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ABSTRACT: Para-selective C−H functionalization of free phenols by metal carbenoids is rather challenging due to the generally
more favorable competing O−H insertion. Herein, with the use of the combination of Rh(II) and a Xantphos ligand as the catalyst, a
novel multicomponent reaction of free phenols, diazoesters, and allylic carbonates was successfully developed, affording a wide
variety of phenol derivatives, bearing an all-carbon quaternary center and a synthetically useful allylic unit. This reaction is likely to
occur through a tandem process of carbene-induced para-selective C−H functionalization, followed by Rh(II)/Xantphos-catalyzed
allylation. The distinctive reactivity of para-selective C−H rather than O−H insertion for the carbenoid intermediate, combined with
features of excellent functional group compatibility, high atom and step economy, and ease in further diversification of the products,
might render this protocol highly attractive in facile functionalization of unprotected phenols.

I. INTRODUCTION

Due to the importance of phenol motifs in natural products,
pharmaceuticals, and functional materials, transformations of
inexpensive and abundant phenols into their structurally more
complex homologues have attracted much attention for a long
time.1,2 In particular, phenol derivatives that contain a diaryl
all-carbon quaternary center α to the para-position have shown
unique biological activities (Scheme 1a).3−6 Therefore, the
development of synthetic routes for para-selective C(sp2)−H
functionalization of phenols is highly attractive.7−12 Although
great advances have been made in the area of metal carbenoid
induced C−H functionalization of (hetero)arenes,13−26 the
direct C(sp2)−H functionalization of free phenols in a chemo-
and regioselective manner with diazo compounds is rather
challenging and surprisingly rare, probably because the
competitive O−H bond insertion is often found more
favorable than C(sp2)−H functionalization for carbenoids
generated from a range of typical transition metals (e.g., Rh,
Cu, Pd, Ag; Scheme 1b-i).27−41 Very recently, remarkable
advances have been achieved in highly para-selective C(sp2)−
H functionalization of free phenols with diazoesters, as
reported independently by Zhang42−44 and Shi,45 using the

specific carbophilicity of gold catalysts, wherein the chemo-
selectivity is largely dependent on the nature of the supporting
ligands (Scheme 1b-ii).
On the other hand, dirhodium(II)-catalyzed multicompo-

nent reactions (MCRs) involving metal carbenes offer an
elegant and powerful tool to rapidly generate structural
complexity and diversity by modulations of each component
in an atom-economical and convergent fashion.46,47 Remark-
ably, Hu and co-workers have developed dirhodium(II)-
catalyzed MCRs of diazoesters, electron-rich arenes, and
imines, wherein the metal carbene induced zwitterionic
intermediates were trapped by electrophilic imines to enable
direct C(sp2)−H functionalization of electron-rich aromatic
rings such as indole and N,N-disubstituted anilines.48−51

Nevertheless, implementing such a methodology with free
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phenols might be rather difficult, as the competitive O−H
bond insertion is often the preferential process in reactions of a
metal carbenoid with a phenol.27−41,52 In addition, the
introduction of allylic substrate as the electrophile in Rh(II)-
catalyzed MCRs is rather challenging since activation of the
allylic reactant via oxidative addition would be unfavorable for
Rh(II).53−62

As a continuation of our interest in multicomponent
reactions under a unique dirhodium(II)/diphosphine catal-
ysis,63−70 we envisioned a novel multicomponent reaction of
unprotected phenols, diazo compounds, and allylic com-
pounds, which may proceed via a sequence of para-selective
C(sp2)−H functionalization followed by an allylic alkylation
(Scheme 1c). While such a strategy can provide a
straightforward route to phenol derivatives bearing diaryl-
substituted all-carbon quaternary centers, some uncertainties
might severely impede the implementation of this strategy; e.g.,
(1) the catalytic reactivity of the dirhodium(II)/ligand for the
proposed individual steps of the tandem process is unclear; (2)
C(sp2)−H functionalization reaction of free phenols with a
Rh(II) carbenoid still remains an unknown challenge; (3) the
conceivable competitive reactions of O−H insertion, cyclo-
propanation71 of a metal carbene and CC bond, and direct
C/O-allylation of phenol with allylic compounds72,73 can cause
considerable difficulties in chemoselectivity or site-selectivity
control.
Herein, we disclose a dirhodium(II)/Xantphos catalyzed

