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ABSTRACT: Rh(III)-catalyzed C—H activation assisted by an o o

oxidizing directing group has evolved to a mild and redox-economic I

strategy for the construction of heterocycles. Despite the success, these . AN :C
R R R

coupling systems are currently limited to cleavage of an oxidizing N—O DFT.established

S g [CP'RhCll2| 29 I
or N—N bond. Cleavage of an oxidizing C—N bond, which allows for J p(cat.) = Famees
complementary carbocycle synthesis, is unprecedented. In this article, a- CsOAc o o
ammonium acetophenones with an oxidizing C—N bond have been
designed as substrates for Rh(III)-catalyzed C—H activation under o~ .
redox-neutral conditions. The coupling with a-diazo esters afforded 23 examples

benzocyclopentanones, and the coupling with unactivated alkenes such R =alkylor aryl

as styrenes and aliphatic olefins gave ortho-olefinated acetophenoes. In

both systems the reactions proceeded with a broad scope, high efficiency, and functional group tolerance. Moreover, efficient
one-pot coupling of diazo esters has been realized starting from a-bromoacetophenones and triethylamine. The reaction
mechanism for the coupling with diazo esters has been studied by a combination of experimental and theoretical methods. In
particular, three distinct mechanistic pathways have been scrutinized by DFT studies, which revealed that the C—H activation
occurs via a C-bound enolate-assisted concerted metalation—deprotonation mechanism and is rate-limiting. In subsequent C—C
formation steps, the lowest energy pathway involves two rhodium carbene species as key intermediates.

Bl INTRODUCTION Scheme 1. Rh(III)-Catalyzed C—H Activation Assisted by

Recently, C—H functionalization has been extensively explored Oxidizing Directing Groups

as a versatile and highly efficient strategy for the synthesis of Previous work (N-O or N- Ngi?l\l/lage only)
important skeletons implicated in organics, natural products, d\‘*OR/NRz R=-=R @;)k (F;?gu:ul_lcilg:u(s:u:?ozxﬁ
and pharmaceutical molecules."”” Along with the extensively o R,fHHRZ "R Lu, Ma, Huang, Wang ..
studied rhodium(III)-catalyzed functionalization of C—H o A

bonds with alkynes,3 alkenes,* and other unsaturated \-OR R)I\R 7

molecules® in the presence of an external oxidant, the coupling ©)LH e ©i<<""" Rovis (ref &)
system has been extended to internal oxidants based on Thie work R R

cleavage of polar N—O and N—N bonds in oxidizing directing o 2

groups (DGs) (Scheme 1).5 These systems have the advantage ©)V Brﬂ_ R one-pot

of redox-economy in that no external oxidant is necessary.
Thus, building on the seminal strategy of using an internally

Rh(llly

oxidizing N—O DG pioneered by Fagnou7 and Glorius,® a i NEts @i‘;

number of Rh(III)-catalyzed C—H activation systems were SOFs  Rnqny

developed by taking advantage of oxidizing potential of N—O

and N-N bonds in oximes,’ N—pivaloxybenzamide,6 hydra- While the oxidizing DG strategy is a rising concept in C—H
zines,'” phenoxyamides,'' N-oxides,'” and others."> These activation/cross-couplings and it favorably allows for milder
systems typically involve alkynes and alkenes as a coupling conditions and high selectivity, it requires the prior preparation
partner, resulting in heterocycle synthesis. On the other hand, of the substrate. Therefore, this strategy is of high synthetic
cleavage of a polar C—N bond in redox-neutral C—H activation value when the substrates are readily synthesized and are cost-
is unprecedented because of the low reactivity.'* However, this

is of great significance because it may allow the efficient Received: November 17, 2014

construction of complementary carbocycles. Published: January 8, 2015
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effective, especially when the alternative C—H activation using
external oxidants is not applicable or is only poorly applicable.
With these criteria in mind, we pondered the feasibility of
using a readily available a-heteroatom-substituted aceto-
phenone (ideally a-haloacetophenone) as an arene substrate
for C—H activation in the context of redox-neutral couplings.
However, the following challenges have to be solved:

(1) a-Heteroatom-substituted acetophenones contain an
electrophilic carbonyl group, and, with enhanced acidity
of the methylene protons, the methylene can be both an
electrophilic and a nucleophilic site. Consequently, low
stability and self-condensation may pose selectivity
issues.

