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ABSTRACT: The catalytic system consisting of a cationic Ru—H = [901 {8 mol %) e
complex 1 and 3,4,5,6-tetrachloro-1,2-benzoquinone (L1) was / CH2 + )Jw ?mo"). O + H,0

i . i 3 . (1 equiv)
found to be highly effective for the dehydrative sp> C—H coupling TR S Q R
reaction of 2-alkyl substituted indoles with enones to form 2,4- } @ BeOl ~ O/ m
disubstituted carbazole products. The analogous coupling reaction EH\\--F}U PGy, ¥ go:

: Cl

of 2-alkylindoles with linear enones bearing the cyclic olefinicgroup ~ { oc "~ ¥4

afforded tetracyclic carbazole products. A normal deuterium kinetic [Ru] L

isotope effect was measured from the coupling reaction of 1,2-

dimethylindole versus 1-methyl-2-(methyl-d;)indole with (E)-3-penten-2-one (ky/kp = 2.5). The Hammett plot was constructed
from the reaction of para-substituted indoles 5-X-1,2-dimethylindole (X = OMe, Me, H, F, and Cl) with 4-phenyl-3-buten-2-one (p
= —1.6 + 0.2). The density functional theory (DFT) calculations were performed to obtain a complete energy profile for the
coupling reaction. The combined experimental and DFT computational data revealed a detailed mechanistic path that features an
initial coupling of indole and enone substrates, the turnover-limiting heterolytic sp> C—H activation step, and the subsequent
cyclization and dehydration steps. The catalytic method provides an efficient synthesis of carbazole derivatives from the dehydrative
sp> C—H coupling reaction of readily available indole with enone substrates without employing any reactive reagents or forming
wasteful byproducts.

Bl INTRODUCTION a versatile C—C bond formation strategy.” A variety of
Transition metal-catalyzed C—C coupling methods through regioselective sp’ C—H alkylation and related C—C bond-
sp> C—H bond activation of unsaturated hydrocarbon forming reactions of saturated amines and carbonyl com-
substrates have emerged as one of the most powerful protocols pounds have been successfully utilized for the late-stage
in organic synthesis. Over the last few decades, extensive functionalization of biologically active molecules.” In a series of
research has led to the development of highly selective catalytic seminal reports, Yu and co-workers developed a range of site-

C—C coupling methods through sp*> C—H bond activation,
enabling the step-efficient synthesis of a varlety of complex
organic molecules of pharmacological 1mportance * In contrast,
catalytic C—C coupling methods via sp> C—H bond activation
of saturated hydrocarbon substrates still remain as the frontier

selective sp* C—H arylation and other C—C coupling methods
by using transient nitrogen directing groups.” Recently,
photocatalytic proton-coupled hydrogen atom transfer tech-
nologies have been successfully devised for chemoselective sp*

topic in C—H functionalization research. Among the many C—H alkylation and other C—X bond-forming reactions.” A
innovative strategies for catalytic sp3 C—H activation methods, variety of inorganic/organometallic and organic-based photo-
heteroatom-directed chelate assistance approach has proven to redox catalytic systems have been extensively explored for both
be highly effective in achieving site-selective sp C H coupling sz and Sp3 C—H functionalization methods.'° Despite these
reactions for saturated hydrocarbon derivatives.” In a pioneer- rapidly expanding advances, the development of broadly

ing work, Jun and co-workers introduced metal—ligand
cooperative bifunctional catalysis protocols, which have
become valuable tools for direct sp> C—H alkylation and
related coupling reactions of saturated hydrocarbon substrates
bearing carbonyl and nitrogen chelate groups.” Chen and co-
workers devised highly efficient Pd-catalyzed sp® C— H
alkylation protocols to derivatize a-amino acid substrates.’
Additionally, catalytic cross-dehydrogenative coupling methods
between two different sp> C—H bonds have been shown to be

applicable catalytic C—C coupling methods via sp’ C—H
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Scheme 1. sp> C—H Coupling vs C—C Cleavage Reaction for the Coupling Reaction of 1,2-Dimethylindole with an Enone
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Table 1. Catalyst and Additive Screening for the Coupling of 1,2-Dimethylindole with (E)-3-Nonen-2-One”

entry catalyst
1 1
2 1
3 1
4¢ 1
S 1
6 1
7 [(PCY3)2(CO)(CH3CN)2RUH]+BF47
8 [(PCy,)(CO)RuH],(O)(OH),/HBF,-OFEt,
9 (PCy,),(CO)RuHCI/HBE,-OFEt,
10 RuCl,(PPh,),/HBF,OEt,
11 Ru,(CO),,/HBF,-OEt,
12 [(COD)RuCl,],/HBF,-OEt,
13 PCy,/HBF,-OEt,
14 AlCl,
15 HBF,-OEt,