multicomponent reaction of free phenols, diazoesters, and
allylic compounds, affording various phenol derivatives bearing

an allylic moiety and an all-carbon quaternary center (Scheme
1c). Mechanistic studies suggested that the reaction proceeds
via alkali-promoted para-selective C(sp2)−H functionalization
of phenols to Rh(II) carbenoid, followed by allylic alkylation of
the resulting intermediate. Notably, the allyl aryl ether
products can undergo facile and selective O-deallylation
under mild conditions, furnishing the corresponding free
phenol derivatives bearing all-carbon quaternary centers,
together with an allylic unit as a valuable handle for further
synthetic manipulation to diverse complex molecular struc-
tures.

II. RESULTS AND DISCUSSION
1. Reaction Development. Our studies began with the

reaction of phenol (1a), methyl phenyldiazoacetate (2a), and
allyl ethyl carbonate (3) using Rh2(Oct)4 as the catalyst and
Cs2CO3 as a base in CH3CN at 60 °C. All the results are
summarized in Table 1. No multicomponent coupling product

6aa was detected in the absence of a ligand, and only the direct
phenol O-allylation product 4aa and the para C−H
functionalization product 5aa were found in 74 and 31%
yields, respectively (entry 1). On the other hand, use of BINAP
as the ligand led to the formation of the target product 6aa,
albeit only in a rather low yield (3%), along with substantial
amounts of 4aa and 5aa (entry 2). Encouraged by this result,
several phosphines or NHC ligands were screened in the
reaction (entries 3−6). Pleasingly, Xantphos showed better
performance, furnishing the product 6aa in a promising albeit
still low yield of 18% (entry 3), thus attesting for the feasibility
of the proposed protocol. However, further attempts to use a
catalytic amount of dppb, PPh3, or

iPrNHC as the ligand failed
to improve the yield of 6aa (entries 4−6). Gratifyingly,
Rh2(OPiv)4 was then identified as a more effective rhodium
precursor for this reaction, delivering the target product 6aa in

Scheme 1. Catalytic Transformations of Free Phenols with
Metal Carbene Derived from Diazo Compounds

Table 1. Optimization of the Reaction Conditionsa

yield (%)

entry [M] cat. ligand (mol %) 4aab 5aab 6aab

1 Rh2(Oct)4 − 74 31 0
2 Rh2(Oct)4 BINAP (1.5) 75 26 3
3 Rh2(Oct)4 Xantphos (1.5) 76 7 18
4 Rh2(Oct)4 dppb (1.5) 86 0 5
5 Rh2(Oct)4 PPh3 (3.0) 86 8 0
6 Rh2(Oct)4

iPr-NHCc (3.0) 53 4 15

7 Rh2(TPA)4 Xantphos (1.5) 91 0 12
8 Rh2(OPiv)4 Xantphos (1.5) 42 0 85
9 CuCl Xantphos (1.5) 27 0 0
10 [Pd(PhCN)2Cl2] Xantphos (1.5) 99 0 0
11 Rh(COD)2BF4 Xantphos (1.5) 99 0 0
12 − Xantphos (1.5) 0 0 0

a1a (0.375 mmol, 1.5 equiv), 2a (0.25 mmol, 1.0 equiv), 3 (0.75
mmol, 3.0 equiv), MeCN (2.0 mL), [M] catalyst (1.0 mol %), ligand
(1.5 mol %), Cs2CO3 (3.5 equiv), 60 °C, 6.0 h.

