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Kinetic deuterium isotope effects on the redox decomposition of hydroxymercurated propene, cis-, and trans-
2-butenes in an aqueous solution (CH,CH(OH)CHRHg+—CH,COCH,R4-Hg(0)++H+; R=H, CH,;) were
determined by following the reaction in sifu by means of PMR spectroscopy. Taking advantage of the PMR
characteristics, the identity of the reaction conditions was confirmed by comparing the rates for the reactant

mixtures (e.g., GH,CH(OH)CH,Hg*-+ CH,CD(OH)CH,Hg*).

The mercurials, deuterated on either f-carbon

(CH,CD(OH)CH,Hg*, CH;CD(OH)CHCH;Hg*) or a-carbon (CH,CH(OH)CDHHg+, CH,CH(OH)CDCH,
Hg*), gave primary and secondary deuterium isotope effects of 1.35—1.40 and 1.17—1.19 respectively. A
possible structure of the activated complex was proposed in accord with the observed nature of the intra-

molecular hydrogen shift.

The oxidation of olefins by aqueous mercuric salts!)
is known to produce unsaturated aldehydes,2-%) sat-
urated aldehydes,?% allylic alcohols,® or saturated
ketones® under various reaction conditions. In the
case of milder conditions, it has been found®? that
propene and 2-butenes are oxidized stoichiometri-
cally to acetone and methyl ethyl ketone respectively.
The overall reaction consists of a fast®) hydroxymercura-
tion of the olefins® (Eq. (1)), followed by a rate-
limiting redox decomposition of the mercurials thus
formed into corresponding ketones (Eq. (2)):

CH,CH-CHR + Hg** + H,0 —»
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where R=H, CH,

The intermediate mercurials are so stable that the
second process can be pursued by PMR spectroscopy
in situ® at appropriate temperatures. Prior articles
reported data concerning the stoichiometry,® the rate
equation,®? the rate dependence on the added elec-
trolytes,” product analysis from the D,O solution,'®
and the alkyl-substituent effect on the rate.! In the
present paper, we wish to report on deuterium isotope
effects in the redox decomposition of hydroxymercurat-
ed propene and 2-butenes.

In order to measure the kinetic isotope effect ac-
curately, it is desirable to determine the rates for both
the labeled and unlabeled reactants in mixed solutions,
because the identity of the reaction conditions is thus
best assured. As far as the deuterium isotope effect is
concerned, PMR spectroscopy appears especially suited
for the analysis of reactions on account of its reasonable
facility in differentiation between deuterated and un-
deuterated reactants in situ.l?

With regard to olefin oxidation by other metal ions
in an aqueous solution, similar reaction schemes have

also been postulated for Pd(II),*®» TI(III),!® and
Rh(III),»» for which, in contrast to Hg(II), the redox
decomposition of hydroxymetallation adducts has been
claimed to occur after the rate-limiting (e.g., hydroxy-
metallation) process. In view of the established use-
fulness of isotope effects in the elucidation of reaction
mechanisms,’® it seemed of particular interest to de-
termine directly the isotope effects on the redox-de-
composition process, which is possible only in the case
of Hg(II) oxidation.

Results

Primary Deuterium Isotope Effect on the Decomposition of
Hydroxymercurated Propene-2-d,. It was previously
confirmed that the redox decomposition of hydroxy-
mercurated olefins involves an intramolecular shift of
B-hydrogen to «-carbon (Eq. (2)),"'V and that the
decomposition rate is first order with respect to the
mercurial.? Therefore, if the first-order rate constants
for hydroxymercurated propene, CH;CH(OH)CH,Hg*
(1), and hydroxymercurated propene-2-d;, CH,CD-
(OH)CH,Hg* (2), are designated by kg and 3™
respectively, ky/kb'™ represents the primary deuterium
isotope effect for the intramolecular 1,2-hydrogen shift
in the redox decomposition of 1:

k;
CH,CH(OH)CH,Hg+ —— CH,COCH, + Hg(0) + H*
(3)
kl]))rlm
CH,CD(OH)CH,Hg* ——»
CH,COCDH, + Hg(0) + H+ )

Figure 1 shows the time-sequential PMR spectra for
the decomposition of 1 and 2 in a mixed solution (1.5 m,
[2]o/[1]o: 0.20). It is obvious from Fig. 1 that the
difference in the rate of decomposition is not very
large between 1 and 2. The concentrations of the
reactants during the reaction were determined from the
doublet peak for 1 (CHCH;; 6 1.21) and the singlet
peak for 2 (CDCH;; 6 1.20) by planimetry on an ex-
panded scale. The absence of H-D exchange between
2 and the H,0O solvent was confirmed by following the
decomposition of 2 alone under identical conditions;
no doublet peak appeared at § 1.21.



