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Scheme 1

ABSTRACT: Highly branch-selective, carbonyl-directed
hydroarylations of monosubstituted alkenes are described.
The chemistry relies upon a cationic Ir(I) catalyst modiﬁed
with an electron deﬁcient, wide bite angle bisphosphine
ligand. This work provides a regioisomeric alternative to
the Murai hydroarylation protocol.

I

n 1993, Murai and co-workers demonstrated that Ru-catalyzed
alkene hydroarylation can be achieved by carbonyl-directed
aryl C−H activation (Scheme 1A).1 This protocol provides access
to linear hydroarylation products and is considered a milestone in
the development of atom-economical methodology.2 In the
ensuing years, a wide range of related π‑bond insertion protocols
have emerged that use a variety of late transition metal catalysts.3,4
For intermolecular processes involving monosubstituted alkenes,
linear selectivity dominates and branched products are not usually
accessible. Branch selectivity has been achieved under Co- or Rucatalyzed conditions but requires aniline, pyridine, or imine
directing groups and is limited to styrenes as the oleﬁnic
partner.5−9 To date, a regioisomeric alternative to the original
Murai protocol, which enables carbonyl-directed, branchselective hydroarylation, remains elusive. This represents a
surprising gap in synthetic technology, especially given that
such a process would provide direct and potentially enantioselective access to products that are diﬃcult to obtain using
conventional cross-coupling chemistry.10,11 In this report, we
detail the design of a catalyst system that achieves high branch
selectivity for carbonyl-directed hydroarylation of aryl- and alkylsubstituted alkenes. The protocol has wide scope, is highly
selective for mono-ortho-alkylation, and opens the door to the
development of related processes, including enantioselective
variants.11
At the outset of our investigations, we were drawn to cationic
BINAP-ligated Ir(I) catalysts that were reported by Shibata for
ketone-directed hydroarylation of styrenes.4c These systems
preferentially provide linear products but are less discriminating
than Ru-based catalysts and deliver signiﬁcant quantities of
branched adducts (7:1 to 3:1 selectivity). The relatively low
selectivities hinted that appropriate modiﬁcations could lead to a
catalyst system that favors branched products. Related studies on
directed hydroheteroarylation indicate that alkene coordination
and hydrometalation are reversible and that these steps do not
determine product regioselectivity.8 The predominance of linear
products likely reﬂects a higher equilibrium preference for linear
Ir(III) intermediate 1a over sterically disfavored isomer 1b
(Scheme 1A).12 Access to a branch-selective manifold thus
© 2014 American Chemical Society

requires acceleration of reductive elimination Path b over Path a.
Our reaction design was guided by two observations that are
common in the organometallic literature. First, reductive elimination is accelerated by wide bite angle bisphosphine ligands in a
range of transition-metal-catalyzed C−C bond formations.13
There is some debate on the origin of this eﬀect, but an appealing
explanation is that an increase in the P−M−P bond angle
compresses the C−M−C bond angle and thus renders C−C bond
formation more facile.14 Second, it has been observed that bulkier
alkyl groups undergo faster reductive elimination, perhaps due to
sterically induced destabilization.15 We considered whether these
two eﬀects could be combined to promote branch-selective
alkene hydroarylation (Scheme 1B, cartoon representation).16
Speciﬁcally, wide bite angle ligand systems should compress bond
angle xa/b, which may accentuate steric destabilization of adduct
1b (2° alkyl ligand) relative to 1a (1° alkyl ligand) such that
reductive elimination via Path b is ampliﬁed. In this approach, the
wide bite angle bisphosphine and the branched alkyl ligand of 1b
provide “cooperative destabilization”, thereby accelerating
reductive elimination and, at the same time, controlling product
Received: June 9, 2014
Published: July 14, 2014
10258

dx.doi.org/10.1021/ja505776m | J. Am. Chem. Soc. 2014, 136, 10258−10261

Journal of the American Chemical Society

Communication

Table 2. Scope of the Carbonyl-Based Directing Groupa

Table 1. Catalyst System Optimization

entry

ligand

styrene equiv (mol%)

yielda (%)

