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Palladium-Catalyzed Oxidative Intermolecular Difunctionalization of
Terminal Alkenes with Organostannanes and Molecular Oxygen**
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The Heck reaction is a widely used transformation in organic
synthesis in which a terminal alkene and an organic halide are
coupled in the presence of a palladium(0) catalyst.! Palla-
dium(IT)-catalyzed oxidative Heck reactions, in which a
terminal oxidant (dioxygen or benzoquinone)? and an
organometallic reagent are used, have also been developed
to expand the scope of this transformation. In both types of
Heck reaction, alkene insertion leads to a o-alkyl palladi-
um(II) intermediate D, which undergoes f-hydride elimina-
tion to form the product (Scheme 1).°! Recently, significant
effort has been invested in attempts to intercept related
o-alkyl palladium(II) intermediates derived from alkenes in
various processes to access diverse difunctionalized prod-
ucts.! However, there have been few successful intermolec-
ular difunctionalization reactions initiated through a Heck
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Scheme 1. Proposed mechanism for the oxidative Heck reaction (a)
and interception of the o-alkyl palladium(ll) intermediate by trans-
metalation (b).
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insertion. A noteworthy example was recently reported by
Sanford and Kalyani, who developed a 1,1-arylhalogenation
of alkenes with an aryl stannane and a chloride source.”!
Other examples are mainly restricted to substrates that can
not undergo p-hydride elimination.”! Herein we report a new
palladium(IT)-catalyzed alkene difunctionalization reaction,
which we presume is initiated by an oxidative Heck insertion.
Two carbon-carbon single bonds are formed in a 1,2-
difunctionalization of conjugated alkenes and a 1,1-difunc-
tionalization of nonconjugated terminal alkenes with O, as
the terminal oxidant.

Recently, our research group has been focused on the
development of palladium-catalyzed alkene hydrofunctional-
ization"! and difunctionalization!® reactions that avoid prod-
ucts derived from B-hydride elimination. In successful hydro-
functionalization reactions,” the proposed o-alkyl palladiu-
m(IT) intermediates, which are accessed by the insertion of a
styrene derivative into a palladium hydride, are thought to be
stabilized by a m-benzyl interaction prior to functionaliza-
tion.”) On the basis of this concept, it was proposed that a
n-benzyl intermediate of type E, accessed through a Heck
insertion, could slow f-hydride elimination and thus enable
subsequent transmetalation to form F and reductive elimi-
nation to yield the product of diarylation (Scheme 1). Thus,
the key issue to be addressed is the control of the relative
rates of B-hydride elimination and transmetalation of the
second equivalent of the organostannane. We believed that
these rates could be controlled by tuning the ligand environ-
ment in the palladium complex.

Initially, the diarylation product Sa was observed as a side
product under conditions originally used in the hydroaryla-
tion of 4-methylstyrene (Table 1, entry 1).®! Palladium(II)-
N-heterocyclic carbene (NHC) complexes were selected early
on in the optimization process, because they have been found
to be robust catalysts for various aerobic oxidation*!? and
cross-coupling reactions."! The use of [Pd(1iPr)(OAc),] led to
a greater preference for diarylation over hydroarylation,
although the oxidative Heck product was formed in higher
yield (Table 1, entry 2). Enhancement of the cationic nature
of the complex improved the selectivity for diarylation over
the oxidative Heck reaction (Table 1, entry 3). This result
suggests that the r-benzyl interaction is stronger with a more
electrophilic catalyst (and f-hydride elimination is slower as a
consequence), which is consistent with the reported isolation
of m-benzyl complexes with cationic palladium species.”!

A dramatic change in selectivity for the diarylation
product over the oxidative Heck product was observed
when the counterion was changed from trifluoroacetate to
tosylate. Unfortunately, the more cationic complex [Pd"-
(IiPr)(OTs),] was unstable under these conditions (Table 1,
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Table 1: Optimization for the diarylation of 4-methyl styrene.

b
=2

5a
ph diarylation
PhSnBu; (3 equiv)

