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Enamines and enamides are important synthetic
intermediates. The transition metal catalyzed C-C coupling
through direct g-C-H activation of enamines or enamides is
an important method for their functionalizations. But so far
the effective coupling partners are limited to organometallic
reagents, arenes, olefins, and acrylates. In this study, a highly
efficient method was developed to use carboxylic acids, an
easily available and cheap carbon source, as coupling
partners for the direct g-C-H functionalization of enamines in
the presence of Rh(l) catalyst and aminopyridinyl directing
group through decarbonylation coupling. The reaction was
proved to be assisted by hydrogen bonding. The directing
group was easily removed under acid condition. This method
provides a useful alternative approach to C-alkylated, and
arylated cyclic diketones.

Enamines and enamides are important synthetic intermediates.’
They have broad utility in catalytic asymmetric C-C bond
forming processes such as aza—ene,? Michael,® Friedel-Crafts,*
cycloaddition,® and arylation.® The transition metal catalyzed C-
C coupling through direct B-C-H activation of enamines or
enamides is an important method for their functionalizations.’
The effective coupling partners include organometallic
reagents,® %% % arenes % olefins’™ and acrylates’ 8 (scheme 1a).

Recent years, the development of decarboxylative coupling
reactions of carboxylic acids has made significant progresses. °
Its  applications have extended to arylation,
alkenylation,'acylation,”™ 2 and etherification.®> However, the
decarbonylative coupling reactions of carboxylic acids were less
developed.™ Recently, Yu,™ and our group'® have independently
developed a method for rhodium-catalyzed decarbonylative
cross-coupling of acid derivatives with arenes. This method
features a stable five-membered rhodium species as intermediate.
It, however, can only activate aromatic C-H bond, and the
pyridine as directing group is hardly removable. In our continuing
efforts to extend the application scope of the decarbonylative
system,’®” we became interested to implement decarbonylative
coupling of acids with enamines installed with removable
directing groups (DGs)*® through non-aromatic sp?> C-H
activation (Scheme 1b),° aiming at developing this
transformation into a more general and economical method for

the B functionalization of enamines. The challenges facing this
endeavour include: 1) the enamine may not be stable under acid
conditions at high temperature; 2) the non-aromatic sp2 C-H

so bond may not be significantly active towards the previous
catalyst system; 3) the six-membered rhodium species may not be
as active as the previous five-membered one.

(a) Previous work
cross coupling of organometallic reagents, arenes,
acrylates and simple olefins with enamides or enamines

DG —R3  ArX (X=B or Si), ArH, /\/R3
acrylate or olefin DG
= Ry > R%Rz
R M=Pd, Cu, Rh etc.
1 R

R=Aryl, alkenyl, alkyl
(b) This work
decarbonylative coupling of acid with enamines

Dm_Rs Rh(l) Dm/RS

RCO,H, -CO =
%\Rz - W)\RZ

R4 R4
R=Aryl, alkenyl, alkyl

Scheme 1. Transition metal catalyzed cross coulplings through direct p-H
s5 activation of enamides or enamines

b CL
I/ (o] Ph

/
N">NH  [Rh(CO)CIl, (2.5 mol%) N~ “NH Y o
o PhCOH(15eq) py f o N f
Piv,0(1.5 e.q.) . (1)
S ot S L _N
toluene, 140 °C Ph
1a, 0.2 mmol 24 h, Ny 3a, 30%(33%)? 3aa

note: a.2.5 mol% of [Rh(cod)Cl], as catalyst

Scheme 2. The initial results obtained with the previous catalytic system

We firstly tested the reaction of enamine 1a, which has been
used by Dong group,”™ with benzoic acid under the standard