2a:3a (%)”

82:12
68:15
50:13
6:81
41:22
22:18
43:13
26:4
20:4
12:6
8:6
10:5
0

0

0

deviation from standard conditions

none
without TBE

without L1

with 2-propanol (0.5 mmol)
in dichloroethane

in toluene

“Standard conditions: 1,2-dimethylindole (0.5 mmol), (E)-3-nonen-2-one (0.6 mmol), catalyst (3 mol %), L1 (10 mol %), TBE (0.5 mmol) 1,4-
dioxane (2 mL), 135 °C, 24 h. ®The product yield was determined by GC—MS by using hexamethylbenzene as an internal standard. TBE = t-
butylethylene, L1 = 3,4,5,6-tetrachloro-1,2-benzoquinone. “In dichloroethane.

activation for the synthesis of complex organic molecules
remains a challenging goal in the catalysis field of research.

We previously developed a number of catalytic dehydrative
sp> C—H coupling methods of phenols with carbonyl
compounds, which have led to efficient formation of various
synthetically valuable oxygen heterocycles while forming water
as the only byproduct."' As part of our ongoing efforts to
design new sustainable coupling methods, we have been
searching for new catalytic C—C coupling protocols via sp> C—
H activation, which are suitable for late-stage functionalization
of biologically active saturated hydrocarbon compounds under
environmentally sustainable conditions. Herein, we report a
highly efficient synthesis of carbazole derivatives through the
dehydrative sp> C—H coupling reaction of 2-alkylindoles with
enone compounds. The catalytic coupling method employs
readily available starting materials to form 2,4-disubstituted
carbazole derivatives that are not readily synthesized by other
traditional methods.

B RESULTS AND DISCUSSION

Reaction Discovery and Substrate Scope. While
exploring new strategies for chelate-assisted dehydrative
coupling methods, we previously discovered that the coupling
reaction of 1,2-dimethylindole with linear enones in the
presence of a hydrogen source (2-propanol) led to the
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regioselective C—C bond cleavage of the enone substrate in
forming the indole coupling products (Scheme 1)."2
Recognizing that a hydrogen rich environment might have
facilitated the C—C cleavage reaction, we performed the same
coupling reaction under a hydrogen-deficient condition. Thus,
the treatment of 1,2-dimethylindole with (E)-3-nonen-2-one in
the presence of the Ru—H catalyst [(CsHg)(PCy;)(CO)-
RuH]'BE,” (1) and a hydrogen scavenger t-butylethylene (1
equiv) predominantly formed the carbazole product 2a with
less than 20% of the C—C bond cleavage product 3a in a crude
mixture. Encouraged by the initial results, wherein both sp*
and sp> C—H bond cleavages on the indole substrate have
been achieved in forming the carbazole product 2a, we sought
to establish an optimized reaction condition for the formation
of carbazole product 2a. In light of the recent discoveries on
the promotional effect of benzoquinone ligands,'"* both Ru
catalysts as well as catechol and benzoquinone additives were
extensively screened for the coupling reaction of 1,2-
dimethylindole with (E)-3-nonen-2-one (Table S1, Supporting
Information). The cationic Ru—H complex 1 with 3,4,5,6-
tetrachloro-1,2-benzoquinone (L1) was found to be the most
effective in selectively forming product 2a among the screened
catalysts and additives (Table 1), and the addition of a
hydrogen scavenger further improved the selectivity of
carbazole product 2a (entry 2). We eventually established

https://doi.org/10.1021/acs.organomet.4c00470
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Table 2. Synthesis of Carbazoles from the sp> C—H Coupling Reaction of 2-A1ky1indoles with Enones™”

NX H 1 (8 mol %)
10 mol %
/ )v TBE (1 equiv) Q O
dioxane

Me Me

N N
2a R = n-pentyl R’ e (78%) 2f R=Ph e (72%) 2k R’=Et (67%)
2b R = n-propyl R’ e (88%) 2gR =p-Tol R’ Me (80%) 21 R’=n-pentyl (75%)
2c R=Me e (86%) 2h R =2-furanyl R'=Me (71%) 2mR’= n-propyl (71%)
2d R =Me R Et (90%) 2i R= 2th|ofurany|R Me (66%)
2e R=Me R’=iBu (78%) 2j R=Ph R’ = i-Bu (66%)

