determination of the structures of several
important simple allylic Grignard reagents by nuclear magnetic reson-
ance spectroscopy, a powerful physical technique made available in
recent years. It was hoped that this approach, free from the ambiguities
inherent in purely chemical investigations, would make possible a dis-
tinction between those mechanistic hypotheses which have been advanced
on the basis of chemical evidence.

The earliest report of rearrangement in the reaction of an allylic
Grignard reagent was provided in 1903 by Tiffeneau and Delange (2), who
identified the sole product of the reaction between formaldehyde and the
Grignard reagent from benzyl chloride as o-tolylcarbinol (Eq. 1), wather
than [i-phenylethanol. These workers contrasted this unusual reaction
course with those of paraldehyde, acetone, and carbon dioxide, which

under the same conditions proceeded '‘normally’ to give l-methyl-2-



%
phenylethanol, 1,1-dimethyl-2-phenylethanol, and phenylacetic acid,
respectively. They concluded that the Grignard reagent in question had

the benzylmagnesium chloride structure and suggested the following

sequence as an explanation for the peculiar reaction with formaldehyde.

CH "‘H
QCH TRl OIS s @H w1
Ep
CH,OH B0 CH,0OMgCl
CH3 (———————- C:H3 II

That the unhydrolyzed product mixture was inert toward carbon dicxide
but reacted with acetic anhydride to give o-xylyl acetate was taken to
indicate complete conversion of I to II.

The proposed first step was pointed out to e analogous to the

Lederer-Manasse reaction between phenoxide and formaldehyde ((),
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Schmidlin and Garcia-Banus took a divergent view (7). They
observed that triphenylmethylmagnesium chloride upon treatment with
benzaldehyde produced, afier air oxidation, p-benzoyltriphenylmethane

as well as f-benzopinacolin (phenyl trityl ketone),
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They asserted that two tautomeric rnolecules of the Grignard reagent

were thereby indicated

¢ H

the metastable, quinoncid a-form giving rise to p~benzoyltriphenyl-
methane and the stable -form leading to f-benzopinacolin, It wase
argued that facile tautomerism of this sort was consonant with the extra-
ordinary reactivities of the phenyl-substituted methyl halides (although
the relationship was not scrutinized) and that the rearrangement re-
actions of benzylmagnesium chloride ought similarly to be accounted

for by two tautorneric Grignard reagent species

24

.1 @Mg(}l
GH,245C1 cu,

It wae necessary to postulate that this equilibrium cculd be completely
displaced in either direction by appropriate reactants, in order to ac-

commodate diametric courses of reaction, for example with
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formaldehyde, exclusively "abnormal' (rearranging) to give o-tolyl-
carbinol, and with carbon dioxide, exclusively normal to produce
phenylacetic acid.

A third interpretation was offered by Gil@n and Harris (8).
These authors obtained only methylatropic acid from carbonation of the
Grignard reagent of cinnamyl chloride. They concluded that the initially
formed cinnamylmagnesium chloride had undergone rearrangement to

the isomeric a-(g-methyl)-styrylmagnesium chloride.

¢CH=CHCH,Cl ="E» (CHsCHCH,MgCl

2 Et,0
H,0 co,
¢C=CHCH ¢——— (C=CHCH
| 3 'H(:) 1 3
CO,H MgCl

It was concluded by analogy that a camparable rearrangement preceded

reaction of benzylmagnesium chloride with formaldehyde

CH ,MgCl CH,
MgCl

o

v

‘The discovery (9), however, that methylatropic acid was actually a
rearrangement product of the initially formed phenylvinylacetic acid,

¢§HCH=CHZ. revealed the incorrectness of this theory, and it was
CO,H
abandoned. Gilman and Kirby demonstrated further (10) that only mech-

anisms involving allylic intermediates were at all likely to account for



the abnormal reactions of benzylic Grignard reagents, since no rear-
rangement accompanied the reactions with formaldehyde of cyclohexyl-
magnesium halides, f-phenylethylmagnesium bromide, styrylmagnesium
bromide, or phenylethynyl magnesium bromide.

By 1932 a la.rge number of reactions of benzylic Grignard re-
agents had become established. In that year Austin and Johnson (11)
consolidated those data and classified the reactants as either normal or
abnormal. Normal reactants were taken as those giviﬁg exclusively
benzyl derivatives, while abnormal reactants were those leading to the
formation of o= (and l.omatimes P.') tolyl products, generally in addition
to some unrearranged counterparts. The results of this classification
are listed in Table 1; these compounds which appear below the dividing
spaces have been added in this writing together with references. In all
cases listed by Austin and Johnson the ethereal Grignard reagent was
added slowly to a solution of the reactant in excess. Inasmuch as ab-
normal reactions generally produced o-substituted derivatives, several
reactions were studied of o-substituted benzylmagnesium chlorides.
The results of the results of these experiments are surmmmarized in
Table 2. The data in Table 2 show that ortho-substitution can change
the course of reaction with some reactants, but not with others., This
demonstration taken together with the wide range of reactivities observed
for a variety of reactants between completely normal (_f_e_.__g. carbon di-
oxide) and completely abnormal (e_.g. formaldehyde) pathways led Austin

and Johnson to reject all theories which do not take into account the



Table 1

Behavior toward Benzylmagnesium Chloride

Abnormal R eactants

Formaldehyde
Benzaldehyde
p-Methoxybenzaldehyde

Ethylene oxide

Alkyl chloromethyl ethers

Ethyl and methyl
chlo: oformate

Ethyl formate
Acetyl and benzoyl chloride

Acetic and chloroacetic anhydride

Valeraldehyde (11)
Citronellal (18)

Drethyl sulfate (12)
Trifluorcacetonitrile (21)
Alkyl a-halecalkyl ethers (13)

Aliphatic aldehydes (20)

Cyanogen (21)

Normal Reactants

Paraldehyde
Alkyl and aryl ketones
Acetals and ethyl orthoformate

Ethyl acetate, benzoate, and
carbonate

Carbon dioxide

Eplichlorohydrin and chlorcacetone
Allyl iodide

Mercuric chloride

Fhenyl isocyanate

Alkyl p-toluenesulfonates

Bromine (10)

Benzyl chloride (10)

Benzonitrile (10)
Chloroacatophenone (10)

N, N-Diphenylchloroformamide (10)
Sulfur dicxide (22)

Cyanogen bromide (21)

Hydrogen chloride (14)



Table 2

Behavior toward Benzyl- and ortho-Subetituted

Benzylmagnesium Chlorides

Grignard Reagent

1

Cc
Cl
Reactant 2 Cl
COZ Normal Normal Normal
Cl Cl
Oranson Cremcon Chromeoy
Cl
CH3UCOC1 Rearrangement Normal Normal
c1 c1
CH
Q . @—CHZCOZCH3 QCHZCOZCH
Cl1
COZCH3
(621360)20 Rearrangement Rearrangement Norrmal
Cl &1
CH CH
Qe e Qronsoon,
CC)CH3 COCH3 Cl
CH 3COCI Rearrangement Rearrangement Rearrangement

c1
~NcH CH CHC
\ /) 3 Q 3 3
OCH,

COCH3

Cl

QQCHZCOCH
1

3
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nature of the reactant in determining the jalance between rearrangement
and non-rearrangement. Thus the hypothesis of Schmidlin and Garcia-
Ba.m.lm. which postulates a rearrangement prior to intimate involvement
of the reactant, was judged &an unsatisfactory explanation of the abnormal
reaction. This depreciation of Schmidlin'e mechanism was supported by
an investigation of Gilman and Kirby (10), who added bromine to benzyl-
magnesium chloride in ether in the hope that if the Grignard reagent

were presgent in an ortho- (or para-) quinonoid form it might be inter-

cepted by bromine according to the reaction

B n
CH _Br
CHZ CHBZBI 2
o 2Br, “Br -HBr =
H ey » L2 AN
L o

The only product obtained was pure benzyl bromice in 63% yield.
Austin and Johnson did not explicitly reject the mechanism of

Tiffeneau and Delange, but in 1933 Johnson (15) proposed an alternative
general mechanism to encompass both the norral and abnormal reac-
tions of benzylic Grignard reagents. Johnson postulated that the reac-
tant, if structurally capable, initially forms a coordination compound
with benzylmagnesium chloride, and the productis are then determined
by the mode of decomposition of the complex. In the normal reaction
there is an a-y migration of the benzyl group essentially 25 an anion,

without rearrangement, while the acidity (in the Lewis sense) of the
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magnesium atom becomes satlisiied by coordinaticn with ether. The
abnormal reaction proceeds via a cyclic six-membered transition state;
attack upon the reactant's eiecirophilic center by the crtho ring position
is accorupanied by an allylic shift of electrons. This step leads to a
quinonoid ring system which rearranges by an allylic hydrogen shilt to
an o-tolyl structure, either slinultancously with or subseguent to cyelic
rearrangement of the initial coordination compound, The scheme ie
illustrated below for a generalized carbonyl reactant, ACOB.

OEt2

3
Orercges + dos Q) o
z"

OEt
abnormal =/8 1‘ \X

Course (solid A/\

nor 3
curved arrows) mal course

™ - [ (fEtZ g
CHz OEt, Q-CHZ-KC\;O-Mg - ¥
H
| L.
C=—=0- Mg X - 2 §
A/ \B T HZO
L, OEt, J
@-cx-izcl:on
B
v (Eq. 2)
OEt
"8 § ° - Sy
-0 - Mg - ——)
7\ t - OH
A B A/\B
OEt
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The factors that determine which of the two paths is followed are not
completely delineated by Johnson. Inapection of Table 1l reveals no
striking unity within either group of reactants. However, several general-
izations have been pointed out which enable limited prediction to be made.
Steric considerations are clearly important. The more hindered a
carbonyl group within a comparable series of reactants the less is the
tendency for abnormal reaction. Thus, the extent of rearrangement

follows the oxrder

(o G &)
I | |
HCH > n-C4H9CH > alkyl-C -alkyl
exclusively partially normal exclusively
abnormal and abnormal normal

Also the extent of electronic polarization of the reactant carbonyl group
seems to bear upon the mode of reaction; the more stroagly polarized
compounds favor abnormal behavior. For example, among simple acyl
derivatives the order of rearrangement is

O o O ©

i hn il
CH3C.(;‘1 > CH3COCCH3 > C!-IBCOC:{,‘I-I5 (exclusively normal).

The Johnson mechanism is attractive in several respects, It
provides a convenient cyclic six-membered transition state for the
genesis of ortho-rearranged products, from an initial coordination
complex whose formation would be expected by inductive effect to facllitate

carbon-magnesium bond breaking. It postulates the Grignard reagent to
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exist exclusively in its favored benzenoid form. It depicts the normal
reaction as occurring by the same steps which have been suggested for
saturated Grignard reagents (16). Its experimental basis, however, does
not disprove either the Tiffeneau and Delange or the Schmidlin and Garcia-
" Banus mechanisms. It may only appear more reasonable than these alter-
natives. Furthermore, it fails to deal with at least two types of pertinent
data in the literature at the time. The first of these is the p-tolyl re-
arrangement. A high proportion of abnormal benzyl Grignard reactions
havebeen observed to give para- as well as ortho-rearrangement products.
Gilman and Kirby (10) reported a trace of p-toluic aldehyde (among 88%
phenylacetaldehyde and 12% o-toluic aldehyde) from the reaction of benzyl-
magnesium chloride with ethyl formate, and more para- than ortho-
rearranged ether from benzylmagnesium chloride and chloromethyl ethyl
ether; Bottomley, Lapworth, and Walton obtained the same results with
chloromethyl methyl ether (17). Indeed, Gilman and Kirby (10) found that
benzylmagnesium chloride and ethylene oxide produced Y-phenylpropanol
and Z-p-tolylethanol in approximately equal amounts, with no detectabls
yield of 2-o-tolylethanol. The Johnson mechanism leaves untreated the
question of the mode of formation of para-rearrangement products, and
for steric reasons it is highly improbable that these are formed from
the same coordination complex pictured as the precursor to both normal
and ortho abnormal derivatives. Secondly, the hypothesis of Joknson
makes no provision for the documented variation in proportions of normal

and abnormal products as a function of the relative concentrations of
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Grignard reagent and co-reactant during the course of reaction. An
early and striking example of such behavior was furnished by Schmidlin
and Garcia-Banus (7), who found that slow addition of benzaldehyde to
benzylmagnesium chloride gave as much as 95% of the normal product
(phenylbenzylcarbinol) whereas the reverse addition gave only 30% of the
normal product and 70% of diphenylisochromane,formed by dehydration
of an abnormal product incorperating two aldehyde residues, attached at

the ortho and at the methylene positions,

¢
1
CH3~Cuon CH N
a > “ “CH¢
CHOH H,0 7 ,
| CH—O
& i

&
Gilman and Kirby (10) later reported (without details) similar fluctu-
ations in the product composition with the mode of addition in the reac-
tions of benzylmagnesium chloride with ethyl chloroformate and with
ethyl formate.

Young and Siegel (18) pursued further this second inadequacy i~
the Johnson theory. They found for the reaction between benzylmagnesium
chloride and citronellal (RCHC ,CH Z-C(CHs)(CH 2)30}1(0}13)0}1 ZCHC')
behavior parallel to that observed by Schmidlin and Garcia-Banus for
benzaldehyde. Vhen the aldehyde was added slowly to an excess of the
ethereal Grignard reagent the.normal product, ¢CH2|CI{OH , was ob-

R

tained in 80% yield. Inverse addition produced in like yield the disub-

stituted abnormal product
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CH?. ™ CHR
St
?HOH , which lost water upon treatment with potassium
R
acid sulfate to form the isochromane . The

(8]

authors concluded that a revision in the Johnson mechanism was demanded
by these results and offered a modified scheme for abnormal reaction in
the presence of excees aldehyde. They postulated that initially two
molecules of the aldehyde form a complex with one of the Grignard re-
agent. This step was thought to weaken the carbon-magnesium bond
more than coordination by a single molecule of reactant, thereby increas-
ing the electron density at the ortho position and sc facilitating rearrange-
ment. The second addition step was depicted as being prepared by the

action of free Grignard reagent as a base, liberating toluene, which was
H

\
isolated in good yield. ﬁ’
C ,°
$CH,MgX + 2RCHO > @4‘4\ 5
~ -~ ’ \
] ¢ L Nx
(I)I ] /C =d
\ R
. H R }kc/
H2 gX v I
<0
O $CH ,MgX s
© < :
7\ (-¢CH.) o)
H R R < iriagl
I i
H MgX
R
—_— — CHOH
CHOH
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ciegel, Coburn, and Levering (19) reinvestigated the reaction with
ben=aldehyde and verified the findings of Schmidlin and Garcia-~Banus,
Siegel, Boyer, and Joy (20) discovered this behavior to be general for a
series of aliphatic aldehydes. Both studies were cited as reinforcement

for the hypothesis of Young and Siegel. With the aliphatic aldehydes all

R
CH_,

the abnormal products were of the structure NCHOH ’
CHOH
R
no o-tolyl derivatives being detectable; only formaldehyde leads to an o~
tolylcarbinol.

Raaen and Eastham (21) have recently provided definitive evidence
on the nature of the intermediate in a rearrangement reaction of benzyl-
magnesium chloride. These workers discovered cyanogen to be extremely
effective in inducing the ortho-abnormal benzylic Grignard reaction, and

indeed were able to isolate in 45% yield the anticipated quinonoid product

from the reaction between cyanogen and 2, 6-dimethylmagnesium chloride.

CH
- zl‘/éggl o CHz o
3 3 (CN) 3
2 & .
Et,O 7 3
“"2
-20°

Furthermore, these workers found that when the mixture from the re-
action between benzylmagnesium chloride and cyanogen was hydrolyzed

with tritium-labeled water, tritium-labeled P_-tolunitrile was obtained.

Thus tautomerization of the quinonoid intermediate CHZ

Q—Q &

N
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to yield the benzenoid product was demonstrated to occur at least parti-
ally in the hydrolysis step. This evidence effectively disproves the
mechanism originally offered by Tiifeneau and Delange, which envisages
carbon-magnesium bond breaking after the product-forming step and
predicts no quinonoid intermediate. It may be taken as support for the
cyclic mechanism of Johnson, but still does not refute Schmidlin's early
theory based on a quinonoid Grignard reagent.

Finally, Mousseron and Du (20) have proposed that allylic Grignard

reagents be considered from the standpoint of the ion pair

H H H
| | |

}{3 - (33 - C‘2 - Cl - Rl i whose structure is determined by the pre-

©Q ® ©

®Mg}{

, depending on the nature of groups

ference of the ion ®Mg){ for Cl or Cj

RI and R3. The products formed with a reactant Z will depend upon the
generally different positional preference of the first-formed complex ion
[ZMgX]@, varying (in an undefined way) with the properties of molecule
Z.

‘While ethereal Grignard solutions have measurable electrical
conductivities, these are so low (23) (specific conductance of benzylmag-
nesium bromide 5. 88 x 10'5 at 20" in IN ether solution) that the extent of
ionization must be very small (24). The carbon-;magnasium bond is attri~
buted only 34% ionic character by the Pauling electronegativity relation-

ship (25). The absence of appreciable quantitics of free carbanions in

ethereal Grignard solutions is further supported by the etability of these
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solutions to attack upon the solvent, in contrast to the ease with which
organolithium, -sodium, and -potassium compounds remove a [-proton
from ether to produce ethylene and ethoxide ion, Mousseron and Du's
concept of the intermediate complex [ZMgX]® may only be sustained
by assuming that the rate of Grignard reagent dissociation is substantially
greater than the rate of product formation. In the absence of empirical
support for this view, however, most credence has been placed in hypo-
theses in which the carbon-magnesium bond is broken subsequent to co-
ordination of the magnesium atom with the donor site of the reacting
molecule.

