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Abstract: Modification of commercially available monophos-
phine ligands with either aryl bromides or chlorides by
rhodium(I)-catalyzed, tertiary phosphine directed C�H acti-
vation is described. A series of ligand libraries containing
mono- and diaryl-substituted groups, having different steric
and electronic properties, were obtained in high yields. Based
on the outstanding properties of their parent scaffolds, the
modified ligands have been found to be powerful in organic
reactions.

Advances in transition-metal catalysis are closely related to
the development of new ligands enabling previously impos-
sible transformations. In the ever-growing catalogue of
available ligands for cross-coupling reactions, tertiary phos-
phines (PR3) remain the most widely used, because their
electronic and steric properties can be altered in a systematic
and predictable way by varying the R group(s).[1] Among
them, the elegantly designed monophosphines reported by
the groups of Buchwald,[2] Beller,[3] and Kwong[4] have been
widely applied as supporting ligands in a variety of trans-
formations, especially in palladium-catalyzed carbon–carbon
and carbon–heteroatom bond-formation reactions.

Ligand modification is a powerful approach for designing
new ligands with excellent reactivity, although it occurs
seldom and unexpectedly. As early as 2000, the group of
Hartwig found that a modified phosphine, Ar5FcP(tBu)2,
generated in situ, served as the actual supporting ligand in
aromatic C�O bond formation catalyzed by [Pd(dba)2] and
FcP(tBu)2.

[5] This discovery led to the development of widely
used Q-Phos ligands.[6] Recently, Buchwald et al. confirmed
that the pre-ligand AdBrettPhos underwent in situ ligand
modification by dearomatization and arylation during the
palladium-catalyzed fluorination of aryl triflates.[7] This dis-
covery resulted in the design of a new ligand, AlPhos, which
allowed a highly efficient fluorination process.[8] Herein, we
report a general method for modification of commercially
available tertiary phosphine ligands by rhodium-catalyzed, P-
atom-directed C�H arylation.[9]

This research was inspired by an accidental discovery in
the stoichiometric characterization of rhodium phosphine
complexes (Figure 1a). The reaction of a [{Rh(cod)Cl}2]

dimer with CyJohnPhos (1 a) in DCM at room temperature
generated a yellow complex, [Rh(cod)(CyJohnPhos)Cl] (1a’),
in 82% yield, and it was the precursor to 1 a’’.[10] Treatment of
this isolated intermediate 1a’’ with 1.0 equivalent of bromo-
benzene (2 a) and 3.0 equivalents of LiOtBu[11] in 1,4-dioxane
at 110 8C led to the formation of the direct arylation product
3aa, which was characterized by NMR spectroscopy. It is
noted that our group and as well as that of others have
recently reported N�P(O)tBu[12]- and P(O)R2-directed[13] (e.g.
Figure 1b) C�H activation reactions in which O atoms act as
directors for coordination with the metal centers.[14] If the P-
atom-directed C�H arylation can be achieved in a catalytic
process,[15] this late-stage modification[16] by catalytic P-atom-
directed C�H arylation would greatly improve the atom and
step economy for building aryl-substituted phosphine ligands,
as compared to the traditional routes (Figure 1b and c[17]).

We first established the feasibility of this proposed
transformation (Table 1). The reaction was carried out with
CyJohnPhos (1a, 1.0 equiv) and bromobenzene (2a,

Figure 1. Synthesis of aryl-substituted biaryl phosphines. DCM= di-
chloromethane, cod = 1,5-cyclooctadiene.
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1.0 equiv) in the presence of 1.0 equivalents [{Rh(cod)Cl}2]
and 3.0 equivalents LiOtBu, at 110 8C under an Ar atmos-
phere in 1,4-dioxane. Gratifyingly, the desired arylation
product 3aa (mono/di = 99:1) was isolated in 94% yield
(entry 1). To our delight, a catalytic amount of [{Rh(cod)Cl}2]
(5 mol%) furnished the direct arylation product 3aa in 88%
yield (entry 2). The catalyst loading could also be further
reduced to 2.5 mol% without affecting the reactivity
(entry 3), but additional lowering to 1.5 mol% led to
decreased reactivity (entry 4). An examination of the temper-
ature revealed that a much lower yield (52 %) was obtained at
80 8C (entry 5). Screening with another base, such as KOtBu,
confirmed LiOtBu to be the optimal additive for this reaction
(entry 6). With 2.4 equivalents of 2a, the ratio of the mono-
and disubstituted products 3aa and 4aa, respectively, was
changed to 15:85 (entry 7). To increase the di-selectivity to
a more synthetically useful level, we increased the reaction
temperature to 140 8C, and it afforded 4 aa in 94% yield
(entry 8). Another rhodium source, such as [Rh(PPh3)3Cl],
was also successful (entry 9). Further screening showed that
this transformation also occurred in high conversion with the
less reactive chlorobenzene (2 a’) and afforded 4aa in 92%
yield (entry 10). Notably, other transition metals, such as
[Pd(dba)2]