dor dor do-

2n R=Me R'=Me(85%) 2q X=Et R= Me R'=Me (73%) 2t X=Me R Ph (69%)
20 R=Me R’=Et (75%) 2r X=Bn R=Me R'=Et (62%) 2u X=OMe R=Me (67%)
2p R=Ph R’=Me (69%) 2s X = Et R=Ph R'=Me (65%) 2v X =Cl R = Me (63%)
Me
N X R
-y
O
O n
2wX=H R=Me R'=Me  (63%) | 2aaX=H R’=Men=1
2xX=H R=Ph-4-CIR=Me  (71%) —O 2bbX=MeR’=H n=1(82%) 2bb
2y X=MeR=H R’ = n-pentyl(65%) 2z (50%) 2cc X=MeR”=H n=2 (59%)(CCDC 2377617)

“Reaction condltlons indole (0.50 mmol), enone (0.60 mmol), t-butylethylene (0.50 mmol), 1 (3 mol %), L1 (10 mol %), 1,4-dioxane (2 mL),

135 °C, 24 h. YIsolated yields.

the standard conditions for the formation of carbazole product
2a over the C—C bond cleavage product 3a, which consisted of
the catalytic system of 1 (3 mol %)/L1 (10 mol %) and t-
butylethylene (1 equiv) as the hydrogen scavenger in 1,4-
dioxane solution (entry 1).

We explored the substrate scope for the coupling reaction by
using the standard conditions established in Table 1 (Table 2).
The coupling reaction of 1,2-dimethylindole with both
aliphatic- and aryl-substituted enones proceeded smoothly to
form the carbazole products 2a—j. The coupling with enones
bearing a terminal olefinic group selectively led to the 2-
substituted carbazole products 2k—m. The coupling of both
unprotected 2-methylindole and N-protected 2-methylindoles
with linear enones formed the 2,4-disubstituted carbazole
products 2n—p, 2t—v, and 2q—s, respectively. The analogous
coupling reaction of 2-ethylindole with linear enones formed
1,2,4-trisubstituted carbazole products 2w—y. The coupling of
1,2-dimethylindole with (E)-4-(benzo[d][1,3]dioxol-5-yl)but-
3-en-2-one formed the 2,4-disubstituted carbazole product 2z,
while the coupling with the enones bearing a cyclic olefinic
group afforded the tetracyclic carbazole products 2aa—cc. To
demonstrate synthetic utility, we performed a preparatory scale
reaction of 1,2-dimethylindole (3.0 mmol) with (E)-3-penten-
2-one (3.6 mmol), which led to the isolation of coupling
product 2c¢ in an 81% yield (0.51 g). Though the formation of
C—C bond cleavage products 3 was detected in a crude
reaction mixture in most cases (ca. S—10%), analytically pure
carbazole products 2 were readily obtained by column
chromatography on silica gel, and their structures were
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completely established by spectroscopic methods. The
molecular structure of 2bb was unambiguously determined
by X-ray crystallography.

Combined Experimental and DFT Computational
Mechanistic Study. We examined the detailed mechanism
of the coupling reaction of 1,2-dimethylindole with an enone
substrate by employing combined experimental and computa-
tional methods. Considering the previously established results
on the deaminative coupling reactions catalyzed by a Ru-
catecholate species,”'* we hypothesized that a catalytically
active Ru—H species would be initially formed from the ligand
substitution reaction of 1 with the benzoquinone ligand L1. In
an effort to detect catalytically relevant species, we monitored
the coupling reaction of 1,2-dimethylindole with (E)-3-penten-
2-one by using NMR spectroscopic techniques (Scheme 2).
Thus, a stoichiometric mixture of complex 1 (0.10 mmol), 1,2-
dimethylindole (0.10 mmol), (E)-3-penten-2-one (0.10
mmol), and 3,3-dimethyl-1-butene (0.10 mmol) in CD,CL,
(0.5 mL) in a resealable NMR tube was immersed in an oil
bath set at 125 °C, and the tube was taken out periodically to
record the NMR spectrum at ambient temperature. After just 2
min of heating at 125 °C, four new sets of Ru—H signals
rapidly appeared at 6 —12.0 (d, Jpy = 27.5 Hz), —12.1 (d, Jpy =
27.4 Hz), —13.0 (d, Jpy = 27.1 Hz), and —13.1 (d, Jpy = 27.2
Hz) ppm in a 1:1:1.6:1.6 ratio, as monitored by 'H NMR,
which were assigned to four diastereomeric mixtures of the
arene-coordinated Ru—H complex 4 (Figure 1). The
formation of free benzene molecule was also seen by 'H
NMR. Upon further heating for 30 min, a new set of Ru—H