Of all the allylic-type Grignard reagents which have been investi-
gated, the most intensively studied group has been the magnesium deriva-
tives of the simple monosubstituted allyl halides, RCH -CHCHZX and
RCHXCH=CH2. chiefly with R-CH3 or C6H5. Here, as with the benzylic
systems, research has revealed important synthetic utilities. But un-
certainty about the structures of the Grignard reagents has blocked un-
equivocal establishment of the reaction mechanisms.

Gilman and Harris (9) first studied the Grignard reagent from
cinnamyl chloride (26) and found that carbon dioxide, phenylisccyanate,
and ethyl chloroformate all reacfed to give a=-phenylallyl products,
namely phenylvinylacetic acid (originally misidentified (8)), phenylvinyl-
acetanilide, and phenylvinylacetic acid, respectively. Inasmauch as Burton

and Ingold previously had shown (27) by ozonolysis that cinnamyl bromide,
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and therefore with assurance also the less mobile cinnamyl chloride,

was uncontaminated with its secondary isomer (l-phenylallyl bromide),

an allylic rearrangement accompanies the Grignard transfcrmation of
cinnamyl chloride to the proﬁucts noted. Gilman and Harris interpreted
this as probably a free-radical process occurring during preparation of
the Grignard reagent and imparting to it the a-phenylallylmagnesium

chloride structure, ¢CH-CH=CHZ. The authors point out, however,
MgCl
that on this basis one might expect reaction with formaldehyde to yield

some proportion of the carbinol Q-CHZ-CH ﬂCHa (or else
CHZOI—I
<\;:_>—GI-Il'»(l'-I-I-CH3 ): by analogy with the abnormal reaction of
CHZOH

formaldehyde with benzylmagnesium chloride; experimentally no ring
substitution was found to occur with either formaldehyde or ethyl chloro-
formate. Gilman and Harris acknowledged the possibility of the primary,
cinnamylmagnesium chloride structure, ¢CH=CHCH2MgCI » giving
rearranged products. Attempts to locate the point of attachment of the
magnesium atom by catalytic reduction or by ozonolysis of the olefinic
linkage in this and other unsaturated Grignard reagents were, and have
continued to be, unsuccessful (9). |

In 1939 Young, Ballou and Nozaki (28) proposed that the cinnamyl
Grignard reagent was a mixture of primary and secondary allylic isomers,
on the strength of an earlier observation (29) that monochloroamine reacts

NH_, and their own

to form only (primary) cinnamylamine, ¢CH*CHCH, 2
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finding that dilute acid hydrolysis of ethereal cinnamylmagnesium
chloride produces a mixture of olefins. The primary and secondary
forms were judged to be present in the ratio of 27:73, corresponding to
the proportions of propenylbenzene, ¢.CI-1=CHCI'I3, and allylbenzene,
q.-GIIZCH =CI—IZ, formed on hydrolysis. It was implicit in their interpreta-
tion that tautomeric equilibraticn between isomers of the Grignard re-
agent is much slower than the ratec of hydrolysis. An alternative {ormu-
lation of the Grignard reagent as a resonant ionic species
[r_§=CH-CH-CI~12®-— ¢CH-—CH=CHZ]G)MgCI wase disfavored. It wae argued
that such a structure should be susceptible to competition between mag-
nesium and various added metallic ions, resulting in different product
mixtures on hydrolysis; experimentally the presence of extranecus ions
was found to be without effect (28).

Similar conclusions issued from early research on the allylic
butenyl Grignard reagent. However, an additional complication attends
thia s stem, the mobile anion tautomerism which exists between the
crotyl and a-methylallyl bromides used to prepare the reagent. This
situation was studied quantitatively by Young and Winstein (30). The
isomeric bromides are separable by careful distillation near 0° at re~
duced pressures. Thelr individual densities and refractive indices have
been determined, and mixtures may be analyzed from these properties.
Both of the pure bromides rearrange to an equilibrium mixture of 14%
secondary (a-methylallyl) and 86% primary (crotyl) in a few days at room

temperature and much more rapidly at elevated temperatures.
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It was anticipated by Young, Prater, and Winstein (31) that the
butenyl bromide equilibrium could also be measured by conversion of the
isomeric bromide mixture to the corresponding Grignard reagents fol-
lowed by analysis of the butenes generated on'ﬁydrolysia. Consequently
it was remarkable that the proportions of butenes obtained (32)
(56.4 + 2.0% l-butene, 26.5 +1.4% cis-2-butene, and 17.2 + 3% trans-2-
butene) were found to be independent of the composition of the starting
bromide mixture (from 20 to 90% crotyl bromide). The butenyl chlorides
were observed to behave in the same way (33) and to produce a mixture of
butenes very nearly identical to that from the bromides. If it is assumed
that the net rearrangement in the transformation of the halobutenes to
butenes occurs entirely in the preparation of the Grignard reagent, then
butenylmagnesium bromide exists as an equilibrium mixture correspond-
ing to the butenes formed, i,e. 27% cis-primary, 17% trans-primary,
and 56% secondary (34). This interpretation predicts a 65:35 ratio of
primary and secondary butenyl groups in the octadienes from reaction
of the Grignard reagent with the equilibrated buﬁenyl bromides. The
proportions found experimentally by Lespieau and Heitzmann (35), ca.
70:30, were noted to be in good agreement.

Y oung and co-workers provided further evidence on the nature
of such butenyl rearrangements by reducing the halides to butenes in the
presence of finely divided metals suspended in boiling 80% ethanel, con-
ditions where very short-lived butenylmetallic compounds may be pre-

sumed to exist. Zinc (33,36), chromium, tin, cadmium, and amalgamated
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aluminum (37) were employed. In all cases the proportions of butenes
were insensitive to the proportions of isomeric butenyl halides taken and
to the solvent composition (33) but were a function of the metal used. The
results of this group of reductions make it clear that equilibration of the
intermediate butenylmetallic compounds i8 a very rapid process indeed
and probably takes place during their formation., It seems reasonrable to
assume the same conclusion valid for Grignard reagent formation in
ether.

Young and Pokras (38) treated butenylmagnesium bromide in ether
with dioxane and hydrolyzed separately the supernatant solution contain-
ing halogen~free dibutenylmagnesium and the precipitate containing, pre-
ambly. butenylmagnesium bromide and magnesium bromide as dioxane
complexes. The latter phase was found to give the same butenle mixture
as had the Grignard reagent in ether, but the dibutenylmagnesium solution
yielded a different butene mixture, 44.5% l-butene, 32.2% cis-2-butene,
and 23.2% trans-2-butene. It was judged therefrom that the formation
of dibutenylmagnesium by dioxane-induced dieplacernent of the Schlenk

equilibrium

2RMgX &—== R Mg + MgX X = halogen

2 2 °
involves an allylic rearrangement in intermediate carbanions, which are
therefore not the species responsible for the equilibration initially attend-
ing preparation of the Grignard reagent. Young and Fokras (38) offered

further support for the postulated equilibrium composition of butenylmag-

nesium bromide in that reaction of the Grignard reagent with oxygen to



23
form alcohols or with allyl bromide to form heptadienes was found to
lead to the same proportions of primary and secondary radicals as those
produced by the action of water. |

Interpretation of butenylmagnesium bromide as a mixture of
allylic isomers, however, became increasingly challenged from 1944 on
by the studies of Young and co-workers on the behavior of this reagent
toward a variety of carbonyl compounds and in several new displacement
reactions. Carbonation of the Grignard reagent (39) and of halogen-free
diﬁutanylrnagnesium (40) wasz discovered to produce exclusively methyl-
vinylacetic acid. Likewise, butenylmagnesium bromide was found to add
to formaldehyde, acetaldehyde, and acetone in excellent yields to give in
each case products containing only the secondary butenyl radical (40).
Thus, while carbon dioxide and acetone are normal reactants toward
benzylmagnesium chloride, and formaldehyde, acetaldehyde, and propion-
aldehyde react with differing degrees of rearrangement, these molecules
all lead solely toc a-methylallyl products with biitenylmagnesium bromide.
The same exclusive behavior of the butenyl Grignard reagent was also
noted (41) with phenyl isocyanate and ethyl formate, and ethyl ortho-
formate gave at least 96% secondary butenyl derivative.

The reactivity of butenylmagnesium bromide toward sterically
hindered ketones is particularly remarkable in comparison with the be-
havior of saturated aliphatic Grignard reagents under the same conditions.
Butenylmagnesium bromide adds in 89% yield to diisopropyl ketone, 85%

as the a-methylallyl group (15% crotyl) (42); isopropylmagnesium bromide
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gives only enolization (29% yield) and reduction (65% yield) products
with this ketone (43). The butenyl Grignard reagent also adcs to aceto-

mesitvlene to produce methyl-a-methylallylmesitylcarbinol (44, 45)
CH_, CH

3
CH,—@—C*?H——CHBCHZ in 83% yield, whereas ethylmag-
= |
CH3 GH3 CH3

nesium bromide forms no addition product. Butenylmagnesium bromide
likewise reacts by addition with benzophenone, isobutyrylmeasitylene,
and pentamethylacetone to give principally, if not exclusively, a-methyl-
allyl derivatives (46). Only with hexamethylacetone was crowding about
the carbonyl group sufficiently severe to force the introduction of the
butenyl group in exclusively ite primary (crotyl) form (46).

Distinctive behavior has been discovered in the reactions of the
butenyl Grignard reagent with a, f-unsaturated carbonyl compounds.
Phenyl vinyl ketone and E_-butjrl cinnamate are known to react efficiently
by 1,4-addition with alkyl and phenylmagnesium bromides (47, 48).
Butenylmagnesium bromide also reacts completely with these compounds
but yields no 1,4-addition products (41).

Young, Roberts, and Wax investigated in detail the coupling re-
actions of butenylmagnesium bromide with allylic halides (49). The
results are complicated, owing to the several possibilities for rearrange-
ment before and during reaction, but here again it is evident that the
Grignard reagent strongly tends to introduce the (secondary) a-methyl-
allyl radical. Koch has observed the same preference in the coupling

reaction of cinnamyl chloride over magnesium in ether (50).
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Finally, studies on the reactions of butenylmagnesium hromide
with an assortment of active hydrogen compounds have contributed
further to an understanding of this reagent. It will be recalled that the
first reaction studied of butenylmagnesium bromide was cleavage with
dilute acid. In 1946 Young and Roberts (45) reporied that treatment of
butenylmagnesium bromide in ether with phenylacetylene gave immediately
a butene mixture of at least 93% l-butene (in contrast to 56% l-butene
formed on hydrolysis). Wilson, Roberts, and Young (51) tested two al-
cohols, several carboxylic acids, hydrogen chloride, anhydrous ammonium
iodide, benzhydryl mesityl ketone, and dibenzenesulforylmethane. In each
of these cases l-butene predominated over cie- and trans-2-butenes in the
product mixture, although the proportions were found to be markedly
sensitive to the nature of the active hydrogen compound and the solvent
(or its absence).

Thus a weighty and diverse body of eviclence published between
1944 and 1950 rendered increasingly unsatisfactory the initially postulated
constitution of the butenyl Grignard reagent as a mixture of crotyl (44%)
and a-methylallyl (56%) magnesium bromides, equilibrated, following
their preparation, less rapidly than their rates of subsequent reactions.
The early view fails to account for 1) the striking specificity of the re-
agent in introducing the secondary butenyl group in carbonyl addition re-
actions, 2) the extraordinary capacity of butenylmagnesium bromide to
add to sterically hindered ketones, where saturated aliphatic Grignard

reagents are ineffective, 3) the proncunced driving force for 1, 2- instead
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of 1, 4-addition to conjugated carbonyl compounds, and 4) the varying
relative amounts of 1- and 2-butenes produced in reactions of butenyl-
magnesium broride with different active hydrogen molecules.

In consideration of these facts Young and Roberts proposed an
alternative theory for the nature of the butenyl Grignard reagent (41,42,
45,52)., They asserted that the remarkable specificity exhibited by the
reagent in addition reactions and in nucleophilic displacements upon
allylic chlorides could not be accormnmeodated either by a slowly or rapidly
interconverting mixture of primary and secondary isomers, or by a static,
resonance species in which both the a- and Y-carbon atoms were partially
bonded to the magnesium atom.

CH

[l
/f‘\
/ .

4

N
CH,CH LCH,

~ e - 7’
“MgX

They argued further that the sharply divergent behavior of butenylmag-
nesium bromide from saturated aliphatic Grignard reagents toward steric-
ally hindered and toward conjugated carbonyl compounds demonstrated
the operation of a mechanism for the butenyl Grignard reagent which was
not available to the latter. This they postulated to be initial coordination
between the carbonyl oxygen and the magnesium atom of the crotyl Grignard
reagent, followed by product formation through a six-membered cyclic

transition state, giving rise to an a-methylallyl derivative.
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7 ?Ha
CHB-CH) MgX ——> CH,*CHCHCOMgX (Eq. 3)
e
ola? R R
7 \
R R

I.t will be recognized that Equation 3 is precisely analogous to the mechan-
ism of Johnson for the formation of abnormal products from benzylmag-
nesium chloride (Eq. 2). Since the latter mechanism must proceed at
the expense of the resonance stabilization of the benzene ring, the cor-
reeponding open-chain mode of reaction should be relatively more facile
(and also does not require a subsequent allylic hydrogen shift to achieve
product stability). Thus, the butenyl Grignard reagent is judged to exist
solely in its primary form, and reactions which generate product mix-
tures are interpreted in terms of competing mechaniems. In general,

the course of reaction is related to a reactant's ability to form initially

a coordination complex with the Grignard reagent. Those compounds
structurally well disposed toward such complex formation will demon-
strate a preference for reaction by Equation 3. In this scheme, the basic
center in the co-reactant molecule need not be a carbonyl oxygen atom.
The w-electrons in a carbon-carbon triple bond, for example, may func-
tion to complex with the Grignard reagent's magnesium atom and initiate
reaction by a cyclic course; at least 93% of the butenes resulting from

the cleavage of butenylmagnesium bromide by phenylacetylene is l-butene,

as cited above, presumably formed by the preferred pathway (45)
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CH-CH2
AR
CH -CHQ MgX ——> CH,CH,CH:CH, + $CECMgX

3 /_)’

H-CSC-¢

In contrast, other reactants less suitable for initial complex formation
may not exploit. the mechanism of Equation 3 and are expected to react
less discriminately at either the a- or Y-carbon atom; ammonium iodide,
which has no unshared electrons available for complexing, cleaves
butenylmagnesium bromide with the formation of 58% 2-butenes and 42%
l-butene (51).

Thus, primary complex formation has been judged to be a deter-
minant of reactive specificity in the above allylic Grignard reactions.
Reactions of the highly ionic cinnamylsodium, however, would not be
expected to require such an important role for coordination prior to
product formation. Accordingly, it is not unreasonable that the reactions
of cinnamylsodium in liquid ammeonia with methanol, ammonium chloride
powder, and phenylacetylene show no effect of the nature of the proton
donor upon the isomeric composition of the product (53).

Recently DeWolfe, Hagmann, and Young (54) reported the ultra-
violet absorption spectra of cinnamylmagnesium bromide and of dicinnamyl-
magnesium. Their close resembinnce to those of trans-propenylbenzene
and cinnamyl alcohol was taken as support for the formulation of the
Grignard reagent in ether solution as the unionized primary isomer.

In summary, then, this physical evidence and the accumulation

of chemical data have been found best interpreted in terms of the primary
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benzyl, cinnamyl, and butenyl Grignard reagenis, associated with a
distinctive cyclic mechanism responsible for preferential introduction
of the corresponding secondary allylic group in suitable cases.
This theory seems additionally useful in application to the re-
actions of other allylic«type Gr\ignard reagents whose mechaniams have

received less study. For example, pyrrylmagnesium icdide democnstrates

a general preference for the formation of 2-pyrryl derivatives,

G CO
Et 1 (ZEt

h “-+CH3MgI 25 > £y “ ﬂ (55)
il 0,Et

] | 2

H RCOC1
Iizo
— h ” (56)
N= M oORrR
]
H

Cn the basis of these reactions the structure of the Grignard reagent has

been argued to be (4, 55,56,57) II II . yet the structure
N“NMMgx
B
“ ll would seem much more likely (58) in consideration of
N
!
MgX

the experted greater acidity of the nitrogen-bound proton in the starting
material and the related greater ability of nitrogen to bear negative
charge in the Grignard reagent. The latter structure can be readily ac-
commodated by postdlating for its reactions a cyclic transition state of

five ring members accompanied by a double allylic electrenic rearrange-

ment, e. g
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[QN] » [NJ<C/R H ~ Sy @+ MgXCl
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An analogous mechanism has been suggested (59) to serve the rearrange-

ment reactions of Z-thenylmagnesium chloride, e.g.

Gl

| LOEt
Go

]isjl +CICO,Et — | ”j */IgCl
CH MgCl S HZ/

The preference of a number of propargylic Grignard reagents to form
allenic acids upon carbonation (3, 60) may possibly also be due to the

operation of a cyclic mechanism, such as the following.

co

. 2 —_——
CH,(CH,),CEC-CH, MgBr ——> CH3(CH2)SCDL’€}Q {omz
YN
LY o |
CH,(CH,),C= C= CH, G =CEO Br

H_C
COH 4% P AP

(+ CH3(CHZ)3C=C -CH,CO H 9% )
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(The linearity of the CgC-C groulping, however, seems from models to
prevent this sytem frorn assuming as favorable a geometry for forma-
tion of the new carbon-carbon bond as in other cases.)