December, 1974] Deuterium Isotope Effects on the Redox Decomposition of Hydroxymercurated Olefins

*HgC 2CD(OH)CH,

*HgCH,CH(OH)CH;
P
3
Product
P - 1 1
3 2 1 PPM

Fig. 1. The time-sequential PMR spectra obtained in
sity for the redox decomposition of CH,CD(OH)-
CH,Hgt+ and CH;CH(OH)CH,Hg* at 38.0 °C in the
mixed solution. These spectra were taken with deu-
terium irradiation at 15.349390 MHz after (1) 9.4
min, (2) 20.5min, (3) 31.3 min from the moment
of raising the solution temperature.

From the time-dependence of the concentrations of
1 and 2, based on the first-order rate equations (Egs.
(5) and (6)), Eq. (7) is obtained as a formula to give
the value of ky/k%™:

log ([1]/[1]o) = —kut ®
log ([2]/[2]e) = —kB""t (6)
ke _ log ([1]/[1]o) )

k5™ log ([2]/[2]0)

Figure 2 is a plot of the right-hand side of Eq. (7) us.
the time for solutions of the reactant mixture (1.5 m,
[2]o/[1]o: 0.20 and 0.32); from the figure ky/kd™
was determined to be 1.40 (+0.05; standard deviation).
Secondary Deuterium Isotope Effect on the Decomposition
of Hydroxymercurated Propene-1-d,. As it is bonded
directly to mercury, the a-carbon of the mercurial may
undergo a very drastic change during the course of redox
decomposition; through this change a secondary kinetic
isotope effect can be expected if a deuterium substituent

is introduced at that carbon:

e

CH,CH(OH)CDHHg+ ——
CH,COCDH, + Hg(0) + H* (8)

In order to determine the isotope effect accurately,
the decomposition rates were measured for the mixture
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Fig. 2. Plot of (log([CH,CH(OH)CH,Hg+]/[CH,CH-
(OH)CH,Hg*],)) / (log ((CH,CD(OH) CH,Hg+]/[CH,-
CD(OH)CH,Hgt],)) vs. the time for the redox decom-
position of CH;CH(OH)CH,Hg+ and CH,CD(OH)-
CH,Hgt at 38.0°C in the mixed solution. O and
(D correspond to the ratio of initial concentrations
([CH;CD(OH)CH,Hgt],/[CH;CH(OH)CH,Hg*],) of
0.20 and 0.32 respectively.
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Fig. 3. The time-sequential PMR spectra obtained in
situ for the redox decomposition of CH,CD(OH)-
CH,Hg+ and CH,CH(OH)CDHHg+ at 38.0°C in
the mixed solution. These spectra were taken with
deuterium irradiation at 15.349390 MHz after (1)
3.0min, (2) 10.6 min, (3) 32.1 min from the mo-
ment of raising the solution temperature.

of 2 and CH,CH(OH)CDHHg* (3) which was ob-
tained by the hydroxymercuration of a mixed gas of
propene-2-d; and propene-1-d;. Figure 3 shows the
time-sequential PMR spectra for the conversion of 2
and 3 into the product, acetone-d;, in a mixed solution
(1.5 m, [2]y/[3]y: 0.34). The concentration of 3 dur-
ing the reaction was determined in the same manner
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as before by using the doublet peak at 6 1.21. From
a plot of the right-hand side of Eq. (9) us. the time,
ks°[k¥'™ was determined to be 1.20 (£0.05). Accord-
ingly, the value of the secondary deuterium isotope
effect is 1.17 (1.40/1.20).

kse  _ log ([31/[3]0)
kg™ log ([21/[20)
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Fig. 4. The time-sequential PMR spectra obtained in
situ for the redox decomposition of hydroxymercurated
cis-2-butene-2-d;, (a) and cis-2-butene (b) at 0.2 °C.
These spectra were taken after (a) (1) 7.4 min, (2)
20.0 min, (3) 35.8min with deuterium irradiation
at 15.349390 MHz, and after (b) (1) 3.0min, (2)
8.0 min, (3) 21.5 min from the moment of raising
the solution temperature,

Deuterium Isotope Effects on the Decomposition of Hydroxy-
mercurated 2-Butene-2-d,. By the hydroxymercura-
tion of 2-butene-2-d;, two kinds of deuterated mer-
curials, CH,CD(OH)CHCH Hg* (4) and CHacH-
(OH)CDCH Hg* (5), were obtained as an isomeric
mixture. By comparing the decomposition rates of 4
and 5 for the mixture (Scheme I), the value of %°/
k'™ was determined with sufficient accuracy.

