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ABSTRACT

A simple change of solvent allows controlled and efficient switching between oxidative Heck and conjugate addition reactions on cyclic Michael
acceptor substrates, catalyzed by a cationic Pd(II) catalyst system. Both reactions are ligand- and base-free and tolerant of air and moisture, and
the controlled switching sheds light on some of the factors which favor one reaction over the other.

The Pd(0)-catalyzed Mizoroki�Heck reaction is one of
the most widely used C�C bond forming reactions in
organic synthesis.1 However, Pd(0)-catalyzed Heck condi-
tions generally do not work as well with cyclic enones due
to the tendency to form conjugate addition products
instead, as well as being stereochemically precluded from
undergoing the final step in the traditional Heck cycle: the

syn β-H elimination.2 In recent years, the Pd(II)-catalyzed
boron oxidative Heck reaction3 has emerged as a promis-
ing new method which enables Heck-type couplings on
cyclic systems. Generally, a ligand, base, or both are
required, and the reactions can be carried out under mild
conditions in air. Nevertheless, reports using cyclic enone
substrates are still rare,4 and obtaining either the oxidative
Heck or conjugate addition product selectively with cyclic
enones can still pose a challenge.5 Indeed, the conditions
utilized for Pd(II)-catalyzed conjugate addition reac-
tions6,7 can often appear quite similar to the oxidative
Heck conditions, prompting us to question the factors
which might favor one reaction over its competitor. As far
asweare aware, there are no reported studies on thePd(II)-
catalyzed switching between oxidativeHeck and conjugate
addition reactions8,9 or reports on factors which might
influence the formation of one product over the other.
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Wehave recently reported amild and ligand-free cation-
icPd(II)2þ system for diastereoselective conjugate addition
reactions to sterically hindered cyclic enones.10 As part of
our ongoing studies to evaluate the utility of the new
ligand-free catalyst system, we were keen to address the
issue of competition between the oxidative Heck and
conjugate addition reactions on cyclic enones. Thus, our
aims were twofold: to successfully and efficiently control
switching between the two outcomes by changing a vari-
able in the reaction, thereby shedding some light on the
factors which influence the switching.
With the conjugate addition conditions for the forma-

tion of 3 already in hand (entry 1, Table 1), our investiga-
tions commenced with screening of reaction conditions to
switch the outcome fully to oxidative Heck product 4

(Table 1). An in situ method for generating the cationic
Pd(OTf)2 catalyst was used in this screen, utilizing
Pd(OAc)2 and TfOH. Pleasingly, a clear shift toward the
oxidative Heck product 4 is observed upon adoption of
more polar solvents, although conversions are poor
(entries 2�9). Finally, DMSO was found to change
the outcome of the reaction successfully to favor only 4

(entry 9). Warming to 50 �C pushed the reaction to
completion, yielding 4 in a good 84% yield, thereby
successfully obtaining a complete switch in reactivity from
conjugate addition 3 (entry 1) to oxidativeHeck 4 (entry 10)
by a simple change of solvent (ClCH2CH2Cl to DMSO).
With these pleasing results in hand, substitution around

the cyclohexenone core was investigated next (Table 2,
entries 3�8). 6-Substituted cyclohexenone 5 undergoes the
conjugate addition (entry 3) as well as oxidative Heck
reactions smoothly (entry 4). 5-Substituted cyclohexenone 8
undergoes conjugate addition in good yield (75%, entry 5),
but an oxidative Heck reaction under the usual conditions

produced a poor 25% conversion. Fortunately, reversing
the stoichiometry (from 1:2 8/2 to 3:1 8/2) and setting the
temperature at 70 �C successfully promotes the oxidative
Heck reaction (60%, entry 6). Moving the substituent
even closer to the reactive alkene (11) does not hinder the
conjugate addition, but clearly slows down the oxidative
Heck reaction (entries 7�8). With the latter, dimerization
of the arylboroxine becomes competitive, resulting in only
a low conversion to the desired 13. This is perhaps un-
surprising as γ-substituted cyclohexenones are notoriously
difficult substrates for any Heck-type reaction.2

