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Abstract

The combination of aryl bromides, allylbenzene, base and a palladium catalyst usually results in a
Heck reaction. Herein we combine these same reagents, but override the Heck pathway by
employing a strong base. In the presence of LiN(SiMes),, allylbenzene derivatives undergo
reversible deprotonation. Transmetallation of the resulting allyllithium intermediate to LPdAr(Br)
and reductive elimination provide the 1,1-diarylprop-2-enes, which are not accessible via the Heck
reaction. The regioselectivity in this deprotonative cross-coupling process is catalyst-controlled
and very high.
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Catalytic functionalization of unactivated sp3-hybridized C—H bonds in the absence of
directing groups is highly desirable, but remains challenging.[!: 2] The level difficulty of
these functionalizations increases dramatically when regio- and chemoselectivity issues are
present. In our efforts to address such challenges, we recently initiated a program for the
functionalization of weakly acidic sp3-hybridized C-H bonds by palladium catalyzed
deprotonative cross-coupling processes (DCCP). Substrates that have been successfully
functionalized using this approach include diarylmethanes,[3 4l sulfoxides,[®] sulfones, 6]
amides,[7] and chromium-activated benzylic amines (to produce enantioenriched
diarylmethylamines).[8] Based on these results, we hypothesized that it might be possible to
functionalize allylbenzene derivatives and control chemo- and regioselectivity. Successful
development of such a process would require: 1) conditions for the deprotonation of
allylbenzene that are amenable to catalysis, 2) catalysts that can promote the regioselective
arylation, and 3) control of base reactivity such that the more acidic product is not
deprotonated and isomerized or further functionalized.
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Typically, reactions of allylbenzenes with aryl bromides in the presence of palladium
catalysts and base afford Heck—type y-selective products, often as mixtures of regio- and
geometric isomers (Scheme 1, right).[9 101 We envisioned that a strong base could divert the
chemoselectivity from olefin coordination and insertion of allylbenzene in the Heck
coupling to transmetallation of the metallated allyl (Scheme 1, left).[11. 12] The catalyst/
ligand combination would control the regioselectivity of the arylation in the DCCP, thus
enabling the formation of a-arylated products that are inaccessible via the Heck pathway. It
is noteworthy that this approach is distinct from known C-H activation/arylations of
allylbenzenes and related substrates.[13]

Herein, we disclose the first metal-catalyzed C(sp3)-H arylation of allylbenzenes (pK, ~ 34
in DMSO)[X4] with aryl bromides to afford 1,1-diarylprop-2-enes. A base/catalyst
combination [LiN(SiMe3),/Pd-PCys3] is advanced that efficiently controls the
chemoselectivity and promotes regioselective DCCP of allylbenzenes in good to excellent
yields (51-97%).

Our first challenge was to identify conditions for the deprotonation of allylbenzene’s
C(sp3)-H. The benzylic C-H’s in allylbenzene have traditionally been deprotonated with n-
and sec-BuLi at =78 °C or with n-BuMgCL.[15] These strong bases, however, are impractical
for cross-coupling reactions because of their limited compatibility with catalysts and
coupling partners. We, therefore, focused on reversible in situ deprotonation of allylbenzene.

As a surrogate for the transmetallation step in the arylation reaction in Scheme 1, we
substituted reaction of metallated allylbenzene with benzyl chloride (Scheme 2). To perform
the benzylation, we screened 6 bases [LiN(SiMe3),, NaN(SiMe3),, KN(SiMej3),, LiOt-Bu,
NaOt-Bu and KOt-Bu] at room temperature in CPME (cyclopentylmethyl ether). As
illustrated in Scheme 2, the bases leading to benzylation products were: KN(SiMe3)2
affording a 5:1 ratio of a:y (80% yield), NaN(SiMes), generating a 4:1 ratio (71% yield),
and LiN(SiMej3), leading to a 1:1 ratio (13% yield). The a:vy ratios observed suggest that the
nature of the metal plays a significant role in the regioselectivity.[16] None of the MO-t-Bu
(M = Li, Na, K) bases generated detectable amounts of benzylation products. Unlike bases
previously used to deprotonate allylbenzene (n- and sec-BuL.i at =78 °C or n-Bu-MgCl),
MN(SiMe3), has a high likelihood of compatibility with catalyst, reagents, and products in
the DCCP (Scheme 1, left).