bGC yields. Yields for
4aa were calculated based on 1a as the limiting substrate. Yields for
5aa and 6aa were calculated based on 2a as the limiting substrate.
ciPr-NHC = 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride.
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85% yield (entry 8). Other metal salts, such as CuCl and
[Pd(PhCN)2Cl2], which are commonly used in carbene
transfer involving phenols and diazo compounds, were also
tested in combination with Xantphos as the catalyst in the
reaction, resulting the formation of 4aa as the detectable
products in these cases (entries 9 and 10). Notably, with the
change from the Rh(II) carboxylate to the Rh(I) salt
[Rh(COD)2]BF4 under otherwise identical conditions, the
reaction gave exclusively 4aa in 99% yield (entry 11). In
addition, no 6aa was observed in the absence of a dirhodium
catalyst (entry 12), demonstrating the essential role of a
Rh(II)2 salt in promoting the reaction. All these results clearly
indicated that this dirhodium/Xantphos catalysis displayed a
unique catalytic reactivity and selectivity that is distinct from
other metal catalysts in this reaction.
2. Scope and Synthetic Applications. With the optimal

conditions in hand, the phenol coupling partners 1 for this
protocol were evaluated first in substrate scope studies. As
depicted in Scheme 2, various commercially available free

phenols smoothly participated in these MCRs with 2a and 3,
furnishing site-specific and chemo-specific para C−H
functionalization/allylation products 6aa−6oa in moderate to
high yields (55−92%). Phenols with either electron-donating
(1b−1f) or electron-withdrawing substituent(s) (1g−1l) on
the ortho-position of the phenyl ring were effective coupling
partners, affording the corresponding products 6ba−6la in

56−92% yields. It is noteworthy that the reaction of the phenol
(1c) bearing an ortho allylic group still gave the corresponding
product 6ca in 74% yield without formation of any
cyclopropanation product, indicating that the para C−H
bond functionalization is more favorable than the potential
cyclopropanation of a CC bond in this dirhodium catalysis.
Importantly, halogen substituents such as chloride (1g) and
bromide (1h) on the phenol substrates are well tolerated in the
reactions, delivering the corresponding products that can be
used as good platform molecules for downstream trans-
formations by cross coupling. In addition, other functional
groups, including ketone (1j), cyano (1k), and ester (1l),
could be readily introduced in the reaction, offering a useful
handle for further potential synthetic manipulations. Interest-
ingly, 2,6-dimethyl substituted phenol 1m was also found as a
competent substrate in the reaction, providing the multi-
substituted product 6ma in 70% yield. Notably, the reactions
of m-Me substituted phenol 1n or m-F substituted 1o
containing sterically hindered para C−H bonds still gave the
corresponding para C−H functionalization products 6na and
6oa, respectively, in 62 and 55% yields, suggesting that the
para C−H functionalization is a more preferential process
compared with O−H insertion for this catalyst system. With
the use of p-methylphenol 1p as the substrate under standard
conditions, the reaction failed to give the desired ortho C−H
functionalization product 6pa (for details, see the Supporting
Information).
Subsequently, the scope of diazo esters 2 was investigated in