Thus, one mechanism for the rearrangement reactions of a variety
of allylic-type Grignard reagents seems highly attractive on chemical
grounds, But it cannot be considered proved, nor its alternatives ex-
cluded with certainty, since the structures of these highly mobile Grignard
reagents may not be assigned unambiguously from chemical evidence.

The advent of high-resolution nuclear magnetic resonance spectroscopy
now offers a solution to this problem, since herein lies a non-destructive,
sensitive physical method for obtaining structural information from per-
manent samples, in ordinary glass tubing, of concentrated ethereal

Grignard solutions.



32

EXPERIMENTAL RESULTS AND INTERPRETATION (61)

A study of the structures of Grignard reagents by nuclear
magnetic resonance (n.m.r.) spectroscopy depended at the outset upon
fulfillment of several experimental requisites. It was necessary to
be able to prepare a clear solution of the Grignard reagent in high
yield and in sufficiently high concentration to produce distinct n.m.r.
signals from the protons in the solute. It was important to find a
solvent both chemically suitable and as free as possible from n.m.r.
absorption in regionse of the spectrum containing critical solute peaks.
It was essential to be able to identify any n,m.r. signals caused by
impurities in the samples. When this work was undertaken no examples
of Grignard reagent n.m.r. spectra were found in the literature.

A potential source of impurities in the prgparatlon of any
Grignard reagent is the coupling reaction which can take place between

the freshly formed Grignard reagent and the starting halogen compound,

RMgX + RX ——> R-R + MgX,

The occurrence of this side reaction is quite common, but in most cases
it proceeds in negligibly low yield. It becomes a more severe problem
for specially reactive halides, such as allylic bromides. Indeed, the

predominance of the coupling reaction frustrated early attempts to
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prepare allylmagnesium bromide. Gilman and McGlumphey (62) in
1928 reported the first successful preparation of this Grignard reagent,
by means of a novel technique. Their procedure (based on the original
version of Gilliland and Blanchard (63)) consisted of adding allyl bro-
mide slowly to a column of stirred magnesium turnings while ether
was being continuously distilled from an attached flask, condensed,
and returned to the flask by way of the column of magnesium, In this
rnanner the allyl bromide was highly diluted with fresh ether at the top
of the column before reacting with the magnesium, while the resulting
non-volatile Grignard reagent accumulated in the flask below. Yields
of 90% were reported. Gilman and Harris (64) used a modified model
of this ""cyclic reactor” in the preparation of cinnamylmagnesium
chloride., In 1950 Rowlands, Greenlee and Boord presented a paper,
published only in abatractr(fJS), on the construction and operation of a
refined cyclic reactor. Several other workers have reported excellent
yields of otherwise difficultly accessible Grignard reagents by the use
of this apparatus (66) (although its details have never been published).
In the present research, such a cyclic reactor was constructed and
employed in the preparation of allylmagnesium bromide and several
methyl-substituted homologs. Importar;t features in its successful
operation were the use of amalgamated magnesium turnings (prepared
by treating the magnesium in sigu with mercuric bromide dissolved in

ether) and the incorporation of an upward loop in the return line from
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the reaction column to the terminal flask, which kept the magnesium
irnmersed in ether throughput. A thorough description of the cyclic
reactor and its use are included in the Experimental Details section.

Ethyl ether was employed as the solvent for all fhe Grignard
reagents reported. It allowed the preparation of clear, colorless vis-
cous samples of up to ca. 15 mole-% Grignard reagent ( as RMgBr).
The n.m.r. .spectra of these solutions were in general sharply re-
solved, and fortuitously there was no confounding overlap of solvent
and solute absorption bands in any case.

The reagents were initially prepared in dilute ether solution
and then pressure filtered through sintered glass to rermove excess
magnesium, salts, and other suspended solids., Finally the solutions
were concentrated to saturation and decanted into attached n.m.r.
sample tubes (5-mm. o.d. Pyrex), which were broken off and quickly
sealed. Any solids which remained in the samples could be precipitated
by centrifugation and the clear supernatant solutions decanted into fresh
tubes. All operations were carried out under an atmosphere of puri-
fied nitrogen.

N.m.r. spectra were all taken at a resonant frequency of
60 Mc, Chemical shifts were measured by the audio-oscillator side~
band-superimposition method (67) with the aid of a precise frequency
counter; they are expressed throughout in cycles per second (c.p.s.)
relative to tetramethylsilane as an internal standard. Chemical shifts

s0 measured are judged to be accurate to + 0.2 c.p.2. within each
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sample. However, Grignard reagent chemical shifts relative to those
of the solvent have been observeﬁ to vary with the sample concentra-~
tion several c.p.s. over the range of concentrated solutions studied.
Accordingly, absolute line positions will be discussed only to the
nearest c. p.s.

Of principal interest in this study was the structure of butenyl-
magnesium bromide, since its reactions have been extensively studied.
As an aid in interpreting the n.m.r. spectrum of the butenyl Grignard
reagent, allylmagnesium bromide in ether was first prepared and its
spectrum taken( Figure 1). The spectrum of this substance is amazing-
ly more simple than expected. It may be compared with those of allyl-
benzene (Figure 2) and allyl bromide(Figure 3), both of which evince
four magnetically (and chemically) distinct proton types in the allyl

group.

H
1(3)
H_ 2%~ cu.x
“’\(l: 2 X = C M. Br
(4)
H
(2)

The spectrum of allylmagnesium bromide has a simple two-band pat-

tern characteristic of an AX.4 proton grouping (68), i.e., one in which

the four terminal hydrogen atome are all equivalent with respect to
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Fig. 1. - Proton magnetic resonance spectrum of allyl-
magnesium bromide in ether, plus tetramethylsilane as internal
standard. Chemical shifts are in c.p.s. The off-scale bands
are due to the ether, and the signals designated C¢H;p are due

to diallyl (coupling product),
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Fig. 2. - Proton magnetic resonance spectrum of allyl-
benzene, plus tetramethylsilane as internal standard. Chemical
shifts are in c.p.s8.

— MJ

Fig. 3. - Proton magnetic resonance spectrum of allyl
bromide, plus tetramethylsilane as internal standard. Chemical
shifts are in c.p.s
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the tertiary hydrogen atom and each other. The chemical shift separ-
ating the A and X protons, 2292 c.p. s., is much greater than the
spin-spin coupling constant between them, JA.}{ = 10.7 c.p.s., result~
ing in @ symmetrical quintet of rassonance lines for A and a doublet,
of four times the intensity, for the resonance of X. The signals desig-
nated C&Hlo are due to a small amount of diallyl formed by coupling
during preparation of the Grignard reagent, as verified by the spectrum
of a sample to which diallyl was added dellberately.

The coincident chemical ehifts of the a and v protons in
allylmagnesium bromide might be rationalized in terms of (a) a sym-

metrical bridged structure such as III, (b) the completely ionic

structure IV, or (c) a very rapid equilibrium, V, between conventional

structures.
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The spectrum reguires, however, that there be no differentiation of

the methylene protons into cis and trans types. Structure IV, in

which all the carbon and hydrogen atoms are ccplanar, is unsatisfactory
on this count; rotation would certdiuly" not be expected to occur with

any rapidity about C-C bonds with 50% double-bond character. The
same objection against III may be avoided by postulating a configura-~
tion such as IIla, in which the £ proton is staggered between the a
and the v protons. Butin IIla the adjacent atomic orbitals which
must accommodate the unsaturation electrons lie in planes perpen=~
dicular to each other. Ovrbital overlap is thus minimal and least

favorable for the formation of a stable molecular orbital to provide

IiIa

Mg

Br

for 7 -electron delocalization., Itis apparent that significant contri-
butions to the electronic structure of Illa would have to be made by
destabilized configurations in which charge is isolated at the central
carbon atom, as in IIIb and 1lic.

Equilibrium V appears to be the most reasonable interpreta-

tion of the allylmagnesium bromide spectrum. If a proton undergoes
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exchange between two chemical environments A q.nd B, there will

be a gradual coalescence of the separate resonance signals for protons
at A and B as the respective mean lifetimes in these environments
decrease. It has been shown (69) that if the mean lifetimes L and

Ts (in seconds) are equal, the two resonance lines will just coal-

esce when

~1
To N2 (w5, )T,

where GABH equals the chemical shift (in c. p. s.) between protons
at A and B in the absence of exchange. Smaller values of TA lead
to a sharper single peak. Most examples of such exchange processes
involve the breaking and forming of bonds to hydrogen. In the present
case environments A and B are the olefinic and primary methylene
positions,. which are equilibrated through tautomeric exchange of the

magnesium atom. It is possible to calculate from the data presented

in Table 3 a lower limit for the frequency of magnesium exchange
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between the a and y positions necessary to cause merging of the a-

and y-proton resonances.

Table 3

6QH. Chemical Shift of a Protons

(tetramethylsilane internal reference)

A(GGH)
RCHzMgBr (RCHZMgBr
R RCHaBr in(CZHS)ZO -RCHzBr
C‘.H3- -204 c.p.s. + 38 c.p.s. 242 c.p.s.
CHthH- -234 -148 8¢
CH3CH=CH- -234 - 43 191
(CH,) ,C=CH- -236 - 35 201

If the shift in

a -methylene line position found between ethyl bromide

and ethylmagnesium bromide in ether (242 c.p.s.) is taken also to

separate the o resonance of allyl bromide from that of a hypothetical

static molecule of allylmagnesium bromide in ether, then the latter

would be expected to occur at +8 c.p.s.

The observed methylene

shift in the allyl Grignard reagent (-148 c.p.s.) represents an aver~

age between the a and y values for a non-exchanging molecule, so
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6 H+8
-J-—Z—-—— = -148
§ H = -304 c.p.s.
Y
and 5, YH = 8-(-304) = 312 c.p.s.

Therefore 7 = 7 <<'\f:".(3121r)_1
<< 0.001 sec.
and the rate constant for tautomeric exchange (69¢)

k > (0.001)'l

>> 103 sec.-l

The conventional structure for each tautomer in V is Va.

H
N (': H H
\é% P \“t/
111 Mg/ : b
Blr

It is seen that in the C.'.u --«Cr rotational conformer pictureg, that in
which the magnesium atom is in nearest proximity to CY y the a-

methylene protons are in identical environments. The vy -methylene

protons will, in addition, have identical average environments if it is
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rcasonably assumed that upon migration of the magnesium atom to

the y position the trans-y hydrogen atom is displaced with equal
probability either into or out from the plane of the diagram. From the
resulting symmetrical conformation either hydrogen atom can, upon a
second migration, assume either the cis or trans orientation with
equal likelihood. Th§ absorption lines for the cis- and trans-y-protons
will merge sharply if exchange between environments by partial rota-

tion is such that

Nz (20 7))t

cis ¥ trans

<< 0.02 sec.,

since the cis-trans separation in the absence of interchange would be
axpected to be ca. 20 c.p.s. (7G). This upper lifetime limit, however,
is an order of magnitude larger than that already calculated to be im-
posed by equilibration between the a and y positions. The latter,
therefore, becomes the governing value, since the same exchange
process is responsible for the merging cf rescnance lines in both
cases. Itis to be noted that rapid, complete rotation about the C-C
single bond in species Va need not be postulated in order to explain
the n.m.r. spectrum of allylmagnesium bromide. Furthermore, the
total volume in space occupied by the exchanging magnesium atormn may
be pictured as quite closely confined between Ca and G‘:" conferring
a low activation entropy upon the tautomerization. In the foregoing

interpretation it has been assumed that V is an intramolecular process.
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Although the experimental results presented up to this point cannot

ascertain whether the equilibrium is established by intra=- or inter-
molecular processes, evidence will be presented later which supports
the assumption made.

The spectrum of f-methylallylmagnesium bromide in ether
(Figure 4) is consistent with the prop;aaed tautomerism and incompatible
with alternatives analogous to Il and IV . In this compound there are
no protons on adjoining carbon atoms, and spin-spin splitting is not
observed. The Grignard reagent spectrum thus consists of single lines
for the methylene (relative intensity 4) and methyl (relative intensity 3)

protons., Di-f-methylallyl peaks (CBH in the spectrum were easily

14)
identlfied from the spectrum of the independently prepared diene.
(The formation of this 1mpurity.in amounts upwards of 10 mole-% of
the Grignard reagent pgralsted through several preparations under
varied conditions.)

The n.m.r. spectrum of butenylmagnesium bromide in ether
is shown in Flgure 5. The peaks due to the minor amounts of octadiene

coupling products (C ) formed were again identified as reinforced

8H14
signals in the spectrum of a sample containing added dibutenyls. Side-

bands caused by the natural abundance (1.1%) of 1:"C in the ether methyl-

ene and methyl groups (71) are also prominent in this spectrum and are
designated 130. Because of the asymmetry introduced by the methyl

group in this Grignard reagent its spectrum is more complex than that .
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Fig. 4. - Proton magnetic resonance spectrunr of B-methyl-
allylmagnesium bromide in ether, plus tetramethylsilane as internal
standard. Chemical shifts are in ¢.p.s. The signals designated
CBH]-'} are due to di-p-methylally! (coupling product),

Fig, 5. - Proton magnetic resonance spectrum of butenyl-
magnesium bromide in ether, plus tetramethylsilane as internal
standard. Chemical shifts are in c.p.s. The signals designated
CgHj4 are due to octadiene coupling products, and those designated
13C are sidebands due to naturally abundant 13C in the ether.
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of the parent allylmagnesium bromide. The spectrum of butenylmag-
nesium bromide may be éxplained reasonably by an analogous tauto-
meric model, VI, in which the primary {(crotyl) isomer predominates

in the equilibrium. This position of equilib:ium is in accord with the

5 y P a , 0 y B a
C = 1=2CIH = Clim ~-CH .
HBC.I‘JH CH=CI > — CHst H=CH CHZMgBr |
MgBr
VI

well known greater stability of negative charge at a primary than at a
secondary carbon atom (72) as well as the preference for a non-terminal
over a terminal double bond (73).

‘The doublet at -43 c.p.s. (relative intensity 2) is thus due to
the 2 -methylene protons, most highly shielded because of the
greater statistical contribution of the primary tautormer to the composite
structure ""seen’ by n.m.r., The [ -proton resonance occurs as a
quartet (relative intensity 1) at -353 c. p.s., split by equal, or very

nearly equal, spin<spin interaction with the adjacent CH and CHY

2
a

protons. The & -methyl resonance is assigned to the doublet (relative
intensity 3) at -93 c.p.s. The band remaining as the y--methine ab-
sr:’rption signal is a rather complicated pattern of six apparent lines.

In order to demonstrate unambiguously the congrpity' of this pattern
with the proposed rapid equilibrium VI, a mathematical analysis of

the butenylmagnesium bromide spin system was carried out.
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The guantum-mechanical analysis of an n, m.r. spectrum involves
calculation for a suitable model spin system of the complete set of ata-
tionary-state spin wave funciions, their respective energies, and the
relative probabilities for induced transitions between the varicus levels
(74). Chemical shift and spin-spin coupling parameters are adjusted
empirically to achieve correspondence between the calculated and ob-
served spectra. The butenyl group is a seven-spin system of low sym-
metry, whose exact analysis would require solution of a 7x7 determin-
ant, a formidable algebraic problem. In tht; case at hand, however, a
complete solution was not necessary, since the focus of attention was
the y~proton resonance pattern only. As a first approximation, there-
fore, interaction was assumed negligible between the o and vy

protons, reducing the problem to one of five spins, an ABX, type (68).

3

S vy P o
CH3 ~-CH-CH %-CHZ—MgBr

The general calculation of energy levels and allowed transitions for

the ABX 5 system has been published by Fessenden and Waugh (75),

whose results may be used as the basis for analysis of specific cases.
A further simplification was achieved, however, by treating the five-

spin ensemble as the superimposition of two BX_, systems, represent-

3
ing the two line positions for the B proton determined by interaction

with the A proton. In other words, the spin-spin couplings of the B
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proton with the A proton and with the X_ protons were dealt with

3

separately and then combined. The AB sub-system was considered
first. This is the case for which two neighboring protons have a com:
parable chemical shift and spin-8pin coupling constant. Here the
n.m.r. spectrum is no longer simply the two symrﬁotricai doublets
which are observed when the chemical shift is much greater than the
coupling constant (an AX system) (76). In mathematical terms, it is
necessary to consider mixing between the spin states aff and pa ,
which have the same total spin (0) but differ in the spins of the A and
B protons (69b). General solution of the AB system (77) has shown

that the splitting of the multiplets is still J _, but the distance be

AB
2 2

H but\/Jz+a u* .

tween the multiplet centers is no longer & AB

AP

The intensities of the four lines are given by

Intensity of outer lines & 1+Q )2

1-Q

Intensity of inner lines

where G = 7

JAB
6, 5H +-\/ 32 +60 H
The frequencies and intensities of the two B lines were determined
according to these relationships. Next, the splitting of each of these
lines by the XB group (the coupling constant being much smaller than
the chemical shift) produced a simple symmetrical quartet with inten-

sities in the ratio 1:3:3:1 (76). Finally, the reesults of the BX3 and AB
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calculations were combined to yield the desired B-proton spectrum.
The coupling constant JAB = 10.1 c.p.s. was obtained from the
splitting observed in the A-proton quartet, and JBX 2 6.0 c.p.s. from

the observed splitting of the X_-group doublet. The chemical shift

3

BABH s 83.0 c.p.s. was calculated from the relationship cited above,

L]

Observed separation of l'\/ JABz + 6A £ Hz ‘

B
multiplet centers,

83.6c.p.s.