https://doi.org/10.1021/acs.organomet.4c00470
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Scheme 2. Stoichiometric Reaction of 1 with 1,2-
Dimethylindole and (E)-3-Nonen-2-One
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signals began to appear at § —12.4 (d, Jpy = 27.1 Hz) and
—12.9 (d, Jpy = 27.2 Hz) ppm at the expense of 4, which were
assigned to a diastereomeric mixture of the product-
coordinated complex 5 (d.r. = 1:1.5). The Ru—H peaks for
both 4 and S matched well with the signals formed
independently from the treatment of 1 with the 2-methylindole
substrate and product 2a, respectively. The product-coordi-
nated complex S eventually predominates at the expense of
both 1 and 4 after heating at 125 °C for 90 min. Unfortunately,
attempts to detect Ru—H signals from the analogous reaction
mixture of 1 in the presence of the benzoquinone L1 were not
successful. We attribute this to rapid proton transfer to the
oxygen atom of the catecholate ligand, as corroborated by the
following density functional theory (DFT) calculations.

We conducted DFT calculations on the coupling reaction of
1,2-dimethylindole with (E)-pent-3-en-2-one as a representa-
tive case for the formation of carbazole product 2c. The
calculations were performed at the B3LYP-D3/def2-TZVP//
def2-SVP level of theory using the ORCA 4.2.0 software, and
computational details are provided in the Supporting
Information.” In light of the spectroscopic detection of Ru—
H species by NMR, we first focused on identifying the
catalytically active species and found that the displacement of

the benzene ligand from complex 1 (AO in the computed
model) by the indole substrate is energetically favorable
(Figure 2). The formation of 18-electron Ru—H species Al
was calculated to be downhill by —18.3 kcal/mol in the
presence of L1, where the redox-active benzoquinone L1 was
added in its reduced catecholate form, substantially increasing
the acidity of the Ru—H moiety on Al. Proton transfer from
the Ru—H bond of Al readily proceeds to the nucleophilic C3
position on the indole moiety, and the resulting indolinium of
A2 is isoenergetic with a low barrier of 13.9 kcal/mol. The
calculations suggest that the catalytically relevant Ru—H
species should have a relatively short lifetime in the presence
of a catecholate ligand, which explains why it could not be
experimentally detected in the aforementioned NMR study.
The subsequent proton transfer from the indole to
benzoquinone ligand L1 proceeds smoothly with a low energy
barrier of 9.9 kcal/mol, forming intermediate A3.

The Ru-indole-catecholate species A3 has a vacant
coordination site on the Ru center, in which the indole
moiety of A3 effectively serves as a proton shuttle, transferring
the hydrogen from the metal center to the oxygen atom of L1.
The exergonic ligand exchange between the enone and the
weakly coordinating indole substrates forms enone-coordi-
nated complex B1, which lies at —27.4 kcal/mol relative to AO.
The relative stability of B1, compared to that of A1’ at —9.8
kcal/mol, underscores the importance of the initial proton
transfer steps in facilitating the preactivation of the Ru catalyst.
The coupling of the enone moiety in Bl with the indole
substrate is energetically demanding; the electrophilic -carbon
of the enone undergoes C—C bond formation followed by
rotation along the newly forming C—C bond with the indole
via B1-TS, resulting in the formation of the Ru-indole
intermediate B2 (AG* = 31.4 kcal/mol). The proton transfer
step via B2-TS is nearly barrierless, rapidly leading to the
formation of Ru-enol species B3. The subsequent keto—enol
tautomerization of B3 gives easy access to the keto form of the
Ru-indole species B4, which is stabilized by both the carbonyl
and alkylated indole moieties. The complex B4 is now set to
undergo the key sp®> C—H activation step.

We continued to investigate the reaction mechanism
through a combination of experimental and computational
methods. First, we examined the electronic effects on
decorating the indole substrates with different functional
groups. Thus, the reaction rate was measured using NMR
spectroscopy for a series of para-substituted indoles 5-X-1,2-
dimethylindole (0.20 mmol) (X = OMe, Me, H, F, and CI)

5

M

5
125°C
90 min

125°C

H 'l 60 min
4

4 “ n 125°C

B L P e 30 mlrl

125°C

2 min

-]

