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ABSTRACT

Unprecedented constructions of CdC double bonds have been achieved by Ir-catalyzed intramolecular dehydrogenative and dehydrative cross-
coupling of tertiary amines and ketones. The reactions are proposed to proceed via an Ir-mediated C�H activation mechanism.

The construction of C�C bonds is the most important
transformation in organic synthesis. Despite the numerous
synthetic methods that have been developed, highly effi-
cient and atomeconomicalC�Cbond formation reactions
are still challenging goals.1 In recent years, direct C�C
bond formations via cross dehydrogenative couplings
(CDCs) have exhibited great success.2,3 However, almost
all CDCs require sacrificial oxidants or H-acceptors. This

drawback decreases the practicability and atom economy
of CDCs. Oxidant-free or acceptorless CDCs are more
attractive, and also more challenging. In these reactions,
hydrogen gas is released as the only byproduct. So far only
one successful case was reported. In 2010, Liang et al.
developed a Pt-catalyzed intermolecular CDC reaction of
tertiary amines and carbon nucleophiles in the absence
of oxidants orH-acceptors.4 To the best of our knowledge,
the construction of CdC double bonds via an acceptorless
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CDC has never been developed. Here, we report the
efficient construction of CdC double bonds via an accep-
torless CDC between four sp3 C�Hbonds of cyclic tertiary
amines and carbonyl compounds. Direct functionalization
of tertiary amines provided an efficient method for the
synthesis of biologically important amines.5 Ir-complexes
have been found to be active catalysts for the dehydrogena-
tion of alcohols and amines.6The formation of strong Ir�H
bonds contributes to their excellent catalytic activities.
We speculated that the reaction of tetrahydroisoquino-

line derivative 1a in the presence of Ir-catalysts may
provide N,O acetal 2 via an intramolecular hydride trans-
fer and cascade acetalization (Scheme 1).7 Initial reaction
of 1a in trifluoroethanol using [Cp*IrCl2]2 (Cp* =
pentamethylcyclopentadienyl) as the catalyst did not pro-
vide the expected product 2. Instead, zwitterionic product
3a was isolated in substantial yield (Table 1, entry 1). Its
structure was confirmed by NMR, MS, and IR spectral
studies. Although 3a can also exist in an equilibrium with
its tautomer 5, the IR spectrum indicated the absence of the
carbonyl group and excluded this structure. The formation
of an extensive conjugated system may strongly drive the

equilibrium toward 3a. Cyclometalated imido Ir(III) com-
plex 6a provided 3a in a similar yield (Table 1, entry 2).8

2-Hydroxypyridine Ir(III)-complex 6b gave a slightly better
yield (Table 1, entry 3).9

A number of reaction solvents were screened. Toluene,
CH2Cl2, ether, THF, CH3CN, ethanol, and methanol
are not compatible with the transformation. The addition
of H-acceptors such as norbornene and β-nitrostyrene did
not exert a beneficial effect. On the contary they appeared
to inhibit the reaction.Acetic acidwas found tobe aunique
reaction solvent. Insteadof product3a, another compound
4a was obtained (Table 1, entries 4�6). It was identified
as the CDC product, losing two molecules of hydrogen.
Logically, 3a can be generatedby the further dehydrogena-
tion of 4a. However, the control test did not support this
hypothesis. The result implies that 3,4-dehydrogenation
occurs before the formation of the C1 double bond. The
reaction solvent exerts the strong effect on this step.
To improve the yield of the reaction, an extensive screen

of Ir and Rh complexes was carried out, and the results are
summarized inTable2. [Ir(cod)Cl]2 (cod=1,5-cyclooctadiene)
was found to provide 4a with a better yield. In addition, a
newproduct 7awasobtained in 26%yield (Table 2, entry 2).
7a is generated via an interesting dehydrative coupling. By
contrast, the [Ir(cod)Cl]2-catalyzed reaction in trifluoroetha-
nol provided 3a in 29%yield and almost no product 4a, and
7awas obtained instead. Again, the reaction solvent showed
a significant effect on the product distribution. Other Ir(I)-
complexes, such as Ir(acac)(cod) (acac = acetylacetonate)
and Ir(hfacac)(cod) (hfacac = hexafluoroacetylacetonate)
provided 4a in similar yields. However, no product 7a was
obtained (Table 2, entries 3 and 4). [Rh(cod)Cl]2 is comple-
tely inefficient (Table 2, entry 5). Wilkinson’s catalyst failed
to catalyze the reaction (Table 2, entry 6).
The results suggest that [Ir(cod)Cl]2 is a unique catalyst