The calculated vy -proton spectrum is presented schematically in
Figure 6, Line frequencies were calculated relative to the unsplit y-
proton (B-proton) absorption as zero and then related to tetramethyl-
silane, If lines 3+4 and 546 are combined (separations < 2.0 c.p.s. in
each case) the calculated spectrum becomes a nearly symmetrical
sextet whose three low-field peaks are uniior;-nly reinforced relative
to their high-field counterparts. In view of the approximations made,
the close agreement with the observed spectrum is gratifying. (Care
must be taken in inspecting the experimental y-proton spectrum be-
cause of the proximity of sidebands due to mfurally abundant 13—CH 2"
groups in the ether.) Thus the spectrum of butenylmagnesium bromide
is consistent in all respects with the proposed tautomeric structure,

VI.
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It was anticipated that a measure of the position of equilibrium
V1 might be gained by treating the observed a-methylene chemical shift
as a weighted average of the estimated shifts for thia proton group in
the two structures contributing to the equilibrium. The analysis of
water -acetic acid mixtures may be cited as an example of the determin-
ation of the relative concentrations of rapidly exchanging species by
chemical shift measurements (78). In the spectra of solutions of the
two substances only a single line for the hydroxyl protons ie present,
demonstrating that these hydrogens have their chemical shifts averaged
by rapid exchange between acgtic acid and water, Furthermore, the
position of the hydroxyl peak has been found to be a linear function of
the fraction of the hydroxyl protons in the form of acetic acid.

If a first-order proportionality is assumed also to exist between
the a-methylene chemical ghift in the butenyl Grignard reagent and the
fractions of the interconverting species, then the equilibrium constant
for the exchange process VI can be determined if two points relating
a-methylene line position and tautomeric composition can be established.
Such points may be derived from the data in Table 3. The a-methylene
chemical shifts measured for allyl and crotﬂ bromides are seen to be
identical, showing that methyl substitution at the y position in the
latter compound exerts a negligible effect on the a-proton resonance.
For this reason the methylene group line positions for static models

of crotyl- and a-methylallylmagnesium bromide in ether are predicted
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to be the same as those calculated earlier (page 42 ) for the o
(+8 c.p.s.) and y (=304 c.p.s.) protons, respectively, in a hypothetical
non-exchanging allylmagnesium bromide molecule. The assumed

linearity between chemical shift and tautomeric composition leads to:

Percent crotyl form W
-43-(-304)
of butenylmagnesium » m s 100
bromide in ether
y
=z 83.6%,
whence:
s [Crotyl form ] % 182.: : 5.10
[a=Methylallyl form ] )
and AF 3 -RTln K (Eq. 4)

= -0.98] kcal. /mole (T = 30°C)

At this point it became of great interest to study the n.m.r.
spectra of the ethereal allyl and butenyl Grignard reagents at reduced
temperatures. One objective of such experiments was the possible
retardation of tautomeric exchange rates to the point where the discrete
structures in V and VI might become manifest in the spectra, replac-
ing the average representations observed at room temperature. As
calculated earlier, allylmagnesium bromide would be expected to ex-

hibit the spectrum of its conventional structure if its mean lifetime in
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one tautomeric form could be increased to substantially greater than
0.001 sec. Ii resolution of the discrete forms could be achieved, then
it would be poseible in principle to determine precise values for the
interconve.rsion rates from variations of the resonance line shapes
with temperature (692). A second anticipated application of low-
temperature spectra was calculation of the enthalpy difference for the
butenylmagnesium bromide exchange process, VI, from changes in
the measured equilibrium constant, according to the well-known thermo-

dynamic expression

K
2 - AH 1 1 _
1n i:f-l- e ( ?2 - ';f.l) ’ (Eq. 5)

AH being considered to be constant over the teraperature range studied.
The entropy change for a specified temperature would then follow from

the relationship

AF s AH - TAS . (Eq. 6)

The spectra of allylmagnesium bromide and butenylmagnesium
bromide in ether were examined at several temperatures down to -66°
and «59°, respectively, below which the solute peaks could not be dia-
tinguished due to viscosity broadening (79). In neither case did the
specira show any transition from the exchange-averaged structure to

the separate contributing forms. Thus, the mean lifetime of a discrete



54
allylmagnesium bromide tautomer is indicated to be considerably less
than 0.001 sec. even at -66°.

The butenylmagnesium bromide equilibrium constant, I(TI '
was determined at -20° by measurement of the separation of prominent
lines in the a-and vy-proton multiplets. Both line positions were
measured relative to tetramethylsilane with an estimated accuracy of
+ 0.5 c.p.s. at this temperature. These measurements showed the
percentage of crotyl form of butenylmagnesium bromide at -20° to be
unchanged from that at +30°, i.e., the equilibrium constants to be equal
at the two temperatures. Application of Equation 4 to this result gives
-ﬂ-‘-\tH.VI ® 0, 2 most unreasonable conclusion., The crotyl form of the
butenyl Grignard reagent should have a considerably lower enthalpy
than the a -methylallyl isomer on two main counts. In the first place,
the former, in which the double bond is internal, would be expected to
be more stable than the latter, which has a terminal double bond, by
perhaps as much as the difference in heats of hydrogenation of trans-
Z-butene and l-butene, 2.7 kcal. per mole at 25° (80). Secondly, the
crotyl form has negative charge concentration at a primary carbon
atom, whereas the concentration of negative charge in the a-methyl-
allyl form is at a secondary carbon atom. There is considerable pub-
lished qualitative evidence in support of the stability order primary >
secondary > tertlary for alkyl carbanions (72, 81)‘. Unfortunately,
however, the literature contains no quantitative data directly related

to these differences. Precise measurement of the acidities of carbon
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acids has been possible only for cases in which the conjugate base was
stabilized by resconance delocalization of the negative charge, often
largely on an electronegative atom (as in alkyl carbonyl compounds,
aliphatic nitriles, and nitroalkanee). The electron affinities of organic
radicals are known in too few cazes and with insufficient accuracy to
permit calculation of the desired energy differences among anions (82).
iFertinent thermochemical measurements, such as the heats of neutral-
ization of isomeric alkylmetallic compounds, have not been made.

It is possible to rationalize the anomalous experimental con-
clusion that AHVI = 0. It will be recalled that the equilibrium constant
K‘VI was determined by interpoclation cf the experimental a-proton line
position in the butenyl Grignard reagent spectrum between hypothetical
values predicted for the individual tautomers in VI. These values were
based on chemical shift data measured for ethylagnesium bromide,

It is certainly conceivable that the saturated Grignard reagent is an
unreliable basis for prediction in the allylic Grignard series, The
iormer is unable to reflect the polarizability of tne olefinic linkage in
the latter and the contribution which delocalized ionic resonance forms
may make to the electronic structure of the latter. Both of these ef-
fecta would tend to decrease the concentration of negative charge at
the carbon atom bound to magnesium in an allylic Grignard reagent
and thereby shift the resonance of protons at this position to a lower

field than that predicted by a saturated model. Thus the a-proton line
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position estimated for crotylmagnesium bromide in VI may be sub-
stantially in error in the high-field direction, and the derived equi-
librium constant, KV'I' a good deal lower than the true value. If
such is the case to the extent that the butenyl Grignard reagent exists
nearly completely in the crotyl form at room temperature, then lower-
ing the temperature to «20°* might not increase KVI enough to be
reflected in the n.m.r. spectrum as a measurable increase in the a-vy
line separation. The apparent identity of equilibrium constants at the
two temperatures would then lead to the observed spurious result,

AHVI =0,

The situation described may be illustrated and delimited quan-
titatively. Let it be a.rbitrarily assumed that the heat of isomeriza-
tion AHVI is composed of a contribution of -2.0 kecal. from the
greater stability of a non-terminal over a terminal double bond and a
contribution of -2.0 kcal. from the lower enthalpy of a primary, rela-
tive to a secondary, carbon~magnesium bond; 4H z -4,0 kcal.

VI

For T, » 303 and 'I"2 2 253° K, the right-hand side of Equation 5

becomes equal to 1.31, Therefore,

K KZ
1.31 = 2.303 log =

"

» 0.568

3.70

i
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If, for example, the butenyl Grignard reagent were, in fact, 99% crotyl
instead of 84% as previously derived, then K1 = 99.0 and Kz = 366,
corresponding to 99. 7% of the crotyl form at -20°. Now, again under
the assumption that the‘ a-methylene line position is linear with the

tautomeric composition, the a-proton chemical shift for pure crotyl-

magnesium bromide is calculated to be (cf. Table 3)

148 + [ -43-(-148) ] x g% * -41.0 c.p.s.

relative to tetramethylsilane. The a -methylene line position would
be expected to shift from -43.0 c.p.s. observed at room temperature
to =41, 6 c.p.s. at -20* for a mixture of 99. 7% crotyl- and 0.3% a-
methylallylmagnesium bromide. The observed position at -20°* was
-42 + 0.5 c. p. ﬁ;. Thus, if the equilibrium constant Ky1 is already,
large (e.g., 99.0) at room temperature, an increase in KVI of nearly
four-fold at -20* is not perceptible from chemical shift measurements.
From Equations 4 and 6 , for 30°C, AF 2 «2.77 kcal. and

V1
A8 .. = -4.06 e.u. The calculated entropy change is, of course,

Vi
without precise significance because of the arbitrarily assumed value of
&HVI » but is at least not unreasonable.
It must be concluded, therefore, that the tautomeric butenyl
Grignard reagent contains approximately 99% of the crotyl form, and

that the hypotheses used earlier to derive a value of 84% are, as dis-

cussed, not valid.
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This revised view of the composition of butenylmagnesium
bromide suggests a new evaluation of the upper limit for the mean life-
tme of a discrete allylmagnesium bromide tautomer. The separation
of the u and vy resonances in a non-exchanging allylmagnesium bro-

mide molecule are now calculated to be (E_{_. page 42 )

2[-41-(-148) ] = 214
80 that

T << N2 (214 -n)'l
<< (.002 sec.

The order of magnitude of this value is seen not to differ from that
calculated earlier.

The n.m.r., spectrum of vy,y-dimethylallylmagnesium bromide
in ether is shown inFigure 7. The formation of coupling products was
particularly troublesome in the preparation of this Grignard reagent.
The reaction of the bromide with amalgamated magnesium turnings in
the cyclic reactor was carried out three times under widely varied
concentrations of the starting material in ether and rates of addition to
the magnesium; the extent of coupling was uniformly high in all cases,
The peaks in the spectrurn due to the decadiene impurities were identi-
fied by ''titrating'' a sample of the Grignard réagant with vy, y-dimethyl-
allyl bromide and following the reinforcement of the deradiene peaks

and the diminution of the Grignard reagent peaks.
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It is seen from Figure 7 and Takle 3 that substitution of a second
methyl group at the y position in allylmagnesium bromide, making
this position tertiary, has a much smaller incremental effect (+10

€. ps 8.} On A(SQH). and hence on the position of tautomeric equilib-
rium, than a firat methyl group substitution at the same position (+105
c.p.s.). Itis also noteworthy that there is a variation in the coupling

constant Ju among the allylic Grignard reagents in the following

B

order (Table 4):

allyl > butenyl > y,y-dimethylallyl

Table 4

- Spin-Spin Coupling Constants in Allylic
Grignard Reagents

Grignard reagent from Jo,g;;' N
=CH - 7
CHZ CH CHZBr 10.7
CHacHnCH-CHzBr 9.5
(CH3)ZC=CH~C‘HZBJ: 8.9

Froton coupling constants are generally greater across carbon-carbon
double bonds than single bonds (83). The order of Jc,’;i values ob-
served is therefore consistent with a decreasing degree of a-f
double-bond character from allyl- to vy, y-dimethylallylmagnesium

bromide brought about by an increasing predominance of the primary
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(-(CHZ)a -MgBr) forz in the tantomeric composition of the Grignard
reagent. As with the ":'.hange in A(S QH) values in Table 3, the vari-
ation in Ia;’a values in Table 4 is sharpest between the allyl and butenyl

Grigrnard reagents.

Since the y, y-dimethylallyl Grignard reagent exhibits the great-
est degree of -y double-bond character in the series studied, it
would be predicted that this case would be the most favorable one for
the observation of restricted -y rotation at low temperatures. The
molecule is well suited to detection of this phenomenon in the n.m.r.
spectrum, as retarded p-y rotation should cause the & -methyl-
group singlets, superimposed at -93 c.p.s. at room temperature, to

separate into two single lines for the cis and trans orientaticns at suit-

ably low temperatures. The n.m.r. spectra of this region at -16°,
-34°*, and -38° are shown in Figure 8 (the spectrum at -43° was un-
changed from that at -38®). There is the distinct appearance of an
additional line near -93 c.p.s. as the temperature is decreased. Un-
fortunately, however, this result is ambiguous, owing to the presence
of the decadiene coupling products in the sample. These impurities
give rise to two peaks near -93 c.p.s., one of which (dotted line,
Figure 7) lies directly under the signal of the methyl groups in the
Grignard reagent at room temperature. It is entirely possible that
the extra line seen at low temperatures is due to a relative shift be-
tween the decadiene lines and the Grignard reagent dimethyl singlet,
instead of a s-eparation of the lines of the Grignard reagent methyl

groupe. In fact, the former explanation would seem more likely in
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consideration of the relative intensities of the signals near - 93 and
-35 c.p.s. in the spectrum at -38° (Figure 8). Each of the two major
peaks in the 93-c.p.s. region appears considerably more than three
tirnes as intense as each of the lines about -35 c.p.s.; the 3:1 ratio
would be the case if the two 6 -methyl groups in the Grignard re-
agent were separated.

The question of the intra- or intermolecular nature of the pos-
tulated mobile tautomerisam in allylic Grignard reagents has been al-
luded to earligr (page 44). At that time the exchange was depicted
as being intramolecular, but the presentation of experimental support
for this choice was deferred.

The uncertainty which surrounds the question of the molecular-
ity of the exchange process is part of the greater uncertainty which
exists regarding the general constitution of Grignard reagents.
Schlenk (84) in 1929 suggested that Grignard reagents consisted of a

mixture of species represented by the equilibrium

ZRMgX g&——= R Mg + MgX

a z

¥ = C1,Br,l.

Since then a great deal of work has been directed toward an evaluation
of the ""Schienk equilibrium' (85). Physical measurements of the col-
ligative, conductometric, and thermochemical properties of Grignard
reagents and their solutions (85, 86) have produced most of our infor~

mation on the nature of these systems. Complementary data have been
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provided by chemical studies of steric and solvent effects upon products
and rates (87). Thorough discussions of all but the most recent of
these studies and their significance have been published elsewhere (85)
and will not be reiterated here. The conclusions of such studies, how-
ever, have established Grignar\.d reagents to be nonvolatile, infi sible
solids, quite insoluble in hydrocarbons, but very soluble in ether and
other aprotic basic solvents. The heats of solvation in such cases are
large and negative (exothermic);Grignard reagents form very tightly-
Bound etherates, whereas the etherates of dialkylmagnesium compounds
are much more easily decomposed. Grignard reagents in ether solutions
are associated to various extents, depending on the specific reagent,
the concentration, and the temperature. Such sclutions are weakly con-
ducting, and the products of electrolysis indicate the presence of large,
co.mplex anions and cations (85). 1,4-Dioxane precipitates the halogen-
containing species from an ethereal Grignard solution, leaving the di-
alkylmagnesium compound in solution, But this reaction is unsatis-
factory as a method for determining the position of the Schlenk equi-
librium, since the compositions of the resultant solid and liquid phases
upon prolonged mixing slowly approach values independent of the com-
position of the original solution (85b). Recently Dessy and co-workers
reported (88) that when the ethyl (or phenyl) Grignard reagent was
prepared by diasolving together in ether diethylmagnesium (diphenyl-

magnesium) and magnesium bromide labeled with radicactive zaMg.
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precipitation of the halogen-containing species with dioxane after 36
hours left virtually no radicactivity in the supernatant solution of di-
ethylmagnesium (diphenylmlgnesium). Only 4. 5% of magnesium ex-
change occurred (7.0% for the phenyl case), irrespective of the lifetime
of the sclution before the addition of dioxane. These results were inter-
preted to negate the operation of the Schlenk equilibrium. However,
there is no assurance that a Grignard solution prepared by mixing to-
gether a dialkylmagnesium and anhydrous magnesium halide in ether
has the same constitution as one prepared by reacting the alkyl halide
with magnesium in ether. Indeed a significant and reproducible differ-
ence has been observed (86a) in the equivalent conductance of ethyl
Grignard solutions prepared by these two methods. In summary, the
accumulated evidence is as yet inconclgaive as to the constitution of

the Grignard reagent but seems to favor the formulation RzMg"MgXZ

more nearly than either RMgX or R_Mg + MgX, (85a).

2

In the present discussion Grignard reagents have been repre-
sented sometimes by RMgBr and in other instances by RMgX. It should
be understood that such formulations have been used solely for the sake
of simplicity and convenience. They have not been intended to imply
the identity of the second group bound to magnesium, nor has the nature
of this group been pertinent to the presentation up to this point.