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



©CoO~NOUTA,WNPE

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Page 2 of 5

Organic Chemistry Frontiers
\O ..... H----- o) Table 2. Exploration of reaction conditions ?
|
N /
® S el
|
=N NZ NH PhCO,H(x e.q.), Rh(l) (5 mol%) (I
H 2 Piv,0(1.5e.q) N™ "NH
0 Ph 0
solvent, 140 °C, 24 h, N,
. 1c 3c
Scheme 3. Hydrogen bonding 35
Entry Catalyst Solvent Acid (e.q.) Yield(%)°
conditions we previously used. Delightfully, the desired product 1 [Rh(cod)Cl], Toluene 15 93(85)
3a was obtained, albeit with only 30% isolated yield (80% 2 [Rh(CO):Cl], Toluene 15 91(81)
s conversion) (Scheme 2). The costly more effecitive catalyst 3 Rh(CO),(acac) Toluene 1.5 77
[Rh(cod)CI], afforded comparable yield. 3aa was observed as a 4 [Rh(cod)(OH)]. Toluene 1.5 <5
main byproduct due to the amidation of the product. In order to 5 [Rh(cod)Cl] Toluene 1.2 99(94)
supress the side reaction, we installed a methyl group in the 3- 6 [R(CO):ClL Toluene 1.2 98(92)
position of the directing pyridinyl group (1b) *° in hope that the - [Rh(cod)Cll Toluene 12 73
10 amidation could become less easy to occur due to steric hindrance g [RR(CO),Cl]> Toluene 12 68
(T_able 1). But 1b turned_out to bg _unstable and got decomposed 9 [Rh(cod)Cll, o-xylene 1.2 03
fa:clrly fa;t un(ljer the reaction hcondltlon. W? then tu_rélet_i to trr:e u§e 10 [Rh(cod)Cll, PhCI 12 95
of a methoxy! group (lc) att esa_me_posmon consi ering that the 1" [Rh(cod)Cl, CHLCN 12 0
methoxyl group is not only a steric hindrance provider, but also a
] 12 [Rh(cod)Cl], DCE 1.2
15 hydrogen bond donor. If strong hydrogen bondings could be 13 [Rh(cod)C] Toluen 12 73
formed as depicted in Scheme 32%2, the substrate should not only coOlz ouene '
14 [Rh(cod)CI], Toluene 1.2 70

have better stability under the reaction condtion, but also be able
to facilitate the activation of the vinyl C-H bond since the
directing group is fixed in a most favorable orientation towards

2 the vinyl C-H bond. As expected, the reaction of 1c gave a
dramatically increased yield. Notably, when the 3-methoxy group
was replaced with a benzoxy group (3d), the yield was lowered to
some degree. Moving the methoxy group to the 5-position of the
pyridine ring (3f) or adding one more methoxy group to the 5-

25 position (3e) also decreased the yield. On the other hand, if the
aminopyridine DG is replaced by either acetamido group (3g) or
2-methoxyphenylamino group (3h), the reaction completely lost
the reactivity, clearly indicating that the pyridinyl DG is crucial
for the reactivity.

30 Table 1. Directing group controlled decarbonylative coupling .
R
gl C1
N7 NH Z

N™ "NH

[Rh(cod)Cll, (2.5 mol%)
PhCO,H(1.2 e.q.), Piv,0(1.5 e.q.)

toluene, 140 °C, 24 h, N,

1, 0.2 mmol 3
Bn,
Ho 2 H 9 o , o ™o . o
N N N
- - S-S
Ph Ph ZN oy Ny
3a, 40% 3b, 18% 3c, 94% 3d, 57%

~, ~,
S it Al S
~ N
So~eN oy 07 ey Ph Ph

3e, 75% 3f, 15% 39, 0% 3h, 0%

% Isolated yield.

2 The reactions were carried out with 0.2 mmol of 1c in the presence of 5.0

mol % Rh(l) catalysts and benzoic acid in 2.0 mL solvent, N,, 140 °C for 24 h;

® |solated yields in parenthesis. ¢ 1.25 mol% of [Rh(cod)Cl], was added. d

1.25 mol% of [Rh(CO),Cl]; was added. ® The reaction was carried out at 110
40 °C."The reaction was carried out without degassing.

