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ABSTRACT: The in situ generated catalytic system from the
tetranuclear Ru−H complex [(PCy3)(CO)RuH]4(O)(OH)2 (1)
with 3,4,5,6-tetrachloro-1,2-benzoquinone (L1) has been found to
mediate a multicomponent deaminative coupling reaction of
phenols with aldehydes and enamines to form xanthene products.
The multicomponent C−H coupling reaction of phenols with 2-
hydroxybenzaldehydes and cyclic enamines efficiently installed the
tricyclic 1,3-dioxacin derivatives, while the analogous coupling
reaction of phenols with 2-hydroxybenzaldehydes and triethyl-
amine selectively formed bicyclic 1,5-dioxacyclic derivatives. The
density functional theory (DFT) calculations established two energetically viable mechanistic pathways for the formation of
xanthene products, in which both pathways identified the C−O bond cleavage step as the turnover limiting step. A Hammett plot
from the coupling reaction of 3,5-dimethoxyphenol with an enamine and para-substituted benzaldehydes p-X-C6H4CHO (X = OMe,
Me, H, Cl, CF3) showed a negative slope (ρ = −0.98). The calculated energy analysis showed a similar trend (ρ = −0.59) for the
mechanism via the C−O cleavage rate-limiting step. The combined experimental and DFT computational results support a
mechanistic path that involves the dehydrative C−H coupling of phenol with aldehyde, followed by the deaminative coupling
reaction with an enamine in forming the xanthene product.
KEYWORDS: multicomponent reaction, deaminative coupling, ruthenium catalyst, xanthene, dioxacin

■ INTRODUCTION
Transition-metal-catalyzed coupling methods via C−N cleav-
age have emerged as a highly versatile C−C bond formation
strategy for the synthesis of complex organic molecules as well
as for reforming processes of nitrogen-containing biomass
feedstocks.1 Since simple amines are readily available from a
variety of biomass-derived sources,2 they are highly attractive
substrates for the deaminative C−C coupling reactions where
the formation of ammonia or amine byproducts would serve as
the driving force. Katritzky pyridinium salts, which are readily
generated from the reaction of primary amines with pyrylium
ion, have been found to be particularly effective reagents for a
variety of deaminative cross-coupling reactions under both
thermal and photocatalytic conditions.3 Watson and Martin
groups successfully devised highly regioselective Ni-catalyzed
deaminative alkylation of unactivated olefins by using
pyridinium reagents.4 Pan and co-workers also reported an
efficient Ni-catalyzed deaminative cross-electrophilic coupling
reaction of Katritzky salts with alkyl and aryl halides, and later
applied to reductive electrochemical coupling with fluorinated
olefins.5 Pyridinium salts have also been extensively used for a
number of highly efficient deaminative coupling reactions by

using visible-light photoredox catalysis methods.6 Notably, Fu
and co-workers reported an efficient photocatalytic deami-
native and decarboxylative alkylation of silyl enol ethers with
redox-active esters and N-alkylpyridinium salts.7 The Shang
group recently reported a highly enantioselective Ni-catalyzed
deaminative alkylation of pyridinium salts of amino acid
derivatives with unactivated olefins.8

In contrast to pyridinium salts, efforts to devise selective
deaminative coupling methods using unactivated amines have
long been hampered in part due to a relatively high C−N bond
energy and their tendency for undergoing side reactions as well
as catalyst poisoning effects.9 Despite such inherent challeges, a
growing number of catalytic deaminative coupling methods
have been developed recently by using simple amines.10 In a
seminal work, the Zhang group reported Pd-catalyzed allylic

Received: April 12, 2023
Revised: June 10, 2023
Published: June 23, 2023

Research Articlepubs.acs.org/acscatalysis

© 2023 American Chemical Society
9051

https://doi.org/10.1021/acscatal.3c01651
ACS Catal. 2023, 13, 9051−9063

D
ow

nl
oa

de
d 

vi
a 

M
A

R
Q

U
ET

TE
 U

N
IV

 o
n 

Ju
ly

 7
, 2

02
3 

at
 1

6:
07

:0
2 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nuwan+Pannilawithana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mina+Son"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donghun+Hwang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mu-Hyun+Baik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chae+S.+Yi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.3c01651&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01651?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01651?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01651?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01651?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01651?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/accacs/13/13?ref=pdf
https://pubs.acs.org/toc/accacs/13/13?ref=pdf
https://pubs.acs.org/toc/accacs/13/13?ref=pdf
https://pubs.acs.org/toc/accacs/13/13?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.3c01651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf


alkylation of carbonyl compounds with allylamines, which has
been shown to involve a direct allylic C−N bond cleavage via
the formation of Pd-allyl species.11 More recently, Rovis and
co-workers developed a highly efficient deaminative alkylation
method via C−N bond activation of sterically hindered
primary amines by employing dual Ni/photoredox-catalysis.12

Concerted research efforts have been devoted to develop
multicomponent catalytic C−H coupling methods as a step-
and atom-efficient synthetic strategy for assembling complex
organic molecules from using readily available hydrocarbon
substrates.13 In a seminal work, Ellman and co-workers devised
multicomponent Rh-catalyzed C−H alkenylation and electro-
cyclization cascade reactions of α,β-unsaturated imines with
alkyne substrates to form dihydropyridines and used these as
versatile intermediates for synthesizing a variety of nitrogen
heterocycles.14 Balaraman and co-workers developed a tandem
synthesis of quinolines via Rh-catalyzed C−H activation of
anilines and alkynes with CO surrogates to form quinoline
derivatives.15 The Liang group reported Ru-catalyzed meta-
selective C−H coupling reaction of arenes with alkenes and
fluoroalkyl halides.16 A number of multicomponent C−H
annulation methods have also been devised by using olefins
and arene substrates to synthesize both carbocyclic as well as
heterocyclic derivatives.17 Cramer and co-workers devised a
highly enantioselective three-component C−H functionaliza-
tion method of readily available arenes with unsaturated
carbonyl compounds to access substituted β-hydroxyketones
by using Co(III) catalysts bearing a chiral cyclopentadienyl
group.18 Recently, a number of multicomponent alkene
functionalization methods have been achieved by combining
nickel catalysis with a photoredox hydrogen atom transfer
process.19

