
Subscriber access provided by American Chemical Society

Accounts of Chemical Research is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036

Article

Cross-Dehydrogenative Coupling (CDC): Exploring C#C
Bond Formations beyond Functional Group Transformations

Chao-Jun Li
Acc. Chem. Res., 2009, 42 (2), 335-344• DOI: 10.1021/ar800164n • Publication Date (Web): 16 December 2008

Downloaded from http://pubs.acs.org on March 2, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ar800164n


Cross-Dehydrogenative Coupling (CDC):
Exploring C-C Bond Formations beyond

Functional Group Transformations
CHAO-JUN LI*

Department of Chemistry, McGill University, 801 Sherbrooke Street West,
Montreal, Quebec H3A 2K6, Canada

RECEIVED ON JULY 21, 2008

C O N S P E C T U S

Synthetic chemists aspire both to develop novel chemical reactions and to
improve reaction conditions to maximize resource efficiency, energy effi-

ciency, product selectivity, operational simplicity, and environmental health and
safety. Carbon-carbon bond formation is a central part of many chemical syn-
theses, and innovations in these types of reactions will profoundly improve
overall synthetic efficiency.

This Account describes our work over the past several years to form carbon-carbon bonds directly from two different
C-H bonds under oxidative conditions, cross-dehydrogenative coupling (CDC). We have focused most of our efforts on
carbon-carbon bonds formed via the functionalization of sp3 C-H bonds with other C-H bonds. In the presence of sim-
ple and cheap catalysts such as copper and iron salts and oxidants such as hydrogen peroxide, dioxygen, tert-butylhydro-
peroxide, and 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), we can directly functionalize various sp3 C-H bonds by other
C-H bonds without requiring preactivation. We demonstrate (1) reaction of R-C-H bonds of nitrogen in amines, (2) reac-
tion of R-C-H bonds of oxygen in ethers, (3) reaction of allylic and benzylic C-H bonds, and (4) reaction of alkane C-H
bonds. These CDC reactions can tolerate a variety of functional groups, and some can occur under aqueous conditions.
Depending on the specific transformation, we propose the in situ generation of different intermediates.

These methods provide an alternative to the separate steps of prefunctionalization and defunctionalization that have tra-
ditionally been part of synthetic design. As a result, these methods will increase synthetic efficiencies at the most funda-
mental level. On an intellectual level, the development of C-C bond formations based on the reaction of only C-H bonds
(possibly in water) challenges us to rethink some of the most fundamental concepts and theories regarding chemical reac-
tivities. A successful reaction requires the conventionally and theoretically less reactive C-H bonds to react selectively in
the presence of a variety of functional groups. With further investigation, we expect that C-C bond formations based on
cross-dehydrogenative coupling will have a positive economic and ecological impact on the next generation of chemical
syntheses.

Introduction
The development of methods for forming C-C

bonds plays a central role in synthesis design.1

Historically, nucleophilic additions, substitutions,

and Friedel-Crafts-type reactions are the central

methods of connecting two simpler molecules to

generate a more complex one via the formation

of a C-C bond in acyclic structures. The develop-

ment of pericyclic reactions2 and transition metal

catalyzed reactions increased the efficiency of

C-C bond formations in modern organic chemis-

try and greatly extended their scope.3 However,

since state-of-the-art C-C bond formation reac-

tions must use prefunctionalized starting materi-

als, transition metal catalyzed C-H bond

activation and subsequent C-C bond formations

have attracted much interest in recent years.4

These reactions still require a functionalized part-

ner to generate the desired C-C bond formation

product. In the last several years, our laboratory

has been exploring the possibility of constructing

functional molecules by only using C-H bonds
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under oxidative conditions (via in situ generation of various

reactive intermediates), a method that we termed cross-dehy-

drogenative coupling (CDC; Scheme 1). Such a coupling would

eliminate the preparation of functional groups and thus make

synthetic schemes shorter and more efficient, highly desir-

able features for the next generation of C-C bond formations.

