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Nucleophilic addition of highly reactive aryl Grignard
reagents and other related organometallic reagents to car-
bonyl compounds and their derivatives is a fundamental and
important reaction for the construction of C—C bonds. This
approach has been well developed (since early last century)
and broadly utilized to synthesize alcohol and amine com-
pounds.!! Traditionally, the requirement of organohalides as
the starting materials to produce the active organometallic
reagents causes environmental problems owing to their
tedious and sluggish preparation (Scheme 1).%! As a valuable
complementary method, directed ortho metelation (DoM) of
functionalized arene compounds has its advantages from a
synthetic point of view.’! Apart from their tedious prepara-
tion, both Grignard and DoM approached involve the
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Scheme 1. Rational design of direct C—H addition toward C=Y. Conven-
tional arylation of C=Y through halogenations/metalation/nucleophilic

addition-hydration sequence versus “ideal” direct C—H addition to
C=Y, where Y=N or O. X=halogen.
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manipulation of air-and moisture-sensitive reagents and the
generation of unwanted salt waste. Recent Friedel-Crafts-
type direct alkylation of electron-rich arene compounds have
been developed. This reaction is catalyzed by a Lewis/
Brgnsted acid, however, a limited substrate scope and
difficulty in regioselective control were encountered.’ In
comparison, transition metal complexes provide a broader
outlook for the development of new transformations that may
provide tunable reactivity and selectivity. The transition-
metal-catalyzed addition of C—H bonds to alkene and alkyne
derivatives have been extensively investigated.’! Meanwhile,
significant contributions have been made to the field by the
addition of C—H bonds to carbonyl compounds and their
derivatives, despite the demand for special additives or
limited substrate scope.”! Herein we demonstrated an
“ideal” addition of “inert” aryl C—H bonds to C=N groups
in the absence of any additives and without any undesirable
waste under mild and neutral reaction conditions."”

Our research was inspired by the recent progress on the
rhodium/palladium-catalyzed addition of aryl boronic acid
towards carbonyl compounds, in which the aryl-metal
(metal =Pd or Rh) species was considered as a possible key
intermediate formed by the transmetalation.® In principle,
the high-valent aryl-metal species, either from direct cleavage
of the C—H bond through electrophilic substitution or the
transmetalation of organometallic reagents should exhibit
similar reactivity. Because aromatic electrophilic metalation
of arenes with/without directing groups and their applications
in C—C and C—N bond formation have been well studied,”
the use of Pd catalysis to investigate C—H addition to C=N
bonds was highly preferred. Although numerous Pd catalysts
were tested, the lack of desired product was disappointing.
We finally gave up on a palladium-based system.

We therefore focused on Rh catalysis because of its
credible reactivity in the addition of aryl boronic acid to
aldehydes® and imines'" as well as direct C—H trans-
formations.""! Thus, 2-phenylpyridine (1a)! and PhCH=NTs
(2a) were selected as model substrates. Different Rh species,
including Rh', Rh", and Rh™ complexes, were screened
(Table 1). Fortunately, we found that [{Cp*RhCl,},]'"? in the
presence of silver salts["! AgSbF,, for example, gave a
reasonable yield and the structure of the final product 3a was
characterized by single-crystal X-ray crystallography!**!
(entry 3). The prepared Rh™ precursor [Cp*Rh(CH;CN);]-
[SbF¢], is more practical and exhibited better efficiency
(entry 4). Apart from BuOH and the many other solvents
tested, toluene gave a moderate yield for this transformation
(entry 5). Moreover, extension of the reaction time did not
enhance the reaction’s efficiency. Meanwhile, a decrease of
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Table 1: Rhodium-catalyzed C—H addition to p-tolylsulfonylbenzaldimine
under various reaction condition.?

