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Summary

Oxidation of specifically deuterated 3,3-dimethyl-1-butene in chloride-free acetic
acid produced deuterated vinyl acetates via an acetoxypalladation-S-elimination
sequence. Analysis of the deuterated products by NMR spectroscopy indicates that
the oxypalladation occurs trans.

Introduction

Nucleophilic attack on coordinated alkenes has been studied extensively during
the last two decades [1]. In particular the stereochemistry and mechanism of
nucleophilic addition to m-olefinpalladium complexes has attracted much attention
[2-9]. It is now reasonably clear that oxypalladation, which is an important step in
many catalytic reactions [2,7,10], occurs with trans stereochemistry. However, it was
recently found that nucleophilic addition to #-allylpalladium complexes, which
usually follows the same stereochemical pattern as nucleophilic addition to #-olefin
complexes [2a), in fact gave cis-migration with acetate as nucleophile (11,12]. Thus,
acetate attack on w-allylpalladium complex 1, in chloride-free acetic acid, occurs via
a cis-migration [12]. In the presence of chloride ligands the usual external attack was
observed. A cis-acetoxypalladation of a pinene derivative has also recently been
reported [13].
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Since most stereochemical studies of oxypalladations were carried out in chloride
ion containing media, we decided to study the stereochemistry of acetoxypalladation
in chloride-free acetic acid. Our aim was to find out whether a cis-migration similar
to that occurring in w-allylpalladium complexes can occur in the nucleophilic
addition of acetate to w-olefinpalladium complexes. Our results show that trans-
acetoxypalladation is the favoured pathway even under conditions which gave
cis-migration in #-allylpalladium systems.

It has been reported [14] that palladium-catalyzed oxidation of 3,3-dimethyl-1-
butene 2 produces a mixture of the regioisomeric vinyl acetates 5 and 6. This
reaction proceeds via oxypalladation adducts 3 and 4, which on S-elimination give §
and 6. A remarkable influence of the acetate concentration on the ratio of 5/6 was
observed. Thus, in the absence, or at low concentrations of sodium acetate, 5
predominates. With increased acetate concentration the relative amount of 6 in-
creases and at 1 M NaOAc the ratio 5/6 is 1/2.
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Since we had observed [12] a similar dependence of the stereochemistry of acetate
attack on w-allylpalladium complexes on acetate concentration, we decided to study
whether 5 and 6 are formed via stereochemically different pathways.

Results and discussion

The specifically deuterated olefins E- and Z-1-deuterio-3,3-dimethyl-1-butene,
readily available from the appropriate acetylene via a hydroalumination [15]-hydrol-
ysis (D,0 or H,0) sequence (see Experimental) were used in this investigation. Since
the B-hydride elimination in the putative oxypalladation intermediates (cf. 3 and 4)
is stereospecific and occurs cis [4,8,16], analysis of the deuterated vinylic acetates
formed provides information about the stereochemistry of the oxypalladation step.
Oxidation of E and Z-7 according to the procedure described by Henry [14], using
0.4 M NaOAc, gave a mixture of deuterated vinylic acetates (Scheme 1). The
reaction is very slow [14] and was usually allowed to proceed for a period of 24 h. In
most of the experiments the olefin was used in a five-fold excess over benzoquinone.
The product mixture was analyzed by 'H NMR spectroscopy and the results from
some experiments are given in Table 1. Analysis of the product from oxidation of
E-7 for 24 h (entry 2) showed that the terminal vinylic acetate is ~ 76% undeu-
terated 6. The other regioisomer 8 was found to be a Z/F mixture in a ratio of
2.8 /1. Similarly, Z-7 was oxidized to give 9, now with the deuterium intact (~ 91%
deuterated), and Z-8/E-8 in a ratio of 1/2.8.

The formation of 6 from £-7 and 9 from Z-7 is consistent with a rrans-acetoxypal-
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ladation followed by a cis-B-hydride elimination (Scheme 1). Analogously, the

expected regioisomeric acetate from a trans-acetoxypalladation cis-B-elimination

sequence is Z-8 from E-7 and E-8 from Z-7. These were indeed found to be the
major isomers in each case.
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In order to find out whether isomerization of the olefin could account for some
loss of stereospecificity, the unreacted olefin was analyzed at the end of the reaction
period. Analysis by 'H NMR spectroscopy showed that no detectable isomerization
occurred when the olefin was used in a five-fold excess and the reaction time was not
longer than 24 h. With longer reaction times (entry 1) or less olefin (entry 4) some
isomerization of the olefin was observed.