Our research group has been pursuing the development of
new deaminative C−C coupling methods, which utilize readily
available simple amine substrates and are driven by the
formation of ammonia. We previously discovered that both the
tetranuclear Ru−H complex [(PCy3)(CO)RuH]4(μ-O)(μ-
OH)2 (1) and the cationic Ru−H complex [(η6-C6H6)(PCy3)-
(CO)RuH]+BF4− (2) with a redox-active 3,4,5,6-tetrachloro-
1,2-benzoquinone (L1) exhibited uniquely high catalytic
activity for the deaminative coupling reactions of ketones
with simple amines to form α-alkylated ketone products.20 We
also devised a highly efficient dehydrative C−H coupling
reaction of phenols with carbonyl compounds to synthesize
oxygen heterocyclic core structures by using the same catalytic
system 1/L1.21 We reasoned that merging these two C−H
coupling and deaminative coupling methods might lead to a
step-efficient synthetic strategy for a variety of heterocyclic
compounds. In this Article, we delineate the scope and
synthetic utility of the multicomponent C−H coupling method
of phenols with aldehydes and amines as a step-efficient
protocol to synthesize both xanthene and dioxacin oxygen
heterocycles. We also present the combined experimental and
computational studies for elucidating the detailed mechanism
of the catalytic coupling method. From both synthetic and
environmental points of view, the salient features of the
catalytic method are that biologically significant oxygen
heterocyclic core structures are efficiently constructed from
the multicomponent C−H coupling reaction of readily
available phenols with aldehydes and enamines in a highly
regio- and stereoselective fashion without employing any
reactive reagents or forming wasteful byproducts.

■ RESULTS AND DISCUSSION
Reaction Discovery and Optimization Study. At the

onset of our efforts to devise new catalytic multicomponent
coupling methods, we have been exploring the C−H coupling
reactions of arenes with a variety of amines and carbonyl
compounds. We initially discovered that the catalytic system
consisting of the tetranuclear Ru−H complex 1 with a redox-
active 3,4,5,6-tetrachloro-1,2-benzoquinone (L1) is highly
effective for promoting the multicomponent deaminative
coupling reaction of 3,5-dimethoxyphenol with benzaldehyde
and 4-(1-cyclohexene-1-yl)morpholine to form the 9-sub-
stituted xanthene product 3a (eq 1). The extensive ligand
screening procedures established that catalytic system 1/L1
exhibits the highest catalytic activity for the coupling reaction
among screened Ru catalysts (Table 1).

The cationic Ru−H complexes 2 and [(PCy3)2(CO)-
(CH3CN)2RuH]+BF4

− also exhibited respectable activity
when they are combined with the benzoquinone L1 (entries
8, 10). It is noteworthy that the presynthesized Ru-catecholate
complex 4 was found to exhibit a high catalytic activity without
L1 (entry 9). Other additives such as a hydrogen donor, CO,

Table 1. Catalyst Screening and Optimization Study for the
Reaction of 3,5-Dimethoxyphenol with Benzaldehyde and 4-
(1-Cyclohexene-1-yl)morpholine

entry catalyst
deviation from the standard

conditionsa
3a

(%)b

1 1 none 76
2 1 without L1 49
3 1 CO (1 atm) 65
4 1 2-propanol (1 equiv) 34
5 1 3,3-dimethyl-1-butene (1

equiv)
16

6 1 in 1,4-dioxane 37
7 1 in toluene 11
8 [(C6H6)(PCy3)(CO)

RuH]+BF4− (2)
68

9 [(PCy3)2(CO)Ru(O-O)]
(4)c

without L1 52

10 [(PCy3)2(CO)
(CH3CN)2RuH]+BF4−

55

11 (PCy3)2(CO)RuHCl 31
12 (p-cymene)RuCl2 35
13 (PPh3)3RuCl2 26
14 Ru3(CO)12 8
15 [(COD)RuCl2]x 5
16 L1 only 0

aStandard reaction conditions: 3,5-dimethoxyphenol (0.50 mmol),
benzaldehyde (0.50 mmol), 4-(1-cyclohexene-1-yl)morpholine (0.50
mmol), 1 (1 mol %; 4 Ru mol %), L1 (20 mol %), 1,2-dichloroethane
(1 mL), 110 °C, 12 h. bThe product yield was determined by GC-MS
using hexamethylbenzene as an internal standard. L1 = 3,4,5,6-
tetrachloro-1,2-benzoquinone. cO-O = 3,5-di-tert-butyl-1,2-catecho-
late.
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or an olefin were found to be completely ineffective in
promoting the coupling reaction (entries 3−5). We sub-
sequently established the standard conditions for the coupling
reaction using the tetranuclear Ru−H complex 1 with the
benzoquinone L1, where 1,2-dichloroethane was found to be
the most suitable solvent among screened organic solvents
(Tables S1 and S2, Supporting Information). The enamine
substrate can be conveniently generated in situ from the initial
reaction of benzaldehyde with morpholine, which allowed us
to carry out a four-component coupling reaction under a one-
pot procedure without sacrificing the product yield.
Reaction Scope. The substrate scope of the multi-