reactions with 1a and 3 under otherwise identical conditions.
As shown in Scheme 3, various diazo esters with different
groups on the meta-position of the benzene ring, including
−Me, −OMe, −F, −CF3, and −CN, all performed well in the
reactions, delivering the corresponding phenol derivatives
6ab−6af in moderate to good yields (70−82%). When diazo
esters possessing either electron-donating (−OBn) or electron-
withdrawing (−F, −Br, −CN) substituents on the para-
position of the phenyl moiety were employed, the correspond-
ing products 6ag−6aj were isolated in 51−89% yields.
Additionally, 3,5-difluorine substituted phenyl and [1,3]-
dioxonyl diazo substrates 2k and 2l also reacted smoothly as
competent coupling partners in this reaction, giving the
corresponding multisubstituted products 6ak and 6al in good
yields (67 and 78%, respectively). Interestingly, the diazo
substrates containing heteroaryl rings, such as 2-naphthyl (2m)
and 3-thienyl motif (2n), were also suitable substrates for this
reaction, affording the corresponding products (6am and 6an)
in good yields (82 and 84%). Moreover, with changing the
methyl ester of the diazo reactant to isopropyl (2o) or
adamantan-2-yl ester (2p), the reactions also worked
smoothly, leading to the corresponding products (6ao and
6ap) in 77 and 52% yields, respectively. It is worth mentioning
that all these reactions afforded the corresponding phenol
derivatives 6 bearing all-carbon quaternary centers without
detection of any byproducts via O−H insertion or cyclo-
propanation. Subsequently, we turned our attention to the
development of the asymmetric version of this transformation.
However, preliminary attempts showed that no appreciable
stereoselectivity was achieved currently either by employing
chiral disphosphine ligands with Rh2(OPiv)4 or by using chiral
Rh(II) precursors with Xantphos (for details, see the
Supporting Information).
To show the synthetic utility of the methodology, the

transformations using drug molecules, natural products, and

Scheme 2. Scope of Phenols 1a

a1 (0.375 mmol, 1.5 equiv), 2a (0.25 mmol, 1.0 equiv), 3 (0.75
mmol, 3.0 equiv), MeCN (2.0 mL), Rh2(OPiv)4 (1.0 mol %),
Xantphos (1.5 mol %), Cs2CO3 (3.5 equiv), 60 °C, 6.0 h. Isolated
yields.
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their derivatives as the reaction partners were conducted. As
depicted in Scheme 4a, the α-diazo esters that were easily
derived from L-menthol and (S)-(−)-β-citronellol worked well
in the reactions with 1a and 3, giving 6aq and 6ar in 66 and
75% yields, respectively. Additionally, α-diazo ester prepared
from isoxepac was also found to react smoothly in MCRs with
1a and 3, successfully incorporating synthetically useful allylic
group and phenol unit into the α-site of the acid derivative
(6as, 90%). Moreover, a gram-scale (5.0 mmol) reaction of 1a,
2a, and 3 proceeded smoothly under standard conditions,
affording the product 6aa in 85% yield (1.37 g), highlighting
the practicality of the approach (Scheme 4b). Notably, Pd-
catalyzed selective O-deallylation of 6aa can be readily
achieved under mild conditions, providing the corresponding
product 7 bearing a free hydroxyl group in very high yield.
Importantly, the hydroxyl group can be used as a versatile
synthetic handle for further transformation. For example,
triflate 8a was easily prepared in 90% yield, which can then
serve as versatile synthons in Pd-catalyzed coupling reactions,
giving products bearing diphenyl (8b, 77%), synthetically
important alkynyl (8c, 87%), or boron groups (8d, 83%).
Furthermore, treatment of compound 6aa with Et2AlCl offered
product 9 efficiently in 96% yield through ortho Claisen
rearrangement, which underwent a Pd(II)-catalyzed intra-
molecular oxidative cyclization of alkene with hydroxyl group
to furnish the product 10 with a 2-substituted benzofuran unit
(75% yield, Scheme 4c), which is a core structure of some

bioactive molecules.74 Finally, the cross-metathesis reaction of
compound 7 with methyl acrylate was realized in the presence
of second-generation Grubbs catalyst, giving the corresponding
product 11 in 76% yield (Scheme 4d).