Notable progress has also recently been made by several

other laboratories in arene-arene coupling via the oxidative

reaction of sp2 C-H/sp2 C-H bonds.5 The present Account

describes the development of cross-dehydrogentative cou-

plings and focuses on the functionalization of sp3 C-H bonds

with other C-H bonds, mostly from our own laboratory.

Background
Developing green chemistry6 for chemical syntheses has been

a long-term objective of our laboratory. We have explored var-

ious unconventional chemical reactivities that can potentially

simplify synthesis, decrease overall waste, and maximize

resource utilization. We planned our research in three pro-

gressive stages: (1) developing Grignard-type reactions in

aqueous media to simplify protection-deprotection steps,7 (2)

developing nucleophilic addition reactions by using C-H

bonds as surrogates for organometallic reagents to simplify

halogenation-dehalogenation steps and avoid the utilization

of a stoichiometric amount of metal for such reactions (pos-

sible in water),8 and (3) developing direct C-H and C-H cou-

pling to explore the possibility of chemical transformations

beyond functionalization and defunctionalization in synthe-

ses. The significant progress made in the first two stages led

us to explore the third, most challenging objective several

years ago.

CDC Reaction Involving r-C-H Bonds of
Nitrogen in Amines
Alkynylation (sp3-sp Coupling). As our starting point, we

chose the formation of C-C bonds from alkynyl sp C-H

bonds and R-sp3 C-H bonds of nitrogen in amines to gener-

ate propargylic amines. We decided on this reaction for three

reasons: (1) propargylic amines are of great pharmaceutical

interest and are synthetic intermediates for various nitrogen

compounds;9 (2) the sp3 C-H bond R to nitrogen in amines

can be readily activated to generate iminium ions via single-

electron-transfer (SET) processes or by transition metals as

described by Leonard10 and Murahashi;11 and (3) we12 and

others13 have described the aldehyde-alkyne-amine cou-

pling (A3) reactions to afford propargyl amines catalyzed by

various transition metals via the formation of the same inter-

mediate (Scheme 2). We reasoned that the catalytic alkyny-

lation of the sp3 C-H R to nitrogen with a terminal alkyne

should thus occur readily under oxidative conditions.

We used N,N-dimethylaniline and phenylacetylene as the

starting materials for our initial test. Several oxidants, includ-

ing O2, H2O2, and some peroxides, were evaluated as the

hydrogen acceptor/remover. Transition metal catalysts are also

important in achieving this cross-coupling reaction for two

main reasons: they usually efficiently promote cross-coupling

reactions, and they are an expected oxidant activator. We

found that the desired product was obtained in good yield

with the combination of a copper catalyst and tert-butyl hydro-

peroxide (TBHP). Thus, various copper salts were examined as

catalysts for the alkynylation of N,N-dimethylaniline. CuBr,

CuBr2, CuCl, and CuCl2 were all proven to be highly effective.

No reaction was observed in the absence of a copper cata-

lyst or tert-butyl hydroperoxide. The best yield was obtained

when the ratio of N,N-dimethylaniline to alkynes to tert-butyl

hydroperoxide was 2:1:1. Nearly 1 equiv of N,N-dimethyla-

niline remained after the reaction was completed. However, if

the amount of N,N-dimethylaniline was reduced, the yields

also decreased. Various alkynes were reacted with dimethy-

laniline derivatives to give the alkynylation products in

12-82% yields (Scheme 3).14 The nature of the alkyne has

a strong influence on the reaction yield: aromatic alkynes

often provided good yields, whereas aliphatic alkynes resulted

in lower yields. The reactions tolerated various functional

groups such as alcohol and ester.

SCHEME 1 SCHEME 2

SCHEME 3. Copper-Catalyzed Alkynylation of N,N-Dimethylanilines

Cross-Dehydrogenative Coupling (CDC) Li
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When benzyldimethylamine was reacted with phenylacety-

lene under the standard conditions, alkynylation of the methyl

group was the main product. We discovered that tetrahy-

droisoquinoline derivatives could be selectively converted into

the corresponding R-alkynylation compounds. For example,

the reaction of N-phenyltetrahydroisoquinoline with p-meth-

oxyphenylacetylene under the standard conditions gave the

alkynylation product in 74% isolated yield (Scheme 4). Inter-

estingly, the reaction of 1-phenyl-piperidine with phenylacety-

lene gave the desired direct alkynylation product in 12% yield

together with a tert-butoxyl alkynylation compound (12%)

(Scheme 5).