Next, more electron-rich alkene substrates were evalu-
ated (entries 9�14). With these systems, it was found that
the premade cationic catalyst (MeCN)4Pd(OTf)2 (B) often
performs better. Thus, the switching from conjugate addi-
tion to oxidative Heck reaction proceeds smoothly with
lactone 14 (entries 9�10). Dihydropyridones11 17 and 20

also switch between the two reactions smoothly, although
the oxidative Heck reaction does require portionwise
addition of the catalyst and 2a to push the reaction to
completion (entries 11�14). Changing the ring size from
six-membered systems to five-membered cyclopentenone 23
results in a smooth conjugate addition reaction (entry 15),
but surprisingly, switching to an oxidative Heck reaction in
DMSO is now no longer as efficient (1:1 24/25, entry 16).
Having explored the alkene substrate scope, we turned

our attention to the arylboroxine scope (Table 3). Premade
(MeCN)4Pd(OTf)2 catalyst was found to be more general
for the range of arylboroxines studied and was thus
employed in the general procedure.The conjugate addition

Table 1. Initial Studies: Conditions for Switching from
Pd(II)-CatalyzedConjugateAddition toOxidativeHeckReaction

entry solvent yield 3 (%)b yield 4 (%)b

1 ClCH2CH2Cl 94c �
2 ClCH2CH2Cl þ

DMF (4 equiv)

79c 20c

3 DMF � trace

4 acetone � 14

5 MeCN trace trace

6 DMAd trace trace

7 MeOH � 4

8 NMPe 12 4

9 DMSO � 33c

10 f DMSO � 84c

aCommercial arylboronic acidwas heated under vacuum to generate
boroxine. bDetermined by 1H NMR analysis of crude mixture, unless
otherwise stated. c Isolated yield. dDimethyl acetamide. e N-Methylpyr-
rolidone. f 50 �C, 48 h.
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reaction to form 3a�3j progressed smoothly for a range of
aryls, including those that were electron-rich, electron-
poor, and para-, meta-, and ortho-substituted (entries
1�10). Even easily oxidizable 2-fluorene performs reason-
ably well (entry 6).
The oxidative Heck reaction, however, proved more

challenging and was initially hampered by poor or incom-
plete conversions. After optimization, we found that

portionwise addition of the catalyst (2 � 5 mol %) and
arylboroxine (2� 2 equiv) improved the yields forAr=Ph
and p-HOC6H4 (entries 11�12). However, the conversions
were still low for other aryls (e.g., entry 22). At this point,
we discovered that while the conjugate addition reactions
require arylboroxines (formed by heating commercial
“boronic acid” under vacuum),10 the oxidative Heck reac-
tion behaves in the opposite manner, performing better
when arylboronic acids (formed by recrystallization from
water) are used. This is presumably why the different aryls
behave differently when used straight out of a commercial
bottle, as they tend to lie on different ends of the arylboro-
nic acid/boroxine equilibrium12 and may also hydrate at
different rates in the DMSO solution. Thus, using freshly
recrystallized arylboronic acids and optimized general
conditions Y, the oxidative Heck was successfully carried
out using a range of aryls: o-, m-, and p-substitutions
(entries 13�18) as well as electron-donating (entries
12�14), polycyclic aromatic (entries 15�16), and electron-
withdrawing groups (entries 17�18). Of these, only the

Table 3. Arylboroxine/Boronic Acid Scope

entry aryl cond. yield (%)c

1 Ph X 3b 77

2 p-HOC6H4 X 3c 67

3 m-MeC6H4 X 3d 68

4 o-MeC6H4 X 3e 76

5 2-naphthalene X 3f 84

6 2-fluorene X 3g 51

7 m-ClC6H4 X 3h 82

8 m-MeO2CC6H4 X 3i 75

9 m-O2NC6H4 X 3j 59

10d p-BrC6H4 X 3k 71

11e Ph Y 4b 68

12e p-HOC6H4 Y 4c 60

13 m-MeC6H4 Y 4d 66

14 o-MeC6H4 Y 4e 57

15 2-naphthalene Y 4f 68

16 2-fluorene Y 4g 48f

17 m-ClC6H4 Y 4h 53g

18 m-MeO2CC6H4 Y 4i 43g

19 m-O2NC6H4 Y 4j 50% convg

20 p-BrC6H4 Y 4k 24g

21 m-MeC6H4 Yh 4d 66

22 m-MeC6H4 Ye 4d 46

aCommercial boronic acid was heated under vacuum to generate
boroxine. 2 equiv used. NaNO3 (2 equiv) added.10 bArylboronic acid
recrystallized from water. 2 � 2 equiv used. c Isolated yield. dO2 atm.
eArylboroxine used. f 34% 3g also isolated. gThree portions of 5 mol%
catalyst. hCommercial arylboronic acid þ water (1.5 equiv).