The C—H activation and the subsequent carbon—
heteroatom cleavage need to be compatible. In addition,
the leaving group should not inhibit the Rh(III) catalyst.
The ligating ability of a ketone carbonyl is generally
low,"™!> and its directing effect needs to be enhanced,
possibly by proper installation of an a-substituent.

)

®3)

Substrate Design. It seems that it all boils down to proper
design of a cleavable and reactive carbon—heteroatom bond.
Glorius and co-workers recently reported Rh-catalyzed
coupling involving phenacyl tosylates;'® however, they reacted
as an electrophilic coupling partner rather than as an arene
source. Thus, no redox-neutral C—H activation of a-(pseudo)-
haloacetophenones has been reported, although the C—H
activation of PhC(O)CH,CN resulting in CN-retentive
oxidative coupling with alkynes has been realized.'"” While
they seem readily available as an arene source for such a
purpose, a-chloro- or bromoacetophenones all failed to couple
with alkenes and alkynes under various rhodium- and
ruthenium-catalyzed conditions, likely due to the aforemen-
tioned challenges. We reasoned that simple quaternization with
a tertiary amine may provide an ionic substrate that can satisfy
the criteria of substrate design (Scheme 1, bottom). This is
because the electron-withdrawing quaternary ammonium group
enhances the acidity at the a position, leading to facile
formation of an enolate complex. In addition, a non-inhibiting
protic ammonium salt may be generated as a co-product. Thus,
the introduction of an a-ammonium moiety may serve to
activate the substrate. We now report our design of the first
internally oxidizing C—N DG in rhodlum -catalyzed C—H
activation/coupling with diazoesters'® and unactivated alkenes.

B RESULTS AND DISCUSSION

Optimization Studies. The designed phenacyltriethyl-
aminium bromide (1la-Br) was readily obtained in nearly
quantitative yield from the room temperature reaction between
a-bromoacetophenone and NEt;. We then screened the
reaction conditions for the coupling of 1a-Br with di-isopropyl
diazomalonate (2a). It was found that the desired coupling did
occur to variable extents in different solvents when catalyzed by
[Cp*RhCl,], (4 mol %) in the presence of CsOAc (2.0 equiv)
(Table 1). A rather low yield of benzocyclopentanone 3aa was
isolated when a less polar solvent such as DCM, DCE, or THF
was employed (entries 1, 2, 4). The gas chromatography (GC)
yield was improved to 74% when acetone was used as a solvent
(entry 3), and gratifyingly 3aa was isolated in 93% yield when
MeCN was selected as the solvent (entry 5). CsOAc proved to
be the optimal base; switchng to other bases such as CsOPiv or
NaOAc led to a slightly or significantly lower coupling
efficiency (entries 6, 7). Variation of the amount of the base
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Table 1. Optimization of Reaction Conditions”

o Et Et No [RhCp*Cl,], (4 mol %)
N . base additive
B | PO Codrr ——
; i CO,Pr
- NEtzHBr ProC &2
1a-Br 2a 3aa
entry base (equiv) solvent temp, °C yield,” 9%
1 CsOAc (2.0) DCM 100 23
2 CsOAc (2.0) DCE 100 nd
3 CsOAc (2.0) acetone 100 74
4 CsOAc (2.0) THE 100 <10
5 CsOAc (2.0) MeCN 100 93¢
6 NaOAc (2.0) MeCN 100 <10
7 CsOPiv (2.0) MeCN 100 89
8 CsOAc (2.0) MeCN 80 85
9 CsOAc (0.3) MeCN 100 80
10 - MeCN 100 nd
114 CsOAc (2.0) MeCN 100 nd

“Reaction conditions: 1a-Br (0.24 mmol), 2a (0.2 mmol), solvent (3

mL), 100 °C, 20 h, under N, in a sealed tube. *GC yield using

blphenyl as an internal standard. nd = not determined. “Isolated yield.
“No catalyst was used.

revealed that the product was obtained in lower yield when the
amount of CsOAc was reduced to 0.3 equiv (entry 9). In
addition, no free NEt; was detected by GC-MS analysis of a
crude product, so triethylammonium bromide or acetate should
be a co-product.