Most asymmetric C-C bond formations are based on dou-

ble bonds (prochiral faces) being converted into chiral carbon

centers. It would be interesting to see whether it is possible to

achieve enantioselective C-C bond formations based on the

direct reaction of prochiral CH2 groups via CDC. Tetrahydroiso-

quinoline alkaloids with a stereocenter at C-1 carbons exist

widely in nature and are compounds of extensive interest due

to their biological and pharmacological properties.15 We

decided to examine the asymmetric alkynylation of tetrahy-

droisoquinolines to generate optically active C-1 substituted

derivatives. Various copper salts together with chiral bisox-

azolines 1-4, Quinap 5, and Binap 6 as ligands16 were exam-

ined as catalysts under different conditions.

The use of pybox 1 provided the highest enantioselectivity in

the reaction. Although both Cu(I) and Cu(II) were found to be

effective catalysts, slightly higher enantioselectivities were

observed with Cu(I) catalysts. Cu(OTf) provided better enanti-

oselectivities than CuBr. Various solvents can be used, and the

highest enantioselectivity was obtained by using THF as sol-

vent. The catalytic asymmetric alkynylation also proceeded in

water and without a solvent, but both the yields and the enan-

tioselectivities were decreased. A variety of substrates were

alkynylated asymmetrically by using the combination of

Cu(I)OTf/1 as the chiral catalyst (Scheme 6).17 Aromatic sub-

stituted alkynes provided both good yields and enantiomeric

excesses; aliphatic substituted alkynes gave lower enantiose-

lectivity. While no effect was observed with a 4-methoxy

group (R1) on the phenyl ring, the presence of an ortho-meth-

oxy substitutent improved the enantiomeric excess up to

74%. The enhanced enantioselectivity is likely due to either

the coordination of the oxygen in the ortho-methoxy substitu-

ent to copper or the steric effect of the ortho-substituent on the

aryl ring.

With recent advances in proteomics, there has been a great

deal of interest in the properties and functions of both natu-

ral and non-natural (synthetic) amino acids.18 General meth-

ods of synthesizing non-natural R-amino acids or rapidly

modifying natural amino acids are highly desirable. The direct

R-functionalization of natural peptides takes advantage of

existing structures and can potentially provide rapid access to

diverse new peptides. We found that various PMP glycine

amides could be directly alkynylated with phenylacetylene

readily at room temperature via the CDC reaction (Scheme

7).19 No reaction was observed with the corresponding gly-

cine ester. This methodology provides a versatile method of

synthesizing homophenylalanine derivatives, an important

synthon in many important angiotensin-converting enzyme

SCHEME 4. Alkynylation of Tetrahydroisoquinoline Derivatives

SCHEME 5. Alkynylation of Piperidine Derivatives

SCHEME 6. Asymmetric Alkynylation of Tetrahydroisoquinolines
with Terminal Alkynes

Cross-Dehydrogenative Coupling (CDC) Li
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inhibitors, via the hydrogenation of the alkyne and removal

of PMP (Scheme 8).20

As a model for direct and site-selective peptide functional-

izations, we tested this methodology on a simple dipeptide

(Scheme 9). The coupling reaction proceeded at 70 °C in

dichloroethane, affording the alkynylation selectively in 63%

isolated yield at the glycine amide site without touching the

glycine ester. Its functionalization of glycine derivatives dis-

tinguished it from other methods where such site selectivity is

not possible.21

Arylation (sp3-sp2 Coupling). The proposed iminium

intermediate in the alkynylation reaction implies that other

C-H based nucleophiles besides terminal alkyne can also cou-

ple with an R-sp3 C-H bond of nitrogen in amines via CDC.