Figure 4 shows the time-sequential PMR spectra for
the redox decomposition of hydroxymercurated cis-2-

al b1

*Hgch CHED(OH)CHy .

mu

2 ngiu(ou) n3
m LJMAL

CH4COCHDCH,

v

!

Hacoc HyCHy

1 1 ] 1
2 1 PPM 2 1 pPM

Fig. 5. The time-sequential PMR spectra obtained in
sity for the redox decomposition of hydroxymercurated
trans-2-butene-2-d, (a) and trans-2-butene (b) at 0.7
°C. These spectra were taken after (a) (1) 10.9
min, (2) 31.9min, (3) 53.7 min with deuterium ir-
radiation at 15.349390 MHz, and after (b) (1) 2.8
min, (2) 19.6 min, (3) 33.4min from the moment
of raising the solution temperature,
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butene-2-d; (a) and cis-2-butene (b). Similar spectral
sequences for the frans-isomers are shown in Fig. 5.
Obviously, a marked contrast in the spectral pattern at
6 0.85 can be seen between the two sequences; this
unequivocally indicates that methyl ethyl ketone-3-d;
(CH;COCDHCH,; doublet) is produced by the decom-
position of the deuterated mercurials. This was con-
firmed by a mass-spectrometric analysis of the product
(dy: 99.29%, dy: 0.8%,) and was consistent with the prior
finding that no deuterium incorporation into the
product was observed when D,O was used as the
solvent.!?) These facts are decisive evidence for the
mechanism of the intramolecular 1,2-hydrogen shift
in the redox decomposition.

From a plot of the right-hand side of Eq. (10) us.
the time, k$°/k¥'™ was determined to be 1.15 (=+=0.05)
for both isomers:

keo log ([5)/5])
k5™ Tog ([41/[4ly) (19)

Experimental difficulties were encountered in fol-
lowing the reaction for mixtures of 4 or 5 with the cor-
responding undeuterated mercurial because of their
inadequate PMR characteristics. Nevertheless, a com-
parison of the rate constants for deuterated and undeute-
rated mercurials was possible by pursuing each of the
reactions in separated runs under identical reaction
conditions (three determinations); a magnitude of
isotope effects similar to that for propene was obtained
(Table I).

TaBLE 1. KINETIC DEUTERIUM ISOTOPE EFFECTS ON THE
REDOX DECOMPOSITION OF HYDROXYMERCURATED
PROPENE, (is- AND frans-2-BUTENES

Isotope effect

Olefin kn ka
(e (i)
propene®) 1.40 1.17
cis-2-butene® 1.35 1.17
trans-2-butene® 1.37 1.19

Reaction temperatures are (a) 38.0°C, (b) 0.2 °C, and
(c) 0.7 °C, respectively.

Discussion

The mechanism of the intramolecular 1,2-hydrogen
shift in the redox decomposition of f-hydroxyalkyl-
metal complexes has been proposed for the case of
Pd(I1)1® and Rh(III)* as well as for the case of Hg-
(II).119  Further, the lack of glycols in the product
has commonly been interpreted as strong evidence
against a simple carbonium-ion mechanism through the
heterolysis of the carbon-metal o¢-bond.1%1%14) For
the redox processes, some such assistance of the metals
seems to be required for the hydrogen shift to occur
concertedly with the two-electron transfer along the
carbon-metal bond.

For the elucidation of transition-state structures, the
kinetic isotope effect is considered to be one of the most
important methods, since it has definitely been under-
stood on the basis of the partition functions of the
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reactant and the transition state.’® Usually, the values
of the primary deuterium isotope effect for intramolec-
ular hydrogen migration are small, along with a small
angle (60°—90°) between the bonds to the migrating
hydrogen in the transition state; according to the de-
tailed calculations of O’Ferrall,}?) the values observed
for the present case (1.35—1.40) can reasonably be
associated with the three-membered cyclic transition
state of the 1,2-hydride rearrangement. In practice,
the observed values are close to those of the pinacol
rearrangement (~1.6), in which the hydride rearrange-
ment was presumed to be concerted with the breaking
of a bond between carbon and a leaving group at the
migration terminus; its transition-state structure has
been claimed to resemble a non-classical carbonium
jon.18:19)

Secondary isotope effects are understandable in terms
of force-constant changes at the position of the isotopic
substitution between the reactant and the transition
state ;29 substantial force-constant changes are, more or
less, incident to the hybridization changes. As is typi-
cally observed in Syl solvolysis,?!) the secondary deu-
terium isotope effect of 1.1—1.3 corresponds to the
hybridization change of deuterated carbon from sp?
to sp%22 Therefore, the observed magnitude of sec-
ondary deuterium isotope effects in the present case
seems to be explained satisfactorily by the sp? char-
acter of a-carbon in the transition state; this is con-
sistent with the previous suggestion to account for the
pattern of the alkyl-substituent effect on the decom-
position rate.1t)