component coupling reaction was explored by using the
standard conditions (Table 2). Electron-rich phenols such as
3,5-dimethoxyphenol, 3-(diethylamino)phenol, and naphthol
derivatives were found to be suitable substrates for the
coupling with para-substituted benzaldehydes and 4-(1-cyclo-
hexen-1-yl)morpholine to form the xanthene products 3a-e.
The analogous coupling reaction with 4-(1-cyclopentenyl-1-

yl)morpholine and 4-(1-cyclohepten-1-yl)morpholine enam-
ines led to the corresponding five- and seven-membered
chromene derivatives 3f,g. The coupling with aliphatic
aldehydes as well as with naturally available furfural and
heteroarene aldehydes predictively afforded 9-substituted
xanthene products 3h,i and 3j,k, respectively. Moreover, 1-
naphthol smoothly reacted with both aryl-substituted and
aliphatic aldehydes to yield xanthene products 3l-o. A variety
of naturally available and highly functionalized aldehydes such
as 4-morpholinobenzaldehyde, vanillin, veratraldehyde, and
piperonal smoothly reacted with 3-(diethyl)aminophenol and
4-(1-cyclohexene-1-yl)morpholine to yield the anticipated
coupling products 3x, 3y, 3q, and 3z, respectively. The
ferrocene-containing carboxaldehyde readily reacted with 3,5-
dimethoxyphenol and 4-(1-cyclohexen-1-yl)morpholine to
afford the corresponding 9-substituted xanthene product 3p.
The coupling of a number of naturally occurring phenols such
as sesamol and polyaromatic 9-phenanthrol smoothly formed
xanthene products 3v and 3w, respectively. These coupling

Table 2. Multicomponent Deaminative C−H Coupling Reaction of Phenols with Aldehydes and Enaminesa

aReaction conditions: phenol (0.5 mmol), aldehyde (0.5 mmol), N-morpholinylenamine (0.5 mmol), 1 (1 mol %), L1 (20 mol %), 1,2-
dichloroethane (1 mL), 110 °C, 12 h. Ar = 4-methoxyphenyl.
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products were readily isolated by column chromatography on
silica gel, and their structures were completely established by
spectroscopic methods. The molecular structure of 3d was also
determined by X-ray crystallography.
To extend the substrate scope of the multicomponent

coupling method, we next explored the coupling reaction of
phenols with a variety of functionalized aldehydes and
enamines. Thus, the treatment of 3-(diethylamino)phenol
with 2-hydroxybenzaldehyde and 4-(1-cyclopentenyl-1-yl)-
morpholine in the presence of 1/L1 under the standard
conditions as established in Table 1 selectively formed the
tricyclic 1,3-dioxacin product 5a in 80% yield (diastereomeric
ratio (d.r.) = 10:1) (eq 2). The major diastereomer of 5a was
isolated by silica gel column chromatography, and the 1,3-
dioxocin structure of 5a was initially established using two-
dimensional (2D) NMR techniques. The molecular structure
of 5a, which was subsequently determined by X-ray
crystallography, confirmed its tricyclic 1,3-dioxacin config-
uration.
We surveyed the substrate scope of the coupling reaction by

using the standard conditions (Table 3). Electron-rich phenol
substrates such as 3,5-dimethoxyphenol and 3-(diethylamino)-
phenol smoothly reacted with 2-hydroxybenzaldehyde and 4-
(1-cyclopentenyl-1-yl)morpholine to form products 5a,b. The
coupling reaction of 3,5-dimethoxyphenol with aryl-substituted
aldehydes and 4-(1-cyclohexene-1-yl)morpholine formed the
expected products 5c-e in a nearly equal diastereomeric ratio
(d.r. = 1.1−1.5:1), while the analogous reaction with 3-
(diethylamino)phenol generated a 3:1 diastereomeric mixture
for both products 5f and 5g with an excellent chemical yield.

The coupling reaction of electron-rich phenols with 4-(1-
cyclohpten-1-yl)morpholine and 4-(1-cycloocten-1-yl)-
morpholine enamines led to the corresponding seven- and
eight-membered tricyclic 1,3-dioxacin products, 5i (d.r. =
1.1:1), 5j (d.r. = 2:1), and 5k (d.r. = 2:1), respectively. The
coupling of 3,5-dimethoxyphenol with 4-substituted cyclic
enamines such as 4-(4,4-dimethylcyclohex-1-en-1-yl)-
morpholine afforded a 5:3:2:1 diastereomeric mixture of the
products 5l, while the coupling with an allyl-substituted
salicylaldehyde formed a 3:1 diastereomeric mixture of 5o.
Interestingly, the coupling reaction of 3,5-dimethoxyphenol
with the enamine formed from the reaction of morpholine and
α-tetralone also smoothly formed a 1.1:1 diastereomeric
mixture of the tricyclic products 5p in a highly regioselective
fashion. The molecular structures of 5a, 5d, and 5p were
determined by X-ray crystallography.
The stereochemical assignment of these tricyclic 1,3-

dioxacin products was carried out by correlating NMR
spectroscopic data with X-ray crystallographic analyses. The
major and minor diastereomers of 5a, 5d, and 5p have been
successfully separated by silica gel column chromatography,
and as stated above, the molecular structures for both the
major diastereomers of 5a and 5p and the minor diastereomer
of 5d have been unambiguously determined by X-ray
crystallography (Figures S3 and S4, Supporting Information).
The X-ray crystallographic analysis of the major diastereomers
of 5a and 5p revealed the configurations on C7(R), C8(S), and
C9(S), with overall an anti-configuration between the
cyclohexyl and the aldehyde benzene groups, probably to
minimize the steric interaction between the two groups. In