Electron-rich arenes are one such nucleophile. The reaction of

N-phenyl-tetrahydroisoquinoline with indole under the CuBr/

TBHP system produced the desired CDC reaction product in

good to excellent yields (Scheme 10).22 The reaction was not

sensitive to moisture or air. Even when the reaction was car-

ried out in water under an atmosphere of air, the desired

product was obtained in reasonable yield. The yield was

improved when the temperature was increased to 50 °C. The

reactions selectively occurred at the C3 position of the indoles,

if both the C2 and C3 positions of the indoles were unoccu-

pied. When the C3 position of the indoles was substituted, the

C2-substituted products were obtained. Indoles with electron-

withdrawing groups or electron-donating groups also worked

well under the present CDC conditions.

2-Naphthol is another electron-rich aromatic compound.

We predicted that a new type of Betti base would be formed

via the CDC reaction of tetrahydroisoquinoline with 2-naph-

thol. Indeed, the reaction of tetrahydroisoquinoline with var-

ious 2-naphthols under our CuBr/TBHP system generated the

corresponding CDC product in good yields, together with a

small amount of 2,2′-binaphthol (BINOL) formed as a byprod-

uct (Scheme 11).23 Various copper salts such as CuI, CuCl,

Cu(OTf)2, CuBr, CuBr2, and CuSO4 were all effective, with

CuBr2 providing the highest yield.

Alkylation (sp3-sp3). The success of the CDC reactions

between sp3 C-H and sp C-H, as well as between sp3 C-H

and sp2 C-H, led us to next react sp3 C-H with sp3 C-H. Our

first target was the reaction of an R-sp3 C-H bond of nitro-

gen in amines with nitroalkanes, which provided aza-Henry-

SCHEME 7. Direct Alkynylation of Glycine Amides via CDC Reaction

SCHEME 8. Synthesis of Homophenylalanine Derivative via CDC

SCHEME 9. Site-Specific Alkynylation of a Dipeptide

SCHEME 10. CDC Reactions of Various Indoles with
Tetrahydroisoquinolines

Cross-Dehydrogenative Coupling (CDC) Li
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type reaction products. The reaction of 1,2,3,4-

tetrahydroisoquinoline with nitromethane, in which

nitromethane was used as solvent, was examined with vari-

ous copper catalysts such as CuCl, CuBr, CuI, Cu(OTf), CuCl2,

CuBr2, Cu(OTf)2, and Cu(OAc)2 · H2O under an ambient tem-

perature. The desired product was obtained in all cases, and

once again CuBr was found to be the most effective catalyst.

The desired product was obtained with over 90% NMR yield

even when the amount of CuBr was reduced to 2 mol %.

Under the optimized conditions, various �-nitroamine deriva-

tives were generated by this new methodology (Scheme 12).

The use of nitroethane instead of nitromethane gave the

desired compounds with good isolated yields (the ratios of two

diastereoisomers are 1.5-2:1). In the case of N,N-dimethyla-

niline, a low yield was obtained due to the formation of a

demethylated compound and other unidentified byproduct.

Other cyclic amines such as 1-phenyl-pyrrolidine also gener-

ated the desired product in good yield (Scheme 13). In this

case, a small amount (4%) of the bis-CDC product was also

formed along with the mono-CDC product.

Dialkyl malonates are another type of important synthon

with relatively reactive sp3 C-H bonds, and can thus be exam-

ined similarly. The reaction of tetrahydroisoquinolines with

various dialkyl malonates in the presence of 5 mol % CuBr

and TBHP at room temperature gave the CDC products, �-di-

ester amine derivatives, in high yields (Scheme 14). The

desired product was obtained in 72% isolated yield even with

only 0.5 mol % CuBr. The use of malononitrile as the pronu-

cleophile generated �-dicyano tetrahydroisoquinolines under

the standard reaction conditions. The use of Meldrum’s acid

as the pronucleophile made the CDC reaction of the free (NH)

1,2,3,4-tetrahydroisoquinoline possible. Recently, Sodeoka

and co-workers reported the CDC reaction of malonate with

N-Boc-protected tetrahydroisoquinoline asymmetrically by

using a chiral palladium catalyst together with DDQ as the

dehydrogenating reagent. The reaction generated the desired

product in 86% ee.24

Peroxide is potentially hazardous in large-scale reactions.