J k e A 25°C
| T I i I T I i I T I I T I i

-10.4 -10.8 -11.2 -11.6 -12.0 -12.4 -12.8 13.2

Figure 1. Partial '"H NMR (CD,Cl,, 400 MHz) spectra of the reaction of 1 with 1,2-dimethylindole and (E)-3-penten-2-one.
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Figure 2. Computed energy profile for the precatalyst activation and the alkylation steps for the coupling reaction of 1,2-dimethylindole with (E)-

pent-3-en-2-one.

with 4-phenyl-3-buten-2-one (0.20 mmol) under standard
conditions. The k, for each reaction was determined from a
first-order plot of —In[(1,2-dimethylindole),/(1,2-dimethylin-
dole),] vs time. The Hammett plot of log(kx/ky) vs o, showed
a linear correlation, indicating that the coupling reaction is
promoted by an electron-donating group of the indole
substrate (p = —1.6 + 0.2) (Figure 3). Strong promotional
effect from electron-rich indole substrates implicates a

X/@df G * Ph/\j\

1 (3 mol %)

dloxane (2 mL)

(0.20 mmol) (0.20 mmol) (X = OMe, Me, H, F, Cl)
0.4 1
OMe
* Me t+
~ 0.04
EI
=
g
= -04
-0.8 r r T
-0.2 0.0 0.2
G,

Figure 3. Experimental Hammett plot from the reaction of 5-X-1,2-
dimethylindole with 4-phenyl-3-buten-2-one (X = OMe, Me, H, F,
and CI).
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significant buildup of positive charge on the transition state,
which is mediated by a cationic Ru catalyst.

Since C—H bond activation is frequently the most difficult
step in many sp®> C—H functionalization reactions,'® we
measured the deuterium kinetic isotope effect (KIE) to
validate the C—H activation as rate-limiting step for the
coupling reaction. The reaction rate between 1,2-dimethylin-
dole (0.10 mmol) and 1-methyl-2-(methyl-d;)indole (92% D,
0.10 mmol) with (E)-3-penten-2-one in the presence of
complex 1 (3 mol %) and t-butylethylene (0.10 mmol) in 1,4-
dioxane-d; (1 mL) was independently measured by NMR
under a parallel reaction setting (eq 1). The first-order plot of
—In[(1,2-dimethylindole),/(1,2-dimethylindole),] vs time
showed a normal deuterium isotope effect of ky/kp = 2.5 +
0.2 (Figure S5, Supporting Information). To discern the
reversibility of the C—H activation step, we also measured the
deuterium KIE under intermolecular competitive conditions.
The rate of the coupling reaction of a 1:1 mixture of the
presynthesized 4-(1,2-dimethyl-1H-indol-3-yl)pentan-2-one
and 4-(1-methyl-2-(methyl-d;)-1H-indol-3-yl)pentane-2-one
under otherwise standard conditions was measured by using
the NMR spectroscopic method (eq 2). The first-order plot
led to a similar normal deuterium isotope effect of kyy/kp = 2.2
+ 0.2 (Figure S6, Supporting Information). The observation of
a relatively high normal deuterium KIE value under both
parallel and competitive conditions supports the notion that
the sp> C—H bond cleavage is the turnover-limiting step for
the coupling reaction.'”

To evaluate reversibility of the C—H activation step, we
examined the H/D exchange pattern from the coupling
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Figure 4. Computed energy profile for the C—H activation and the xanthene product 2c formation steps.

reaction of 1,2-dimethylindole with (E)-3-penten-2-one (eq 3).
The coupling reaction of 1-methyl-2-(methyl-d;)indole (0.50
mmol) with (E)-3-penten-2-one (0.60 mmol) in the presence
of complex 1 (3 mol %)/L1 (10 mol %) and t-butylethylene
(0.5 mmol) was performed under standard conditions. The
isolated product 2c-d showed nearly 55% deuterium on the
C(1) arene carbon, as analyzed by both 'H and *H NMR
spectroscopic methods (Figure S1, Supporting Information).
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The subsequent control experiments revealed that the H/D
exchange process predominantly occurred after the product
formation. For instance, the treatment of isolated 2¢ with D,O
(2 equiv) under the standard conditions resulted in an
extensive deuterium incorporation at both the C(1) and C(3)
arene positions of 2¢ (Figure S2, Supporting Information).
The results suggest that the sp® C—H activation is a largely
irreversible process and that the observed deuterium labeling

https://doi.org/10.1021/acs.organomet.4c00470
Organometallics 2025, 44, 325-334


https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.4c00470/suppl_file/om4c00470_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.4c00470/suppl_file/om4c00470_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00470?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00470?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00470?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00470?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00470?fig=fig4&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.4c00470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organometallics

pubs.acs.org/Organometallics

Scheme 3. Proposed Mechanism of the Formation of Carbazole Product 2 from the Dehydrative sp> C—H Coupling Reaction

of 1,2-Dimethylindole with an Enone
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pattern on the methyl position of 2c was primarily resulted
from the H/D exchange with the byproduct D,O.