Some new information on this question, however, is provided

by the Grignard reagent n.m.r. spectra obtained in the present study.
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In every instance, the Grignard reagent solute signals have been as
sharply resolved as those of the ether solvent, and no multiplicity has
been observed in the a-proton resonance pattern beyond that clearly
due to splitting by protons at the § (and occasionally also at the vy )
position. Such would not be expected to be the case if appreciable
amounts of structures of the types RMgBr and RMgR both existed
separately or were interconverted slowly in solution by the Schlenk
equilibrium. The a~proton chemical shift in a molecule RMgY should
certainly be made detectably different as Y is changed from a halogen
atomn to a second alkyl group. In an analogous system, the methyl
resonance frequency for tetramethylsilane was found to be 23.5 c.p.s.
higher than that for chlorotrimethylsilane in an ether solution of the
two. Many similar examples may be cited from the spectra of hydro-
carbon derivatives, one being the difference in methyl group chemical
shifts between propane (-54 c.p.s. from tetraméthylsilane (89)) and
ethyl bromide (-98 c. p.s., present work). In each case the compari-
son is between the effect of an alkyl group and a halogen atom upon
the chemical shift of protons separated from these substituents by two
atoms. It must be concluded, therefore, that either the Schlenk equi-
librium functions as a very fast exchange process or else the Grignard
reagent exists exclusively as RMg¥X or as RMgR associated with ngz
(XX = halogen). The latter alternative seems favored by the additional
observation that crystals, apparently of salt, formed slowly in the

sealed Grignard reagent samples upon standing but no changes resulted
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in the n.m.r. spectra of these samples.
1f tautomeric exchange in allylic Grignard reagents were an

intermolecular process, a likely mechanism would be electrophilic

®

attack at the allylic position by magnesium bromide, or BrMg™ ion,
accompanied by loss of ®ng (X = Br or -C H.)
CH CH-CH{\H—MQ{ CH CH-CHHCHZ
3 ‘/ F 3‘
N
Br-MgBr < MpgBr
e/

(or®MgBr)

In order to test this possibility, halogen-free solutions of diallylmag-
nesium and dibutenylmagnesium in dioxane were prepared from the
Grignard reagents by the dioxane precipitation technique. Their n.m.r.
spectra are shown in Figures 9 and 10, respectively., A first inspection
shows these spectra to be qualitatively the same in all respects as

those of the corresponding Grignard reagents in ether. The spectra of
the diallylmagnesium compounds in dioxane are shifted upfield 4-6
c.p.s. from those of the Grignard reagents in e ther. DBut the position
of tautomeric equilibrium is seen to be very nearly the same in dibutenyl-
magnesium in dioxane as in butenylmagnesium bromide in ether, as
measured by the separation of the a- and y-proton band centers, 224.2
and 226.0 c.p.s., respectively. The specira of the diallylmagnesium
compounds, then, rule out a salt-catalyzed intermolecular mechanism

for tautomerization of the allylic Grignard reagents, at least as the sole
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mechanism., Another possibility for intermolecular exchange would
be a simultaneous interchange of magnesium atoms between two or more

molecules of the original reagent, for example

CH,-CH=CH @-ng
xug@-cmcn-cn3 2CH,-CH-CH-CH,
MgX

Such a process would be expected to require a very large negative entropy
of activation; activation entropies of -20 to ~25 cal., per deg. mole are
commonly observed (90) for the Diels-Alder reaction, another four-
center ~type process. An activation entropy of this order of magnitude
would seem to be difficultly compatible with an exchange process of the
observed facility. Moreover, the n.m.r. evidence presented ior the
lack of significantly retarded exchange at temperatures in the neighbor-
hood of -60°, where the Grignard solutions become extremely viacous,
argues further against a four (or more)-center-type, simultaneous
interchange mechaniam. Any mechaniam involving intermediate free
carbanions is unlikely, for the reasons already discussed in the Intro-
duction (pp. 16-17 ).

A simple intrarnoclecular exchange mechaniem, as originally
poastulated, is therefore the most attractive explanation of the experi-
mental results,

A brief investigation was made of the geometric constraints

upon the tautomerization process postulated for allylic Grignard reagents.
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Heretofore the position of the magnesium atom has been pictured as
oscillating between the a and vy positions in the plane of the a, 5,
and y carbon atoms. It was thought of interest to compare the reac-
tions and poseibly the n. m.r. spectra of ethereal solutions of the
Grignard reagents from l-bromomethylcyclohexene and 3-bromocyclo-
hexene. In the former, VII, the three carbon atoms of the allylic sys-

tem are {ixed in the conformation presumed to be preferred in simpler,

more flexible systems.

Vil

In the latter, VIII, this conformation is not possible, and the magnesium
atom must occupy a position above or below the plane of the allylic sys-

tem in ghifting between the a and vy positions.

VIII
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1-Cyclohexenlymethylmagnesium bromide, VII, has been reported (91)
to react in benzene-ether with cyclohexylideneacetaldehyde to give the

product of reaction at the y position of the Grignard reagent.

(R = O: CH,-CH,-)

Thus this Grignard reagent can react with the same type of rearrange-
ment characteristic of the behavior of butenylmagnesium bromirde.

The Grignard reagent from 3-bromocyclohexene has not been
reported in the literature. 3-Bromocyclohexene was found to react
readily with magnesium in the cyclic reactor. The ethereal product
solution gave a positive Gilman color test (92) for the presence of
Grignard reagent. The clear, colorless solution decomposed, however,
during concentration by solvent removal in a stream of purified nitrogen.
A green color appeared, which darkened deeply over several hours,

The color of the solution, sealed under nitrogen in an n.m. r. tube,
changed gradually through dark blue to dark brown, accompanied by
the formation of amorphous solid material, which eventually grew to
compose the entire sample. This behavior was reproduced in a second

run. The initially-formed green color was observed to fade rapidly
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upon exposure to air and instantly upon neutral hydrolysis. The n.m.r.
spectrum of the freshly concentrated green product solution was moder-~
ately well resolved and contained strong peaks in the cyclohexyl- and
olefinic-proton regions, but did not conform to any simple structure
for the Grignard reagent. These signals were all severely broadened
in the spectrum taken several hours later. The week-old dark blue
sample showed no electron paramagnetic resonance absorption. The
decomposition process was not investigated more thoroughly, but it is
evident that 3-cyclohexenylmagnesium bromide exhibits a sharp depart-
ure in stability from the other allylic Grignard reagents studied. All
of the latter are indefinitely stable at room temperature except for the
very slow deposition of salt crystals, this process being without effect
upon the n.m.r. spectra. A possible explanation for the observed
decomposition of 3-cyclohexenylmagnesium bromide is the inability of
this molecule to assume the stabilizing conformation of the other allylic
Grignard reagents.

Benzylmagnesium chloride in ether was prepared in a conven-
ticnal manﬁer under high dilution and then concentrated. The n.m.r.
spectrum of thie Grignard reagent is shown in Figure 11. The peaks
caused by impurities were identified frorn the spectra of samples to
which the suspected impurities were deliberately added. The weak
signal at ~272 c.p.s. was not positively identified. It may perhaps be

due to Mg(OH)C1, insofar as it is soluble, formed, together with toluene,



73

*pP@1jTIuapl 81w [AZUSQIP PUB auaniol jo
§90®I] 01 2D syeulig *s*d*> ur 3ie B1jTYS [EDTWIAYTD) °pPiepUE]S
TRUIIIUL S8 2ue(Is|Aylamiea1al snrd ‘I9Yla Ul IPIIOTYD wmisauew

-1Azuaq j0 wnaitads asurucsEsl dgauldew vwoinag - 11 ‘814




T4
by adventitious traces of moisture,

¢CH,MgCl + H,0 ———> ¢CH, + Mg(OH)Cl .

The signal in question was not affected by hydrolysis of the sample and
erefore does not represent any Grignard reagent species. The spec-

trum of the Grignard reagent is seen to consist of a sharp singlet at -80

¢c.p.s., which is assigned to the -CH_-Mg- protons, and to a complex

2
pattern of lines in the phenyl region, the most prominent one coming

at -405 c,p.s. There are no signals in the olefinic-proton region of
the spectrum, =275 to =355 c.p.e. (93). This piece of evidence rules

out the presence of the quinonoid form of the Grignard reagent origin-~

ally suggested by Schmidlin and Garcia-Banus (7) at least as a species

CH
2 MgCl

H

sufficiently long-lived to be recognized in the n, m.r. spectrum. It is
true that a very rapid tautomeric exchange between the quinonoid and

bensenoid forms, with the latter highly predominant, is not negated by

CH
2 \1gC CH ,MgCl

H P2

v
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the spectrum. However, it has already been shown that the free
energy difference between the o -methylallyl and y-methylallyl
(crotyl) Grignard reagents in such a process is encugh to cause the
latter to prevail as approximately 99% of the equilibrium mixture,
A much larger difference would be expected to exist between the quinon-
oid and benzenocid forms of benzylmagnesium chloride, since the reson-
ance stabilization of the benzene ring is sacrificed in the former. On
this basis, the proportion of quinonoid form in tautomeric equilibrium
with the benzyl form should be vanishingly small. The evidence strongly
favors the conventional structure for the benzyl Grignard reagent.

The chemical shift and the multiplicity of the phenyl group
absorption in this Grignard reagent are of interest. Whereas the ring
protons in benzyl chloride produce a sharp, single line, those in the
magnesium derivative give a considerable amount of fine structure.
Furthermore, the phenyl resonance signals in the Grignard reagent are
all shifted upfield, by 21 c.p.s. for the principal peak, relative to the
phenyl peak in the starting rmaterial and also to unsubstituted benzene
(the latter two being coincident (94)). The upfield chemical shift and
the appearance of fine structure in going from benzyl chloride to benzyl-
magnesium chloride are probably due to a combination of resonance
and inductive effects. Corio and Dailey (94) have studied the effects of
a variety of single substituents on the chemical shifts of the protons in

benzene and have been able in several cases to distinguish between
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inductive and resonance interactions. The inductive efiect by itself
diminishes with the distance from the substituent. and so for an electron-
donating group, such as -gl-; —bh—lug}( the order of the signals

toward increasing {ield strength would be para < meta < ortho. Supply

of electrons to the ring by a substituent through resonance interaction

alone would give rise to the order of signals, meta < ortho = para. In

benzylmagnesium chloride the contributions of resonance structures IX,

¥, and ¥

¢ e :

C C -H

H CH 2 CH P

higX @ MgX ®I\.-i gX ®M gX
IX X X1

represent the partial ionic chavacter of the carbon-magnesium bond, If
this resonance effect dominates over the inductive effect of the -CI—‘IZ".':igX

group, then the order of signals to be expected would be meta < para <

ortho. This order has béen observed for aniline and N-methylaniline
(94). The question could be resolved in the present case by the n.m.r.
spectra of benzylmagnesium chlorides containing deuterium substituted

appropriately in ring positions.
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DISCUSSICN

The foregoing interpretation of the structures of simple allylic
Grignard reagents as extremely mobile tautomeric systems should not
be accepted without careful consideration of at least two main reserva-
tlons., While the equilibrium model provides an explanation of the data
obtained in this study, it certainly cannot be presented as a definitive
theory.

The most weighty of these reaervétions is the marked insensi-
tivity of the equilibrium constants estimated for unsymmetrical cases
to temperature, solvent and the distinction between the Grignard re-
agent and the halogen-free diallylmagnesium compound. The insensi-
tivity to‘ solvent is in conapicuous contrast to the behavior of prototropic
tautomeric systems. For example, the position of keto-enol equilibrium
for ethyl acetoacetate varies strongly with the polarity of the solvent,
from 0.4% enol in water to 46.4% enol in hexane (95). To be sure,
solvent effects are doubtless very much more important for keto-enol
tautomerism, where the two ta,utomﬁric forms have quite different
structures, than for equilibration between primary and secondary or
tertiary forms of an allylic Grignard reagent. Nonetheless, itis re-
markable that (2) no measurable change in the equilibrium constant for
butenylmagnesium bromide in ether accompanies an apparently consider-
able decrease in salt concentration as indicated by the formation of

colorless crystals in the sample upon standing, and, perhaps more
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strikingly, (b) the position of equilibrium is virtually identical for
dibutenylmagnesium in salt-free dioxane and butenylmagnesium bromide
in ether. Wilnstein and co~-workers (96) have recently furnished strong
evidence for very large salt effects upon the rates of ionizing reactions
in ether, to the extent that ether becomes a better ionizing medium than
acetic acid at concentrations of lithium perchlorate above 0.036 M. The
concentrated ether solutions of Grignard reagents used in the present
work certainly contain considerable quantities of dissolved magnesium
bromide and constitute much more highly polar media than those exist-
ing in salt-free dioxane solutions of diallylmagnesium compounds. It
seems peculiar indeed that the contribution of solvation effects to the
free energy difference between the primary and secondary forms of
butenylmagnesium bromide and dibutenylmagnesium is apparently neg~
ligible.

It has been mentioned earlier that the lack of temperature
dependence of the butenylmagnesium bromide equilibrium constant can
be rationalized by assuming the equilibrium to lie nearly completely in
favor of the primary isomer of the Grignard reagent at room tempera-
ture. This means that a static crotylmagnesium bromide molecule
might have an a-proton chemical shift only ca. 2 c.p.s. toward higher
field than that observed (-43 c.p.s.) for the tautomeric mixture (Table
3). However, if the butenyl Grignard reagent is virtually all primary
isomer, it remains to be understood why the c-methylene line position

for the Grignard reagent from v, y-dimethylallyl bromide is 10 c.p. s.
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toward higher field relative to its starting bromide than that observed
in the butenyl case (Table 3), d.e., why the former Grignard reagent
appears to be appreciably more highly primary than the latter.

A second reservation to be considered with regard to the validity
of the tautomeric model of allylic Grignard reagents is the seemingly
extraordinary rates of tautomerization which must be postulated. The
high mobility observed for the Grignard reagents is in special contrast
to that of 1, 3-prototropic systems, many of which undergo exchange slowly
encugh in the absence of catalysts to permit determination of the enol
content by titration methods (97). However, comparisons with proto-
troplc rearrangements are probably not apt, for there is recent evidence
that highly facile rearrangements also occur in other organometallic
compounds. Thus, rapid methyl group exchange in trimethylaluminum dim
mer (98), in dimethylaluminum chloride dimer, and between methyl-
alurninum chloride and dimethylaluminnm chloride (99) has been estab-
lished by n.m.r. Similarly, the methyl groups in a solution containing
both dimethy! zinc and dimethylcadmium give only a single n.m.r. line,
showing them to be undergoing rapid chemical exchange (100). The
degree of mobility in allylic Grignard reagents does not have to be much
more than an order of magnitude greater than that found for these methyl
group exchanges. Indeed, greater mobility would he expected. for mag-
nesium in place of the less electropositive aluminum, zinc, and cadfnium

and for allyl groups in place of methyl groups.
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The results of some recent n.m.r. studies of allylcobalt tri-

carbonyls are of interest to the present discussion. Allylcobalt tri-

carbonyl, from allyl bromide and sodium cobalt tetracarbonyl in ether,

was found by Heck and Breslow (101) to be diamagnetic and to possess

an n.m.r. spectrum containing three peaks, of relative intensities

2:2:1. They postulated XII as the most likely structure for the molecule,

the pairs of equivalent protons being those cis and trans to the p-proton,

respectively,

Jonassen and Moore have studied butenylcobalt tricarbonyl (102) and
have found by n.m.r. that two modifications exist, one of which is
converted to the other as the temperature is raised from -80° to 0°.

They have assigned the cis and trans structures XIII and XIV to the

thermodynamically less stable and more stable forms, respectively,
The fact that the B-proton signal was observed to come some 60 C.p. 8.
upfield from the corresponding band in the butenylmagnesium bromide

spectrum suggests that the cobalt might be bonded to the butenyl group
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partially through the p-orbital on the f-carbon atom, as shown in XIII

and XIV. 8
ol C/H
CH =
H H 3 =% H
. ' e - _— ~'
vl i

= 1 - ~ e

/7 1\ /7 |1\
CO CO CO CO CO CO

XIII IV

It seems quite possible that structures like XIII and XIV may also be

of significance for allylic Grignard reagents, by providing an excellent
low-energy intramolecular path for rearrangement between the classical
forms.

The results of the present research unfortunately do not permit
definitive conclusions to be drawn on the mechanisams of the reactions
of allylic Grignard reagents. In view of the highly unconventional and
atill incompletely understood structural nature of these compounds, it
must be considered possible that their reactions take place in an un-
known manner from some non-classical configuration, However, the
n.m.r. data for the butenyl Grignard reagent can be completely recon-
cileti with the cyclic reaction mechanism founded on chemical evidence
(dl scuseed at length in the Introduction). It need only be assumed that
the first step in additions to carbonyl compounds (and in other reactions
served by the cyclic mechanism) is codrdination of the carbonyl oxygen

with magnesium in such a way as to slow greatly the rate of
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isomerization between the forms relative to the rate of addition. From
the fact that the Grignard reagent is very predominantly primary in
character, such cobrdination would give largely and indeed perhaps
exclusively the crotyl form of the initial complex, and hence a-methyl-
allyl products. In the event that such an addition were unusually slow,
a3 would be expected in the case of di-t-butyl ketone, then isomerization
to the a-methylallyl form of the complex might well occur, facilitating
rmorc rapid cyclic addition to give the less sterically congested crotyl
adduct. Those reactions of butenylmagnesium bromide which are not
associated with complex formation and which give mixtures of isomeric
products find obvious interpretation in terms of the rapidly exchanging
Grignard species. The predominance of a-methylallyl products in these
reactions may be related to the more nearly trigonal nature of the y-
carbon atom as against a less accessible tetrahedral a-carbon atom.
Finally, it should be remarked that the n. m.r. results obtained in this
work immediately ekplain the recent finding of Nystrom and co~-workers
(103) that the Grignard reagent from a.llyl—l-H‘C chloride upon hydrolysis

gave propylene with the label distributed equally between the 1- and 3-

positidns.
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EXPERIMENTAL DETAILS

N.m.r. Spectra. - All n.m.,r. spectra were taken at 60 Mc.

on a Varian Model V4300B spectrometer equipped with Super Stabilizer,
constant-temperature magnet cooling, and field homogeneity control
coils. Chemical shifts were measured by means of 2 Hewlett-Packard
Model 200AB audio oscillator and Model 521C frequency counter. For
low-temperature spectra, the samples were cooled by nitrogen bubbled
through liquid nitrogen and passed via insulated pipes through 2 vacuum-
jacketed probe insert (104); temperatures were measured using a cali-
brated copper-constantan thermocouéle together with a Leeds and

Northrup precision potentiometer.