Replacing peroxides with molecular oxygen (and using water

as a solvent) offers a safer and more atom-economical pro-

cess. Interestingly, when water is used as the reaction solvent,

molecular dioxygen can efficiently serve as the hydrogen

acceptor. Both the nitroalkane reaction and the malonate reac-

tion gave the corresponding CDC products via the reaction of

two sp3 C-H bonds catalyzed by copper bromide under an

oxygen atmosphere in water (Scheme 15).25 It is important to

note that the CDC reaction also proceeded efficiently in air

and water without the need for oxygen gas, albeit with a

reduced reaction rate. After 24 h, 85% of the desired prod-

uct was obtained with a 99% conversion of the starting

material.

Besides arenes, the CDC reaction between R-sp3 C-H

bonds of nitrogen in tetrahydroisoquinolines and sp2 C-H

bonds was also investigated with electron-deficient alkenes,

SCHEME 11. CDC Reaction of Tetrahydroisoquinoline with 2-
Naphthol Derivatives

SCHEME 12. CDC Reaction of Tertiary Amines with Nitroalkanes

SCHEME 13. Reaction of 1-Phenyl-pyrrolidine with Nitromethane

SCHEME 14. CDC Reaction of Tertiary Amines with Malonates

SCHEME 15. CDC Reaction of Tertiary Amines with Oxygen in
Water

Cross-Dehydrogenative Coupling (CDC) Li
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generating the Morita-Baylis-Hillman (MBH) reaction prod-

uct. DABCO was found to be an effective catalyst in this reac-

tion. Moderate yields were obtained with 5 mol % CuBr and

10 mol % DABCO at 50 °C (Scheme 16). Triphenylphosphine

was found to be nearly ineffective due to the generation of

triphenylphosphine oxide during the reaction.

CDC Reaction of r-C-H Bonds of Oxygen
in Ethers (sp3-sp3)
The functionalization of the R-C-H bond of oxygen in ethers

is a more challenging task than functionalizing the R-C-H

bond of nitrogen in amines due to the former’s higher oxida-

tion potential. A stronger hydrogen acceptor (oxidant) than

TBHP or oxygen would be required. It is widely stated in the

literature that 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)

can react with benzyl ether to generate oxonium ions. With a

combination of indium and copper as catalysts in the pres-

ence of DDQ, CDC reaction of an sp3 C-H bond adjacent to

an oxygen atom with an sp3 C-H bond in pronucleophiles

proceeds efficiently (Scheme 17).26 The role of InCl3 is most

likely activating DDQ to further increase its oxidative poten-

tial, while the role of the Cu catalyst may be to activate the

malonates (or to activate both). The CDC reaction provides a

simple and efficient catalytic method of constructing �-diester

ethers.

Unfortunately, the In/Cu/DDQ reaction system is limited to

CDC reactions between benzyl ethers and relatively reactive

malonate. It would be more desirable if simple ketones could

be used with ethers. We found that a CDC reaction between

benzyl ethers and simple ketones mediated by 2,3-dichloro-

5,6-dicyanobenzoquinone (DDQ) without using any metal cat-

alyst is highly efficient (Scheme 18).27

A tentative mechanism for the coupling is proposed in

Scheme 19. A single-electron transfer from the benzyl ether to

DDQ generates a radical cation and a DDQ radical anion. The

radical oxygen of the DDQ radical anion then abstracts a

H-atom from the radical cation and generates a benzoxy cat-

ion, and the anionic oxygen of DDQ radical anion then

abstracts an R-hydrogen from the ketone to generate an eno-

late. Finally, the attack of the enolate on the benzoxy cation

generates the CDC product and quinone derivative.