Effects of Other Leaving Groups and Anions. Other
parameters in the coupling of different phenacyl quaternary
ammonium salts were further examined under the optimized
conditions (Scheme 2). It turned out that ammoniums derived

Scheme 2. Effects of Other Reaction Parameters”

o N [RhCp*Clyl, (4 mol %) 2
TR JLZ CsOAc (2 equiv)
ProzC™ "COPT T een, 100°C, 20 h )
H Pro,c CO,'Pr
1 2a 3aa
e Jk X0
NC
+ “Et N
93%° <10% <10%
@* o g g
+ Et + Et
B
Br- ' ©k @Jysws
<10% 21% 84% 94%°
o

o
©)k/0Ac

0%

“See Table 1, entry S for reaction conditions; GC yield using biphenyl
as an internal standard. “Yield of the isolated product. “[Cp*Rh-
(MeCN);][SbFq], (8 mol %) was used as a catalyst in DCE (3 mL).

from other tertiary amines including NMe;, pyridine, and
DABCO all failed to give efficient or any coupling. This
indicates that the coupling was strongly affected by a
combination of electronic and steric effects of the tertiary
amine unit. When the triethylammonium unit was fixed,
variation of the anion to PFs~ and SbF4~ resulted in marginal
influence, as in the isolation of 3aa in consistently high yield.
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These results tend to suggest that the coordinating ability of the
anion is of minimal significance. In addition, limited influence
on the isolated yield was also observed when an extra amount
of NEt; (1 equiv) was introduced to the standard conditions,
under which 3aa was still isolated in 83% yield. Extensive
screening revealed that the ammonium moiety proved
necessary because using acetophenones bearing other « leaving
groups such as acetate, phthalimide, dimethylsulfide, and
triphenylphosphine all failed to give any desired product
(Scheme 2). These outcomes highlighted the significant role of
the ammonium group.

The One-Pot Conditions. The tolerance of NEt; in this
reaction bodes well for a one-pot reaction. However, coupling
using a premixed PhC(O)CH,Br, NEt,, the rhodium catalyst,
diazo ester 2a, and CsOAc in MeCN gave 3aa only in poor
yield (Table 2). Importantly, pre-stirring of PhC(O)CH,Br and

Table 2. One-Pot Conditions and a Gram-Scale Reaction®

o N O
B )Ji . 1) EtzN, MeCN, rt, t4
+ jPrO,C” “CO,iPr 2) [Cp*RhCly], (4 mol %) . _
H CsOAc (2.0 equiv) iPrO,C- CO,iPr
2a MeCN, 100 °C, 20 h 3aa
reactants, mmol
PhC(O)CH,Br NEt, 2a t yield,” %
0.24 0 0.2 0 <10
024 0.3 0.2 10 min 30
0.24 0.3 0.2 60h 89
6.0 7.5 5.0 70h 78°

“Reaction conditions: bromoacetophenone and NEt; were stirred in
MeCN (0.1 M) at room temperature for the indicated time.
[Cp*RhCl,],, CsOAc, and 2a were then added and stirred at 100
°C for 20 h under N, in a sealed tube. “Isolated yield. ©2 mol % of
[Cp*RhCl,], was used.

NEt; in MeCN for 6 h led to in situ generation of the substrate
la-Br. Subsequent addition of the rhodium catalyst and other
reagents allowed the reaction to proceed smoothly under the
standard conditions, from which product 3aa was isolated in
89% yield (Table 2). Furthermore, the one-pot reaction was
successfully extended to a gram-scale synthesis of 3aa (5 mmol
of 2a), where using 2 mol % of the catalyst, the product was still
isolated in 78% yield (1.19 g).

Substrate Scope. By following the single-step and the one-
pot conditions, the scope of this reaction was next explored
(Scheme 3). Phenacyl ammoniums prepared beforehand
bearing various electron-donating, electron-withdrawing, and
halide substituents at the para positions all underwent smooth
coupling with diazomalonate 2a, and the cyclization products
were isolated in 73—91% yields. Introduction of a methyl,
fluoro, or methoxy group to the ortho position of the benzene
ring is fully tolerated, indicative of compatibility of the steric
effect. Various meta-substituted substrates also coupled
efficiently, and in most cases C—H activation occurred at
both positions with low to moderate regioselectivities (1.3—
12.5:1), and the two regioisomeric products could be
chromatographically separated. Of note, a meta- mtro group,
which is often problematic in C—H activation systems," is fully

compatible. An exception in selectivity was found for a meta-
fluoro-substituted substrate, where C—H functionalization
occurred selectively at the more hindered position (30a).>
Moreover, one-pot reactions starting from a-bromoaceto-
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Scheme 3. Coupling with @-Diazoesters®

2a

o o}
Ve, [CPRRCH (@4 mol %)
Br CsOAc (2.0 equiv)
MeCN, 100°C, 20h  P1O:C° COFPr
or 3
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[e]
Br Et;N, MeCN [Cp*RhCly], (4 mol %)
n,6h CsOAc (2.0 eqiv)