Table 3. Multicomponent Deaminative C−H Coupling Reaction of Phenols with 2-Hydroxybenzaldehydes and Enaminesa

aReaction conditions: phenol (0.5 mmol), aldehyde (0.5 mmol), enamine (0.5 mmol), 1 (1 mol %), L1 (20 mol %), 1,2-dichloroethane (1 mL),
110 °C, 12 h.
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contrast, the minor diastereomer of 5d, which was separated
from a 1.1:1 diastereomeric mixture by silica gel column
chromatography, has the configurations at C7(R), C8(R), and
C9(S) with a syn-configuration between the cyclohexyl and the
aldehyde benzene rings located on the C8-C9 bond (see
Figure S3 in Supporting Information for numbering scheme
and stereochemical assignment for both diastereomers). By
inferring NMR spectroscopic data from the configurations
determined from X-ray crystallographic analysis, we have been
able to assign the relative stereochemistry of both diaster-
eomers for 5a, 5d, and 5p.

Recognizing that saturated amines would form enamine
substrates via the initial dehydrogenation under the reaction
conditions,22 we next sought to explore the suitability of a
variety of saturated amines as an “olefin synthon” for the
deaminative coupling reaction. Gratifyingly, we found that a
readily available tertiary amine, triethylamine, is a suitable
substrate for the multicomponent deaminative coupling
reaction. Thus, the treatment of 3-(diethylamino)phenol
(0.50 mmol) with 2-hydroxybenzaldehyde (0.50 mmol) and
triethylamine (0.50 mmol) under otherwise standard con-
ditions smoothly formed the bicyclic 1,5-dioxacin product 6a
(eq 3). An initial survey of saturated amines for the coupling
reaction showed that tertiary amines such as N,N-diethylme-
thylamine, 1-ethylpiperidine, and 1-ethylpyrrolidine as well as
triethylenediamine reacted smoothly to form the product 6a
(Tables S4 and S5, Supporting Information). The coupling
reaction with 2-diethylaminoethylamine and N,N′-diethylethy-
lenediamine also afforded the same product 6a in moderate to
high yields. We also tested the suitability of 1-vinylpyrrolidine
as the enamine reagent for the coupling reaction, in which case

product 6a was formed in 81% yield. Unfortunately, other
tertiary amines with a longer alkyl chain such as tri-n-
propylamine and tri-n-butylamine were found to be much less
effective in promoting the coupling reaction, giving less than
20% yield of the coupling products, and we attribute such low
activity of these amine substrates to relative difficulty in
generating the enamines.
We surveyed the substrate scope of the multicomponent

deaminative coupling reaction using triethylamine as the amine
substrate (Table 4). In general, electron-rich phenols such as
3,5-dimethoxyphenol and 3-(dimethylamino)phenol were
found to be suitable substrates for the coupling reaction with
salicylaldehyde and triethylamine to exclusively form bicyclic
1,5-dioxacin products 6 without any trace of 1,3-dioxacin
regioisomers. The coupling of 3-(dimethylamino)phenol with
2-hydroxybenzaldehyde and triethylamine predictively formed
the products 6a-d, while the analogous coupling with 2-
hydroxy-1-naphthaldehyde afforded 6e,f in good yields. 2-
Hydroxybenzaldehydes bearing an electron-withdrawing group
were successfully utilized for the deaminative coupling reaction
with 3,5-dimethoxyphenol and 3,4,5-trimethoxyphenol in
forming the products 6g-j. The coupling reaction of 3-
(diethylamino)phenol with 3-allylsalicylaldehyde and triethyl-
amine proceeded smoothly, in which the 3-allyl group was
isomerized to give 1:10 Z/E isomers of the product 6k. The
coupling with a dimethoxy-substituted salicylaldehyde also
formed product 6m. The coupling products were readily
isolated by column chromatography on silica gel, and their
structure was completely established by spectroscopic
methods. The structure of 6h was also determined by X-ray
crystallography (Figure S9, Supporting Information). A salient
feature of the catalytic method is that a readily available
triethylamine has been successfully utilized as an olefin

Table 4. Multicomponent Deaminative C−H Coupling Reaction of Phenols with 2-Hydroxybenzaldehydes and Triethylaminea

aReaction conditions: phenol (0.5 mmol), aldehyde (0.5 mmol), triethylamine (0.5 mmol), 1 (1 mol %), L1 (20 mol %), 1,2-dichloroethane (1
mL), 110 °C, 12 h.
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synthon for the deaminative coupling reaction to form bicyclic
1,5-oxacin products.
We employed a number of biologically active steroidal

ketone substrates for the multicomponent coupling reaction to
further demonstrate its synthetic utility (Table 5). In this case,
the enamine substrate was initially generated in situ from the
treatment of 5α-pregnane-3,20-dione with morpholine, and the
subsequent coupling reaction with 3,5-dimethoxyphenol and
para-methoxybenzaldehyde was carried out under the standard
conditions, which led to a highly diastereoselective formation

of the xanthene product (+)-3aa (d.r. = 20:1). The coupling
reaction was found to be highly chemoselective without
affecting the other C17-acetyl group of the steroidal moiety.
The colorless needles of (+)-3aa were grown in hexanes at
room temperature, and their molecular structure was
established by X-ray crystallography. The molecular structure
of (−)-3aa showed an unusual orientation of the 17β-acetyl
group with a large dihedral angle of C16-C17-C20-O2 =
151.1°. It should be noted that progesterone derivatives
typically have an eclipsed conformation of the O2 carbonyl

Table 5. Multicomponent Deaminative Coupling Reaction of Phenols with Aldehydes and Steroidal Enaminesa

aReaction conditions: phenol (0.50 mmol), aldehyde (0.50 mmol), ketone (0.50 mmol), morpholine (0.5 mmol), 1 (1 mol %), L1 (20 mol %),
1,2-dichloroethane (1 mL), 110 °C, 12 h. Ar = 4-methoxyphenyl.

