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probably due to the insolubility of an intermediate in
the saturated hydrocarbons; complexing solvents are
themselves known to decompose I (M = PdBry).

It was also found that in favored cases the tetra-
phenyleyclobutadiene group could replace a cyclo-
pentadienyl group. Thus cobaltocene (another com-
pound which readily abstracts covalently-bound halo-
gens!?) reacted with I (M = PdBry) in refluxing xylene
to give a 129, yield of (r-cyclopentadienyl)-(r-tetra-
phenyleyclobutadiene)-cobalt (IV). This was identi-
cal with a sample prepared from cobaltocene and di-
phenylacetylene,'® and this ligand transfer reaction
pro;/ides additional confirmation for the structure of
IV 1

The extension of this work to other systems and
reactions in which cyclopentadienyl groups can also
be transferred from one metal to another will be re-
ported later.
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Reaction of Phosphorus Compounds. VI. Kinetics
and Mechanism of the Wittig Reaction
Str:

Our recent work on the Wittig reaction of resonance-
stabilized a-halomethylenephosphoranes! has prompted
a thorough examination of the mechanism of this re-
action. The Wittig reaction, represented by the
following sequence, has been qualitatively described in
mechanistic terms.1?.2—4

54
RsP=CHR' + R’"CHO —>» R3P—C|HR’ —> RsP—>0 +
o
O—CHR”’
R’'CH=CHR"’
I

Four mechanistic possibilities were considered at the
outset of this study: (a) irreversible formation of
betaine (I) with subsequent slow decomposition of the
betaine, either via a four-membered ring intermediate or
synchronously, to phosphine oxide and olefin; (b) rate-
determining, irreversible formation of the betaine
and rapid decomposition of betaine to products;
(c) rapid, reversible formation of betaine with subse-
quent rate-controlling formation of products; (d) slow,
reversible formation of betaine and rapid decomposition
of betaine to phosphine oxide and olefin.

We have studied the kinetics of the reaction of carbo-
methoxymethylenetriphenylphosphorane with several
aldehydes in benzene at 25°. The reaction was found
to be second-order over-all; first-order in each of alde-
hyde and ylid. These data are reported in Table 1.

The observed rate constant for olefin formation in
the reaction of the above ylid with p-methoxybenzalde-
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TaBLE I
CHO
(C5H5)3P=-CHC02CH3 + @ (Benzene, 250)
X

Aldehyde
p-Methoxybenzaldehyde
p-Methylbenzaldehyde
Benzaldehyde
m-Chlorobenzaldehyde
p-Nitrobenzaldehyde

kobs. (1./mole-sec.)
7.10 £0.00 X 1075
2.15+=0.03 X 10~¢
9.62 = 0.02 X 1074
1.20 == 0.04 X 102
1.07 = 0.00 X 10

hyde was 7.00 = 0.13 X 1075 1./mole-sec. Within
experimental error the rate of disappearance of ylid is
the same as the rate of formation of olefin.

The enhanced rate with electron-withdrawing substit-
uents can be interpreted in terms of any of the pre-
viously mentioned mechanisms. The rate expression
for mechanism (a), however, demands different rates of
disappearance of ylid and of formation of olefin.
Since we have observed these to be identical, mecha-
nism (a) may be eliminated. These quantitative results
are in accord with the qualitative observations of John-
son and LaCount,’ who were unable toisolate a betaine
intermediate in the reactions of stable ylids. If
mechanism (a) were operative, as it most likely is in
the reactions of unstable ylids,* the betaine interme-
diate should be isolable.

It is not possible to choose among the three remaining
mechanistic possibilities on the basis of kinetic data
alone. Consequently, the demonstration of reversi-
bility or irreversibilty of betaine formation becomes
very important in the elucidation of the mechanism of
the Wittig reaction. The ring opening of frans-
ethyl phenylglycidate (II) with tributylphosphine was
studied in order to arrive at the betaine (III) vic a
different rou’e. Boskin and Denny® have shown that
the attack of tributylphosphine on c¢is- and frans-
2-butene oxide occurs mainly at carbon. Further,
it has been shown that nucleophilic attack in the ring
opening of ethyl phenylglycidate occurs at the o carbon
atom.”

O

2N\

BusP 4+ CeH;CH— CHCOQO;Et —>
11
D
Bu;P— CHCO,Et Bu;P==CHCO;Et + CH;CHO
|
0O-CHCsHs v

l III

BU3P'—>O + CeHsCH=CHCOzEt

If betaine formation in the Wittig reaction is reversible,
evidence for reversibility may be obtained by trapping
the ylid (IV) with an aldehyde more reactive than
benzaldehyde.