MeCN, 100 °C, 20 h

[0}
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3
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R = Ph, 3da, 87% (85%) PeoC oo, CO,Pr
R hro,C coypr  R=F. 3ea, 94% (86%) 1025 COZPr R COPr

R =Cl, 3fa, 85%
R = Br, 3ga, 77% (75%)
R = CF3, 3ha, 73%

3ia (R = Me), 84% (12.5:1)
3ja (R = OMe), 96% (1.6:1) (86%, 1.4:1)
3Ka (R = NO,), 60% (1.5:1)°

o o
ﬁ . 0/( 1 g
cogPr ° iPro,C \COPr &/O CoSPT

PrO C
3ma, 84% (1:1.3)

’PrOZC CO,'Pr

3la, 97%(1.7:1)

| Qﬁ& |
c iPr0,C CO,Pr co2 Pr co2 Pr

’PrO c CO,Pr

3na, 80% (4.7:1) 30a, 86% 3pa, 52%°
R o F o o)
R =Me, 3qa, 65%
R = OMe, 3ra, 92%
R =F, 3sa, 75% Ph i
F7 ) P
ipro,e  CO2Pr iPro,C” co Pr Proc 2T
3ta, 53% 3ua, 51%°
o o] R'=R2= Me, 3ac, 62% o]
R'=R?=Et, 3ad, 89% (88%)
R'=R2=Bu, 3ae, 79%
o CO,Et RI0,C7 "COR! R: R2= an. 3af, 63% 0,C R
R'=Me, R?="Bu, 3ag, 53% Et0 OEt
3ab, 47%° 3eh, 65%°

3bi, 44%7

RO

P CO,Et

“Reaction conditions: 1-Br (0.24 mmol), [Cp*RhCL], (4 mol %),
diazo ester (0.2 mmol), CsOAc (0.4 mmol), MeCN (3 mL), 100 °C,
20 h under N, in a sealed tube. Yield in parentheses was isolated from
a one-pot reaction (see Table 2 for condltlons) bIsolated yield. “One-
step coupling using [Cp*Rh(MeCN);][SbF], (8 mol %) as a catalyst
and using the trlethylammomum hexaﬂuoroantlmonate salt as the
substrate in DCE (3 mL). “Reaction conditions: 1- SbF, (0.24 mmol),
[Cp*RhCL,], (4 mol %), diazo ester (0.2 mmol), CsOAc (0.4 mmol),
MeCN (3 mL), 100 °C, 20 h under N, in a sealed tube.

phenones afforded consistently high yields (3aa, 3ba, 3ca,
3da, 3ea, 3ga, 3ja, and 3ad), and they are only slightly lower
than those using the corresponding phenacyl ammonium
bromides prepared beforehand. This C—H activation reaction is
not limited to an arene substrate, and an olefinic substrate also
reacted under our modified conditions to afford a cyclo-
pentenone (3ua) in moderate yield. The scope of diazo
coupling partners has also been established, and a wide scope of
symmetric and non-symmetric a-diazomalonates, a-diazo-
acetylacetates (3ab), and a-diazophosphates (3eh) all coupled
smoothly in moderate to high yields (47—89%). Importantly, a
push—pull diazoester also coupled to give 3bi with a quaternary
chiral center, albeit in lower yield (44%).

Functionalization of a Product. The coupled product 3aa
was readily functionalized upon hydrolysis in aqueous HCI to
give carboxylic acid 4 in 96% yield (Scheme 4). Acid 4 has been
reported to serve as a direct precursor to several important

DOI:10.1021/ja511796h
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Scheme 4. Functionalization of Product 3aa
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iPrO,C° CO,iPr N
COH ref21 ™ a
3aa 4 6. 65%

OO

heterocyclic pharmaceuticals (5*' and 6°*) that are known to
exhibit biological activities.

Coupling with Olefins. We next extended the coupling
partner to styrenes. Our extensive screening (see the
Supporting Information (SI)) revealed that the bromide salt
la-Br coupled with styrene only in poor efficiency under
various conditions, likely due to the inhibition of the bromide
anion. Indeed, under the conditions that are optimal for the
coupling with diazo esters, switching to the hexafluoroantim-
onate salt (1a-SbF) afforded an ortho-olefinated acetophenone
8aa in high yield (see SI). This may suggest that a similar
mechanism is operational (see SI for a proposed catalytic
cycle).