Figure 1. Computed energy profile for the coupling of 3,5-dimethoxyphenol with benzaldehyde and 4-(1-cyclohexen-1-yl)morpholine (NR2 = N-
morpholinyl).
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group with a relatively small dihedral angle of C16-C17-C20-
O2 = 15°, and such an unusually large dihedral angle was
observed only for the progesterone derivatives bearing
16α,17α-condensed 3-membered cyclic groups.23 To validate
the general trend of the diastereoselective formation of the
products from steroidal derivatives, α-naphthol was reacted
with 4-methoxybenzaldehyde, 5α-cholestan-3-one, and mor-
pholine under the standard conditions, in which case also led
to a highly diastereoselective formation of the xanthene
product (−)-3bb (d.r. = 20:1). In contrast, the coupling
reaction of 3,5-dimethoxyphenol with 2-hydroxybenzaldehyde
and 5α-cholestan-3-one and 4-(1-cyclohexene-1-yl)morpholine
led to the formation of a 1,3-dioxacin-steroidal derivative
(+)-5q, with a modest 2:1 diastereomeric ratio. In this case, a
modest diastereoselectivity may have resulted from unfavorable
steric interaction between the phenoxy group (resulting from
benzaldehyde) and C19 methyl group of the steroidal ketone
substrate.
DFT Computational Study. To gain deep mechanistic

insight into the coupling reaction, we conducted density
functional theory (DFT) calculations for the coupling of 3,5-
dimethoxyphenol with benzaldehyde and 4-(1-cyclohexen-1-
yl)morpholine as representative substrates for the formation of
the xanthene product 3. The calculations were performed at
the B3LYP-D3/cc-pVTZ(-f)|LACV3P//6-31G**|LACVP
level of theory, and computational details can be found in
the Supporting Information. We found the two most plausible
mechanisms for the catalytic coupling reaction as delineated
below out of several possible pathways that we initially probed
as detailed in the Supporting Information.
In light of the previously established Ru-catecholate catalytic

system that was formed from the reaction of a Ru−H complex
with a 1,2-catechol ligand,20 we assumed the Ru-catecholate
complex A0, which would be formed in situ from the reaction
of the Ru−H complex 1 with L1, as the catalytically active
species for the coupling reaction (Figure 1). Previously, both
experimental and computational studies on the dehydrative
C−H coupling reaction of phenols with ketones showed that

the presence of a Ru−H species is essential for promoting the
ortho-arene C−H bond activation or for deprotonating
hydroxyl group of the phenol substrate, as illustrated in Figure
SS1.21 However, in the current study, since the Ru-catecholate
complex A0 does not possess any Ru−H group, we found that
the ortho-C−H arene activation pathways via either a
concerted metalation-deprotonation (CMD) or a classical
oxidative addition mechanism have the energy barrier well over
35 kcal/mol and thus are unlikely to occur under the operating
experimental conditions at 110 °C (Figure SS2). Therefore, we
searched for an alternative mechanistic pathway for the
coupling reaction starting from A0.
The calculations quickly established that the coordination of

the aldehyde substrate to A0 leads to the formation of stable
complex A1, which is 6.3 kcal/mol lower in energy relative to
A0. The coupling reaction between phenol and aldehyde
smoothly proceeds via A1-TS to produce A2. It is important to
note that the proton transfer from phenol to the aldehyde
carbonyl group and the C−C bond formation occur in a
concerted manner. The coupling step turns the aldehyde
substrate into an alcohol, while the phenol moiety becomes a
dearomatized cyclohexadienone. This concerted reaction path
via the transition state A1-TS allows one to bypass both CMD
and oxidative addition mechanisms, as the direct ortho-C−H
activation of phenol was not feasible with A0. Next,
intermediate A2 tautomerizes into phenolic intermediate A3,
where the secondary alcohol undergoes heterolytic C−O bond
cleavage via A3-TS. In this process, the electron on the C−O
bond is rapidly transferred to the Ru−O bond, temporarily
forming an anionic Ru−OH moiety. The phenolic proton of
A3 can be easily deprotonated, as it is situated in the vicinity of
the Ru−OH moiety. This dehydration step leads to the
formation of Ru-o-quinone methide species A4, which is
anticipated to be the rate-determining step with an overall
barrier of 29.3 kcal/mol from A1.
The resulting Ru-o-quinone methide A4 undergoes a

stepwise [4 + 2] cycloaddition with the enamine to form the
xanthene scaffold. A highly electrophilic nature of the quinone