3a:4a

1
2
3
4
5
6
7
8

rac-BINAP
dppm
dppe
dppp
dppb
dFppeb
dFppbc
dFppbc

450
450
450
450
450
450
450
200

100
73
82
52
28
100
100
100

29:71
8:92
23:77
60:40
100:0
36:64
100:0
100:0

a

Yields and selectivities were determined by 1H NMR using 1,3,5trimethoxybenzene as a standard. bdFppe = 1,2-bis(di(pentaﬂuorophenyl)phosphino)ethane. cdFppb = 1,4-bis(di(pentaﬂuorophenyl)phosphino)butane.

selectivity. As such, branched products are potentially accessed by
ligand-controlled exploitation of the Curtin−Hammett scenario.
As a benchmark reaction, hydroarylation of styrene with N,Ndiethylbenzamide was conducted under Shibata’s conditions
using rac-BINAP as ligand (Table 1, entry 1).4c The process was
chemically eﬃcient but delivered a 29:71 mixture of branched to
linear products (3a vs 4). To probe the idea that bite angle might
be important, we systematically studied the eﬀects of using dppm,
dppe, dppp, or dppb as ligand (entries 2−5). As the size of the
alkyl linker was increased, a gradual progression from linear to
complete branch selectivity was observed.17 However, this
selectivity came at the expense of decreased chemical eﬃciency
(e.g., only 28% yield using dppb). Based upon the observation that
commercial electron-deﬁcient aryl phosphines increase reaction
yields (cf. entries 3 and 6), we prepared dFppb, a previously
unreported ligand that is the pentaﬂuorophenyl analogue of dppb
(see the Supporting Information). Gratifyingly, this system
provided adduct 3a in quantitative yield and with complete branch
selectivity.17,18 With dFppb as ligand, the loading of styrene can be
decreased from 450 to 200 mol% and reaction eﬃciency is
maintained (entry 7 vs 8).
Further directing group scope was explored using 450 mol% of
the alkene partner because these conditions provide faster
reactions in more-challenging cases (Table 2). The protocol
tolerates a range of amide-based directing groups, including
secondary amide 2c. In all cases, the products 3a−d were isolated
in good to excellent yields and with complete or very high levels of
branch selectivity. Aryl and alkyl ketones 2e−h are also viable
directing groups; again, products 3e−h were isolated in uniformly
good yields and with high levels of branch selectivity. Esters will
also direct branch-selective hydroarylation but provide lower
yields of the product compared to amide- and ketone-based
directing groups. For example, hydroarylation using 2i provided
adduct 3i with 9:1 selectivity but in only 18% yield. In all cases, the
mass balance of the reactions consisted of unreacted starting
material, and bis-ortho-alkylation was not observed. At the current
level of development, primary amides and aldehydes are not
suitable directing groups.19
We have examined the eﬀects of arene substitution using a
range of N,N-diethylbenzamide derivatives 2j−r (Table 3).
Substitution para to the directing group is well tolerated, and
potentially sensitive functionality, such as aryl bromides (3k) and
esters (3l), survives the catalysis conditions. In the case of 3l,

a
b

Selectivites were determined by 1H NMR analysis of crude material.
The reaction was run at 150 °C.

Table 3. Substitution on the Arenea

a

Selectivites were determined by 1H NMR analysis of crude material.

product regioselectivity clearly highlights the stronger directing
ability of amides vs esters. The eﬀects of substitution meta to the
directing group are more subtle. For electronically neutral or
bulky groups, substitution appears to be sterically controlled and
occurs at the less hindered ortho site (e.g., 3n and 3p). If the meta
substituent is small and inductively withdrawing, then high
selectivity for the more hindered ortho position is achieved (3m
and 3q).20 In the case of adduct 3o, a balance between these two
control factors seemingly results in low ortho positional
selectivity. Finally, if the arene already possesses substitution
ortho to the directing group (e.g., 2r to 3r), then functionalization
at the remaining ortho site is not achievable (vide inf ra). This
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Table 4. Scope of the Alkenea

a
b

Scheme 2

Selectivites were determined by 1H NMR analysis of crude material.
The reaction was run at 120 °C. cA propene atmosphere was used.