H Jpn
7 . NTs catalyst (5 mol%) TSEN
= Ph”" H {BuOH @‘@
1a 2a 3a
Entry Catalyst T[°C] t[h] Yield [%]!
1 - 90 6 0
2 [{Cp*RhCl,},] 90 6 0
3 [{Cp*RhCl,},], AgSbF, 90 10 73
4 [Cp*Rh (CH;CN);][SbFg], 90 10 84
5 [Cp*Rh(CH,CN);][SbF], 90 10 64
6 [Cp*Rh(CH,CN);][SbF], 90 6 68
7 [Cp*Rh(CH;CN);][SbF], 90 15 81
8 [Cp*Rh(CH,CN);][SbF], 70 15 52
9 [Cp*Rh(CH,CN);][SbF], 80 15 71
701 [Cp*Rh (CH;CN);][SbFg], 80 15 64
n [Cp*Rh(CH,CN);][SbF¢], 100 15 75
12 [Cp*Rh(CH,CN);][SbF], 120 15 65
13 [Cp*Rh (CH;CN);][SbFg], 90 48 70
140 [Cp*Rh(CH,CN);][SbF¢], 90 10 71

[a] Reaction conditions: 1a (0.25 mmol), 2a (0.50 mmol), tBuOH
(1.0mL), under N, in a sealed reaction tube. [b]Yield of isolated
product. [c] Toluene (1.0 mL) was used as the solvent. [d] 1.5 equivalents
of 2a was used. [e] 1.0 mol % of catalyst was used. [f] The reaction was
carried out under air. Cp* =pentamethylcyclopentadienyl, Ts=4-tolu-
enesulfonyl. See ORTEP drawing of 3a below. Thermal ellipsoids are
drawn at 30% probability and hydrogen atoms are omitted for clarity.

the yield was observed by shortening the reaction time
(compare entries 6 and 7). Raising the temperature induced
the dialkylation, and lowering the temperature diminished
the yield (entries 8-12). The amount of imine substrate could
be lowered to 1.5 equivalents, while the efficiency of the
reaction was slightly decreased (entry 10). The present
addition reaction can also be carried out with good efficiency
in the presence of 1.0 mol % of catalyst 4 by simply length-
ening the reaction time (48 h; entry 13). Notably, this trans-
formation is easily handled under air and is potentially
applicable in large-scale synthesis despite a small decrease in
the yield (71% yield; entry 14). Most importantly, in this
transformation nothing is required besides the catalyst and
solvent to facilitate the addition as desired.

Under the optimized reaction conditions, the reactivity of
different sulfonylbenzaldimine derivatives was investigated
(Scheme 2). Various N-arylsulfonyl substrates were tested
and all of them exhibited good reactivities, no matter whether
electron-withdrawing or electron-donating groups are intro-
duced to the aryl group. For example, N-4-methoxyphenyl-, 4-
phenyl-, and 4-fluorophenylsulfonyl aldimines showed good
to excellent reactivities (3b, 3¢, and 3d). However, alkylsul-
fonylbenzaldimines, for example mesylbenzaldimine, led to
relatively lowered efficiency (3e). Other than N-sulfonyl
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Scheme 2. Addition of the C—H bond of 1a to different benzaldimines
2. Reaction conditions: Ta (0.25 mmol), 2 (0.50 mmol), tBuOH
(1.0 mL). The yield of isolated product is reported.

aldimine, various electron-withdrawing groups, including
sulfinyl, carbamyl, and phosphoryl, completely inhibited this
transformation. This outcome might arise from their rela-
tively lower inductive effect to decrease the electrophilicity of
the corresponding imines.