Figure 2. Computed energy profile for an alternate pathway starting from the reaction of benzaldehyde with 4-(1-cyclohexen-1-yl)morpholine
(NR2 = N-morpholinyl).
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methide group facilitates the coupling reaction with the
nucleophilic enamine to form transient iminium intermediate
A5. The iminium group of A5 promotes ring closure to form
A6 via A5-TS with an energy barrier of 15.7 kcal/mol. The
subsequent deamination from A6 is highly exergonic in
forming the xanthene-coordinated A7, which readily releases
the xanthene product 3a from the ligand exchange with the
aldehyde substrate along with regeneration of catalyst A1.
Overall, the reaction from A6 to A1 releases a Gibbs free
energy of 9.5 kcal/mol.
The mechanism discussed in Figure 1 features the coupling

between aldehyde and phenol substrates in the first step, which
is followed by the addition of an enamine in a later stage. A
plausible alternative mechanistic path entails the coupling
reaction of aldehyde first with enamine, and phenol is added at
a later stage. We explored this possibility in detail and found
that the energies encountered in this pathway are reasonable,
as summarized in Figure 2. The coupling reaction is initiated
by nucleophilic attack of enamine to the aldehyde through
transition state C1-TS, generating iminium intermediate C2,
which then tautomerizes to form Ru-enamine intermediate C3.
The C−O bond of the secondary alcohol is cleaved via C3-TS,
resulting in the formation of the iminium cation a and the
anionic Ru-hydroxide C4. This step is expected to be rate-
determining with an overall barrier of 27.6 kcal/mol from A1,
which is slightly lower than the highest energy barrier for the
reaction profile shown in Figure 1. The highly conjugated
system of iminium ion a in a moderately polar solvent 1,2-
dichloroethane will likely be stable as an ion-pair form. The
coordination of the phenol substrate to C4 forms the
intermediate C5, and the subsequent deprotonation of the
phenol yields the Ru-phenolate intermediate C6, traversing via
C5-TS with a relatively low energy barrier of 8.1 kcal/mol. The
anionic and highly nucleophilic Ru-phenolate group of C6
readily reacts with an electrophilic iminium a to afford
intermediate C7, which tautomerizes to form intermediate

A5. The subsequent final steps leading to the product 3a are
identical to those illustrated in Figure 1.

Experimental and Computational Analyses on the
Transition States. Since both mechanistic scenarios
described above are chemically and energetically reasonable,
we had not been able to decipher the operating mechanism on
the basis of DFT-calculated data alone. We performed
experimental Hammett studies to probe the electronic factors
governing the rate-limiting step of the coupling reaction that
could differentiate between the two plausible mechanisms.
Thus, the rate of the coupling reaction of 3,5-dimethoxyphenol
(0.20 mmol) with 4-(1-cyclohexen-1-yl)morpholine (0.20
mmol) and a series of para-substituted benzaldehydes p-X-
C6H4CHO (0.20 mmol) (X = OMe, Me, H, Cl, CF3) was
measured by using NMR spectroscopy. The disappearance of
the 3,5-dimethoxyphenol peak was normalized against an
internal standard (hexamethylbenzene) in 30 min intervals,
and the kobs of each reaction was determined from a first-order
plot of −ln([(3,5-dimethoxyphenol)]t/[(3,5-dimethoxyphe-
nol)0]) vs time. The Hammett plot was constructed from
the correlation of log(kX/kH) versus σp, which showed a linear
correlation pattern with a negative slope (ρ = −0.98 ± 0.1)
(Figure 3a).
To validate experimental Hammett data, we performed

energy calculations for the coupling reaction with a series of
para-substituted benzaldehyde derivatives and compared their
energy differences resulting from the two transition states A3-
TS and C3-TS. Interestingly, our DFT calculations revealed
opposing trends for the two mechanisms considered. Figure 3b
shows that the electronic energy of A3-TS increases as the
benzaldehyde substrate becomes electron-poor, predicting that
the fastest reaction rate with the lowest barrier would result for
the methoxy-substituted benzaldehyde substrate, in agreement
with the experimental Hammett data. On the other hand, the
energy calculations via the transition state C3-TS showed the
highest barrier for the methoxy-substituted benzaldehyde,

Figure 3. Hammett study from the reaction of 3,5-dimethoxyphenol, p-X-C6H4CHO and 4-(1-cyclohexen-1-yl)morpholine (X = OMe, Me, H, Cl,
CF3). (a) Experimental Hammett plot. Calculated rates are based on the difference between electronic energies for different reactants for the
proposed rate-determining step via: (b) A3-TS and (c) C3-TS.
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indicating that the reaction rate would be the slowest for the
methoxy-substituted benzaldehyde and the fastest for CF3-
substituted benzaldehyde (Figure 3c). Hence, an opposite
Hammett correlation would be observed if C3-TS was
involved for this reaction mechanism. Furthermore, the
experimental Hammett slope (ρ = −0.98) corresponds to an
energy difference of approximately 1.4 kcal/mol between the
methoxy- and the trifluoromethyl-substituted benzaldehydes,
which is consistent with the calculated energy difference of 0.8
kcal/mol for A3-TS. Notably, we believe that the benzaldehyde
substrate case (X = H) is an outlier, possibly due to numerical
calculation errors. Excluding the benzaldehyde case, the
computed Hammett slope (ρ = −0.59) agrees reasonably
well with the experimental value. Taken together, our
experimental and computational results are consistent with
the reaction pathway as depicted in Figure 1, with A3-TS as
the rate-determining transition state.
To gain a deeper understanding of the unusual energy trends

observed for C3-TS with electron-poor benzaldehyde deriva-
tives, we examined the nature of both transition states in detail.
In both A3-TS and C3-TS, the primary step involves C−O
bond cleavage and transfer of the hydroxy group to the Ru
center, as depicted in Figure 4. Conventional mechanistic
intuition predicts that this bond should be cleaved heterolyti-
cally, generating a positive partial charge on the benzylic
carbon and a negative charge on the hydroxyl-oxygen. As such,
electron-donating groups at the para-position should stabilize