It is likely that the loss of stereospecificity in the formation of 8 is a result of an
isomerization E-8 2 Z-8 via vinylic ester exchange. Such exchange reactions are well
known [17], and proceed via an acetoxypalladation-deacetoxypalladation sequence
leading to E-Z isomerization. We found that the ratio Z-8/E-8 changes with the
reaction time (Table 1), which is consistent with a secondary isomerization. Thus,
oxidation of Z-7 for 8 h gave a ratio Z-8/E-8 of 1/3.5. In another experiment E-7
was oxidized over a 48 h period to give Z-8 and E-8 in a ratio of 2.5/1.

The formation of 6 and 9 via elimination of palladium deuteride or hydride
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respectively from an intermediate o-alkylpalladium complex deserves some com-
ment. Elimination via a conformation A in which the t-butyl and acetate groups are
trans to one another is greatly favoured. This elimination gives the E-product
(Scheme 2). However, a less favoured elimination via conformation B, in which the
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t-butyl and acetate groups are cis to one another, can also occur. The latter reaction
eliminates the other diastereotopic proton and gives the Z-product which will
isomerize [17] to the E-product under the reaction conditions (Scheme 2).

It is conceivable that product 9 from the oxidation of E-7 (H, = D) and product 6
from the oxidation of Z-7 (H, = D) are formed via the less favoured elimination (B).
Thus, entries 2 and 5 indicate that there is a deuterium isotope effect of 1.8 in the
[B-elimination and that the ratio of the rates between the eliminations A and B,
k,/k, is approximately 5.6 /1.

The relative ratio of 6 to 9 in the oxidation of E-7 is sensitive to isomerization of
the olefin, since the isomerized olefin (Z-7) reacts much faster than E-7 and gives
essentially only 9. Therefore even a slight olefin isomerization decreased the selecti-
vity for formation of 6 from E-7 (entries 1 and 4). A rate ratio of approximately 2
for the oxidation of Z-7 and E-7 to terminal acetate would account for the decreased
selectivity in entries | and 4.

Thus, the results show that nucleophilic attack by acetate on #-olefin-palladium
complexes occurs with trans stereochemistry even under conditions in which cis-at-
tack on 7-allyipalladium compiexes occurs. However, our results do not allow us to
exclude completely a minor pathway via a cis-addition. For example if the rate ratio,
k,/k, between the eliminations in Scheme 2 is > 5.6, one would have to assume
some cis-addition to account for the results. Still the trans-addition would have to be
> 85%. The observation by Henry that 1-(trideuterioacetoxy)cyclopentene does not
exchange with acetic acid when PdCl, is used as catalyst [18] but does exchange with
acetic acid when Pd(OAc), is used as catalyst [19] in the vinylic ester exchange
reaction [17], suggests that some cis-acetoxypalladation occurs in the latter case.
Thus, in changing from a chloride to an acetate system the acetoxypalladation goes
from a very stereospecific trans-addition to a less stereospecific addition [20].
However, the present results show that even in a chloride free acetate system the
trans-addition to olefins is greatly favoured over cis-addition.

We have recently suggested [1a] that trans nucleophilic addition to #-olefin-pal-
ladium complexes is mainly a charge controlled process and that cis nucleophilic
addition (via migration) is frontier controlled {21). The frontier controlled cis-migra-



406

tion reaction would therefore be favoured for nucleophiles with a high energy
HOMO (highest occupied molecular orbital) such as hydride and methyl anion,
whereas nucleophiles with a low lying HOMO would be very unwilling to migrate.
Oxygen and nitrogen nucleophiles, which are hard bases, have low-lying HOMOs
[21]) and a cis-migration would be very disfavoured for these nucleophiles. Accord-
ingly they are known to add with trans stereochemistry [2-6]. The results in the
present paper give further support for this theory, and show that a cis-migration of
an oxygen nucleophile from palladium to a coordinated olefin is an unfavourable
process.