for this transformation. Furthermore, the effect of nitrogen
andphosphine ligandswas examined (Table 2, entries 7�14).
The addition of 2-hydroxyl-pyridine increased the yield
to 51% and completely inhibited the formation of product

Scheme 1. Ir-Catalyzed CDC Reaction of 1a Table 1. Ir-Catalyzed CDC Reaction of 1aa

yield (%)b

entry catalyst solvent 3a 4a

1 [Cp*IrCl2]2 CF3CH2OH 24 5

2 6a CF3CH2OH 25 �
3 6b CF3CH2OH 30 �
4 [Cp*IrCl2]2 AcOH � 25

5 6a AcOH � 29

6 6b AcOH � 34

aReaction conditions: 1a (0.2 mmol), catalyst (0.005 mmol), solvent
(2 mL), refluxed for 24 h. b Isolated yield after column chromatography.
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7a (Table 2, entry 7). 1,10-Phenanthroline gave a lower yield
(Table 2, entry 8), while PPh3, BINAP, and DPPF [1,10-
bis(diphenylphosphino)ferrocene] provided improved yields
(Table 2, entries 9�11). A better yield was achieved with
DPPE [1,2-bis(diphenylphosphino)ethane] (Table 2, entry
12). DPPP [1,3-bis(diphenylphosphino)propane] andDPPB
[1,4-bis(diphenylphosphino)butane] are less efficient than
DPPE (Table 2, entries 13 and 14). The solvent acetic acid
is critical for the success of this transformation, since
[Ir(cod)Cl]2/DPPE gave only a trace amount of 4a in tri-
fluoroethanol (Table 2, entry 15).
A variety of tetrahydroisoquinoline derivatives 1a�1j

were examined, and the results are summarized in Table 3.
Substitution on both aryl groups could be tolerated very
well (Table 3, entries 2�5). Thiophene derived substrate 1f
provided the product 4f in moderate yield. Propiophenone
derivative 1g gave a lower yield. Piperidine derived substrate
1h is also applicable, however, a low yield was obtained. In
this case, only one molecule of hydrogen was eliminated
(Table 3, entry 8). Morpholine derived substrate 1i is
unreactive (Table 3, entry 9). Oxime 1j derived from 1a

reacted smoothly, and the corresponding CDC product 4j
was obtained in good yield (Table 3, entry 10).
The dehydrative coupling product 7a and its analogs

were reported to possess attractive biological activities.10

A preliminary investigation of this reaction was carried
out, and the results are summarized in Table 4. The trans-
formation was found to be quite sensitive to the substitu-
tion of the phenyl group. The 3-MeO substituted substrate
1b gave only an 8%yield of 7b together withCDCproduct
4b (Table 4, entry 2). Propiophenone derived substrate 1g
provided 7g in 24%yield (Table 4, entry 3). Benzophenone
derived substrate 1l afforded product 7l in 50% yield.

Table 2. Screen of Metal Complexes and Ligandsa

entry metal complex ligand 4ab

1 (Cp*IrCl2)2 � 25

2c [Ir(cod)Cl]2 � 39

3 Ir(acac)(cod) � 37

4 Ir(hfacac)(cod) � 37

5 [Rh(cod)Cl]2 � trace

6 Rh(Ph3P)3Cl � trace

7 [Ir(cod)Cl]2 2-hydroxyl-pyridine 51

8 [Ir(cod)Cl]2 1,10-phenanthroline 46

9 [Ir(cod)Cl]2 PPh3 59

10 [Ir(cod)Cl]2 BINAP 60

11 [Ir(cod)Cl]2 DPPF 59

12 [Ir(cod)Cl]2 DPPE 71

13 [Ir(cod)Cl]2 DPPP 63

14 [Ir(cod)Cl]2 DPPB 44

15d [Ir(cod)Cl]2 DPPE trace

aReaction conditions: 1a (0.2 mmol), catalyst (0.005 mmol), ligand
(0.01 mmol), solvent (2 mL), refluxed for 24 h. b Isolated yield after
purification by flash-column chromatography. cProduct 7awas obtained
in 26% yield. dTrifluoroethanol was used as the solvent.