The substrate scope of this olefination reaction is also broad
(Scheme S). Thus, o-styrylacetophenones were isolated in
moderate to good yields from the coupling of various
quaternary ammonium salts with styrenes (8aa—8ha). While
both regioisomers were also generated for a meta-substituted

Scheme 5. Coupling with Olefins®”

ft it
-Et [RhCp*Clyl, (4 mol %)

o)
N? !
@ Bt + g _ CsOAc(2equiv) @
SbFe MeCN, 100 °C AR
1-SbFg 7 8
R/@éPh
2 o o R= Me, 8ab, 85%
I R=Bu, 8ac, 84%
A ~pn \ _ O _ R= OMe, 8ad, 76%
Ph

O R=F, 8ae, 73%
R R=Cl8af, 71%

R=H, 8aa, 80%

R=Me, 8ba, 81%
R= OMe, 8ca, 78%
R=Ph, 8da, 67%

R=F, 8ea, 61%

R=Cl, 8fa, 59% 8ga, 86% (2.5:1)

8ha, 69% 8ia, 51%
8ag, 72% 8ah, 51% (E/Z=3.3:1) 8ai,53% (E/Z=2.9:1) 8aj,73% (E/Z=7.3:1)

(o}

@i‘\ﬂ (CHZ),,CH»Qqu(CHZ)"CHS @é\/@

8ak, n =3, 67% (L/B = 4.3:1)
8al,n =5, 76% (L/B = 3.5:1)
8am, n =9, 63% (L/B=25:1)

ot b,

8bo, 73% (LIB=7.1:1)

8an, 71% (L/B=5.0:1)

“Reaction conditions: 1-SbFg (0.24 mmol), olefin 7 (0.2 mmol),
[Cp*RhCl,], (4 mol %), CsOAc g}o .4 mmol), MeCN (3 mL), 100 °C,
20 h, under N, in a sealed tube. “Isolated yield.

arene, the reaction is more selective and the major product
corresponds to C—H activation at the less hindered ortho site
(8ga, 8ha). Furthermore, the arene ring is not limited to
benzene, as in the isolation of a 3-olefinated thiophene 8ia in
moderate yield. Styrenes bearing different electron-donating
and withdrawing groups (8ab—8ag) were fully comgatible
Further extension to less reactive aliphatic olefins®*® also
proved successful. However, the coupling with these olefins
followed olefin-dependent selectivity in overall moderate to
good yields. Thus, coupling with an a-branched olefin occurred
at the terminal position to afford two stereoisomeric products
(8ah—8aj) in an E:Z ratio ranging from 2.9:1 to 7.3:1. In
contrast, the coupling with a primary alkyl olefin consistently
occurred at both the terminal and internal positions (8ak—8bo)
and afforded a mixture of the 1,2-disubstituted E-olefin (major)
and the 1,1-disubstituted olefin (minor), while the 1,2-
disubstituted Z-olefin was essentially not observed (<5%). To
our surprise, no desired coupling occurred when acrylate esters
were applied, and this is in sharp contrast to their typically high
reactivity. These results clearly demonstrated the significant
electronic and steric effects of the olefin substrate. We noted
that although Glorius and co-workers have recently reported
the Rh(III)-catalyzed ortho C—H olefination of acetophenones
using an external oxidant,* the olefin substrates were limited to
styrenes and acrylates, and no reaction has been reported for
aliphatic olefins. Thus, the current redox-neutral coupling
system®'>** can complement the existing methods.

B EXPERIMENTAL MECHANISTIC STUDIES

Some experiments have been performed to explore the mechanism
(Scheme 6). To better understand the C—H activation process, kinetic
isotope effect was measured from two side-by-side reactions using la-
Br and 1a-Br-ds at a lower temperature (see Scheme 6a and the SI),
and a ky/kp, value of 4.6 was obtained. In addition, the competitive
coupling of an equimolar mixture of la-Br and la-Br-ds with diazo