Magnesium, - Magnesium turnings from a bar of the resub-
limed, highly pure metal were used in preparation of the Grignard re-
agents in this study.

Ethyl Ether. - Freshly opened Mallinckrodt anhydrous ether
was used without further purification. The solvent was always transfer-
red by means of dried pipettes.

p-Methallyl Bromide. - p-Methyallyl bromide was prepared

from the corresponding chloride by reaction with sodium bromide in
refluxing methanol. The procedure followed was that of Nichols et al.
(105), as modified by Teuscher (106). An optimum reaction time of
4.5 hours was determined by monitoring the course of the reaction by

vapor~-phase chromatography (v.p.c.). The product was obtained as a
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clear, colorless liquid, b.p. 90.5-93.0°%, in 35.5% yield. A center cut,
b.p. 93°., completely pure by v.p.c., was used for conversion to the
Grignard reagent.

Butenyl Bromides. - The mixture of butenyl bromides ased was

prepared by the addition of hydrogen bromide te 1, 3-butadiene in acetic
acid, in the same manner as that used for 3-methyl-l-bromo=-2-butene
(vide infra). Distillation of the product through a 60-cm. Fodbielniak
column under reduced pressure yielded a clear, colorless liquid of

b.p. 54-64* (200 mm.), whose vapor phase chromatog;-am was consis-
tent with a mixture of principally trans-crotyl bromide plus cis-crotyl
aﬁd a-methylallyl bromide. The n.m,r. spectrum of butenylmagnesium
bromide prepared from this bromide mixture was the same as that
from the bromides synthesized from a-methylallyl alcoiml, 48% hydro-
bromic acid, and sulfuric acid (107).

3-Methyl-l-bromo-~2-butene. - This bromide was prepared by

the hydrobromination of isoprene in acetic acid at 0°, following the
procedure of Staudinger et al, (108). The product, a clear, colorless
liquid, had b.p. 93.5-94.0° (37 mm.); the yield was 68. 5%.

3-Bromocyclochexene., - Cyclohexene was brominated with N-

bromosuccinimide in carbon tetrachloride, according to the original
directions of Ziegler et al, (109). The yield was 64%. A center cut,

b.p. 64-65° (13 mm.) was used for reaction with magnesium.
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Cyclic Reactor. - The cyclic reactor and the accessory appara-

tus used in the preparation of the allylic Grignard réagents are illus-
trated in Figure 12, A plug of glass wool was first inserted at the
bottom of the reaction column, to prevent carry-over of the magnesium
turnings during reaction. The column was then packed with magnesium
turnings to just below the upper bend in the return line; thus the mag-
nesium was kept immerased in ether throughout the reaction. The charged
reactor and the rest of the glassware were oven dried (120°, > 3 hour s)
and then assembled quickly under an atmosphere of nitrogen, purified
by passage through Fieser's solution and concentrated sulfuric acid
(110). The nitrogen atmosphere was maintained throughout all subse-
quent operations. The rotary selector at the base of the reactor was
initially positioned away from the 50-ml. flask with the sintered glass
disc; a 100-ml. round-bottomed flask was attached at the other outlet.
The magnesium turnings were amalgamated in the cyclic reactor by
treatment, in four or five portions over 40 minutes, with 0,30 g. of
mercuric bromide dissolved in 15 ml. of ether, The magnesium was
washed between portions with 10 ml. of ether and after the last one with
50 ml. of ether. The flask containing the washings was replaced by a
fresh 50-ml., round-bottomed flask. Ether (ca. 30 ml.) was added to
the new flask and heated to reflux at a rate of approximately 60 drops
per minute. Addition of the freshly distilled allylic bromide (1.5 ml.)

dissolved in ether (15 ml.) was begun, at a rate of approximately 6 drops
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Fig., 12. - Cyclic reactor and accessory apparatus
used in the preparation of the allylic Grignard reagents.
(Scale = 1/4).
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per minute, and the topmost pieces of magnesium were punctured with
the tungsten needle to aid initiation of the reaction. An induction period
of severzal minutes was generally observed, followed by very vigorous
reaction and the formation of @ milky white suspension in the ether.
Gradually the intensity of reactien aubsided to the point of moderate
ebullition, and the product solution became clear and colorless. When
these conditions were reachsd, the return flow was directed into the
second terminal flask, where the product accumulated. The resulting
Grignard solution was filtered under nitrogen pressure through the
sintered glass disc into 2 50-mil., round-bottemed flask equipped with
n.m.r.-tube sidearms., Here the magnetically stirred and gently warmed
solution wé.a concentrated by solvent removal in a stream of nitrogen to
a final volume of 2-3 ml. The viscous concentrate was decanted into

the n.m.r. tubes, which were broken off, and temporarily capped.

Each tube was suepended near its top in a stemliess funnel filled with

Dry Ice, charged with 3-4 drops of tetramethylsilane, cleaned thoroughly
at the point for sealing (using pipe cleaner), and sealed.

Diallylmagnesium. - Allylmagnesium bromide in ether was pre-

pared in the cyclic reactor, as described above, using 2.0 ml. of allyl
bromide; the Grignard reagent was collected in a 50-ml. centrifuge
bottle, and fresh ether was added to make the final volume approximately
35 ml. An atmosphere of purified nitrogen was maintained throughout.
To the allylmagnesium bromide solution, cooled in an ice-water bath,

was added dropwise 14 ml. of freshly purified (111) dioxane; a copious
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white precipitate formed instantly. The mixture was stirred vigorously
at room temperature for 15 minutes and then thoroughly centrifuged

to precipitate the suspended solids. The clear, colorless supernatant
solution was transferred by forced siphon to a 50-ml., round-bottomed
flask equipped with two n.m.r. -tube sidearms. A Gilman color test
(92) for the presence of an organometallic compound was strikingly
positive, as with all the Grignard reagents prepared. The dilute nitric
acid hydrolysate of a sample of the solution gave an absolutely negative
test for halogen with silver nitrate. Solvent was removed in a stream
of nitrogen from the magnetically stirred solution, which was heated
by an oil bath gradually up to 80°; the volume was reduced to 1-2 ml.
N.m.r. samples were prepared by decaating the concentrate into the
attached tubes, which were broken off and quickly sealed.

Dibutenylmagnesium. - N.m.r. samples of dibutenylmagnesium

in concentrated dioxane solution were prepared as described above for
diallylmagnesium,

Benzylmagnesium Chloride. - The preparation was carried out

in the same flask used with the cyclic reactor to collect the Grignard
reagent, as illustrated above. All apparatus was firset oven dried, and
an atmosphere of purified nitrogen was maintained throughout. The
temperature of the reaction mixture was kept at 20+ 2* by a water bath,
To 0.636 g. (0.0262 gram-atom) of oven-dried magnesium turnings,
magnetically stirred under 10 ml. of ether, was added dropwise over

4.0 hours 1.5 ml. (1.66 g., 0.0131 mole) of freshly distilled benzyl
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chloride in 20 ml, of ether. The mixture was stirred at room tempera-
ture overnight. The product sclution was filtered and concentrated,

and n.m.r. samples made up in the manner described above for use of
the cyclic reactor. Traces of toluene were found by n.m.r. spectra to
be present in each of three separate preparations, indicating the entrance
of adventitious moisture. Itis suspected that the tetramethylsilane used
was somewhat wet.

Ethylmagnesium Bromide., - Samples of this Grignard reagent

in coneentrated ether solution for n.m.r. study were prepared in essen-
tially the same manner as those of bengylmagnesium chloride, described

abave.

Di-f-methylallyl, - fS-Methylallyl chloride (18.3 g., 0.202 mole)

was coupled over 2.52 g. (0.110 mole) of magnesium in 40 ml. of ether,
according to the method of Tamele et al. (112). The product (4.54 g.,
0.0414 mole, 41%) had b.p. 110-111%; the fraction taken for n.m.r. work,
b.p. 111*, was very pure by v.p.c.

Octadienes from the Coupling of Butenylmagnesium Bromide

with Butenyl Bromides. - The procedure employed was that of Young,

TLoberts, and Wax (49), modified by the use of amalgamated magnesium
turnings, as in the cyclic reactor. The produci mixture of 3, 4-dimethyl-
1,5-hexadiene, 3-methyl-l, 5-heptadiene, and 2, 6-octadiene was distilled
through a 60-cm. Podbielniak column, b.p. 100-120°; the yield was 87.2%.

Allylbengene. - Allylbenzene was prepared by coupling phenyl-

magnesium bromide with allyl bromide in ether solution, according to



the method of Herschberg (113).
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II. THE INTERCONVERSION OF CYCLOPROPYLCARBINYL

AND ALLYLCARBINYL GRIGNARD REAGENTS
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INTRODUC TION

In 1959 Silver (1) discovered an unexpected rearrangement in pre-
paring allylmethylcarbinylamine from allylmethylcarbinylmagpesium
bromide and methoxylamine. The vapor-phase chromatogram of the
main distillation fraction of the amine product, b.p. 107-110°, indicated
the formation of two products in addition to a principal amount of the de-
sired compound., Direct identification of the by-products was not made.
But oxygenation of the allylmethylcarbinyl Grignard reagent also yielded
a mixture of three products, and the largeat and second-largest components
were identified as allylmethylcarbinol and a-methylallylcarbinol. It was
therefore concluded that the major by-product in the Grignard reaction

with methoxylamine was probably a~methylallylcarbinylamine, l.e.,

CH

l.)Mg.EtzO | '3
Br Csz-CH-CHZ-CH-NHZ
] ; .2.)(31-1301\11-!2
CH2=CH -CH 2 -CH-CH > +
3.)HZO
CH
| 3
CHZl:CH-CH—CHZ-NHa &

These results suggested that analogous rearrangements might be
observed in the Grignard reactions of isotope-labeled allylcarbinyl
halides. Indeed, when the Grignard reagent prepared from allylcarbinyl-

14 |

1- € chloride was oxygenated some 24 hours after its preparation,

equal amounts of allylcarbinyl-1- and -Z-MC alcohols were formed (1).



Il

1.) Mg, Et,0 CHZ=CH-CH2-14CHZOH
2.) O
CH.=CH-CH_.- *cn.c1 E > i
5 2 CHZ,:CH.. CHZ-CHZOH

These two rearrangements were the first such cases to be re-
ported (1) for the Grignard reactions of open-chain allylcarbinyl halides,
but they were not without precedents in closely related systems. In
1951 Roberts and Mazur (2) found that the Grignard reagents derived
from allylcarbinyl chloride and cyclopropylcarbinyl chloride both gave
upon treatment with phenyl isocyanate only the open-chain product,
allylacetanilide. It could not be determined at which stage rearrange-
ment occurred starting with cyclopropylcarbinyl chloride, but the re-
sults certainly suggested a common intermediate in the transformation

of the isomeric chlorides to the same product.

CH _ =CH -CHZ -CH_C1

2 2
1.) Mg,Et_O O
. I
2.) ¢NCO CH2:CH-CHZ-CH2-CNH¢
I /CH-CHZCI ‘
CHZ

Roberts and co-workers (3) discovered the converse relationship to hold
in the Grignard reactions of 5-endo- dehydronorbornyl and nortricyclyl
halides. The iormer incorporate the allylcarbinyl system, and the latter

the cyclopropylcarbinyl system, within a rigid framework, But here,
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conversion to the Grignard reagents followed by either hydrolysis or
carbonation gave exclusively nortricyclyl products from both isomeric

starting materials, e.g.,

w | o
CO_H
1.) Mg, Et,0 2

2.) co,

X 3, ) H,0 :
A (X = C1,Br)

&

Several hypotheses may be offered to explain both the formation
of the same Grignard-reaction products {rom isomeric allylcarbinyl-
and cyclopropylcarbinyl-type halides and the rearrangements observed
in the Grignard reactions of substituent- and of isotope-labeled allyl-
carbinyl halides. It may be postulated that (a) both isomeric halides
form only the cyclopropylcarbinyl Grignard reagent, (b) both halides
form only the allylcarbinyl Grigrard reagent, (c) the éyclopropylcarb&nyl
and allylcarbinyl Grignard reagents exist together in equilibrium, or
(@) a single Grignard reageht is formed from both isomeric halides,
whose structure is intermediate between those of the starting materials,
Cf course, the same explanation need not be valid for both the simple
allylcarbinyl-cyclopropylcarbinyl case and the analogous bicyclic case.

If (a) were correct, then the cyclopropylcarbinyl Grignard reagent

would react exclusively at the ring methylene positions (at least with the
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reactants studied thue far) to yield allylcarbinyl products, perhaps by a

cyclic mechanism such as

N\
/
i
v
e
v
o}
v

¢NH-C CH

The analogous nortricyclyl Grignard reagent, however, would react,
without rearrangement, at its magnesium-bearing carbon atom. If (b)
were correct, then either two equally occurring médes of reaction, at
the 1- and Z-posi.tiona. would be necessary for the oxygenation of allyl-
carlbinyl-l-14C-ma.gnesium bromide, which seems exceedingly unlikely,
or else a mechanism would have to be operative for equilibration of the
1- and 2-positions before reaction of the Grignard reagent. If (c) were
the case, a number of possible conditions might obtain. Firstly, the
equilibrium might lie very greatly in favor of the Grignard reagent cor-
responding to the product obtained, so that non-rearranging reaction
would lead to an undetected amount of the minor product. Secondly, re-
action of one form of the Grignard reagent might proceed with complete,
or virtually complete, rearrangement to give the observed product
isomer, regardless of the position of Grignard reagent equilibrium.
'fhirdly, one Grignard reagent isomer might react much more‘rapidly
than the other, with equilibration taking place faster than product forma-

tion.
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FPossibility (c) has a particularly interesting aspect. If it is rea-
sonably assumed that interconversion of the isomeric Grignard reagents
involves ionization of the carbon-magnesium bond as the first step, then
the process shown in eéuation 1 would appear to be a carbanion analog of
the intensively studied rearrangements which occur in carbonium-icon

reactions of cyclopropylcarbinyl derivatives (2, 4).

D—CHZMgX > XMg/\/\ (Eg. 1)

“"-—’

The analogy holds to the extent that when the cyclopropylcarbinyl cation
is generated rreversibly by treating the chloride with Lucas reagent (a
solution of zinc chloride in concentrated hydrochloric acid), the starting
material is completely converted to allylcarbinylchloride (2). There is,
however, a fundamental difference in the rearrangement reactions of the
‘oppositely charged intermediates, in that the cyclobutyl structure is in-
timately involved in the carbonium-ion series but excluded in the carban-
ion series. Most carboniume-ion reactions of cyclopropylcarbinyl and
cyclobutyl derivatives give mixtures of cyclopropylcarbinyl, cyclobutyl,
and allylcarbinyl products, whose compositions are essentially inde-
pendent of the isomeric structure of the starting materials (4c). On the
other hand, no cyclobutyl products have been detected in the Grignard.
reactions of cyclopropylcarbinyl halides (2), and the Grignard reagents
from cyclobutyl chloride (2) and bromide (5) react to give only cyclo-

butyl products.
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It was anticipated tht valuable information on the nature of
cyclopropylcarbinyl- and allylcarbinyl-type Grignard reactions could be
gained from the nuclear magnetic resonance (n.m.r.) spectra of solu-
tions of the Grignard reagents prepared from various sets of isomeric

halides in this series.
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EXFERIMENTAL RESUULTS

The Grignard reagents from allylcarbinyl chloride and cyclo-
propylcarbinyl chloride (at least 99% pure by vapor phase chromatog-
raphy (v.p.c.)) were prepared in ether under conventional conditions,
filtered free from suspended solids, concentrated, and made up into
n.m.r. samples. The n.m.r. spectra of the two Grignard reagents
were identical in all respects. The spectrum of the common drignard
reagent is shown in Figure 1, together with the spectra of the isomeric
chlorides. Itis clear from the spectra that the Grignard reagent pos-
sesses fundamentally the allylcarbinyl structure(6). Thus,the triplet
at + 28 cycles per second (c.p.s.) (all chemical shifts are relative to
tetramethylsilane as an internal standard) belongs to the a-methylener
protons (which a.bso.rb at ;209 c.p. 8. in allylcarbinyl chloride), split
by the [-methylene protons and highly shielded by the adjacent mag-

n esium atom. The quartet at -135 c.p.s. in the Grignard reagent
spectrum is assigned to the f-methylene hydrogens and corresponds

to the quartet at -148 c.p.s. in the allylcarbinyl chloride spectrum.

The fine structure in the Grignard reagent | y -proton band {centered

at =353 c.p.s.) is virtually identical to that in the allylcarbinyl chloride
spectrum. There are seen to be distinct differences in the & -methyl-

ene resonance pattern between the Grignard reagent (at -285 c.p.s.)



"
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Fig. l.- Upper: Proton rmagnetic resonance spectrumn of the Grignard
reagent, in ether, from either allylcarbinyl chloride or cvclopropylcar-
binyl chloride, plus tetramethylsilane as internal standard. Middle:
Spectrum of allylcarbinyl chloride, plus tetramethylsilane, Lower: Spec-

trum of cyclopropylcarbinyl chloride, plus tetramethylsilane. Chemical
shifts are in c.p. s.
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and allylcarbinyl chloride (at ~-304 c.p.s.). This dissimilarity might
well be due to a field-effect shift in the relative line positions for the

cis- and trans-8 -protons in going from the chloride to the Grignard

- reagent.

The n.m.r. spectrum of the Grignard reagent from cyclobutyl
chloride ia shown in Figure 2, together with that of cyclobutyl chloride
(at least 95% pure by v.p.c.). The cyclobutylmagnesium chloride struc-
ture is clearly indicated by the single band for the ring-methylene protons
at -124 ¢, p.s., in the same region as the band for the methylene protons
in the cyclobutyl chloride spectrum. The a-proton aigpal of the
Grignard reagent appears to be mainly hidden under the ether -CHs
band.