/©/\ Pd complex (2.5 mol%) * X _Ph 4
SOl;ezmr\h%;:alg?on) /©/\/ Heck reaction
1 e +
3a
/©)\Ph hydroarylation
i . iPr iPr
ligands: A /\
\ N\/N
N N ”
PriPr
(-)-sparteine (sp) 1iPr
Entry Pd complex Solvent Conv. Yield of 5a
[%][a] [%][b]
(5a/4/3a)
1 [Pd(sp)Cly] IPA 90 32
(1.6:0.8:1)
21 Pd(liPr) (OAC IPA 99 41
[Pd(1iPr) (OAc),]
(8.2:8.6:1)
3 Pd(liPr) (OCOCF;), IPA 99 55
[Pd(liPr)( 3)2]
(4.2:0.9:1)
44 [Pd(1iPr) (OTs),] IPA 30 26
(26:2.0:1)
5t [Pd(liPr) (OTs),] DCE 99 55
(3.0:0.3:1)
6l [Pd(1iPr) (OTs),] dioxane 99 58
(4.1:0.6:1)
7d [Pd(liPr) (OTs),] DMA 99 60
(7.0:2.4:1)
8 [Pd(IiPr) (OTs),] DMA 46 36
(20:4.5:1)
9kl [Pd(IiPr) (OTs),] DMA 78 50
(17:5.3:1)
100 [Pd(1iPr) (OTs),] DMA 9 63
(16:0.3:1)
11led [Pd(IiPr) (OTs),] DMA >99 90
(22:2.3:1)
72l [Pd(IiPr) (OTs),] DMA >99 92
(42:1.5:7)

[a] The conversion was measured by GC with an internal standard.
[b] The yield was determined by GC. [c] CuCl, (7.5 mol%) was used.
[d] The reaction was performed at 45°C. [e] Pd complex: 6 mol%.
[f] Activated molecular sieves (3 A, 100 mg) were added. [g] Cu(OTf),
(25 mol %) was used. [h] Concentration of the reaction mixture (with
respect to 1): 0.1m. Tf=trifluoromethanesulfonyl, Ts=p-toluenesul-
fonyl.

entry 4). However, a change of solvent from isopropyl alcohol
(IPA) to dichloroethane (DCE), dioxane, or N,N-dimethyl-
acetamide (DMA) resulted in improved catalyst stability
(Table 1, entries 5-7), whereby the use of DMA led to the
most promising result.'” Further optimization led to a
decrease in temperature (Table 1, entry 8) and an increase
in catalyst loading (Table 1, entry 9). Three final changes were
needed: 1)the addition of molecular sieves!™ (Table 1,
entry 10), 2) the addition of Cu(OTf), (Table 1, entry 11),
which has been shown to facilitate transmetalation,' and 3) a
decrease in concentration (Table 1, entry 12). These condi-
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tions led to excellent conversion into 5a (92% yield, as
determined by GC). A greater than 10:1 ratio of the 1,2- to
the 1,1-diarylation product was mainly observed for reactions
carried out under these conditions (see below).

The generality of the Pd"-catalyzed difunctionalization of
styrenes was explored under the optimized conditions,
initially by the evaluation of different organostannanes
(Table 2, entries 1-5). The electronic nature of the aryl
stannane had little effect on the cross-coupling reaction,
with the exception of a decrease in selectivity for the 1,2-

Table 2: Scope of the palladium-catalyzed 1,2-diarylation of styrene

derivatives and 1,3-dienes with organostannanes.
[PA(IiPr)(OTs),] (6 mol%)

RZ
0,
RN ¢ RiSnu, Cu(OT¥), (25 mol%) 1
DMA, 3-AMS, O, R
2a-f RT, 24h R?

5a-k

Entry R R? Product  Yield [9%]"
1 p-MeCeH, Ph (2a) 5a 78
2 p-MeCgH, p-FCsH, (2b) 5b 64

3 p-MeCH, p-MeOCgH, (2¢) 5c 650!
4 p-MeCgH, m,m-(MeO),C¢H, (2d)  5d 65
5 p-MeCgH, p-CF,CeH, (2€) Se 68
6 p-MeOCH,  Ph 5f 85
7 o0-MeC¢H, Ph 5g 73
8 0-MeOC,H, Ph 5h 73
o)

9 p-MeCeH, —5@ (2f) 5i 57
10 % m,m-(MeO),C¢H, 5j 55
111 p-FCeH, 5k 59
124 p-FCeH, 51 62

%
13 W —§© 5m 37

[a] Average yield of the isolated product in at least two experiments. [b] A
3:1 mixture of 1,2- and 1,1-diarylation products was formed. [c] The
reaction was performed at 45 °C. [d] The reaction was performed at 40 °C.