To further ascertain rate-limiting step of the coupling
reaction, we measured the carbon KIE of the coupling reaction
by using Singleton’s NMR technique at natural abundance.'®
The reaction mixture of 1,2-dimethylindole (0.5 mmol), (E)-3-
penten-2-one (0.6 mmol), and t-butylethylene (0.5 mmol) in
the presence of 1 (3 mol %) and L1 (10 mol %) in 1,4-dioxane
(2 mL) was heated at 135 °C for 24 h (eq 4). A high
conversion sample of product 2c was isolated by column
chromatography on silica gel, and the procedure was repeated
two more times. The same experimental procedure was used to
obtain a low conversion sample of product 2¢ by stopping the
reaction after 2 h. The carbon KIE was measured by comparing
the ratio of *C incorporation (**C (avg 80% conversion)/"*C
(avg 15% conversion)) by using the high precision *C{'H}
NMR analysis technique. The most significant carbon KIE was
observed on the C(1) arene carbon of product 2c. While the
carbon KIE result can be interpreted by either sp> C—H bond
activation or C—C bond formation as the slow step, the
combined carbon and deuterium KIE results are more
consistent with the sp> C—H bond activation as the rate-
determining step for the coupling reaction.

To corroborate these experimental results, we continued the
DEFT calculations on the coupling reaction, and the complete
reaction profile is illustrated in Figure 4. Our computer
simulations confirmed that the sp> C—H bond activation step
from B4 to BS has a high barrier (AG* = 32.7 kecal/mol)
traversing B4-TS, which lies at —1.1 kcal/mol relative to AO.
Such a high barrier is certainly consistent with the
experimental deuterium KIE data, where a normal KIE of
ky/kp = 2.5 was measured at an elevated temperature of 135
°C. In examining B4-TS more closely, we found that the highly
electrophilic Ru(II) center facilitates the cleavage of C—H
bond heterolytically rather than in a classical oxidative addition
mechanism. The resonance stabilization of the resulting
iminium-indole species BS further supports the heterolytic
C—H cleavage mechanism, which is also corroborated by the
observation of a negative slope in the Hammett correlation as
illustrated in Figure 3 that signifies a buildup of positive charge
in the transition state. We also considered an alternate C—H
activation mechanism via the formation of a protonated indole
B4/, but this pathway was found to be much less favorable than

331

the pathway via B4-TS in the later stages of the reaction path
(Figure S9, Supporting Information). In addition, the putative
intermediate B4’ is favored to lose the indole moiety in the
presence of 2-propanol (under a hydrogen-rich condition),
which channels into the reaction path for the formation of C—
C bond cleavage product 3 instead of undergoing the C—H
activation path to afford the carbazole product 2 (vide infra).

While the energies of B4-TS and BS-TS are nearly identical,
the experimentally determined deuterium KIE and the
Hammett data support that the conversion of B4 to BS via
B4-TS is most likely the rate-determining step of the coupling
reaction. The hydride transfer to the C3 position of the indole
in BS readily proceeds with a relatively small barrier of 7.3
kcal/mol via BS-TS to form B6. The subsequent cyclization
and the C—C bond formation between the carbonyl carbon
and C2 carbon of the indole via B6-TS leads to the Ru-alkoxy
species B7. This C—C bond formation process is expected to
be quite facile with a low barrier of AG* = 5.3 kcal/mol. The
catecholate ligand L1 of cyclized intermediate B7 promotes
two consecutive proton transfers via B7-TS and B8-TS to form
intermediate B9. The subsequent dehydrogenation and
dehydration steps are highly exergonic (AG = —23.0 kcal/
mol), providing the thermodynamic driving force for the
formation of carbazole product 2¢ along with an irreversible
release of the H, byproduct.