[5] and [{Ir(cod)OMe}2]
[18] were completely ineffec-

tive in this transformation (entries 11 and 12).
The scope of the monosubstituted products was first

examined using a wide range of commercially available
phosphine ligands (Table 2). As one of the most widely used
ligands, Davephos (1 b), bearing an NMe2 substituent, under-
went facile arylation to afford the corresponding product 3ba
in 87% yield. Methoxy-substitution on the substrate deliv-
ered the coupled product 3ca in 65% yield. The substrates
1d–f, containing a diphenylphosphino group, were compatible

in forming the desired products 3 da–fa in good yields.
Gratifyingly, JohnPhos (1 g), having a sterically hindered
directing group, also produced the terphenyl product 3ga in
71% yield, and was prepared from 2-bromobiphenyl in three
steps with 10% total yield according to the previous route.[17a]

The cataCxium series ligands including cataCXium� PCy
(1h), POMeCy (1 i), and PInCy (1j) generated the desired
biphenyl products 3ha–ja in high yields, while CM-Phos (1k)
was successfully arylated over the indole core to deliver 3ka
in 94 % yield as a single regioisomer. These results reflected
the importance of the P atom as the sole director for the
regioselectivity.

Table 1: Reaction development.[a]

Entry [Rh] (mol%) 1a/2a Base T
[8C]

3aa/4aa[b] Yield
[%][c]

1 [{Rh(cod)Cl}2] (100) 1:1 LiOtBu 110 95:5 94
2 [{Rh(cod)Cl}2] (5) 1:1 LiOtBu 110 99:1 88
3 [{Rh(cod)Cl}2] (2.5) 1:1 LiOtBu 110 99:1 86
4 [{Rh(cod)Cl}2] (1.5) 1:1 LiOtBu 110 100:0 71
5 [{Rh(cod)Cl}2] (2.5) 1:1 LiOtBu 80 100:0 52
6 [{Rh(cod)Cl}2] (2.5) 1:1 KOtBu 110 100:0 65
7 [{Rh(cod)Cl}2] (2.5) 1:2.4 LiOtBu 110 15:85 72
8 [{Rh(cod)Cl}2] (2.5) 1:2.4 LiOtBu 140 1:99 94
9 [Rh(PPh3)3Cl] (5) 1:2.4 LiOtBu 140 1:99 80

10[d] [{Rh(cod)Cl}2] (2.5) 1:5.0 LiOtBu 150 1:99 92
11 [Pd(dba)2] (5) 1:2.4 LiOtBu 140 – –
12 [Ir(cod)OMe]2 (5) 1:2.4 LiOtBu 140 – –

[a] Reaction conditions: 1a (0.20 mmol), 2a (1.0–2.4 equiv) and
3.0 equiv base in solvent at 110 8C for 12 h under argon. [b] Ratios were
determined by GC. [c] Yields of the isolated major products. [d] Using
PhCl (2a’) instead of PhBr (2a). dba= dibenzylideneacetone.

Table 2: The scope of monoselective direct arylation.[a]

[a] Reaction conditions: 2.5 mol% [{Rh(cod)Cl}2] , 1 (0.20 mmol), 2
(0.20 mmol), and LiOtBu (0.6 mmol) in 1 mL 1,4-dioxane at 110 8C
under argon, 24 h. Yields of products isolated after chromatography.
[b] 1.5 equiv 2, 140 8C, 36 h. [c] 2.0 equiv 2, 150 8C, 24 h. [d] 5.0 equiv 2,
150 8C, 36 h. For X-ray structures the ellipsoids are set at 30%
probability.[23]
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Given the importance of DavePhos, we subjected it to
various arylbromides for the direct arylation process
(Table 2). Aromatic groups bearing electron-neutral and
electron-donating substituents (3bb–bf) underwent facile
transformation to afford the desired products in excellent
yields. Aryl groups with electron-withdrawing groups (3bg–
bl) could be installed on the Davephos core without any
compromise. Disubstituted arylbromides (2m–o) were effi-
ciently coupled. The naphthalene- and indole-containing
substrates 2p–q were also found tolerable. In addition,
reactivity was achieved with a very sterically hindered 9-
bromoanthracene (1 r), thus providing the compound 3br in
42% yield. These results are notable because a library of aryl-
substituted Davephos analogues having different steric and
electronic properties can be generated efficiently and rapidly.