Table 2. Alkene Substrate Scope

a Isolated yield. b 0.33 equiv of 2a. cNaNO3 added (1�2 equiv).10 d 3
equiv of 2a. e 10 þ 5 mol % cat., 2 þ 0.5 equiv of 2a.

(12) Korich, A. L.; Iovine, P. M. Dalton Trans. 2010, 39, 1423.
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large 2-fluorene reaction struggled to produce an efficient
switch (48% 4g, 34% of 3g, entry 16). Reactions with
m-O2NC6H4 and p-BrC6H4 did not proceed to full con-
version; in these two cases Ar�Ar homocoupling domi-
nates (entries 19�20). Finally, we found that using
commercial “arylboronic acid” straight from the bottle,
but with 1.5 equiv of water added to the reaction (which
presumably generates arylboronic acid in situ), performs
just as well as using freshly recrystallized arylboronic acid
(entry 21 vs 13) and far better than with arylboroxine
(entry 22).

The mechanism of the two reactions is thought to
diverge after the transmetalation and migratory insertion
steps (Scheme 1).13 Intermediate I can either undergo β-H
elimination to produce the oxidative Heck product or
protonolysis (either directly or more often described as
via Pd-enolate II) to produce the conjugate addition
product. In order to promote the oxidative Heck reaction
over conjugate addition, it is clear that the β-H elimination
must be facilitated. We thus propose that the solvent
switch from nonpolar ClCH2CH2Cl to polar DMSO
causes such a dramatic switch in the selectivity due to
two possible reasons. First, in our “ligand-free” cationic
Pd(II) conditions, the polar and more coordinating

DMSO must be stabilizing the cationic Pd center [see
Supporting Information for (DMSO)4Pd(OTf)2 crystal
structure],14 and possibly affecting the equilibrium be-
tween I, II, and I0. Second, since syn β-H elimination is
not possible in cyclic intermediates such as I, it is usually
assumed that epimerization of the R-C in I via enolization
to form I0 must take place in order to allow for the syn-β-H
elimination required to form the oxidative Heck product.
Following this argument, the use of polar and relatively
basic DMSO solvent15 must be facilitating the epimeriza-
tion (IfI0) compared to nonpolar ClCH2CH2Cl.

16

A third possibility is that the DMSO conditions allow a
conjugate addition followed by oxidation,17 rather than a
true oxidative Heck reaction. To rule out this possibility, a
control reaction was carried out whereby the conjugate
addition product 3awas subjected to the DMSO oxidative
Heck conditions. Only a trace of oxidative Heck prod-
uct 4a is formed after 2 days,18 confirming that 4a is not
formed via 3a and that the reactions in DMSO shown in
Tables 1�3 are true oxidative Heck reactions.
In conclusion, we have developed an efficient way of

switching between oxidative Heck and conjugate addition
reactions on cyclic alkenes using a simple switch of solvent,
in a base- and ligand-free Pd(II)2þ system. In doing so, we
have discovered several important subtleties regarding the
competition between these two reactions. First, the con-
jugate addition requires arylboroxines whereas the oxida-
tive Heck reaction performs better with arylboronic acids
under our reaction conditions. Second, more polar sol-
vents promote the oxidative Heck reaction over conjugate
addition. We hope our studies shed some light onto the
often encountered, but rarely investigated, competition
between conjugate addition and oxidative Heck reactions
in Pd(II)-catalyzed systems, thus leading the way for more
selective reactions in the future.
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Scheme 1. Proposed Mechanism of the Oxidative Heck and
Conjugate Addition Reactions

(13) See ref 6c, p 57.
(14) When 4 equiv of DMSO are added to (MeCN)4Pd(OTf)2,

(DMSO)4Pd(OTf)2 is produced, with 2 S-bound and 2O-boundDMSO
(cis). This complex is catalytically active in the oxidative Heck reaction.
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solvent, the resulting poor 3.4:1 3/4 ratio implies that, for a full switch to
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(DMSO)4Pd(OTf)2.
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