Scheme 6. Experimental Studies on the Mechanism
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ester 2a gave a consistent value of ky/kp = 3.5 on the basis of 'H
NMR analysis. These results suggested that C—H cleavage is likely
involved in the rate-limiting step. Coupling of 1a-Br and 2a under the
standard conditions in the presence of D,O afforded 3aa-d, with
extensive H/D exchange (73% D) at the methylene position (Scheme
6b). However, no H/D exchange was detected at the ortho position of
the product, indicative of the irreversibility of the C—H activation
process under the catalytic conditions. Further control experiments
revealed that the H/D exchange is ascribable to precoupling H/D
exchange in the substrate (Scheme 6¢). The H/D exchange in the
substrate is also directly correlated to the CsOAc and it could occur
even in the absence of the Rh(III) catalyst. Control experiments also
showed that although a reaction using [RhCp*(OAc),] (6 mol %) as a
catalyst in the absence of any CsOAc only afforded the product in low
yield, 3aa was isolated in 80% yield from the coupling of 1-SbF with
2a when CsOAc (2.0 equiv) was introduced. Thus, deprotonation of
the a proton in the substrate plays an important role in catalysis.
Indeed, a competitive coupling between two ammonium salts differing
in electronic effects points to the conclusion that an electron-poor
arene substrate tends to react at a higher rate (Scheme 6d). To further
explore the reaction mehanism, a possible olefin intermediate 9 was
prepared and was subjected to the standard conditions (Scheme 6e).
No conversion was detected by GC-MS, and the starting material was
fully recovered. Therefore, the possibility of initial olefination between
la-Br and dimethyl a-diazomalonate followed by intramolecular
insertion of the ortho C—H bond to the olefin can be ruled out.
Forthermore, to probe if the reaction could be initiated by rhodium
carbene formation followed by carbene-directed C—H activation, diazo
compound 10, a carbene precursor, was prepared and was subjected to
the reaction conditions (Scheme 6f). No desired product was detected
and only decomposition was observed. This observation suggests that
it is unlikely that a carbene DG is formed first and it facilitates
subsequent cyclometalation. We have extensively attempted but failed
to isolate any cylcometalation intermediate under various stoichio-
metric reaction conditions, so it remains a question whether the
reaction is initiated by C- or O-coordination of the enolate of 1a-Br,
which is to be best answered by DFT studies.

Three Possible Mechanisms. To gain mechanistic details of the
coupling of phenacyl ammoniums with diazomalonates, three possible
reaction pathways have been proposed starting from RhCp*(OAc),
that proved to be an active catalyst (Scheme 7). These pathways were
evaluated by theoretical studies at the DFT level. As given in Scheme

Scheme 7. Three Possible Mechanistic Pathways for the
Coupling of Phenacyl Ammonium Salts with a
Diazomalonate
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7, C- or O-coordination of the enolate of la-Br followed by
cyclometalation affords a rhodacyclic intermediate II (shown for C-
coordination only).** Subsequent coordination of the diazo substrate
is followed by denitro%enation to generate a carbene species IV as a
common intermediate.'**** In pathway A (black), which involves the
intermediacy of two carbene species, the subsequent migratory
insertion of the Rh—Ar bond of IV into the carbene species generates
a Rh(III) dialkyl intermediate V. This intermediate is then proposed to
undergo a-elimination of NEt; to afford an a-oxo carbenoid species
VL*” Further migratory insertion of the Rh—alkyl bond of VI into the
carbenoid gives an enolate intermediate VII. Protonolysis by AcOH
furnishes the final product with the regeneration of the catalyst. In
pathway B (blue), the carbene species IV may undergo insertion into
the Rh—alkyl bond to lead to an intermediate VIII that is the isomer of
V. This intermediate VIII is then proposed to undergo C(sp*)-C(sp®)
reductive elimination to generate an q-ammonium-functionalized
benzocyclopentanone IX together with a Rh(I) species. The polar
C—N bond in IX is proposed to oxidatively add back to the Rh(I)
intermediate to give Rh(II) enolate X, protonolysis of which by
AcOH furnishes the final product. The pathway C (red) overlaps with
pathway A, but the dialkyl intermediate V undergoes protonolysis by
AcOH to give a zwitterionic intermediate XI, which might undergo
uncatalyzed, intermolecular Sy2 substitution to furnish the same
coupled product.

Computational Methods. All the DFT calculations were carried
out using the GAUSSIAN 09 series of programs.*® Density functional
theory and B3LYP?® with a standard 6-31+G(d) basis set (SDD basis
set for Rh) was used for geometry optimizations. The solvent effects
were considered by single-point calculations on the gas:)phase
stationary points with a SMD continuum solvation model.** The
M06>" and B3LYP-D3* basis sets were used to calculate the single-
point energies, which could provide energetic information. The
energies given in this work are the relative free energies and enthalpies
calculated by M06 and B3LYP-D3 methods in acetonitrile solvent.