diarylation product with the electron-rich stannane 2c
(Table 2, entry 3). Electron-rich styrenes, including those
with ortho substitution, were found to undergo the diarylation
reaction successfully with PhSnBu; in good yields (Table 2,
entries 6-8). The good reactivity of an organostannane
derived from a cyclic enol ether indicates that a wide range
of alternative organostannanes can be anticipated as sub-
strates (Table 2, entry9). Terminal 1,3-dienes were also
evaluated. With these substrates, a m-allyl species!'™ can be
formed rather than a m-benzyl-stabilized intermediate
(Table 2, entries 10-12). To our delight, the 1,2-diarylation
of 1,3-dienes yielded the desired product as a single isomer.
Finally, the difunctionalization of a 1,3-diene with a non-aryl
organostannane was successful, albeit relatively low yielding
(Table 2, entry 13).

Conspicuously absent from our discussion of the reaction
scope so far are electron-poor styrene derivatives. The
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treatment of various electron-poor styrene derivatives with
PhSnBu; under the optimized conditions described above
resulted in a mixture of 1,2- and 1,1-diarylation products
(Figure 1). Of significance is a clear relationship between the
electronic nature of the styrene substrate and the resulting
ratio of 1,2- to 1,1-diarylation products, whereby the most

Ph
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Figure 1. 1,2-Diarylation versus 1,1-diarylation of styrenes and resulting
Hammett analysis.

electron poor substrate, with an NO, substituent in the meta
position, led to the lowest ratio of the 12- to the 1,1-
diarylation product (1,2/1,1). When the Hammett o values
were plotted against log(1,2/1,1), a linear free-energy rela-
tionship was observed with a p value of —0.88. This observa-
tion is consistent with the destabilization of the cationic
n-benzyl palladium complex E by an electron-withdrawing
group to enable -hydride elimination and reinsertion of the
coordinated alkene with formation of the more stable
n-benzyl palladium complex H. In other words, the ratio is
dependent on the relative rates of f-hydride elimination and
transmetalation of the second equivalent of PhSnBus.

On the basis of these findings, we turned our attention
towards terminal alkene substrates, as we believed that with
these substrates [3-hydride elimination and reinsertion would
lead to a stable m-benzyl palladium complex. This complex
could then undergo a second transmetalation and subsequent
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reductive elimination to yield the 1,1-diarylation product.!
Indeed, the treatment of 1-nonene with several aryl stannanes
yielded the 1,1-diarylation products exclusively (Scheme 2).
We carried out several mechanistic experiments to explore
this process further. When the isotopically labeled alkene
[D,]6 was used as a substrate in the reaction with 2b, both

a)1,1-Diarylation [PA(IiPr)(OTs),] (6 mol%)

Cu(OTf), (25 mol%) Ar
H.” + ArSnBu C-H
C7H15 3 DMA, 3-A MS, O, 7 15/\£
6 RT, 24h 7

with 2b: 60% yield of 7b
with 2d: 56% yield of 7d

93% D
[Pd(liPr)(OTs);] (6 mol%) D
D Cu(OTf), (25 mol%) )\FD
CrHi™ + 2b
! 15/\,';\/1 DMA, 3-A MS, O, Cths I Ar

>95% D RT, 24h

[D2]6

b) Crossover Experiment

[D,]7b, 35% yield
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Scheme 2. 1,1-Diarylation of terminal alkenes (a) and related mecha-
nistic experiments (b).

deuterium atoms were conserved in the product. This result is
consistent with the mechanistic proposal outlined above.
Furthermore, no crossover was observed when [D,]6 and
1-undecene were used as substrate, which suggests that the
coordinated alkene does not dissociate prior to formation of
the 1,1-diarylation product.

In summary, we have disclosed a unique difunctionaliza-
tion reaction of terminal alkenes, whereby conjugated alkenes
undergo the 1,2-addition of organostannanes, and simple
terminal alkenes undergo 1,1-addition. Two carbon—carbon
bonds are formed in this transformation, which provides facile
access to diaryl methine compounds, a common pharmaco-
phore.'” The outcome of the reaction is controlled both by
the stability of the m-benzyl or m-allyl intermediate formed
and by the unique cationic catalyst employed. Mechanistic
experiments suggest that the regioselectivity of the reaction is
determined by the relative rates of the second transmetala-
tion versus B-hydride elimination. These concepts will guide
the development of enantioselective variants of this trans-
formation and new reactions in which two different groups
can be added to a terminal alkene.
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