We next turned our attention to catalyst identification for the DCCP of allylbenzene. We
tested 29 sterically and electronically diverse mono- and bidentate phosphine ligands, 3
bases [LiN(SiMe3),, NaN(SiMe3),, KN(SiMe3),] and different Pd(0) and Pd(I1) precursors
at 110 °C using the microscale high-throughput experimentation (HTE) techniques (see
Supporting Information for details). Interestingly, the results of the HTE indicated the only
base leading to the a-arylated product (4a) was LiN(SiMes), (Table 1). Note that the main
group metal is involved in both the deprotonation and the transmetallation steps in the
arylation reaction. As such, the best base for the benzylation may not be the best for the
palladium-catalyzed reaction. Of the 29 ligands examined, PCy3 and Brettphos afforded
very high regioselectivity in the coupling, giving exclusively the a-arylated products (see
Supporting Information). NiXantphos, the only ligand that we found to perform well in the
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DCCP of diphenylmethane (pK, = 32 in DMSO)!7] with aryl bromides, 3] gave a 2.6:1 ratio
of a- and y-arylated products. Because PCys is less expensive than Brettphos,[18] we chose
PCyj as the ligand for optimization of the arylation reaction.

Translation of the microscale lead outlined above to laboratory scale (0.1 mmol) using 1
equiv. of allylbenzene (1a), 3 equiv. of aryl bromide (2a), 3 equiv. of LiN(SiMe3),, 5 mol %
of Pd(OACc), and 10 mol % of PCy3 in CPME at 110 °C rendered the a-arylated product
(4a) in 15% yield (entry 4, Table 1). Examination of four etheral solvents [THF, DME,
dioxane and CPME] indicated that CPME was the best choice (entries 1-4, Table 1). During
the optimization we observed the conversion of allylbenzene to trans-- methylstyrene
(major) and cis-B-methylstyrene (minor) (Scheme 3).11%1 Unfortunately, these isomers are
less acidic than allyl benzene and do not undergo deprotonation under our conditions at 110
°C. Decreasing the temperature of the reaction to 80 °C increased the product yield to 30%
(entry 5). Lowering of the temperature to 60 °C decreased the product yield to 20% (entry
6). Given the weak acidity of allylbenzene, and the resulting low concentration of the allyl
anion, we increased the reaction concentration from 0.1 M to 0.2 M. At the higher
concentration, the yield of a-arylated product (4a) increased to 40% (entry 7). We,
therefore, increased the amount of allylbenzene to 3 equiv. while using 3 equiv. of
LiN(SiMe3), and 1 equiv. of bromobenzene at 0.2 M. The excess allylbenzene compensates
for what appears to be an irreversible isomerization of some allylbenzene to unreactive p-
methylstyrenes. Under these conditions, the a-arylated product (4a) was obtained in 65%
yield (entry 8). Further increasing the concentration of the reaction mixture (0.3 M and 0.4
M) did not have an appreciable effect on the product yield (entries 9 and 10). We, therefore,
chose 0.2 M as the reaction concentration. When 4 equiv. of allylbenzene, 4 equiv. of
LiN(SiMe3), and 1 equiv. of bromobenzene were used, the product was obtained in 74%
yield (entry 11). Further optimization was performed by changing the ratio of PCy3 with
respect to the amount of palladium (entries 12 and 13). Finally, the arylation product (4a)
was obtained in quantitative yield when employing Pd(OAc), (5 mol %), PCy3 (20 mol %)
and a ratio of 4:4:1 of allylbenzene : LiN(SiMe3), : bromobenzene at 80 °C for 24 h (entry
13).