We further explored the arene substrates. First, various
pyridinyl directing groups were investigated. It was found that
the electronic nature of the substituents on the pyridine ring
did not play a key role (Scheme 3). With either electron-
donating or -withdrawing groups, for example methyl (3 £-31i),
halide (3j and 3k), and ester groups (31), the reactions
proceeded smoothly. Notably, the tolerance of the halides (3
and 3Kk) offers the opportunity for further functionalization.
The tolerance of this reaction for steric bulkiness on the
pyridine ring was also tested. To our satisfaction, all the
reactions with a methyl group at the 3- to 6-positions of the

Ts  Ph
4 _Ts [Cp*Rh(CHaCN)3J[SbFela HN

RN, : )NL (5 mol%) H{'\\': C

3
g g g :
3f, 78% (A) 3g, 83% (A) 3h, 69% (A) 3i, 78% (A)
Cl COOMe

@

3n'l 81% (B)

o e x
P> NHN s Z NHN T8 = N ,TS
3j, 76% (B) 3k, 70% (B) 31, 78% (B)
Scheme 3. Investigation of substituted pyridinyl directing groups. Reac-
tion conditions A: 1 (0.25 mmol), 2a (0.5 mmol), tBuOH (0.5-1.0 mL),

10 h; reaction conditions B: 1 (0.25 mmol), 2a (0.5 mmol), toluene
(0.5 mL), 48 h. The yield of isolated product is reported.

Angew. Chem. 20m1, 123, 2163 -2167


http://www.angewandte.de

pyridine ring exhibited excellent reactivities (3 f-3i), thus
showing high tolerance for steric hindrance. Moreover, the
quinodinyl unit can be successfully used as a directing group
with the quinodinyl motif remaining untouched (3m).

The investigation of the phenyl unit of the arene substrate
also showed broad functional group compatibility
(Scheme 4). With either electron-donating or -withdrawing
groups, for example methoxy (3n), carbamate (30), and ester
groups (3q), the reactions proceeded very smoothly in good
to excellent yields. This transformation also showed good

Ts, Ph
H ; HN—/
£ R N,Ts [Cp*Rh(CH3CN)3][SbFgl2 . N
7 / 4. )I\ (5 mol%) M
= Ph” T H =

3

S | =
=N , Z NHN,TS Z NHN,Ts

OCONMe; OH COzMe
30, 70% (B) 3p, 86% (B) 3q, 78% (B)

g%“bgwéﬁ

o (A or B)

3n, 81% (B)

3r 73% (B) 35, 74% (B) 3t, 75% (10:1, A)

Scheme 4. Investigation of functional group compatibility of substiu-
tents on the phenyl group of 1. Reaction conditions A: arene

(0.25 mmol), N-sulfonyl aldimine (0.5 mmol), tBuOH (1.0 mL), 10 h;
reaction conditions B: arene (0.25 mmol), N-sulfonyl aldimine

(0.5 mmol), toluene (0.5-1.0 mL), 32-48 h. The yield of isolated
product is reported.

regio- and chemoselectivity, and a single product was
produced from para-substituted substrates (3m-3s). Mean-
while, the meta-methoxy-substituted substrate gave two
products in a 10:1 ratio where the reaction was under steric
control (3t; structure of the major product is shown in
Scheme 4). Importantly, the arene substrate with an unpro-
tected hydroxy group was also compatible and the desired
product was isolated in excellent yield (3p). The variety of
functional groups on these products provide a great oppor-
tunity for further functionalization with various methods."
However, the ortho-methoxy-substituent product terminated
the transformation, which supposedly resulted from the
chelating ability of the substrates.

Finally, various p-tolylsulfonylarylaldimine compounds
were investigated (Scheme5). We found that the steric
bulkiness does not play a significant role. For example, 4-
tolylaldimine (3u) shows comparable reactivity with 2-
tolylaldimine (3v). Also, the electron-withdrawing group
(3w-3aa) should increase the reactivity and vice versa (3u—
v), probably as a result of the enhancement of the electro-
philicity of the sulfonylimine group. A heterocyclic substrate
was also suitable for this addition reaction (3ab). Notably, the
efficiency of the transformation for different substrates was
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Scheme 5. Investigation of different aryl N-sulfonyl aldimines 2 in C—H
addition. Reaction conditions A: arene (0.25 mmol), N-sulfonyl aldi-
mine (0.5 mmol), tBuOH (0.5-1.0 mL), 10-48 h; reaction conditions
B: arene (0.25 mmol), N-sulfonyl aldimine (0.5 mmol), toluene

(0.5 mL), 48 h. The yield of isolated product is reported.

directly related to the solvent—this finding cannot be
satisfactorily explained at this stage.