Thus, we chose 1c as substrate for further studies. A brief
survey on the catalyst showed that [Rh(CO),Cl], has similar
catalytic activity as [Rh(cod)CI], (entry 2 vs 1), whereas
Rh(CO),(acac) is substantially less active (entry 3). In contrast,

s [Rh(cod)OH], exhibited almost no activity (entry 4). When the
amount of acid was reduced from 1.5 t0l.2 eqgiv, and the yield
was further increased to 94% and 92% (entries 5 and 6).
Lowering the catalyst amount from 2.5% to 1.25% caused some
decrease in yield (entries 7 and 8). O-xylene and chlorobenzene

s0 as solvents also gave excellent yields (entries 9 and 10). In
contrast, the reaction completely lost the reactivity when other
nonaromatic solvents such as acetonitrile and dichloroethane
were used (entries 11 and 12). When the reaction temperature was
lowered from 140 to 110 <€, the reaction was significantly

ss slowed down and only afforded a moderate yield (entry 13). If the
reaction was initiated without degassing, again moderate yield
was obtained (entry 14).

With the optimized reaction conditions in hands, various
acids were subjected to reactions with 1c to explore the substrate
60 Scope (Table 3). In general, good to high yields were obtained for
relatively electron-rich aromatic acids under condition A,
including benzoic acids bearing various substituents (2a-f, 2i, 2j,
2m, 2n and 3i), naphthyl caboxylic acid (2s), and heteroaromatic
thiophenyl and furanyl carboxylic acids (20 and 2p). Although
es Steric hindered and electron-deficient aromatic acids (21, 2g, 2h,
2k, 2g and 2r) only afforded moderate yields under condition A,
much better results could be attained with these substrates under
condition B. Importantly, cinnamic acid (2u), crotonic acid (2t)

2 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]
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Table 3. Exploration of the substrate scopes of acid and diketone *

N O\ N O\
| [Rh(cod)Cl], (2.5 mol%) P
N™ °NH R,CO,H(1.2 e.q.), Piv,0(1.5 e.q.) N™ "NH
o R o
toluene, 140 °C, 24 h, N, (
(
n R, n R,
1 2o0r3 n=1,2
N R4=H,2a, 94%, 95%°
“o / BN Me, 2b, 90%
fo) MeO, 2c, 91% o0 Ro=Me, 2i,92%
F, 2d, 89% MeO, 2j, 92%
cl, 2¢,91% NO,, 2k, 43%°

R3= Me, 21, 33%"
MeO, 2m, 90%
F,2n, 92%

Br, 2f, 63%, 79%"

CN, 2g, 52%, 92%"
CF3, 2h, 40%, 72%"

QI&

S, 20, 95%
O, 2p, 95%

/\
_N

@

X=N, 3Py 2q, 50%, 90%"
X=N, 4-Py, 2r, 56%"
X=C, 2-naphthyl, 2s, 84%

Vel
- o

R,=Me, 2t, 85%

Ph, 2u, 86%, 89%°

Rs= Me, 2v, 95%
C,Hs, 2w, 91%, 95%°
Cy3Has, 2%, 64%, 83%"
Bn, 2y, 84%
2-PE, 2z, 75%, 85%°

N,
N o o o , OH
H
[¢] —N N N
B X

N, L N L _x

- "

Rs 3j, 37%>¢

3i,97%

HO.

o

(25%)

TsOH, toluene/H,0

140°C,36 h

4a, the single isomer(65%)

~o H o
X
i
Ph
TsOH, toluenelHZO EHO
_N 140°C, 24 h ;

35 Scheme 4. Remove of the directing group

® The reactions were carried out in the scale of 0.2 mmol 1, 1.2 egiv acid,
140 °C, N,. Condition A: in the presence of 2.5 mmol % [Rh(cod)Cl], as
catalyst, reacted for 24 h.; Condition B: in the presence of 2.5 mo%
[Rh(CO),Cl], as catalyst, reacted for 36 h; isolated yield. ® The isolated yield
given under condition B. ° The reaction was scaled up to 1.0 mmol under
condition A. ¢ Aromatic oligomer was exclusively formed under condition B.