Table 3. Ir-Catalyzed CDC Reaction of Substrates 1a�1ja

aReaction conditions: 1a�1j (0.2 mmol), catalyst (0.005 mmol),
ligand (0.01 mmol), acetic acid (2 mL), refluxed for 24 h. b Isolated yield
after column chromatography. cDPPP was used in this case. DPPE
provided lower yield (64%).
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In this case, the competitive CDCwas avoided, and thus a
better yield could be achieved.
GC-TCD analysis of the gas components in the [Ir(cod)-

Cl]2/DPPE catalyzed CDC of 1a confirmed the existence
of hydrogen gas. The fact suggests an acceptorless dehydro-
genative process. On the other hand, the intermolecular CDC
of N-phenyl-tetrahydroisoquinoline and acetophenone or
acetone did not occur with the [Ir(cod)Cl]2/DPPE catalyst.
When the reaction of 1a was stopped at 2, 4, and 8 h

respectively, the analysis of the reaction mixture indicated
the existence of partially dehydrogenated intermediate 8a.
The further transformation of 8a to 4a was observed after
an extended reaction period (Scheme 2). The result demon-
strates that 8a is the primary product of the reaction and it
is further dehydrogenated to give 4a.
The tentative reaction pathway to product 4a is outlined

in Scheme 3. The carbonyl group works as a directing
group for the oxidative insertion of Ir(I) into the C�H
bond.11 The protonation of intermediateAwith acetic acid
releases one molecule of hydrogen and generates inter-
mediateB. After elimination of onemolecule of acetic acid,
iridium enolate C is formed. The subsequent intramolecu-
lar addition of iridium enolate to an iminium cation gives
product 8a. Then Ir-catalyzed abstraction of a hydride
generates intermediate D, which eliminates a second mo-
lecule of hydrogen to provide product 4a. On the other
hand, the nucleophilicC1of intermediateA can also attack

the carbonyl group. The resulting intermediate E under-
goes a reductive elimination to give intermediate F, which
is readily dehydrated in acetic acid solvent to give product
7a. Nitrogen and phosphine ligands can exert a strong
effect on the selectivity for the two pathways.12

In conclusion, we have developed an intramolecular
CDC reaction of tertiary amines and ketones. The
construction of CdC double bonds was achieved with
Ir-catalysts in the absence of oxidants or hydrogen
acceptors. A number of tetrahydroisoquinoline derivatives
were prepared in good yields. A unique cross dehydrative
coupling reactionwas also achieved to provide biologically
important indolo[2,1-R]isoquinolines.Thediversifiedreaction
pathways could be realized via the change of the reaction
solvent, ligands, and iridium complexes. The reactions are
suggested to occur via a common Ir-mediated C�H activa-
tion step. The activation mechanism is potentially applicable
for direct functionalization of various tertiary amines.
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Table 4. Ir-Catalyzed Dehydrative Couplinga

yield (%)b

entry R1 R2 R3 7 4

1 Me H H 7a, 26 4a, 39

2 Me 3-OMe H 7b, 8 4b, 43

3 Et H Me 7g, 12 4g, 27

4 Me 2-CF3 H 7k, 20 4k, 50

5 Ph H � 7l, 50 �
aReaction conditions: Substrate (0.2mmol), catalyst (0.005mmol), acetic

acid (2mL), refluxed for 24 h. b Isolated yield after column chromatography.

Scheme 2. Variation of Reaction Components with Time

Scheme 3. Tentative Reaction Pathways to Products 4a and 7a
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