3. Mechanistic Studies. To gain insight into the
mechanism for the MCR, several experiments were conducted.
First, the kinetic profiles for the reaction of 1a, 2a, and 3 under
standard conditions were obtained through GC analysis of
aliquots taken at specified periods. As depicted in Scheme 5a,
the yield of compound 4aa showed a rapid increase in the first
5 min, and after that time remained almost constant during the
whole reaction course. On the other hand, in the initial period
(ca. 5 min) a rapid accumulation of 5aa was also observed,
followed by a gradual decay in the rest of the reaction. This
was accompanied by a slower but steady growth in the amount
of the multicomponent coupling product 6aa, suggesting a
tandem process, wherein 5aa might act as a nucleophile in the
further reaction with 3. To confirm this hypothesis, the
reaction of isolated compound 5aa with allylic partner 3 was
performed under standard conditions. Indeed, the target

Scheme 3. Scope of Diazo Esters 2a

a1a (0.375 mmol, 1.5 equiv), 2 (0.25 mmol, 1.0 equiv), 3 (0.75
mmol, 3.0 equiv), MeCN (2.0 mL), Rh2(OPiv)4 (1.0 mol %),
Xantphos (1.5 mol %), Cs2CO3 (3.5 equiv), 60 °C, 6.0 h. Isolated
yields.

Scheme 4. Late-Stage Functionalization of Complex
Architectures and Synthetic Transformationa

a(i) Pd(PPh3)4, K2CO3, MeOH, rt. (ii) Tf2O, DMAP, Et3N, DCM, 0
°C to rt. (iii) PhB(OH)2, Pd(PPh3)4, K3PO4, 1,4-dioxane, 110 °C.
(iv) Ethynyltrimethylsilane, Pd(PPh3)2Cl2, CuI, Et3N, DMF, 90 °C.
(v) B2Pin2, Pd(dppf)Cl2, AcOK, 1,4-dioxane, 120 °C. (vi) Et2AlCl,
hexane, 80 °C. (vii) PdCl2, Cu(OAc)2, DMF, 100 °C. (viii) Second-
generation Grubbs catalyst (5 mol %), DCM (0.2 M), 40 °C.
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product 6aa was isolated in 99% yield in this case (Scheme
5b). In contrast, almost no 6aa was detected in the absence of
Rh2(OPiv)4, Xantphos, or Cs2CO3 (99% versus 0−7%). Next,
when the reaction of 1a with 2a and 3 was conducted in a
stepwise addition sequence of the reagents, 6aa was generated
in 88% yield (Scheme 5c), further suggesting that this MCR
reaction is a tandem process. Additionally, no formation of 6aa
and no conversion of 4aa were observed in the reaction of 4aa
and 2a with 3 under standard conditions (Scheme 5d). These
results suggested that compound 5aa rather than 4aa should be
involved as a plausible intermediate. It worth mentioning that
neither the C−H functionalization nor cyclopropanation
reaction took place in this multicomponent system (Scheme
5d), and the same was true for the two-component reaction of
4aa and 2a (for details, see the Supporting Information).
Moreover, when compound 5aa′ prepared from phenol 1a
with 2a was subjected to react with allylic compound 3, the
target product 6aa was afforded in 90% yield (Scheme 5e).
This result, together with the reactions in Scheme 5d, imply
that C−H functionalization proceeds prior to O-allylation in
the reaction steps for the formation of 5aa. On the basis of
previous reports63−70 and these experimental results, we
propose that the reaction is most likely to proceed through a
tandem process of Rh(II) carbenoid induced C−H function-

alization and [Rh2]/Xantphos-catalyzed allylic alkylation,
which is distinctive from the well-known [Rh(II)2]-catalyzed
MCRs, wherein an active ylide/zwitterionic intermediate
generated in situ was directly trapped by an electrophile.46,47

The necessity of the Xantphos ligand in this catalysis may be
owing to the coordination modification of the active center of
dirhodium, leading to a novel catalytic activity for allylic
alkylation.63−70 Nonetheless, the possibility of the formation of
monorhodium species cannot be completely ruled out at the
present stage. To gain some further insights into the allylic
substitution process, compound 5aa was treated with
deuterated allyl methyl carbonate under standard conditions,
and two products, 6a-D and 6a-D′, were obtained in 50:50
ratio (Scheme 5f). The result showed that O-allyl remained
unchanged and C-allyl of 6aa-D (6aa-D′) was completely from
deuterated allyl substrate. In other words, the migration of the
O-allyl to C-allyl might be unlikely involved in this reaction
(for details, see the Supporting Information). Moreover, when
allyl phenyl ether 4aa was introduced to the mixture of 2-
benzylphenol 1d with 2a under standard conditions, no
multicomponent coupling product 6da was detected by GC−
MS (Scheme 5g), further indicating that the allyl phenyl ether
could not serve as an allyl source in this multicomponent
transformation.