aspect provides a limitation in scope but is also a beneﬁcial control
factor that prevents bis-ortho-functionalization in other cases.
Importantly, the protocol also exhibits good scope with respect
to the alkene partner (Table 4). Electronically distinct styrenes
5a−d are tolerated, and targets 6a−d were produced in moderate
to excellent yield and with complete branch selectivity. Alkylsubstituted alkenes also participate, and hydroarylation of pent-1ene 5e with amide 2a provided 6e in 78% yield and, again, with
complete branch selectivity. The process can be extended to other
systems, although bulky substituents on the alkene do result in
lower chemical eﬃciency (e.g., 2a to 6h). However, even for
sterically demanding examples, high branch selectivity is
maintained. In the case of 6g, introduction of an isopropyl
group was achieved under an atmospheric pressure of propene.
This represents a simple alternative to notoriously challenging
Pd-catalyzed cross-couplings of isopropyl organometallics.10a
Electron-deﬁcient alkenes do not participate, and attempted
hydroarylation of ethyl acrylate with 2a did not deliver adduct 6i.
Deuterium labeling and exchange experiments have elucidated
key mechanistic features of the current process. Hydroarylation of
deuterio-5a, which is labeled at the terminal vinylic positions, with
benzamide 2a provided deuterio-6a, where deuterium is transferred to the methyl, methine, and ortho positions (Scheme 2A).
The observed scrambling indicates that both oxidative addition
and alkene hydrometalation are reversible and supports reductive
elimination as the product-determining step (cf. Scheme 1A).
Subjecting 2q to the catalysis conditions in the absence of alkene,
but in the presence of D2O, showed deuterium incorporation at
both ortho positions and also at the methylene sites of the
directing group (Scheme 2B).21 The greater level of ortho
incorporation suggests that oxidative addition into the aryl
C(sp2)−H bonds is easier than that into the C(sp3)−H bonds of
the directing group.22 Equal levels of deuterium incorporation at
both ortho positions indicate that site-selective reductive
elimination (and not site-selective oxidative addition) determines
the regioselectivity of hydroarylation, which occurs selectively at
C-6 (see Table 3). An analogous experiment on reaction product
3q showed no detectable exchange at the remaining ortho site and
preferential deuterium incorporation at the methylene positions