the positive charge buildup and lower the barrier, as observed
for A3-TS.
To better comprehend the origin of these unconventional

energy trends, we analyzed the transformations occurring at
both transition states in detail and discovered two electronic
features that are significant, as schematically represented by the
red and blue arrows in Figure 4. The first is the C−O bond
cleavage, which we explained above, while the second involves
π-resonance effects mediated by the enol and enamine
moieties, respectively, resulting in a partial negative charge
on the benzylic carbon, as shown in blue. The intrinsic bond
orbital (IBO) analysis,24 as shown in Figure 4, demonstrates
that both electronic features are involved in the electronic
process as the two transition states are traversed. A3-TS is the
classical case where the C−O bond cleavage dominates,
leading to increased positive charge polarization at the benzylic
carbon at the transition state, resulting in classical Hammett
behavior. In C3-TS, however, the π-resonance feature
dominates and overrides the impact of the C−O bond
cleavage as the amine functionality becomes formally an
iminium group, characterized by a change of the NR2 dihedral
angle from 133° in C3 to 177° in C3-TS. This places a
negative partial charge on the benzylic carbon. This
fundamentally different charge polarization reflects on the
greater π-donor ability of the amine group compared to that of
the hydroxyl group in A3-TS. As a result, the C3-TS transition
state is stabilized by electron-withdrawing groups. As this

Figure 4. Comparison of the two transition states (a) A3-TS and (b) C3-TS from the reaction coordinate and the Intrinsic Bond Orbital (IBO)
analysis (NR2 = N-morpholinyl). The IBO plots are taken at steps ± 1.0, ± 0.6, and 0 along the intrinsic reaction coordinate.
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Hammett behavior is inconsistent with experimental observa-
tions, we can safely exclude the putative reaction pathway
shown in Figure 2.

Deuterium Labeling Study. Another distinguishing
feature between the two calculated mechanistic paths is the
formation of the Ru−OH intermediate species C4 as depicted
in Figure 2. In the previously reported dehydrative coupling
reaction of phenols with aldehydes,21 we showed that the Ru−
OH species can rapidly be converted into a Ru−H species
especially in the presence of a hydrogen source such as water
or 2-propanol and that the Ru−H species can effectively
mediate rapid H/D exchange reaction at the o-quinone
methide position. The DFT calculations established that
such a hydride transfer step would be a reversible process,
with the energy barrier of 15.9 kcal/mol (10.0 kcal/mol for the
reverse reaction). The DFT calculations also predicted that an
active Ru−OH or Ru−H catalytic intermediate species would
mediate a reversible H/D exchange to the o-quinone methide
position as illustrated in Figure SS2 (Supporting Information).
To test the possibility of involvement of a Ru−OH or Ru−H
species, we examined the possible H/D exchange process for
the coupling reaction of 3,5-dimethoxyphenol, 4-methoxyben-
zaldehyde-α-d1 (99.5% D), and 4-(1-cyclohexen-1-yl)-
morpholine under the standard conditions (eq 4). The isolated
product 3c-d showed ca. 98% of deuterium on the methine
position without any significant deuterium scrambling to other
positions, as analyzed by 1H and 2H NMR spectroscopy, which
clearly indicates that the aldehyde α-C−H bond was not
broken during the coupling reaction (Figure S1, Supporting
Information). The experimental result is consistent with the
calculated mechanism, as shown in Figure 1, that does not
involve any Ru−OH or Ru−H catalytic intermediate species.
Proposed Mechanism. We present a detailed mechanism

of the multicomponent C−H coupling reaction of 3,5-
methoxyphenol with benzaldehyde and an enamine on the
basis of these experimental and computational results, as

illustrated in Scheme 1. We propose that a catalytically active
aldehyde-coordinated Ru(II)-catecholate complex 7 is initially
generated from the reductive coupling reaction of 1 with the
benzoquinone ligand L1. In support of this hypothesis, the
Ru(II)-catecholate complex 4, which was independently
synthesized from the reaction of 1 with t-butyl-substituted
1,2-catechol and PCy3 ligands, was found to be an active
catalyst for the coupling reaction (Table 1, entry 9).20 The
deuterium labeling study also supports the idea that the active
Ru catalyst should not contain any Ru−OH or Ru−H
functionalities.
We initially considered two possible mechanistic sequences

for the multicomponent coupling reaction starting from
aldehyde-coordinated Ru-catecholate complex 7. One possible
pathway involves dehydrative coupling with phenol in the first
step, which is followed by deaminative coupling with an
enamine substrate (Figure 1). Alternatively, the aldehyde-
coordinated Ru catalyst 7 would first undergo coupling with an
enamine substrate, and dehydrative coupling with phenol
would follow in subsequent steps (Figure 2). The DFT
calculations showed that these two mechanistic pathways are
energetically viable, and the magnitude of energy barrier for
the rate-limiting step is quite similar for both pathways (29.3 vs
27.6 kcal/mol). To distinguish between these two possible
pathways, we performed a Hammett study for the coupling
reaction by using para-substituted benzaldehydes and
compared its experimental data with the calculated energy
values analyzed from the transition states A3-TS vs C3-TS.
The calculated energy values obtained from A3-TS nicely
correlated with the experimental Hammett data, where the
coupling reaction is promoted by benzaldehyde substrates
bearing an electron-releasing group (experimental ρ = −0.98 vs
calculated ρ = −0.59). The IBO analysis on the two transition
states A3-TS and C3-TS provided deeper insights into the
electronic nature of the C−O bond cleavage process.
Increasing positive charge polarization at the benzylic carbon
is the dominant electronic factor leading to the transition state
A3-TS, while π-resonance stabilization of the iminium ion
overrides the charge polarization for C3-TS, which translates
to an increase in a negative partial charge at the benzylic
carbon during the C−O bond cleavage step. We excluded the