DFT Studies on C—H Activation and Carbene Formation.
The energy profiles (free energy and enthalpy) calculated by DFT
methods M06 and B3LYP for the three possible pathways are shown
in Figures 1—3, and these two methods offered consistent and thus
reliable results, so only the free energy is discussed. Active catalyst
CP1 (RhCp*(OAc),) interacts with phenacyl triethylammonium
bromide 1a to form C-bound enolate CP2 or its O-bound isomer
CP14 (Figure 1) Enolate complex CP2 undergoes an acetate-
assisted, reversible C—H activation via a concerted transition state TS1
(the CMD mechanism) with an activation free energy of 27.2 kcal/
mol, after which the 16-electron cyclometalated intermediate CP3 is
formed with the release of an acetic acid. The coordination of the
diazo substrate to CP3 forms intermediate CP4 with 10.0 kcal/mol
endothermicity. The subsequent denitrogenation of intermediate CP4
readily gives CPS via transition state TS2 and carriers a kinetic barrier
of only 9.5 kcal/mol, and the overall free energy of the TS2 is 22.9
keal/mol. Alternatively (pathway A’, green lines), the formation of an
O-bound enolate intermediate CP14 is endogonic by 8.7 kcal/mol and
the subsequent O-coordination assisted C—H activation occurs via
transition state TS11 which has a overall free energy of 29.5 kcal/mol,
and it is 2.5 kcal/mol higher than the C-bound transition state TSI.
Thus, C—H activation assisted by C-coordination of the enolate has a
lower calculated barrier. Following pathway A’, coordination of diazo
substrate 2a forms intermediate CP16, and the subsequent
denitrogenation of CP16 takes place via transition state TS12 with
an activation free energy of 13.1 kcal/mol to generate carbene species
CP17. CP17 then undergoes linkage isomerization to afford the same
C-bound intermediate CPS. Clearly, pathway A’ is kinetically
disfavored in terms of both C—H activation and subsequent
denitrogenation.

DFT Studies on Mechanistic Possibilities of C—C Formation.
Following the denitrogenation process, carbene species CPS is the
common intermediates for all the three plausible pathways. As shown
in Figure 2, in pathway A (black lines), Rh—aryl migratory insertion of
CPS5 to afford CP6 via TS3 is irreversible and occurs with a barrier of
10.2 kcal/mol. Alternatively, it has been proposed that CP6 might be
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Figure 1. Energy profiles and geometry information for the C—H
activation and denitrogenation steps. The values given by kcal/mol are
the relative free energies calculated by M06 method in acetonitrile
solvent. The values in parentheses are the free energies given by
B3LYP-D3 method. The values in square brackets are the enthalpies
obtained from the M06 method.

generated directly from intermediate CP4 without any carbene
species: the Rh—aryl bond might undergo 1,2-migratory msertlon
with concomitant displacement of the dinitrogen leaving group.'® We
evaluated this possibility and found that the activation free energy
(34.0 kcal/mol) for this elementary step is so high (24.5 kcal/mol
higher than the that of carbene-involved pathway) that it is not a
reasonable pathway (see SI, Figure S2).

The resulting dialkyl complex CP6 irreversibly eliminates a
triethylamine via TS4 with the coordination of an acetate to give a-
oxo carbenoid intermediate CP7 and this elimination holds an overall
activation free energy of 25.2 kcal/mol. The second carbnene insertion
of CP7 irreversibly generates a Rh enolate intermediate CP8 via the
transition TSS with a strikingly low barrier of 2.1 kcal/mol. This low
barrier is likely due to the high reactivity of the rhodium a-oxo
carbenoid species.”” Protonolysis of intermediate CP8 eventually
affords the final product 3aa with the regeneration of the catalyst CP1
with slight exothermicity.

In pathway B (blue lines), the Rh—alkyl bond in CPS undergoes
migratory insertion to give CP9 via TS6, and the calcuated free energy
of the transition state TS6 is 10.8 kcal/mol, which is 10.1 kcal/mol
higher than the TS3. This indicates that migratory of an alkyl group is
slower and is in agreement with various studies. Subsequent C—C
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Figure 2. Energy profiles and geometric information for the three
competitive mechanisms of rhodium-catalyzed activation of phenacyl
ammonium salts. The values given by kcal/mol are the relative free
energies calculated by the M06 method in acetonitrile solvent. The
values in parentheses are the free energies given by the B3LYP-D3
method. The values in square brackets are the enthalpies given by the
MO06 method.

reductive elimination of CP9 is calculated to proceed via transition
state TS7 with an activation free energy of 30.0 kcal/mol, affording a
Rh(I) 7-ketone complex CP10. Alteratively, CP10 can be generated
from the direct reductive elimination of CP6. However, the calculated
activation free energy for this reductive elimination is 37.8 kcal/mol
(see SI, Figure S3), so this alternative is unlikely. The polar C—N bond
in CP10 oxidatively adds back to the Rh(I) to irreversibly afford
intermediate CP11 via transition state TS8 with a calculated barrier of
27.1 kcal/mol. Ligand substitution of CP11 by an incoming acetate
can also generate the common intermediate CP8. In comparison with
the data in pathway A, the free energy of transition states TS6 in
pathway B is 10.1 kcal/mol higher than that of transition state TS3.
Therefore, pathway A is favored.