Scheme 5. Reaction Profiles of the MCR (a) and Controlled Experiments (b−i)
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To understand the para C−H functionalization selectivity of
phenol with diazo compound in the current dirhodium
catalysis, several two component reactions of 1a with 2a
were conducted. As depicted in Scheme 5h, compound 5aa′
generated by the para C−H functionalization was delivered as
the main product (76 and 78% isolated yields, respectively),
and no O−H insertion product 12 was detectable under
standard conditions and conditions without Xantphos ligand.
In contrast, without Cs2CO3, only a trace amount of 5aa′ was
generated under standard conditions, indicating the essential
role of Cs2CO3. Accordingly, it was speculated that a facile
formation of phenate intermediate from the free hydroxyl
group and Cs2CO3 might promote the para-selective C−H
functionalization in this dirhodium catalysis. Published data
show that, due to the electropositive character of the Cs+ and
the electron delocalization from the negatively charged oxygen
to the aromatic ring, the electron density of the C4-carbon
atom of phenolate is obviously increased as compared with 1a
bearing the neutral OH group, thus enhancing the nucleophilic
ability of the aromatic ring.75−79 To further evaluate this
hypothesis, several commercially available alkali metal
carbonates were tested as additives in the reaction of 1a and
2a (Scheme 5i). It was found that product 5aa′ was formed in
5−94% yields in the presence of Cs2CO3, K2CO3, or Na2CO3.
No 5aa′ was detected when Li2CO3 was used or in the absence
of any base. It is worth mentioning that the yields of 5aa′ by
using different alkali metal carbonates in the reactions are
consistent with their electron density ranking from 13C NMR
of the phenolic models in the literature,75,76 which can be
attributed to the different Coulombic interactions between the
alkali metal cation and phenolate anion. These results
demonstrated that the base additive plays a critical role in
improving the reactivity and selectivity for para C−H
functionalization of phenol with diazo compound in this
dirhodium catalysis.
Based on these results, a possible reaction pathway is

proposed in Scheme 6. In the presence of the base Cs2CO3,

phenolate salt I with different resonance forms is generated
first, which then undergoes [Rh]2-catalyzed para-selective C−
H functionalization with 2 to afford the intermediate II due to
the higher electron density of the C4-carbon atom of the
phenolate. Subsequently, O-allylation of II with allylic
substrate 3 takes place under [Rh]2 or [Rh]2/Xantphos
catalysis, delivering the intermediate 5. Finally, product 6 is
produced by [Rh]2/Xantphos catalyzed allylic alkylation of 5
with allylic substrate 3.

III. SUMMARY AND CONCLUSIONS
In conclusion, an unprecedented multicomponent reaction of
free phenols, diazoesters, and allylic compounds has been
developed, providing versatile phenol derivatives bearing
acyclic all-carbon quaternary centers with synthetic useful
allyl units. Mechanistic studies suggest that the reaction is
likely to proceed via a tandem process of carbene-induced C−
H functionalization and sequential Rh(II)/Xantphos-catalyzed
allylation. Moreover, it is found that the base additives play an
essential role in the para-selective C−H functionalization of
free phenol with diazo compound in this dirhodium catalysis,
which would broaden the application of dirhodium complex in
carbene transfer reactions. The salient features of this protocol,
including easily available starting materials, mild reaction
conditions, good substrate scope, and versatile synthetic
transformations of the products, would render the protocol
highly appealing for late-stage modification of pharmaceuticals.
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