As to the stereochemistry of the hydrogen shift in the
redox decomposition of hydroxymercurials, an anti-
mode with respect to the leaving mercury was strongly
suggested by the product distribution (ketone or epo-
xide) for hydroxymercurated cyclic olefins.?®) Taking
into consideration the foregoing results on deuterium
isotope effects, together with the suggested stereo-
chemistry, a structure such as is depicted below may be
proposed for the transition state of the redox decom-
position of hydroxymercurials. In view of the well-
known affinity of mercuric ions for olefinic n-elec-
trons,24-28) it seems likely that mercury facilitates the
anti-wise hydrogen shift by anchimeric assistance; this
is in contrast to the case of Pd(II), for which syn-wise
assistance through Pd(IT)-hydrogen interaction has
been postulated.2?)

F
H,C
3N ,»'i"xC/R
ARVA (R = H, CHy)
O Hg 3
Experimental

The FMR spectra were recorded on a JEOL PS-100 spec-
trometer. The deuterium decoupling was carried out with
a JEOL OA-1 synthesizer. The mass spectra were obtained
using a Hitachi RMU-6 spectrometer.

All the reagents and solvents were of a G. R. grade. The
diethyl ether and tetrahydrofuran were dried over calcium
chloride, refluxed with metallic sodium, and distilled im-
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mediately before use.

Preparation of cis- and trans-2-Butene-2-d,. The cis-
and frans-2-bromo-2-butenes were prepared by the procedure
of Caldwell?® (bromination followed by the dehydrobromina-
tion of trans- and cis-2-butenes respectively). The lithiation
of each 2-bromo-2-butene by metallic lithium in dry diethyl
ether was effected at room temperature by standard proce-
dures.?® The reaction mixture was quenched at 0 °C with
deuterium oxide (Merck, 99.75 atom9%, deuterated) under a
dry-nitrogen-gas stream, with the gas-phase components
trapped by a Dewar condenser of liquid nitrogen. The solvent
ether was removed by condensation with a Dry Ice-ethanol
trap fitted before the liquid-nitrogen trap. The isomeric
purities of the products were determined by glpc (20%
dimethylsulfolane on Celite) to be 97% and 96% for cis-
and frans-2-butene-2-d; respectively. Mass spectral analysis
at 58—68 gave 99.5%, d; and 0.59% d, components for
each of them.

Preparation of the Mixed Gas of Propene-7-dy and Propene-2-d,.
The mixture of 1- and 2-bromopropene was prepared by a
similar procedure, but using propene instead of 2-butene as
the starting material. The Grignard reagents formed from the
mixture of bromopropenes in dry tetrahydrofuran3® were
decomposed at 0°C with deuterium oxide. The product, a
propene-1-d; and propene-2-d; mixture, was isolated in the
manner described above. The isotopic purity of the pro-
duct was confirmed by mass spectrometry as 99.5%, d; and
0.5%, d,.

Preparation of Propene-2-d,. 2-Bromopropene was ob-
tained by the fractional distillation of the bromopropene
mixture (isomeric purity of 99.79%, by glpc); it was then con-
verted into propene-2-d; in the same manner as in the case
of the mixture. The isotopic purity of the product (99.5%
d, and 0.5%, d;) was unchanged from the case of the mixture.

Kinetic Studies in the Redox Decomposition of the Hydroxymer-
curials. Olefins were transferred via a vacuum line into
an aqueous solution consisting of 3.00 M of mercuric per-
chlorate at 0 °C until all the mercuric ions had been consumed
by hydroxymercuration. The solutions of hydroxymercurated
olefins were diluted with identical amounts of a 3.00 M aqueous
mercuric perchlorate solution. A part of the solution was
transferred into a PMR sample tube and kept in a Dry Ice-
ethanol trap. The reaction was started by inserting the tube
into the probe of the PMR spectrometer; by this means the
solution temperature was raised up to the probe temperature
(calibrated by the relative chemical shifts of ethyleneglycol),
and the reaction was pursued by taking the spectra in se-
quence. For the mixed-reactant systems, the overlapped
portions of their peaks were reasonably resolved, as was con-
firmed by the agreement of the resolved and synthesized line
shapes, since each of the spectra was separately obtainable
under identical measuring conditions.

During the reaction, no evolution of gas due to olefin
formation by deoxymercuration? was observed. The PMR-
spectral parameters of the hydroxymercurated propene and
2-butenes were tabulated in a prior paper.®
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