and various aliphatic acids (2v-z) also proved to be good
substrates for the reaction, furnishing the corresponding alkenyl
and alkyl enamine products in good-to-excellent yields. It should
be noted that no branched product due to isomerization was
observed for long chain aliphatic acids, which partially ruled out
the formation of cationic and radical intermediates during the
course of reaction. It should be noted that enamine 1i devoid of
the methyl group on the five- membered ring also proved to be
excellent substrate, affording product 3i in 97% yield. In addition,
the six-membered cyclic enamine 1j was found to be much less
active. It reacted with benzoic acid to furnish the desired product
3j only with 37% yield.

To demonstrate the practicability of the present reaction
system, the reaction was conducted in a 1.0 mmol scale.
Expectedly, the desired products (2a, 2u, 2w) were achieved with
excellent yields. On the other hand, the 3-methoxypyridinyl
amino DG of product 2a and 2w proved to be easily removable
under modified condition of Dong and co-workers previously
used, affording the desired diketone products 4a and 4w in good
yield (Egs 2 and 3). Thus, this present method provides an
convient method for the preparation of C-alkylated™® and C-
arylated® products of 1,2-diketones.

4

5

5!

6

5

=)

@

S

Finally, a mechanism model*® was proposed for the present

reaction system as follows (scheme 5). The vinyl C-H bond was
inserted by rhodium(l) with the assistance of the DG. The
carboxylic acid should react with (‘BuCO),0 to form anhydride 7,
4 which then interacts with 4 to generate complex 5. The
decarbonylation of 5 gives rise to intermediate 6, which
undergoes reductive elimination to produce the desired product 3
with the regeneration of the rhodium(l) catalyst .

R Rp
%\ 7L
=N NH Rh(l) =N NH o
Rs H
R R
3 ! 1
R
QN G
=N7 "NH <\~ ~NH
\ o \ o
'Bucoo)?h Rh
4
R w6 R H 4 R
" R,CO0C0BU + 'BUCOOH
2
4N "
<\ NH
\ o) RsCOOH + (BUCO),0
tBucoo-Rh HCI, 'BuCOOH
Ry Yo R

5

Scheme 5. Proposed mechanism for decarbonylative coupling of enamine

In summary, we have successfully developed the first Rh-
catalyzed decarbonylative coupling of cyclic enamine with
simple carboxylic acids. 3-Methoxy-2-pyridinyl amino group
proved to be a highly effective directing group for this
transformation. A broad range of acids were subjected to the
coupling to afford pB-aryl, alkenyl and alkylation enamine
products with high yields. The directing group proved to be easily
removalbe, thus rendering the present reaction system a convient
and efficient approach to C-alkylated and C-arylated1,2-diketone
compounds. This work should have broad implications and serve
as a seminal study toward catalytic ketone functionalization.

Experimental section

General procedure for the decarbonylative coupling of carboxylic
acids with cyclic enamines

[Rh(cod)CI], (0.005 mmol, 2.4 mg) or [Rh(CO),CI], (0.005
mmol, 1.9 mg), enamine 1 (0.2 mmol), and carboxylic acid (0.24
mmol) were added to a Schlenk flask, which was then degassed
with N, for three times. (‘BuC0),0 (0.3 mmol) and 2 mL of

This journal is © The Royal Society of Chemistry [year]
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anhydrous toluene were added, and the reaction mixture was
subsequently heated and kept at 140°C in oil bath for the
indicated time with stirring. After cooling to room temperature, 1
mL of a concentrated ammonia solution was added. The mixture
was directly subjected to column chromatograph on silica gel
with petroleum ether/EtOAc (12:1-5:1) as eluent to afford the
desired product 2 or 3.
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