Next, the Grignard reagents from M«S-déhydronorbornyl
chloride, exo-5-dehydronorbornyl chloride, and nortricyclyl chloride
were investigated. Careful distillation of the Diels-Alder adduct of
cyclopentadiene and vinyl chloride yielded a fraction whose composition
by vep.c. was ~ 84% endo- and ~ iB% exo-5-dehydronorbornyl chloride
(Chloride A). A sample of nortricyclyl chloride from the chlorination
of norbornene was found to be 3 99% pure by v.p.c. (Chloride B).
endo-5-Dehydronorborneol was treated with thionyl chloride in ether to
give & mixture (Chloride C) of ~ 40% exo-5-dehydronorbornyl chloride
and ~ 60% nortricyclyl chloride (by v.p.c.). Chlorides A, B, and C

were converted to their respective Grignard reagents in ether solution
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Fig. 2.- Upper: Proton magnetic resonance spectrum of cyclobutyl-
magnesium chloride in ether, plus tetramethylsilane as internal stand-
ard (room temperature). Middle: Spectrum of cyclobutyl chloride, plus
tetramethylsilane. Lower: Spectrum of cyclobutylmagnesium chloride
in ether, plus tetramethylsilane, at -37®, Chemical shifts are in c.p. s.
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and concentrated. The n.m.r. spectra of all three Grignard reagents
were identical. The common spectrum is shown in Figure 3, along
with those of chlorides A and B.

The structure of this Grignard reagent may not be as readily
deduced from its spectrum and those of the cMorides leading to it as
was possible in the allylcarbinyl-cyclopropylcarbinyl case. The char-
acteristics of the Grignard reagent spectrum, however,strongly favor
the nortricyclyl- over the dehydronorbornylmagnesium chloride for-
raulation. To be sure, the features of the spectrum of the magnesium
derivative are decidedly different from those of nortricyclyl chloride.
But the general complexities of tﬁe two spectra are quite comparable,
indicating a similar order of symmetry for the two compounds. The
spectrum of the dehydronorbornyl chlorides, in contrast, is vastly more
c?:mplicated. In addition, the same singlet character of (a) the signal
at -230 c.p.s. in the nortricyclyll chloride spectrur due to the de-
shielded proton at the chlorine-substituted poeition and (b) the signal
at +17 c.p. 5. in the Grignard reagent spectrum due to the shielded
proton at the magnesium-substituted position supports the judgment
that nortricyclyl chloride is converted to its Grignard reagent without
a change in carbon structure. The proton at the chlorine-substituted
position in endo-5-dehydronorbornyl chloride is seen to give rise to a
pair of triplets, at -260 c.p.s. Furthermore, the difference in posi-
tions of lines (a) and (b) (247 c.p.s.) was found to be exactly equal to

the chemical shift difference between the a-protons in ethyl chloride
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Fig. 3.- Upper: Proun}‘magneuc resonance spectrum of the Grignard
reagent, in ether, from either exo- or endo-5-dehydronorbornyl chloride
or nortricyclyl chloride. Middre:_Spectrum of Chloride A. Lower: Spec-
trum of Chloride B. Chemical shifts are in c.p.s. from tetramethylsilane
as internal standard, not shown in the Grignard reagent spectrum. Side-
bands in the Grignard reagent spectrum due to naturally abundant 13¢ in
the ether are identified,
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(-211 ¢. p.s.) and ethylmagnesium chloride in ether (+ 36 c.p.s.),
further indicating that the reaction of nortricyclyl chloride with mag-
nesium in ether, as that of ethyl chloride, effects simply the substitution
of magnesium for chlorine.

It was suspected that the very weak band in the Grignard reagenf
spectrum at -358 c.p.s. might possibly be due to the olefinic protons
in a small proportion of dehydronorbornylmagnesium chloride in slow
equilibrium with nortricyclylmagnesium chloride. Fartial hydrolysis
of a sample of the Grignard reagent, however, resulted in an intensi-
fication of the band at =358 c.p.s. and a diminution of all other pe#ks
ciue to the Grignard reagent. The low-field signal in question was thus
concluded to be caused by a minor impurity (perbaps the basic salt
Mg(OH)C1) instead of any Grignard reagent species.

Some further attention was paid to an interesting facet of the
n,m,r. spectrum of cyclobutylmagnesium chloride in ether (Figure 2).
It is conspicuous that the band due to the methylene protons in this |
Grignard reagent is much less broad and less cornplex than tim corres-
ponding band in the cyclobutyl chloride spectrum. Thus, the substitu-
tion of magnesium for chlorine has brought about a high degree of
coalescence of the line positions for the various methylene hydrogens
in the ring. It is very likely that the electron-donating inductive eifect
of the magnesium atom is in part responsible for the observed narrow-

ing. It has been found by deuterium labeling that in cyclobutanol the
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2,4-hydrogens resonate at slightly lower field strength than the 3-
hydrogens (4a). In all probability the same relationship obtains in
cyclobutyl chloride, whose ring-proton resonance pattern is very similar
to that of cyclobutanol (4a). The inductive effect of magnesium at the
l-position should shift the absorption of the 2,4-hydrogens upfield more
strongly than that of the 3-hydrogens and so would be predicted to cause
these groups of lines to merge to some extent in the Grignard reagent.

An additional possibility exists, however, to help explain the
baud-narrowing in the cyclobutyl Grignard reagent and is of consider-
able theoretical interest.r The high multiplicity of the principal band in
the cyclobutyl chloride spectrum is doubtless due in some measure to

the non-identical environments of gem-protons cis and trans to the

chlorine substituent, A distinct simplification of the Grignard reagent
. spectrum would be expected if rapid inversion about the l-carbon atom
in cyclobutylmagnesium chloride were able to take place, thereby

averaging environments above and below the plane of the ring.

H MgX H H
B H W A4 H o :ng
—

It is a rule thus far without verified exception that Grignard re-

actions take place with complete loss of stereochemical integrity at the
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| position bearing the halogen atom in the starting material (8). (Fartial
preservation of stereochemistry at saturated carbon has been reported,
however, for optically active 2-octyllithium prepared and carbonated
at -70°* (9), optically active qec-butyllithium at -1* (10), and optically
active l-methyl-2, 2-diphenylcyclopropyllithium at 6° (11), while stereo-

specific conversions of cis- and trans-2-methylcyclopropyllithium to

the corrgéponding carboxylic acids have recently been observed (12).
Also cis- and trans-vinyllithium compounds have beeﬁ found to be con-
figurationally stable, in some cases above 0* (13). Carbonation of the
Grignard reagent from syn-7-bromonorbornene produces twice as much

anti- as syn-carboxylic acid (14), but the behavior of the anti-7-bromide

in this sequence has not been reported.) It has not been possible to decide,
however, whether (a) racemization or equilibration takes place exclus-
ively during reaction of the starting nalide with magnesium at the
metallic surface or (b) rapid inversion of configuration at the l-carbon
atom of the Grignard reagent after its formation can also account for
the loss of geometric identity. Evidence has previously been cited (15)
for the absence of appreciable concentrations of free carbanions in
Grignard reagent solutions, but inversion could proceed through ion-
ization to form ion pairs. |

Such an inversion process in the cyclobutyl Grignard reagent
(Equation 2) should be temperature dependent and lead to an increase

in the fine structure of the n.m.r. spectrum as the temperature is
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lowered and the inversion retarded. The specirum of cyclobutylmag-
nesium chloride in ether at -37*® is shown in Figure 2. It is seen that
the multiplicity of the band due to the ring methylene protons is indeed
somewhat greater at -37° than at room temperature. Although the dif-
ference is not sufficiently pronounced to be considered a conclusive
demonstration of the operation of Equation 2, the results obtained would

surely seem to justify further investigation of this question.
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DISCUSSION

The assignment of (a) the allylcarbinyl structure to the Grignard
reagent from either allylcarbinyl chloride or cyclopropylcarbinyl
chloride and (b) the nortricyclyl structure to the Grignard reagent

from either exo- or endo-5-dehydronorbornyl chloride or nortricyclyl

chloride is in both cases in keeping with the relative thermodynamic —
stabilities of the isomeric forms involved. From heats of coz;nbustion
the heat of isomerization of cyclopropane to propylene has been deter-
mined to be -7. 68 kcal. per mole (16). Isomerization of either nor-
bornene or nortricyclene over a silica-alumina catalyst has been found
to give a mixture of 77% nortricyclene and 23% norbornene, correspond-
ing to a free energy difference of 0.91 kcal. per mole at 105* (17). The
reversal of the order of stabilities for related structures in going from
the simple four-carbon case to the bridged bicyclic case has been a¢-
tributed to angle strain and non~bonded interactions in norbornene (17).
Actually the free energy difference between the nortricyclyl and de~
hydronorbornyl Grignard reagents must be eoneiderably greater than that
between the respective hydrocarbons, since the n.m.r. evidence indi-
cates that none of the latter Grignard reagent is present in equilibrium
with the former.

The reactions with magnesium of the isomeric halides in these

related series proceed in the same respective directions as other
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reactions whose natures are governed by the stabilities of the products
formed. The isomerization of cyclopropylcarbinyl chloride to allyl-
carbinyl chloride with Lucas reagent (carbonium-ion conditions) has
already been referred to. A similar rearrangement also occurs under
free-radical conditions in the vapor-phase chlorination of methylcyclo-
propane, where the principal products are allylcarbinyl chloride and
cyclopropylcarbinyl chloride in equal amounts (2). In the bicyclic series,
the reactions of norbornene with N-bromosuccinimide and with bromine
both yield only nortricyclyl bromide, and the reactions of endo-5-de-
hydronorborneol with thionyl chloride and with phosphorous tribromide
give mainly nortricyclyl chloride and bromide, respectively (3).

Both the allylcarbinyl and nortricyclyl Grignard reagents are
judged to exist exclusively (within the present limits of experimental
detection) in one isomeric form and to react to form products without
rearrangement.

There remains to be explained the mechanism whereby t;.he 1-
and 2-positions in the allylcarbinylmagnesium halides become inter~
converted. If itis assumed for the moment that the interconversion
process takes placed continuously in solution after the formation of the
Grignard reagent (evidence validating this assumption will be cited
shortly), the simplest explanation would be the intervention of a
transitory intermediate with the symmetry characteristics of cyclo-
propylcarbinylmagnesium halide; this species could then reopen in

either of two directions, as shown in Equation 3.
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1

3 1 /CHZ i 2

=+ ¢ .
SCHCH.~CH.= -CH.~ ] -CH-CH_-Mg3
CH ~CH CH,-CH,-MgX€é——| XMg-CH,-CH CHECH-CH,-CH,- Mg

‘ C
! 2

(Eq. 3)

Recently Shafer (1) has found it possible to measure the overall
rate of this rearrangement by following the changing intensities of the
peaks due to the 1- and 2-protons in the n.m.r. spectrum of the Grignard
reagent prepared from allylcarbinyl-1, 1-211-12 bromide. In this manner,
the half-time for equilibration was determined t§ be 30 hours at.27® and
40 minutes at 55.5°, corresponding to an activation energy of approxi-
mately 23 kcal. per mole. In addition, it was demonstrated that negli-
gible rearrangement takes placé either during formation of the Grignard
reagent or in the course of its reaction with oxygen or carbon dioxide.

It is not possible to affirm whether the cyclopropylcarbinyl
Grignard reagent exists as a discrete intermediate in Equation 3. It
is eastimated that roughly 2% of this form of the Grignard reagent could
be detected in the n.m.r. spectrum, Figure 1. The steady-state con-
centration of cyclopropylcarbinylmagnesium chloride could, of course,
be well below such a value, but only with a concomitant loss in the im-
portance of this species as a ''stable inter mediate'' facilitatiﬁg the re-
arrangement process. Itis alternatively possible that the cyclopropyl-
carbinyl configuration has significance only as a transition state in

BEgquation 3.
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Another important aspect of the rearrangement which cannot be
settled by the available data is the nature of the initiating step. Several
possibilities may be considered. The first step might be ionization of
the carbon-magnesium bond to form the simple allylcarbinyl anion,
probably within an ion pair, CH2=CH-—CHZ»CH9QA3X. This carbanion

could then undergo concerted transposition of its 1- and 2-carbon atoms

(@HZ ?CHZ

= -—
CH _=CH I € CHEHCH l

2
\CH CH
(,1 2 ( @2_]

®M gX

or else rearrange by way of an intermediate cyclopropylcarbinyl anion,
with or without internal return to the corresponding Grignard reagent.
As a related possibility, the initial ionization might proceed directly

to a delocalized homoallylic carbani.pn, as part of an ion pair, whence

one- or two-step rearrangement could follow.

1
4 3 2 1 - |4 3,/CH2 ®
CH =CH-CH -CH -MgX¢—— CH§=_-.CH MgX
CH
2
$ A

rcarrangement
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The homoallylic structure has been demonstrated to be important for
a2 number of carbonium-ion intermediates (18). Simple LCAO molecular
orbital calculations (19) show that the homoallylic structure possecsses
one bonding, one non-bonding, and one anti-bonding #-electron molecular
orbital, so that the carbonium ion, radical, and carbanion all have the
same delocalization energy if interelectronic repulsion is neglected (20).

It is of further interest that similar calculations for the bicyclobutyl

structure, s 1 @O 6

3 e __,,CH‘2
CH-~ .7
/ \//
/ e H
7 2
4 /.7
H
G 2
S —

which takes into account 1-4 as well as 3-4 and 1-3 electronic interaction,
lead to one strongly bonding orbital and two anti-bonding orbitals, so

that the carbonium ion is predicted to be stabilized relative to the radical
and anion (20). The bicyclobutonium ion offers the most reasonable
interpretation of the interconversion in carbonium-ion reactions of a
variety of cyclopropylcarbinyl and cyclobutyl derivatives (4). Since the
bicyclobutonium-type intermediates in general might be expected to be
transformed into cyclobutyl as well as cyclopropylcarbinyl and allyl-
carbinyl products, the calculated instability of the carbanion is consistent
with the findings, cited previously, that cyclobutyl products are not

formed in the Grignard reactions of cyclopropylcarbinyl chloride, and

vice versa,
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As an alternative first step distinct from the previous two sug-
gestions, which involve ionization of the carbon-magnesium bond, the
rearrangement might be initiated by attack of magnesium halide at the
terminal vinylic carbdn atom, leading directly to the cyclopropylcarbinyl

Grignard reagent.

CH

4% \/CH\Z-MgX _-CH,
Mg KR =CH / ¢— > _ ClMg-CH,-CH
c1 2 | CH,

' T

rearrangement

In view of this third possibility and in order to gain an under-
standing of the role of the solvent medium upon the rearrangement pro-
cess of Equation 3, it would be of interest to study the rearrangement,
by the deuterium labeling-n.m.r. technique, of di-(allylcarbinyl)-
magnesium in salt-free dioxane. The recent report by "Winstein and co-
workers (21) of enormous salt cffects upon the rates of fonizing reac-
tions in ether adds relevance to such a projected experiment.

It is noteworthy that rearrangements analogous to that of Rjua-
tion 3 do not seem to occur for Grignard reageants in which formation
of an intermediate cyclopropylcarbinyl anion would require the disrup-

tion of benzenoid resonance. The Grignard reagent from tritylmethyl
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chloride is reported to give only 1,1, 1-triphenylethane upon hydroly-
sis (22), and completely unrearranged hydrocinnamic acid was obtained
from carbonation of the Grignard reagent from 2-pheny1ethy1-1-l4c
chloride some 46 hours after its preparation (23). However, such re-
arrangements do occur in systems where the magnesium is replaced by
a univalent, more electropositive metal. When tritylmethyl chloride is

ireated with sodium in boiling dioxane and the mixture carbonated, the

acid obtained (in 43% yield) is 2, 2, 3-triphenylpropionic acid (29).

co
@—ccpz-cnz-m 3 N e ® Hozc-wz-cnz_Q
dioxane 2) HZO,H

Also, the rearrangement of 2, 2-diphenylpropyllithium to 1, 2-diphenyl-

2-propyllithium in ether has recently been reported (25).

¢ $
i Et,0 |
| C-CH,Li ——=—> LiC-CH -@
2
I 35° |
CH CH

3 3
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EXPERIMENTAL DETAILS

N.m.r. Spectra. - The instrumentation and accessory apparatus

used to obtain the n.m.r. spectra have been described earlier (2¢).

Preparation of the Grignard Reagents. - The magnesium and

ether used were the same as those previously described (26). The
Grignard reagents were prepared and made up into n.m.r. samples in
the same manner as that employed earlier in the preparation of benzyl-
magnesium chloride (27).

Allylcarbinyl Chloride, - The allylcarbinyl chloride used was

prepared by the reaction of allylcarbinol with thionyl chloride, as de-
scribed by Roberts and Mazur (2).

Cyclopropylcarbinyl Chloride. - The cyclopropylcarbinyl

chloride used was a sample from the original material obtained by
Mazur (2) by careful fractionation of the products of the vapor-phase
chlorination of methylcyclopropane. V.p.c. has recently shown this
cyclopropylcarbinyl chloride to be > 99% pure (4a).

Cyclobutyl Chloride. - The sample of cyclobutyl chloride used

was also from material prepared by Mazur (Z),..by the vapor -phase
chlorination of cyclobutane. Its vapor-phase chromatogram indicated

the presence of < 2% allylcarbinyl chloride and < 3% cyclopropylcarbényl
chloride as impurities.

endo-5-Dehydronorbornyl Chloride. - Dicyclopentadiene and

vinyl chloride were heated together in a sealed tube under the conditions



124
prescribed by Roberts et al, (3). The product mixture was carefully
distilled through an efficient center-rod column under reduced pressure,
and six fractions were collected. Of the fractions shown by v.p.c. to
be practically free from dicyclopentadiene, that richest in endo- (relative
to exo-) 5-dehydronorbornyl chloride had b.p. 123.5-124.0° (310 mm.).