We next studied scope of the disubstituted products, and
a variety of PCy2- and PPh2-based ligands could be coupled in
excellent yields and high selectivity (Table 3). However, the
sterically hindered JohnPhos (1g), with a PtBu2 group, could
not generate the corresponding diarylation product 4ga.
Under these reaction conditions, a library of diaryl-substi-

tuted CyJohnphos was also developed. A number of aryl-
bromides with various electronic and steric properties (4ab–
aq) could be coupled to provide the disubstituted products
with excellent selectivity. In this case, 9-bromoanthracene
(1r) only yielded the monosubstituted product (not shown in
the table). To demonstrate the efficacy of this rhodium
catalyst system, we have also prepared the compounds from
aryl chlorides such as 4aj and 4an.

We also sought to explore the dual C�H activation of
phosphine ligands coupling with two different arylbromides
(Scheme 1). CyJohnphos (1a) was coupled with 4-bromoto-
luene (2b) under monoselective direct arylation conditions
and subsequently coupled with another arylbromide, such as
2a, 2e, 2h, 2k, and 2n in one pot to afford the desired
products in 72–83% yields.

The biaryl axially chiral monophosphine ligands play an
important role in catalytic asymmetric reactions. Aiming to
rapidly construct synthetically useful chiral ligands, we
extended this methodology to build an aryl-substituted
MOP ligand library (Table 4).[19] When (R)-H-MOP (6) was
employed, the direct arylation product (R)-Ph-MOP (7aa)
was generated in 55 % yield without erosion of the ee value. A
wide range of aryl bromides bearing both electron-donating
(7ab–ae) and electron-withdrawing groups (7ag–al) proved
to be suitable coupling partners for this reaction with
acceptable yields and excellent stereochemical reliability.
Disubstituted aryl bromides (7am–ao), and 2-naphthyl bro-
mide (7ap) were also compatible with this stereospecific
process. In addition, this method also allowed direct arylation
of the P-stereogenic monophosphine 8,[20] thus affording
a bulky and stable chiral ligand 9 with excellent yield and
enantioselectivity (Scheme 2).

Finally, we tested the newly constructed ligand libraries in
two important catalytic transformations (Scheme 3). In palla-
dium-catalyzed arylation of the carboxylic ester 11, b-
arylation was predominantly observed with o-fluorobromo-
benzene (10’), whereas a-arylation was primarily observed
with m-fluorobromobenzene (10) for all ligands except with
DavePhos (1 b), which gave a 47:53 mixture of the a- and b-
arylated products 12 and 13, respectively.[21] After a prelimi-
nary screening of the modified phosphine ligands in Table 2,

Table 3: The scope of di-selective direct arylation.[a]

[a] Reaction conditions: 2.5 mol% [Rh(cod)Cl]2, 1 (0.20 mmol), 2
(0.48 mmol), and LiOtBu (0.6 mmol) in 1 mL 1,4-dioxane at 140 8C
under argon, 36 h. Yields of products isolated after chromatography.
[b] 5.0 equiv ArCl (2a’), 150 8C, 36 h. For X-ray structures the ellipsoids
are set at 30 % probability.[23]

Scheme 1. One-pot synthesis of nonsymmetrical diaryl phosphines. For
X-ray structures the thermal ellipsoids are shown at 30% probability.[23]
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we found that Ph-CyJohnPhos 3aa could provide a better
result on regioselectivity (42:58). Further investigation with
the monoaryl-substituted CyJohnPhos library, 3ao was found
to be the best ligand for the b-arylated product 13 (29:71). We
also explored the developed Ar-MOP ligand library in
rhodium-catalyzed asymmetric arylation of the a,b-unsatu-
rated imine 14 with the arylstannane 15.[17b, 22] Compared to
the BINAP ligand, the monodentate ligand MeO-MOP
showed good reactivity and afforded the desired product 16
in 75% yield and 88% ee. When the ligand was switched to
our modified Ar-MOP library, application of the ligand 7ao
dramatically increased the enantioselectivity to 98 % with
76% yield. These examples proved the potential of the
developed ligand libraries in catalytic reactions.

In summary, a series of monophosphine ligand libraries
have been developed by rhodium(I)-catalyzed direct aryla-
tion of commercially available ligands, in which the mono-
and diselectivity can be controlled. The reaction does not
require the addition of an exogenous ligand, and is applicable
to the coupling of various aryl bromides and aryl chlorides
with the aid of the dialkyl and diaryl phosphino groups from
the parent scaffolds. Further exploration of new reactions
using these ligand libraries is ongoing in our laboratory.
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C�H Activation
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Rhodium(I)-Catalyzed Tertiary Phosphine
Directed C�H Arylation: Rapid
Construction of Ligand Libraries

Ligand-to-ligand : A catalytic rhodium
system has been established for direct
and site-selective arylation of commer-
cially available phosphine ligands by
tertiary phosphine directed C�H activa-

tion. A series of monophosphine ligand
libraries containing mono- and diaryl-
substituted groups, having different
steric and electronic properties, were
obtained in high yields.
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