To further investigate the mechanism, intra- and inter-
molecular isotopic studies were performed in dried toluene
(Scheme 6). During the intramolecular reaction, the content

toluene, 90 °C, 5 h D D
50% p  26%
0

50% D  50%
2
50% 0%

T
[1:1 ratio of 1 and 2-

[Dsl-phenylipyridine] 37% recovery

8 50% yield

Scheme 6. Intramolecular and intermolecular isotopic reactions.

of deuterium in the recovered 2-([D]-phenyl)pyridine (5) was
decreased from 93 % to 67 %, and the content of deuterium in
the NH(D)Ts group was 24% in 6. Intermolecularly, the
content of deuterium at the 2- and 6-positions of the phenyl
group in 2-([Ds]-phenyl)pyridine (7) was decreased from
50% to 26 % . Interestingly, no obvious deuterium contents at
the 6-position of the phenyl group in product 8 were observed.
The content of deuterium in NH(D)Ts group was 36%. All
these data offer strong evidence to show that the first step of
C—H cleavage is reversible.

On the basis of these preliminary studies, the mechanism
of this transformation is proposed as Scheme 7. The trans-
formation is initiated by the coordination of the nitrogen
atom of 2-phenylpyridine (1a) to the cationic Rh center,
followed by an electrophilic substitution to produce the C—Rh
complexes 10, and is accompanied a release of one equivalent
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Scheme 7. Proposed mechanism of aryl C—H addition to the C=N
bond of aryl N-sulfonyl aldimines.

of proton (H"). After the ligand exchange from acetonitrile to
sulfonylaldimine, the coordinating complex 11 forms. Then
the nucleophilic addition (or C=N insertion) takes place to
form the N—Rh species 12. The seven-membered rhodacycle
12 is protonated by the acid that is generated in situ at the
initiating step, thus producing the desired product 3. This final
step is accompanied by the regeneration of the active catalyst
to facilitate the catalytic cycle. Thus, external additives are not
needed to facilitate this catalytic cycle.

In conclusion, we have developed an “ideal” rhodium-
catalyzed selective C—H activation and subsequent nucleo-
philic addition to N-sulfonyl arylaldimines. In this reaction,
the inert arene substrates played the role as a surrogate for
aryl Grignard reagents to facilitate the direct addition to C=N
groups in the absence of any additives and waste production
(the excess N-sulfonyl aldimine can be recovered). The
reaction can be carried out under mild conditions without
the requirement of special techniques. This transformation is
potentially applicable in laboratory and industrial synthesis.
The use of a chelating ligand also offers the potential for
asymmetric catalysis. Most importantly, this process may
provide a new direction for direct C—H addition to C=O/N
motifs—where C—H bonds become efficient nucleophiles to
produce alcohols and secondary amines in an efficient and
clean manner. Thus, our approach provides the possibility for
state-of-art examples of sustainable transformations.

Experimental Section

General procedure: To a Schlenck tube were added [Cp*Rh-
(CH;CN);][SbF¢], (10.4 mg, 0.0125 mmol), 1 (0.25 mmol), 2 (0.50
mol), rBuOH (0.5-1.0mL) or toluene (0.5-1.0 mL). The reaction
mixture was stirred in the sealed tube at 90°C under N, in a Wattecs
Parallel Reactor for 10-48 h. After cooling to RT, the solvent was
removed in vacuo and the residue was purified by chromatography on
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silica gel (eluent: hexanes/EtOAc/CH,Cl, 7:1:1-4:1:1) to afford 3 as a
white solid.
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