The peaks in the v.p.c. spectrum due to the endo and exo chlorides had

areas in the ratio of 84:16, respectively. This material was designated
Chloride A,

Nortricyclyl Chloride. - The nortricyclyl chloride used was ob-

tained by Johnson (28) as one of the products of the liquid-phase chlorina-
tion of norbornene. Its purity was judged from its v.p.c. spectrum te
be at least 99%. This material waa designated Chloride B,

exo-5-Dehydronorbornyl Chloride. - endo-5-Dehydronorborreol,

from saponification of the Diels-Alder adduct of cyclopentadiene and
vinyl acetate (29), was allowed to react with thionyl chloride in ether
containing a trace of pyridine, according to the method of Roberts,
Bennett, and Armstrong (29). The resulting mixture of chlorides was
distilled through an efficient center-rod column under reduced pressure.
The main £racti<;n had b.p. 51.0-53.0° (19 mm.). The peaks in the
V.p.C. spectrum due to exo-5-dehydronorbornyl chloride and nortri-
cyclyl chloride had areas in the ratio of 40:60, respectively. This

material was designated Chloride C.
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1. Itis an experimental rule without verified exception that

Grignard reactions (Eq. 1) take place with complete loss of stereo-

ey SRS pigw SOTEERCINEGS e dueks
(X =C1, Br, 1)
(Eq. 1)

chernical integrity at the carbon atom bearing the halogen in the starting
material (1). Evidence is not available, however, to allow one to de-
cide whether (a) racemization or equilibration occurs exclusively during
formation of the Grignard reagent, or (b) rapid inversion of configura-
tion at the l-carbon atom of the Grignard reagent occurs, afier ite
{origation.

It is proposed that this question could be resclved by the nuclear
magnetic resonance (n.m.r.) spectrum of 3, 3-dimethylcyclobutyl-1-
ZTi-magnelium bromide. If inversion of configuration at the l-position

(Eq. 2) takes place rapidly (discrete lifetimes << 0,01 sec.), the ring

H MgX H D
CH D @ q H MgX
3 p e——— (Eq. 2)

hydrogen atoms and the two methyl groups will have their respective
environments averaged, and the n.m.r. spectrum will show single lines
for the methyl protons and the methylene protons (assuming lI-I--‘a}-!

coupling to be negligible). If inversion is slow or nonexistent, then
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protons cis and trans to the magnesium atom would be expected to show

a chemical shift separation.

Further informaﬁ;)n on the rate of inversion might be gained
from high- or low-temperature spectra. The n.m.r. lines of protons
located in two exchanging environments, where the average lifetimes iﬁ
each environment are equal, will just coalesce when this lifetime is
equal to N2 (:rréSH)'1 sec., where G§H is the chemical shift, in c.p.s.,
between the lines in the absence of exchange (2). The prcpose-d Grignard
reagent has two such structural "probes' for observing the effect of
temperature upon the inversion rate. In the absence of exchange the
chumical shift differences between the two methyl groups and between
the gem ring protons would be expected to be non-identical, and so the
two sets of lines should coalesce separately, _3_;_?_:_. at different inversion

frequencies and temperatures.,

2. The very great importance of transannular migrations in the
course of a variety of reactions of cyclobBctyl, cyclononyl, r;:yclodecyl,
and cycloiindecyl derivatives has been forcefully demonstrated (3) by
Prelog, Cope, Blomquist (and their respective co-workers), and others,
This type of rearrangement seems to be quite strictly confined to cyclic
systems of 8 to 11 ring x;:embers (medium-sized rings) (3c), and is

due to the special proximity which positions on opposite sides of these

rings can assume.
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The knowledge of such rearrangements suggests that other types
of cross-ring interactions might well be observed in this series of com-
pounds. One such effect might be transannular stereochemical control
of additions to suitably substituted cyclanones . The steric effects of
e -substituents on the direction of additions to acyclic ketones has been in-
tensively studied and has led to the establishment of Cram's Rule of
asymmetric induction (4). Asymmetric induction by substituents y to
& carbonyl group undergoing addition has also been demonstrated, fcr
phenylgiyoxylic esters of optically active carbinols (5). Substituent
steric effects on product geometry are often pronounced in the cycld-
hexane series. For substituents beyond the a-positions, however, ring-
conformational eifects are more important than direct interaction with
the attacking species (€).

It is proposed that the stereochemistry of the carbonyl addition
reactions of a series of 5-substituted cyclononanones (I) and 6-substituted
cyclodecanones (II) be investigated, If R is a bulky group, transannular
interference with the approach of a Grignard reagent or complex metal
hydride, for example, should lead to alcoholic products from I and I1
in which the hydroxyl and R groups are predorminantly cis. Compounds
of type I may be prepared optically active and might lead to the observa-

tion of transannular asymmetric induction,
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3. Until quite recently the thermal decomposition of quater-
nary ammonium hydroxides into tertiary amines, olefins, and water,
the Hofmann elimination reaction, has been considered to take place
unexceptionally by the E2 mechanism (7), in whicha § -proton is re-
moved by base simultaneously with the departure of tertiary amine from
the other side of the incipient double bond.

Since 1956, however, an alternative mechanism for this reaction
has been established by Wittig and Polster (8) and Weygand and co-
workers (9). The newly proposed pathway involves initial abstraction
of an .n' -proton to form an ylid intermediate, I, which subsequently de-
composes by removal of a p -proton via a yuasi-five-membered cyclic

transition state.

a }f: r C/ 1 I
-N N\ s
\\/\ + Nc=c
Bl - } ba, * 5
| '] — / \‘QI ey
a'CIZHzH
H L -
B:-5 1 + BH

(=: =90H.®oa. T

Thie ylid mechanism is completely analogous to that shown hy Cope and
co-workers (10) to he operative in the thermal decomposition of tertiary
amine oxides, II (which are isoclectronic with primary ylids), wherein

cis-elimination is highly favored.



133

~ ™~ 7
- + =
N-CH =

A

Since the E2 mechanism shows a strong preference for trans-elimination
(7), the two possible pathways for the Hofmann elimination have a funda-
mental stereochemical distinction.

The recognition of a second possible mechanism for the Hofmann
elimination suggests that in some cases earlier conclusions based on
the assumed operation of the EZ mechanism for this reaction may be in
error. It particularly suggests that explanations of parallel results of
amine oxide pyrolyses and corresponding Hofmann elimination reactions
may gratifyingly be sought in terms of an ylid intermediate for the 1att§r
process,

Two homologous cases in which such parallel behavior has been
observed are the cyclononyl- and cyclodecyldimethylamines. Amine
oxide pyrolysis (11) and Hofmann elimination “'2) both produce exclu-
sively the trans cycloblefin in both cases, the cis cycloblefins being the
more stable isomers (11). It is propbaed that the Hofmann elimination

b
of cyclononyl- and cyclodscyl-a,u'-“}{ -trimethylammonium hydroxide

4
be studied. If reaction proceeds by way of the ylid, then the trimethyl-
amine liberated will contain deuterium (1.0 atom of deuterium per mole-

cule of trimethylamine, in the absence of
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possible deuterium exchange in the starting material). Deuterium-free
trimethylamine will be obtained if the elimination follows the E2 mech-

anism (again discounting deuterium exchange effects).

4, There is a large fund of qualitative evidence supporting the
stability order primary > secondary > tertiary for alkyl carbanions (13).
Unfortunately, however, the liurut;lre contains no quantitative data
directly related to these differences. Precise measurement of the
acidities of carbon acids has been possible only for cases in which the
conjugate base was stabilized by resonance delocalization of the negative
charge (14), often largely on an electronegative atom (as in alky! ecar-
bonyl compounds, aliphatic nitriles, and nitroalkanes). The electron
affinities of organic radicals are known in too few cases and with insuf-
ficient accuracy to permit calculation of the desired energy differences
among anions (15). Pertinent thermochemical measurements have not
been ma.de.

It is proposed that the heats of neutralization (protolysis) be
measured for a series of isomeric primary, secondary, and tertiary

alkylmetallic compounds, e, g

CH CH
[ [ 1

CH_-CH-CH_- - - - - -C- - .
3 H3 CHZ M, CH3 CH (I:H CH3. and CH3 (f CHZ CH3
M

M



135

The differences in the experimental AH values would be a measure of
the relative stabilities of negative charge concentration at primary,
secondary, and tertiary carbon atoms, respectively.

It would be necessary to work with organometallic compounds of
convenient stability, i.e., with a large degree of covalent character.
It might be possible, however, to relate the differences in heats of neu-
tralization for isomeric compounds with the electropositivity of the metal
.(16) and extrapolate to obtain the corresponding differences for more

active metals, i.e., for more nearly pure carbanions.

5. A fundamental uncertainty about the mechanism of the benzi-

dine rearrangement (Eq. 1) is the question of whether M-N bond brezking

@-NH-NH@ EED—-—) HzNNHZ (Eq. 1)

occure during, prior to, or perhaps even subsequent to the rate-deter~
mining step. Dewar (17) has prorosed that homolytic‘ N-N bond fissica
accompanied by the formation of & r-complex usually precedes the
rate-determining step. Hammond (18), o the other hand, prefers 2
mechanism in which the slow step ie homolytic fission of the N-M bond
of doubly-p_rotonated hydrazobenzene. It has been suggested eavlier (19)

that the slow step is the second protonation itseif.
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It is proposed that new information on the mechanism of this
reaction could be obtained by a study of the products, rates, and acid-
conceniration dependences of the rearrangements of a series of W-alkyl
substituted hydrazobenzenes, ¢-NR-NR'-¢ . Steric effecta between
groups X and R' should influence the rates if N-IV bond breaking is rate
determining. It would be relevant also to investigate the reactions of
hydrazobenzenes in which the twe nitrogen atoms were joined together

in a ring.

r—(CHz)ﬁ

¢ ~N— N-¢

Models of members of this serics indicate interesting geometric proper-
ties with respect to the formation of the products and intermediates

nermally associated with the benzidine rearrangement (17).

6. The literature contains very few, if any, examples of the

formation of allene oxides,

R

1 O R!'

\N/"N\N_ 7/
C C=C

/ N\

R RI LR

which is not surprising, as such compounds would be expected to be

very unatable. It is proposed that an investigation be made of the possible

synthesis of allene oxides (with R and R' # H) by the reaction of quaternary
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ammonium salts of type 1I with a strong base, such as phenyllithium or

sodium triphenylmethyl, in an aprotic solvent.

R' ©
||

R, =G G G =R

N
®| | o
N(CH,), H_ X

11

Two alternative mechanisms seem reasonable for the proposed trans-
formation. The base might abstract proton Hﬁ directly, followed by
oxirane cyclization with the ejection of trimethylamine (Eq. 1), or else
the first step might be ylid formation, followed by internal Ha-shift and

synchronous or subsequent oxirane ring formation (Eq. 2).

R' O R"
| el
(Eq. 1) Rem (I:.-—c-n-n"'
- ek O
e " N(CHZ)s _ \
1t P I
\Li RS o I e
- \/ ey

7. To date the method of choice for the preparation of a derivative
of cyclopropanol is the Baeyer-Villiger oxidation of methyl cyclopropyl

katone to cyclopropyl acetate, using peroxytrifluorcacetic acid (20).
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The reaction of cyclopropyl chloride with magnesium followed by oxi-
dation and hydrolysis gives cyclopropanol in only 9% yield (21). Cyclo-
propanol has been obtained in yields up to 46% from the reaction of
epichlorohydrin with ethylmagnesium bromide (21, 22), but the reaction
is catalyzed by metallic halides, either added or present as impurities,
gives impure product, and is difficult to reproduce and control (22).

It is proposed that the reactions of f-chloro- and p-bromopro-
pionaldehyde with magnesium in ether under high dilution be investigated

as a route to cyclopropanol and its esters, according to the scheme

shown, ' i -
CH
: M
O=CH-CH_-CH.Cl ——&5 O=CH CH
“Hem EL,0 = )
L Mgs
Pt
P-CH,4¢50 ,,C1
O ' '
i \ /CHz
OCR &gcocl CiMgo-CHt
CH,

8. The relative migratory aptitudes of alkyl groups, R, in the
Baeyer-Villiger reaction of ketones (Eq. 1) has been established to be

generally tertlary > secondary > primary > methyl (23, 24).



O-H .
R |f|; R' IL} R'-C-OR
it R-C-R'
+ e M U i *
R”COaH 0-0-C-R" R''CO,H

(Eq. 1)

This order has been interpreted (23b, 24) as being most probably dic-
tated by the relative abilities of alkyl groups to accommeodate positive
charge in the transition state for rearrangement, as represented by the

canonical form I.

s
C-R'
r® i CE);
O (IllR”
O
1

Hyperconjugation in R®haa been assumed to be important in stabiliz-
ing I, but without direct experimental support.

It is proposed that an investigation of the importance of hyper=
conjugation in determining relative migratory aptitiades in the Baeyer-.
Villiger reaction be made by treating 3-pentanone-l,l,1-zH3. I, with

I
(3}2}3(3Hz'(?;CH‘?.(.‘-I-I3

II
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peroxytrifluorcacetic acid (24). On the basis of a secondary deuterium
isotope effect (25), hyperconjugation would be expected to be less effec-
tive in C.'.ZZD?‘CI'IZ than in CH3L.H2

rearrangement, then, could be measured by the extent to which

(9. Its importance in facilitating the

CD_CH_ CO

g i, CH G

might predominate over CH_CH,COC

3 3

the product of the reaction.

9. The accumulated evidence on the constitution of simple ali-
phatic Crignard reagents seems to support best the formulation of these

species as R_Mg'MgX., (R = Alkyl, X = C1, Br, I) (26). Grignard re-
gX, y g

2
agents are intimately solvated by diethyl ether and form remarkably
stable solid dietherates (27). A large number of possible structures
can be written for these complexes, the two chlorine atoms being in

identical environments in some of these descriptions and in dissimilar

environments in others, e. e I and I1.

R X R {)Eta
N N \ +
EtZD;Mg /Mg(-—()EtZ Mg‘—X-JIFIg - X
R '\x ‘ OEt,
I II

4 5
It is proposed that the 2 Cl nuclear quadripole resonance spec-
trum (28) of the solid dietherate of ethylmagnesium chloride be inves-

tigated in order to gain information on the environments of the-halogen

atoms in Grignard reagents.
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10. Jaillet and Ouellet (29) have studied the interesting base-
catalyzed decomposition of bis-hydroxymethyl peroxide, I, in which

molecular hydrogen is formed (Eq. 1). Kinetic measurements showed

CH.D . O0—0 2Na®O _CH

Z / \ 2

$y  — HOC\ GO =iy ¥
Hzoz _ H H H H H, (Eq. 1)

I

the reaction to be a complex one, and it was not possible to establish
firm mechanistic conclusions. The presence of hydroquinone did not
affect the course of reaction, however, allowing a radical chain mech-
anism to be discounted.

It would be of fundamental interest to determine whether (a) the
formation of hydrogen takes place simultaneously with ©-O bond fission,
in a four-center-type process, or (b) the latter step occurs alone and is
followed by hydrogen formation. Since (a) but not (b) predicts a primary
deuterium kinetic isotope effect, it is proposed that the decomposition
rates of I and 1-C, C'-ZH‘;r be compared. In the event that the rates

are the same, I labeled with 18

O in the -O-0- positions should be par-
tially decomposed and the recovered starting material analyzed for . e
in the HO - and -O-0O- positions to determine the possible operation of

a rearranging dissociation-recombination process such as that of Equa~-

tion 2.
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* X * * .
HOCH ,00CH ,0H HOCH ,00CH ,0H
H,0 LG)OH | H,0 FOH
* *
Oo-cH -O-O-CH ,OH GO-CHz-o-o-CHZOH
]
Oo-cu, -3 -

*
. O -CHz-(}H

(Eq. 2)

11. In 1959 Wiberg and Ciula (30) reported the synthesis of
ethyl bicyclo{l.1.0]butane-1-carboxylate (II}), the first authentic example

of a bicyclobutane derivative, by the sequence of reactions shown.

T8O co.gt PEy pe cort $iONe Co,Et
2 2 Et 0

1 11

The-assigned structure was based on the elemental analysis, molecular
weight, and n.m.r. spectrum of the product.
The geometry of Il must be approximately represented by struc-

ture III. Although there is a great deal of apparent C-C-C bond angle
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H

strain in III, II is a moderately stable compound, which was distilled
near 60°* (b.p. 56-58° (15 mm.)) and was observed to polymerize slowly
upon standing.

It is proposed that the synthesis of a tricyclobutane, diethyl

tricyclobutanedicarboxylate (IV), now be attempted.
H

~H

EtQ_C NCO _Et
- v &

Simple models indicate considerably less drastic change in molecular

geometry and less incremental strain in going from III to IV than from
Itolll. Also, the strain in IV is shared equally among six C-C bonds,
compared with five in III. A convenient starting material for the syn-~

thesis of IV would be the all-trans dibromodicarbethoxycyclobutane V.

Br H
1 |
H CO._Et
Y 2
| )|
" Br H



144

This precursor has the proper geometry for successive internal SN?.

displacements, as shown in Equation 1.

Br H H H
| 1
5 §qClin Ao gt Br i CO,Et
Et,0 > u (]:/ozEtZ
I~ @ E———
Br ;
CO,Et
¢>3CNa
H CO,Et H 0
- g— O_Et
s
OgEt COzEt

(Eq. 1)
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