To discern the factors guiding the selective formation of
carbazole product 2 over the C—C cleavage product 3, we
performed the DFT calculations on the intermediate B4” with
2-propanol under a hydrogen-rich condition (Figure S10,
Supporting Information). In the presence of 2-propanol,
complex B4’ bearing protonated indole undergoes a facile
dissociation of the indole to form a free iminium-indole upon
the addition of a 2-propanol molecule (AG* = 7.0 kcal/mol).
The protonated iminium-indole readily undergoes an organic
C—C cleavage reaction with a barrier of 20.3 kcal/mol on the
C—C cleavage step. The dissociation of the alkylated indole is
crucial in providing a vacant site for the activation of 2-
propanol molecule, which delivers entropic benefits for the C—
C bond cleavage step (Figure S11, Supporting Information).
The resulting iminium intermediate int3 eventually recoordi-
nates to the Ru center, and the product 3c is released after
accepting a hydride from the Ru catalyst. The DFT calculation
results are consistent with the experimental observation that
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catalyst 1 without L1 still formed 2a but with a significantly
lower yield (Table 1, entry 3) because the key intermediate B4
without catechol ligand should favor the C—C cleavage
pathway in forming 3c. Overall, the formation of compound
3c is accompanied by the release of two acetone molecules.
Since acetone has a relatively low boiling point (b.p. = 56 °C),
it is unlikely to participate in the reverse reaction, providing the
driving force for the formation of 3c. Detailed computed C—C
cleavage reaction path and the formation of 3¢ are compiled in
the Supporting Information.

Proposed Mechanism. We compiled a detailed mecha-
nism of the formation of carbazole product 2, by combining
our experimental and computational explorations into the
mechanism (Scheme 3). We propose that the catalytically
active Ru-catecholate-hydride species 6 (B1) is initially formed
from the precatalyst 1 (A0) after undergoing a series of ligand
displacements and reductive coordination of the benzoquinone
ligand L1. In support of the formation of the Ru-catecholate
complex, we previously synthesized a similar Ru-catecholate
complex from the reaction of the Ru—H complex with a 1,2-
catechol lig:md.12 As illustrated in Scheme 2, we have detected
both indole- and carbazole-coordinated Ru—H species 4 and §
from the reaction of 1 with indole and enone substrates. The
DFT calculations established a plausible precatalyst activation
mechanism via sequential ligand displacement and rearrange-
ment that lead to the formation of a stable Ru-catecholate-
hydride complex 6 (B1) with an enone substrate. The
conjugate addition of the indole substrate to the coordinated
enone of 6 should form the elaborated Ru-indole complex 7
(B4). The DFT calculations showed that energetically
demanding C—C bond formation is facilitated by an
electrophilic Ru catalyst. Directed by the carbonyl group, the
intermediate 7 promotes the key sp> C—H activation step of
the elaborated indole moiety. Furthermore, the calculations
revealed that the electrophilic nature of the ruthenium center
facilitates the sp> C—H activation in a heterolytic process via
the transition state B4-TS rather than the classical oxidative
addition mechanism in forming the iminium-ion-coordinated
Ru—H complex 8. A relatively high normal deuterium KIE
(ky/kp = 2.5) and the Hammett correlation data (p = —1.6)
also support the notion that the heterolytic C—H bond
cleavage is the rate-limiting step for the coupling reaction. In
addition, a buildup of the positive charge advocates the
formation of an iminium-indole, which makes the heterolytic
C—H cleavage plausible. The calculations provided a
reasonable pathway for the formation of the carbazole product
2 that the catecholate ligand of the Ru-iminium-indole
complex 8 facilitates the cyclization (C—C bond formation)
by promoting a series of rapid proton transfer steps to give the
Ru-alkoxy species 9. A highly exergonic dehydration and the
subsequent aromatization steps are driven by the irreversible
release of water and H,, both of which provide the
thermodynamic driving force for the formation of the
carbazole product 2 with the regeneration of the Ru—H
species 6. The DFT calculations also established a plausible
mechanism for the formation of the C—C cleavage product 3,
where the indole complex 7 (B4) prefers to undergo a proton
transfer to the indole in the presence of 2-propanol (under a
hydrogen-rich condition) to form a new elaborated complex
B4'. The resulting indolinium moiety of B4’ has been found to
be much more susceptible to the ligand displacement reaction
by 2-propanol. The free indolinium ion would proceed with a
series of organic hydrogenolysis and rearrangement steps
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under the thermal reaction conditions to form C—C cleavage
product 3.