Scheme 1. Proposed Mechanism of the Multicomponent C−H Coupling Reaction of 3,5-Methoxyphenol with an Aldehyde and
a Cyclic Enamine
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putative reaction pathway via C3-TS since its electronic trend
is opposite to the experimental Hammett data.
The combined DFT and experimental Hammett data

support a mechanistic path, as illustrated in Figure 1 as the
most likely operating mechanism. The DFT calculations
provided a low-energy pathway where a nucleophilic addition
of the ortho-arene carbon of phenol to the aldehyde-
coordinated catalyst 7 leads to the formation of Ru-phenol
complex 8, which further proceeds with the dehydration
reaction to form the dearomatized Ru-quinone species 9. The
DFT calculations also established that the dehydration step
(C−O cleavage) is the rate-limiting step of the catalytic
reaction, as indicated by its highest calculated energy barrier
(29.3 kcal/mol). The subsequent nucleophilic addition of the
enamine substrate to the vinyl carbon of the elaborated
quinone group of 9 readily proceeds to form the zwitterionic
Ru-aryloxo species with a pendent-armed iminium ion 10. The
final stage of the catalysis involves an intramolecular cyclization
from 10 that is facilitated by the electrophilic iminium carbon
to form the ruthenium-xanthene species 11. The DFT
calculations showed that the subsequent deamination and
product-releasing steps are quite exergonic in forming
xanthene product 3 along with regeneration of starting
ruthenium catecholate complex 7. Overall, the coupling
reaction, which is exergonic by 9.5 kcal/mol, is driven by the
formation of both water and amine byproducts.

■ CONCLUSIONS
In summary, we have successfully developed a Ru-catalyzed
multicomponent deaminative C−H coupling method of
phenols with aldehydes and enamines to install synthetically
valuable xanthene and bicyclic dioxacin core structures in a
step- and atom-efficient manner. The analogous coupling
reaction of phenols with 2-hydroxyarylaldehydes and cyclic
enamines selectively formed tricyclic 1,3-dioxacin derivatives.
The combined experimental and DFT computational studies
provided a detailed mechanistic portrait of the multi-
component coupling reaction, which features a sequential
reaction process involving first the dehydrative C−H coupling
of phenol with an aldehyde substrate, followed by the
deaminative coupling with an enamine substrate. The catalytic
coupling method employs readily available phenols, aldehydes,
and amine substrates to efficiently assemble synthetically
valuable oxygen heterocyclic core structures without using any
reactive reagents or forming wasteful byproducts. Efforts to
increase the synthetic applicability for this catalytic method are
continuing in our laboratories.

■ EXPERIMENTAL SECTION
General Procedure for the Coupling Reaction of a

Phenol with an Aldehyde and an Enamine. In a glovebox,
a phenol (1.0 mmol), an aldehyde (1.0 mmol), an enamine
(1.0 mmol), complex 1 (1 mol %) and L1 (20 mol %) were
dissolved in 1,2-dichloroethane (1 mL) in a 25 mL Schlenk
tube equipped with a Teflon stopcock and a magnetic stirring
bar. The tube was brought out of the glovebox, and it was
stirred in an oil bath preset at 110 °C for 12 h. The reaction
tube was taken out of the oil bath and cooled to room
temperature. After the tube was open to air, the solution was
filtered through a short silica gel column by eluting with
CH2Cl2 (10 mL), and the filtrate was analyzed by gas
chromatography-mass spectrometry (GC-MS). Analytically

pure product 3 was isolated by column chromatography on
silica gel (40−63 μm particle size, hexanes/EtOAc). The
product was completely characterized by NMR and GC-MS
spectroscopic methods.

Computational Method. All density functional theory
(DFT) calculations were performed with the Jaguar 9.1
quantum chemistry program.25 Electronic exchange and
correlation energy contributions to the total electronic energy
were approximated with B3LYP hybrid exchange functional
along with Grimme’s D3 dispersion correction (B3LYP-D3).26

All intermediate and transition-state geometries were opti-
mized with the 6-31G** basis set for main group atoms and
LACVP basis set for Ru.26,27 The LACVP basis set includes the
Los Alamos relativistic effective core potentials (ECPs) for Ru
atoms.28 While these basis sets are adequate for obtaining
accurate geometries, more reliable energies were obtained from
the single-point calculations using Dunning’s correlation-
consistent triple-ζ basis set, cc-pVTZ(-f), for main group
atoms and LACV3P** for Ru.29 The zero-point energy (ZPE),
entropic, and solvation contributions to the Gibbs energy are
obtained from the same level of theory used in the geometry
optimizations (B3LYP-D3/6-31G**/LACVP). The optimized
geometries characterized as the local minima on the potential
energy surfaces do not contain any imaginary frequency,
whereas each of the transition states contains one imaginary
frequency. The solvation free energy is computed as the
difference between the energy of the optimized gas-phase
structure and the energy inside a solvation shell of 1,2-
dichloroethane in the form of a continuum dielectric(ε)
equaling 10.3. The electronic energy in the solvation shell is
calculated using the self-consistent reaction field (SCRF)
method with a Poisson−Boltzmann solver. The overall scheme
for obtaining approximate solution phase Gibbs free energies
has been previously described.30
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