Experimental

NMR spectra were recorded at 200 MHz on a Bruker WP 200 FT Spectrometer.
Benzoquinone was recrystallized from ligroine. Toluene was dried over CaCl,.
Diisobutylaluminum hydride (DIBALH) in toluene (1.2 M) was purchased from
FLUKA AG. D,0 (99.7% deuterium) was obtained from Merck Sharp and Dohme.
All reactions were performed under a dry nitrogen atmosphere.

E-1-deuterio-3,3-dimethyl-1-butene (E-7)

To a stirred solution of 3,3-dimethyl-1-butyne (12.5 ml, 8.4 g, 102 mmol) in
toluene (25 ml) at 45°C was added 93 ml of a solution of diisobutyl aluminum
hydride (112 mmol) in toluene during 2.5 h. After the addition was complete the
temperature was increased to 55°C and the stirring continued for another 2 h. The
clear solution was cooled to room temperature and D,0 (25 ml) was added during
3 h with vigorous stirring. The slurry thus formed (aluminum hydroxide) was stirred
at 25°C for 4 days until the aluminum hydroxide had become more crystalline and
easier to handle. The aluminum hydroxide was filtered off and the product ( £-7)
was distilled from the toluene phase through a column (10 X 1.5 cm) packed with
small glass coils (5 X 2 mm), b.p. 42°C (1 atm). Yield: 5.3 g (61%). NMR (CDCl,):
8 1.02 (s, 9, (CH;),C), 4.90 (d J 17.6 Hz, 1. CHD), 5.86 (d with deuterium splitting,
1, CH).

1-Deuterio-3,3-dimethyl-1-butyne

3,3-Dimethyl-1-butyne (9.1 g, 13.5 ml, 110 mmol) was stirred with 40 ml of a 0.5
M NaOD solution in D,O for 20 h, at 25°C. The product was separated from the
aqueous phase in a separating funnel and dried (MgSQO,).
Z-1-Deuterio-3,3-dimethyl-1-butene (Z-7) was prepared by hydroalumination of 1-
deuterio-3.3-dimethyl-1-butyne followed by H,O quenching according to the proce-
dure described above. NMR (CDCl,) § 1.02 (s, 9, Me,C), 482 (d J 10.6 Hz. 1.
CHD), 5.85 (d with deuterium splitting, 1, CH).

Oxidation of E-7 and E-8

Following the procedure used by Henry [14], palladium acetate (125 mg, 0.556
mmol) and sodium acetate (660 mg, 8 mmol) was dissolved in acetic acid (20 ml) at
60°C during 1 h and then the mixture was stirred at 25°C for 6 h. Benzoquinone
(215 mg, 2 mmol) was dissolved in the solution followed by the appropriate olefin 7
(0.85 g, 10 mmol). The solution was stirred at room temperature for 24 h, then a
cold finger with a small container on its tip was introduced into the flask. After | h
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the small container was full of an acetic acid solution of unreacted olefin. This olefin
was analyzed by NMR spectroscopy and found to have the same isomeric purity as
the starting olefin.

After the sample of olefin had been taken, water (10 ml) and brine (20 ml) were
added to the reaction mixture. The resulting mixture was extracted with pentane
(7 x 15 ml). The combined pentane phases were washed with water (2 X 10 ml), 10%
Na,CO, (2 X 10 ml) water (10 ml) and brine (10 ml). The organic phase was dried
(MgS0,) and pentane was distilled off at atmospheric pressure using a vigreux
column. The residue was dissolved in CDCl; and analyzed by '"H NMR spectros-
copy. '"H NMR (CDCl;) Z-8: § 4.63 ppm (s, |, =CHD); E-8: § 4.85 ppm (s, 1,
=CHD); 9: 8, 5.47 ppm (t, J(HD) 1.8 Hz, 1, t-BuCH=).

The 'H NMR spectra for the undeuterated parent compounds 5 and 6 [14] are
given for completeness. 'H NMR (CDCl,) 5: 6 (ppm) 1.10 (s, 9, t-Bu), 2.17 (s, 3,
CH,CO) 4.64 (d, J(HH) 2 Hz, 1, one of =CH,), 4.88 (d, 1, one of =CH,); 6 'H
NMR (CDCl,): 8§ (ppm) 1.06 (s, 9, t-Bu), 2.11 (s, 3, CH,CO) 5.48 (d, J 12.6 Hz, 1,
t-BuCH=), 7.06 (d, 1, =CHOAUc).
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