Both the DFT calculation and Hammett correlation data
provided compelling evidence for a heterolytic sp> C—H
cleavage mechanism by the Ru catalytic system 1/L1.
Transition metal-mediated heterolytic C—H bond cleavage
processes have long been known to be a prominent C—H
activation mode in a number of industrially significant
dehydrogenation and related hydrocarbon feedstock reforming
processes mediated by heterogeneous metal oxide catalysts."”
In contrast, heterolytic C—H bond cleavage mechanisms have
been rarely observed, especially in catalytic sp>* C—H bond
functionalization reactions mediated by soluble transition
metal complexes. While both early and late transition metal
complexes bearing heteroatom-containing ligands have been
known to promote heterolytic sp and sp> C—H bond cleavage
reactions under stoichiometric reaction settings,”’ catalytic C—
H functionalization reactions via heterolytic sp> C—H cleavage
for saturated hydrocarbon substrates are exceedingly rare. In
seminal examples, Legzdin and Mindiola groups reported that
heterolytic cleavage of sp® arene C—H bonds is readily
mediated by early transition metal-carbene complexes.”'
Recently, Nozaki and co-workers reported a stoichiometric
reductive elimination reaction of a Pt(IV)-methyl complex, in
which the heterolytic sp> C—H bond cleavage process is
facilitated by a metal—ligand cooperative function.”” Daugulis
proposed a heterolytic sp* arene C—H cleavage mechanism in
Pd-catalyzed ortho-arene C—H arylation of benzoic acid
derivatives.”” In our case, the Ru-catecholate catalyst system
has a unique ability to promote metal—ligand cooperative
activity between an electrophilic Ru center and the catecholate
ligand for facilitating a series of proton transfer steps, which, in
turn, leads to heterolytic sp> C—H bond cleavage of the 2-
alkylindole substrate. We are currently exploring the
heterolytic sp> C—H bond cleavage mode of activity of our
Ru catalyst toward promoting the C—C coupling reactions of
other saturated hydrocarbon substrates bearing heteroatom
functional groups.

B CONCLUSIONS

In summary, we have successfully developed a new catalytic
dehydrative sp* C—H coupling reaction of indoles with enones
as an eflicient synthetic protocol for carbazole derivatives. The
catalytic coupling method provides a convergent synthetic
protocol for 2,4-disubstituted carbazole derivatives without
using reactive reagents that are otherwise difficult to achieve
from other traditional synthetic methods. We have compiled a
detailed mechanistic picture of the catalytic reaction from
combined experimental and computational studies, which
features an initial conjugate addition of the indole substrate,
followed by a series of C—H activation, cyclization,
dehydration, and aromatization steps. The mechanistic study
further revealed that the synergistic metal—ligand cooperative
activity between the electrophilic Ru center and the
catecholate ligand plays a critical role in facilitating the
heterolytic sp> C—H activation process and the formation of
the carbazole products. Studies toward exploiting the
heterolytic C—H cleavage process in other catalytic C—C
coupling reactions of saturated hydrocarbon substrates are
currently being pursued in our laboratory.
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B EXPERIMENTAL SECTION

General Procedure for the Coupling Reaction of 1,2-
Dimethylindole with an Enone. In a glovebox, 1,2-dimethylindole
(0.50 mmol), an enone (0.60 mmol), TBE (0.50 mmol), complex 1
(3 mol %), and L1 (10 mol %) were dissolved in anhydrous 1,4-
dioxane (2 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 was stirred in an oil bath set at 135 °C for 24 h. The
reaction tube was taken out of the oil bath and was cooled to room
temperature. After the tube was open to air, the solution was filtered
through a short silica gel column by eluting with CH,Cl, (10 mL),
and the filtrate was analyzed by GC-MS. The analytically pure product
was isolated by column chromatography on silica gel (40—63 um
particle size, hexanes/EtOAc). The product was completely
characterized by NMR and GC-MS spectroscopic methods.

General DFT Computational Procedure. All DFT calculations
were performed with the ORCA 4.2.0 program.'*® Electronic exchange
and correlation energy contributions to the total electronic energy
were approximated with the B3LYP hybrid exchange functional along
with Grimme’s D3 dispersion correction (B3LYP-D3).** All
intermediate and transition state geometries were optimized with
the def2-SVP basis set for main group atoms and the def2-ECP basis
set for Ru.”>*® While these basis sets are adequate for obtaining
accurate geometries, more reliable energies were obtained from the
single point calculations using the Karlsruhe triple-{ basis set, def2-
TZVP for main group atoms and the def2-ECP basis set for Ru.>>>°
The zero-point energy, thermal energy, and entropic and solvation
contributions to the Gibbs energy are obtained from the same level of
theory used in the geometry optimizations (B3LYP-D3/def2-SVP/
def2-ECP(Ru)). The optimized geometries characterized as the local
minima on the potential energy surfaces do not contain any imaginary
frequencies, whereas each transition state contains one imaginary
frequency. The solution environment for 1,4-dioxane was modeled
with the conductor-like polarizable continuum model (C-PCM)
method with a dielectric constant of 2.209 and refractive index of
1.4224.%
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