With our optimized conditions (entry 13, Table 1), we examined the substrate scope of the
arylation of allylbenzene with aryl bromides (Table 2). The DCCP showed excellent
reactivity with aryl bromides possessing electron-donating groups (81-97% yields, entries
2-5). A range of other substrates exhibited good reactivity, including those with substituents
in the meta (85% yield, entry 6) and ortho positions (83% yield, entry 7) as well as 1- and 2-
bromo naphthalene (86 and 74% yields, entries 8 and 9). Nitrogen protected 5-bromoindole
was also a good coupling partner and furnished the a-arylated product in 86% yield (entry
10).[20] The yields were typically lower, however, with electron-deficient aryl bromides
(52-66%, entries 11 and 12). Ketones are well known to undergo 1,2-carbonyl addition
reactions with reactive organometallics. Additionally, p-bromoacetophenone (pKa in DMSO
is 24.71211) can participate in competitive aldol chemistry!22] and Pd-catalyzed a-arylation of
the enolate under basic condition.[? 23] Yet the a-arylated product 4m derived from DCCP
of allylbenzene was produced in reasonable yield (65%, entry 13). Acetals are known to
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undergo C-O cleavage with reactive organometallics,[24] however, the a-arylated product
4n was produced in 87% yield (entry 14).

We next turned our attention to the allylbenzene scope (Table 3). Electron donating 4-
allylanisole exhibited good reactivity (66-88% vyields, entries 1-4). Meta substituted 3-allyl
toluene furnished the desired coupling products in 80-91% yield (entries 5 and 6). Protected
5-bromoindole underwent the a-arylation with 3-allyltoluene in 82% yield (entry 7). Ortho
substituted 2-allyltoluene gave the desired product in 60% yield despite the additional steric
hindrance at the a-center (entry 8). Electron-deficient 4-fluoro allylbenzene gave 64 and
66% yield with bromobenzene and protected 5-bromoindole (entries 9 and 10, respectively).
Allyl derivatives 2- or 3-allylpyridine did not give the a-arylated products, but only
underwent isomerization to the more stable vinyl pyridine derivatives. 2-Allylthiophene, on
the other hand, underwent DCCP with 4-bromo tert-butylbenzene to afford the a-arylated
product 4u in 51% vyield (entry 11). These systems are significantly more acidic than allyl
benzenes and will require different catalysts for to afford synthetically useful yields. It is
noteworthy that excellent regioselectivity is observed in the substrates in Table 3, even when
the steric and electronic parameters of the allylbenzene starting materials are varied.[10. 12]

When the DCCP with TBS protected bromoindole (3j) was scaled to 1 mmol with a ratio of
4:5:1 of 1a:2:3j in the presence of 5 mol % Pd(OAc), and 20 mol % PCys, the product 4j
was isolated in 77% yield (Scheme 4).

In summary, we have developed the first direct a-arylation of unactivated allylbenzenes
with aryl bromides via deprotonative cross-coupling processes. The significance of this
work is it demonstrates that very weakly acidic hydrocarbon frameworks can be
functionalized under DCCP conditions.

The palladium-catalyzed arylation proceeded efficiently in the presence of PCy3 and
produces a-arylated 1,1-diarylprop-2-enes with very high regioselectivity (>95:5). It is
noteworthy that our approach overrides the ubiquitous Heck reaction pathway by controlling
the chemoselectivity. This is accomplished by use of a strong base, LiN(SiMe3),, that
reversibly deprotonates the allylbenzene. The lithiated allyl then undergoes transmetallation
with the catalyst in a process that is faster than coordination and insertion of allylbenzene in
the Heck pathway. The regiochemistry of the arylation is controlled by the ligand/palladium
combination and is key to the success of this process. The fact that the a-arylated diarylallyl
does not undergo base promoted isomerization to the more conjugated 1,1-diaryl-1-propene
suggests that an enantioselective DCCP of allylbenzenes is possible and has inspired us to
investigate this possibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.

Overriding Heck Coupling: Heck Reaction (right) vs. DCCP of Allylbenzene with Strong
Base (left).
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KN(SiMe3), a: y=5:1; 80% yield
NaN(SiMes), a: y=4:1; 71% yield
LiN(SiMe3), a: y=1:1; 13% yield

Scheme 2.
Benzylation Used as Surrogate for the Transmetallation Step in DCCP.
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Scheme 3.

Isomerization of Allylbenzene to Unreactive p—Methylstyrenes.
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Scheme 4.
Scaled up DCCP of Allylbenzene with TBS-Protected Bromoindole.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 April 01.

Page 10
TBS
AN

'

Ph =
77% yield

4]



Page 11

Hussain et al.