In pathway C (red), the Rh(III)—alkyl intermediate CP6 is cleaved
by acetic acid via transition state TS9 with a activation free energy of
31.2 kcal/mol, which is 6.0 kcal/mol higher than the TS4, to form a
cationic rhodium intermediate CP12 and a zwitterionic intermediate
CP13, which leads to the regeneration of the catalyst CP1 upon
ligation of an acetate. One molecule of triethylamine is released from
intermediate CP10 via intramolecular Sy2 substitution through
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transition state TS10 (Figure 3) with a barrier of 19.0 kcal/mol.
Compared with pathway A, this pathway is also unfavorable (for an
alternative but also unlikely protololysis pathway, see SI, Figure S4).
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Figure 3. Energy profiles and geometric information for the
intramolecular S\2 substitution of the possible intermediate CP13.
The values given by kcal/mol are the relative free energies calculated
by the M06 method in acetonitrile solvent. The values in parentheses
are the free energies given by the B3LYP-D3 method. The values in
square brackets are the enthalpies given by the M06 method.

As a summary of our theoretical studies, the most likely mechanism
for this coupling reaction is outlined in pathway A, which includes
sequential steps of C-coordination of the substrate, C—H activation,
denitrogenation, carbene insertion, a-elimination of NEt; a second
carbene insertion, and protonolysis. The DFT-established a-carbenoid
species in this lowest energy pathway seems in good agreement with
recent theoretical studies on the C—H activation of N-pivaloxybenz-
amide,** where a rhodium nitrene species which was regarded as
Rh(V) has been established as a key intermediate. Our DFT studies
suggest that the C—H activation process is rate-limiting, which agree
well with our experimental KIE results. The calculated overall
activation free energy of 27.2 kcal/mol is in line with with the kinetic
profile of an efficient reaction at 80 °C. While there seems to be
discrepancy between experimental and theoretical studies on the
reversibility of C—H activation, the DFT studies refer to standard
conditions with 1 atm HOAc. However, in the real catalytic system
with CsOAL, it is likely that the rate of the protonolysis reaction (CP3
— CP2) is significantly slower such that C—H activation is no longer
reversible.

H CONCLUSION

We have designed phenacyl triethylammonium salts as novel
but readily available arene substrates for redox-neutral
couplings with a-diazo esters and simple olefins via a C—H
activation pathway. In these systems, the polar C—N bond acts
as an oxidizing directing group to facilitate ortho C—H
activation. The coupling with a-diazo esters afforded benzo-
cyclopentanones, and the coupling with olefins furnished ortho-
olefinated acetophenones. A broad scope of substrates has been
established, and the reactions proceeded with high efliciency
and with functional group tolerance. Moreover, the coupling of
diazo esters can be achieved in one pot starting from o-
bromoacetophenones as a readily available substrate.

The reaction mechanism for the coupling of phenacyl
triethylammonium bromides with diazo esters has been
explored by a combination of experimental and theoretical
methods. In particular, three distinct mechanistic pathways have
been scrutinized by DFT studies, which revealed that, in the
lowest energy pathway, the C—H activation occurs via a
concerted metalation—deprotonation mechanism, with the
cyclometalation being assisted by C-coordination rather than
O-coordination. The lowest energy pathway also involves two
Rh(III) carbene species (and consequently two migratory
insertion steps) as key intermediates. The first one is generated
via coordination and denitrogenation of a diazo ester, and the
second @-oxo carbene originates from migratory insertion of
the Rh—aryl bond into the first carbene, followed by a-
elimination of NEt;. The C—H activation process was
established to be the rate-limiting step on the basis of DFT
and experimental studies. The chemistry of using this rare
oxidizing C—N directing group will broaden the scope and
applications of rhodium(III)-catalyzed C—H activation, and
may find applications in the efficient synthesis of complex
structures.
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