of the directing group. Directed oxidative addition into the
C(sp2)−H bond of 3q requires coplanar alignment of the NEt2
moiety with the secondary alkyl substituent on the arene.
Presumably, this is disfavored on steric grounds; consequently,
bis-ortho alkylation is not observed in any of the cases we have
examined to date. An analogous rationalization accounts for the
lack of reactivity observed with ortho-substituted amide 2r (see
Table 3).
In summary, we report an eﬃcient system for branch-selective,
carbonyl-directed alkene hydroarylation based upon the counterintuitive strategy of “cooperative destabilization”. This oﬀers a
regioisomeric alternative to the Murai hydroarylation protocol
and is the ﬁrst step toward the development of related
enantioselective processes. Notable features of the current system
include its compatibility with a useful range of directing groups, an
ability to hydroarylate aryl- or alkyl-substituted alkenes, and
complete selectivity for mono-ortho-alkylation. Future studies will
focus upon the design of eﬀective chiral ligands and the
generalization of this approach to regioselective hydroarylations
of 1,1- and 1,2-disubstituted alkenes. Evidently further validation
of our catalysis design is still required, but, in broader terms, the
strategy outlined here may enable the development of other
contrasteric alkene functionalization processes.
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achieve formal ortho-selective Friedel−Crafts alkylation of electrondeficient arenes.
(11) Enantioselective hydroarylation/hydroheteroarylation protocols
have been developed, but eﬃcient processes are limited to strained
bicycloalkenes: (a) Dorta, R.; Togni, A. Chem. Commun. 2003, 760.
(b) Sevov, C. S.; Hartwig, J. F. J. Am. Chem. Soc. 2013, 135, 2116. See also
refs 4c and 8.
(12) For a discussion of factors that aﬀect this type of equilibrium, see:
Harvey, J. N. Organometallics 2001, 20, 4887.
(13) Selected examples: (a) Kohara, T.; Yamamoto, T.; Yamamoto, A. J.
Organomet. Chem. 1980, 192, 265. (b) Brown, J. M.; Guiry, P. J. Inorg.
Chim. Acta 1994, 220, 249. (c) Marcone, J. E.; Moloy, K. G. J. Am. Chem.
Soc. 1998, 120, 8527. Bulky ligands can achieve the same outcome:
(d) Mann, G.; Incarvito, C.; Rheingold, A. L.; Hartwig, J. F. J. Am. Chem.
Soc. 1999, 121, 3224. (e) Culkin, D. A.; Hartwig, J. F. Organometallics
2004, 23, 3398. (f) Bakhmutov, V. I.; Bozoglian, F.; Gómez, K.; González,
G.; Grushin, V. V.; Macgregor, S. A.; Martin, E.; Miloserdov, F. M.;
Novikov, M. A.; Panetier, J. A.; Romashov, L. V. Organometallics 2012,
31, 1315.
(14) For discussions, see: (a) Dierkes, P.; van Leeuwen, P. W. N. M. J.
Chem. Soc., Dalton Trans. 1999, 1519. (b) van Leeuwen, P. W. N. M.;
Kamer, P. C. J.; Reek, J. N. H.; Dierkes, P. Chem. Rev. 2000, 100, 2741.
(c) Freixa, Z.; van Leeuwen, P. W. N. M. Dalton Trans. 2003, 1890.
(d) Birkholz (née Gensow), M.-N.; Freixa, Z.; van Leeuwen, P. W. N. M.
Chem. Soc. Rev. 2009, 38, 1099.
(15) Alkyl-ligand-induced ground-state destabilization has been
invoked to explain the rates of C−H bond-forming reductive elimination
from a series of zirconocene complexes: (a) Pool, J. A.; Lobkovsky, E.;
Chirik, P. J. Organometallics 2003, 22, 2797. Bulkier alkyl groups increase
the rate of C−H bond-forming reductive elimination from phosphineligated Pt complexes: (b) Abis, L.; Sen, A.; Halpern, J. J. Am. Chem. Soc.
1978, 100, 2915. (c) Halpern, J. Acc. Chem. Res. 1982, 15, 332. For
insightful studies on the effects of sterics and electronics on the rate of C−
C bond-forming reductive elimination from phosphine-ligated Pd
complexes, see ref 13e. For examples where steric crowding inhibits
reductive elimination, see: (d) Ghosh, R.; Zhang, X.; Achord, P.; Emge,
T. J.; Krigh-Jespersen, K.; Goldman, A. S. J. Am. Chem. Soc. 2007, 129,
853.
(16) In Scheme 1B, the structures of 1a and 1b are illustrative and have
not been conﬁrmed experimentally. In the Murai hydroarylation,
computational studies support reductive elimination from a complex
where the alkyl ligand is perpendicular to the plane of the arene:
Matsubara, T.; Koga, N.; Musaev, D. G.; Morokuma, K. Organometallics
2000, 19, 2318.
(17) The following bite angles are reported in ref 14a: BINAP, 92.4°;
dppm, 72°; dppe, 85°; dppp, 91°; and dppb, 97.7°. A wide bite angle
ligand may provide destabilization by compressing the aryl−Ir−alkyl
bond angle and/or by providing a more sterically demanding
coordination sphere. A better correlation to ligand bite angle than to
ligand buried volume is observed. This latter parameter quantiﬁes ligand
steric properties: Clavier, H.; Nolan, S. P. Chem. Commun. 2010, 46, 841.
(18) (R)-SDP, which was used by Shibata to promote branch-selective
hydroheteroarylation at the 2-position of indoles (see ref 8), is not a
suitable ligand and provides only traces (<5%) of 3a/4.
(19) Our qualitative observations indicate the following ranking of
directing group eﬃciency: tertiary amides > secondary amides ∼ ketones
> esters. A detailed study will be reported in due course.
(20) Secondary directing eﬀects of ﬂuoro and methoxy substituents
have been noted in other metal-catalyzed hydroarylation processes. For
example, see: Lee, P.-S.; Fujita, T.; Yoshikai, N. J. Am. Chem. Soc. 2011,
133, 17283 and references cited therein.
(21) Hydroarylation of styrene with 2q under “standard” conditions,
but with H2O (3000 mol%) as an additive, aﬀorded 3q in 59% yield with
selectivities comparable to those shown in Table 3.
(22) Carbonyl-directed metal insertion into C(sp3)−H bonds adjacent
to nitrogen has been exploited in catalysis: Shibata, T.; Hirashima, H.;
Kasagawa, M.; Tsuchikama, K.; Endo, K. Synlett 2011, 2171.

1), for a Ph.D. studentship. J.F.B. is indebted to the Royal Society
for a University Research Fellowship.
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