"HAIN Aq pa10a1ap sem 1onpoud paje|Ase-ewiwed J0 o4 Uey) s8] ‘CIGCHD PJepuels [UJsIUl YIM 3INIXIW apnid Jo SisAfeue YIAIN Hp Aq paulwiaiap platA

NIH-PA Author Manuscript

[e]

66< 0¢/S e 4] 08 ElAL:e] vy €T
08 ST/S 14 4] 08 ElAle] vy 4%
17 0T/S 144 4] 08 ELAL:e) vy T
69 0T/S e 0 08 3JNdO T:€€ 0T
89 0T/S 14 €0 08 ElAle] T:€€ 6
S9 0T/S 1’4 4] 08 ELAL:e) T:€€ 8
or 0T/S 174 4] 08 3JNdD €eT L
0¢ 0T/S 14 10 09 ElAle] €eT 9
0€ 0T/S e 10 08 ELAL:e) €eT S
qT 0T/S e T0 0TT ElAL:e] €eT 14
0T 0T/S 14 10 0TT auexold €T €
0 0T/S e 10 0TT JNd €eT 4
0 0T/S 174 T0 0TT 4HL €eT T
(%) (o) owthod @ (W) (2.
leley [2(OvO)pd awmn  ouod  dwil  JUBA|0S  egizieT  Anue
ey own “dwe) eg 4 el
\/ﬂcn_ o“_%owhm:n_ + CEONISINIT + AN
ud Na<ova_

"8UaZUBIAIIY J0 dOOA PazAjered-winipejjed Jo uoneziwndo

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 April 01.



Page 12

Hussain et al.

NIH-PA Author Manuscript

I o
M o~
= o
) J
S S
[glzs J A [los g
Pt
Nt Z Ud
" \U—\/
e \
#
[polos <y 1 lglT8 NU_\ v
Iy
\/,\cn i
. _ud
X
-~ 1 J
< :
W S
LN
[polos “eaL or g6 aﬂ_o\ ¢
ar
\ ud
\Mm.
P
Llvz 6  lolss /H 4
Uy
- ud
Y o
W../ \u/\f_
I
7Y 7
lblos L g [glT6 S I
[el(%6) lel(90)
[oJEINA 10npoad Anua  plaIk 10npoud Anua

"saplwo.q |AI Yylm auazuaqA|y Jo Buljdnoa-ssos)

¢ ?olgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 April 01.



Page 13

Hussain et al.

NIH-PA Author Manuscript

NE'0 SI UOITRAUIdU0D

Bl

"pasn aseq Jo ba 9

[p]
4yog
1%
yve [l
*SUOIMPUOI INO J3pun PanJasgo sem Jonpold X9aH ou pue YN Aq palosiap aiem s}onpoud ewiweb ay Jo 9 ¥ uey) ssa7] fe]
p
a _.m,uumm /
g
P "
[prole 07 et [polss \@ 9
[el(%0) lel(%0)
o] EINA 10npoad Anua  ppRIk 10npoud Anus

NIH-PA Author Manuscript NIH-PA Author Manuscript

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 April 01.



Page 14

Hussain et al.

NIH-PA Author Manuscript

Ww
4 by
N | P
Z
P
N MES L
99 saL 0T “sal 14
It dy

\ 4 P

79 Sy 6 L €
op
O
e
P
N
[gloo 8 18 o z
st
P N >
P PN
> ~ Favs
\ n 3
Z8 /mm;. L 88 S T
[el(96) proik 1onpoud fnus  [1(@6) pRIA 1onpoud Anua

"sapiwo.q |A1y Yylm sauazuaqiA|y Jo Buljdnoa-ssoi)

€9lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 April 01.



Page 15

Hussain et al.

NIH-PA Author Manuscript

'sjonpoud Jeaul| Jo 9% ZT yim Buoje 1onpoud paurelqo ‘pasn aseq 4o ba € pue |Ajje suaydoiys jo ‘ha g

[o]

"pasn aseq Jo ba 9

[a]

"4 9€ 10} U UoNoRaY

[e]

[blts

16 ngi 9

1T FH 08 . S

[el(%6) pIa1k

10npoud

fnus  [el(0) pra1k 10npoud Aaua

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 April 01.