Tributylphosphine was allowed to react with trans-
ethyl phenylglycidate in the presence of a three-molar
excess of m-chlorobenzaldehyde in refluxing ethanol.
Under these conditions the reaction was essentially com-
plete in 20 hr. V.p.c. analysis of the products of the re-
action showed the presence of m-chlorobenzaldehyde,
benzaldehyde, ethyl cinnamate and ethyl m-chlorocinna-
mate in the following area proportions: benzaldehyde,
1.0; m-chlorobenzaldehyde, 6.5; ethyl cinnamate, 1.3;
ethyl m-chlorocinnamate, 1.1. Each of the products
was isolated with preparative v.p.c. The aldehydes
were oxidized to the corresponding benzoic acids and
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identified by melting points and mixture melting
points. The esters were identified by comparing their
infrared spectra with those of authentic samples. It
was found that the relative ratios of the products are
nearly independent of the concentration of m-chloro-
benzaldehyde. When the epoxide, phosphine and
m-chlorobenzaldehyde, in equimolar amounts, were
allowed to react for 20 hr., the ratios reported above
remained essentially unchanged (with the exception of
m-chlorobenzaldehyde).

Competition experiments in which carbomethoxy-
methylenetriphenylphosphorane was treated with mix-
tures of benzaldehyde and m-chlorobenzaldehyde in
various mole ratios have shown, as does the rate data,
that the ylid prefers the more reactive m-chlorobenz-
aldehyde. Consequently, the relatively large amount
of ethyl cinnamate obtained from the reaction of the
epoxide with tributylphosphine suggests that mecha-
nism (d) rather than mechanism (c) is operative and that
the rate constants for decomposition of the betaine to
tributylphosphine oxide and ethyl cinnamate and to
carbethoxymethylenetributylphosphorane and benz-
aldehyde are of the same order of magnitude. However,
we cannot rule out mechanism (c), for it is possible that
some or all of the ethyl cinnamate is being formed by
attack of tributylphosphine at the epoxy oxygen, a
reaction path which does not require the intermediacy
of the betaine. Tributylphosphine is not peculiar in
its reaction with epoxides because triphenylphosphine
also behaves in an analogous manner in its reaction with
trans-ethyl phenylglycidate.®

The data obtained from the reaction of tributylphos-
phine with ‘rans-ethyl phenylglycidate provide con-
clusive proof that betaine formation in the Wittig
reaction of stable ylids is reversible and mechanisms
(a) and (b) are thus eliminated.

Work is continuing in these laboratories to distin-
guish between mechanisms (¢) and (d), and the mech-
anism of the Wittig reaction will be the subject of a
forthcoming publication.

(8) The stereochemistry and modes of reaction of 2,3-epoxy esters and
amides with tributylphosphine and triphenylphosphine will be the subject

of a forthcoming publication by A. J. Speziale and C. C. Tung; manuscript
in preparation,
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The Mechanism for the Formation of 1,2-cis-Pyridine
Nucleosides from 1,2-cis-Acetohalogenosugars. A
Novel Rearrangement

Sir:

The reaction of tetra-O-acetyl-a-D-glucopyranosyl
bromide (I) with dry pyridine yielded a mixture of the
anomeric N-(2,3,4,6-tetra-O-acetyl-p-glucosyl)-pyridin-
ium bromides. The anomeric hydrogens of these prod-
ucts in deuterium oxide produced doublets in their
n.m.r. spectra at 6.89 p.p.m. (spacing, 3 c.p.s.) and 6.34
p.p.m. (spacing, 8 c.p.s.) from tetramethylsilane (ex-
ternal) which are characteristic:? for the a-(VII)
and B-(II) anomers,? respectively. Thus, the relative
intensities of these signals provided a convenient analy-
sis of the product. When the reaction was followed
polarimetrically, the change in optical rotation cor-
responded closely to a first-order process when the ini-
tial concentration of I was low, 2.19, (w./v.), and virtu-

(1) R. U. Lemieux, R, K. Kullnig, H. J. Bernstein and W. G. Schneider,
J. Am. Chem. Soc., 80, 6098 (1958),

(2) R.U. Lemieuxand J. W. Lown, Can. J. Chem., 41, 889 (1963).

(3) E. Fischer and K. Raske, Chem, Ber., 43, 1750 (1910).
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ally only the B-anomer (II) was formed. However,
when the initial concentration of I was 32.7%,, an induc-
tion period was noted and, therefore, it was apparent
that the product of the initial reaction became in-
volved in a faster process. The relative amounts of the
B (I1) and « (VII) anomeric forms found in the product
was now 2:3. Thus, the induced reaction led to the
formation of the a-anomer (VII).
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The induction period was also present when the initial
concentration of I was about 169, and the anomers
were formed in equal amounts. The same course of
reaction was obtained when half of the pyridine was
replaced by acetonitrile although the more polar sol-
vent gave rise to a somewhat increased rate of reaction.
When the reaction of I (169 initial concentration) was
carried out in pyridine containing one mole of tetra-n-
butylammonium bromide per mole of I, the rate of
reaction was much greater and the induction period
was not present. Only the a-pyridinium glucoside
(VII) was formed. When tetra-z-butylammonium
perchlorate was used instead of the bromide, the induc-
tion period reappeared and the product comprised a
2:3 mixture of the 8- and a-forms, respectively.

These results clearly pointed to an initial reaction
wherein the a-bromide (I) underwent nucleophilic
attack by pyridine with inversion of the anomeric
center to produce the B-pyridinium bromide (II).
The bromide ion thus liberated then participated in the
faster process by making a nucleophilic attack on the
starting material (I) to form the anomer of I, tetra-O-
acetyl-8-n-glucopyranosyl bromide (III). It is con-
ceivable that VII was formed by direct replacement of