CDC Reaction of Allylic and Benzylic C-H
Bonds
Allylic Alkylation (sp3-sp3). Palladium-catalyzed allylic alky-

lation (the Tsuji-Trost reaction; Scheme 20, route A) is an

important reaction for constructing C-C bonds.28 The meth-

odology allows for easy tuning of chemo-, regio-, and stereo-

selectivities in complex organic transformations. As a general

protocol, a carboxylate (or another leaving group) is required

at the allylic position, which is activated by a palladium cata-

lyst during the reaction with a pronucleophile. In theory, the

direct utilization of an allylic C-H bond rather than an allylic

functional group would avoid the need to synthesize the allylic

functional group and thus lead to increased synthetic effi-

ciency. In their pioneering work of directly using allylic C-H

bonds to form π-allyl palladium complexes, Trost and

co-workers reported the formation of an allylic alkylation from

an allylic sp3 C-H in two steps in the late 1970s.29 However,

because the in situ reoxidation of the reduced Pd(0) into Pd(II)

is difficult, this reaction was stoichiometric with respect to

Pd(II), serving as both the catalyst and the oxidant.

We found that by using a combination of CuBr (2.5 mol%)

and CoCl2 (10 mol%) as a catalyst, various 1,3-dicarbonyl

compounds reacted smoothly with cyclohexene by directly

using allylic sp3 C-H and methylenic sp3 C-H bonds (e.g,

Scheme 21).30

Diallylic systems are also reactive in such CDC conditions.

When cycloheptatriene was reacted with 2,4-pentadione, the

corresponding tropylacetylacetone was obtained in 41% iso-

lated yield. Interestingly, if cyclopentadiene was used, the

major product obtained was dihydrofuran derivative due to

the further transformation of the alkylation product in situ
(Scheme 22).

SCHEME 16. Aza-Baylis-Hillman-type CDC Reaction

SCHEME 17. CDC Reaction of Isochroman with Dimethyl Malonate

SCHEME 18. CDC Reaction between Benzyl Ethers and Simple
Ketones

Cross-Dehydrogenative Coupling (CDC) Li
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Benzylic Alkylation (sp3-sp3). In order to effect the CDC

reaction with benzylic C-H bonds, we chose diphenylmethane

and benzoylacetone as the standard substrates with which to

investigate suitable reaction conditions. Initially, we used the

Cu/Co system, which gave the desired CDC reaction product

in low yield. Further investigations showed that FeCl2 was a

more effective catalyst, giving the corresponding CDC prod-

ucts cleanly in good yields (Scheme 23).31 The use of tert-
butyl peroxide instead of TBHP as an oxidant further increased

the product yield. Other iron salts were less effective or inac-

tive compared with FeCl2.

CDC Reaction of Alkane C-H Bonds
Alkane Alkylation (sp3-sp3). Among all C-H bonds, CDC

reaction with simple alkanes (without any functional groups)

SCHEME 19. Proposed Mechanism for the CDC Reaction of Benzyl Ethers with Ketones Mediated by DDQ

SCHEME 20. Tsuji-Trost Reaction and Allylic CDC Reaction

SCHEME 21. Allylic Alkylation via CDC Reaction

SCHEME 22. Tandem Allylic Alkylation-Cyclization via CDC

SCHEME 23. Benzylic Alkylation via CDC

SCHEME 24. Alkane Alkylation via CDC

SCHEME 25. Tentative Mechanism for the Fe-Catalyzed Alkylation
with Simple Alkanes

Cross-Dehydrogenative Coupling (CDC) Li
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will be most challenging. The Fenton chemistry32 and the Gif

processes33 established the conversion of aliphatic C-H bonds

into C-O bonds under mild conditions by using peroxides cat-

alyzed by various iron catalysts. We rationalized that the pro-

cess might be adapted to form C-C bonds with the

interception of intermediates in such reactions. With 10 mol

% FeCl2 · 4H2O as the catalyst and t-butyl peroxide as the oxi-

dant at 100 °C for 12 h under an atmosphere of nitrogen, var-

ious activated methylene substrates were reacted with

cyclohexane, cyclopentane, cycloheptane, cyclooctane, nor-

bornane, and adamantane to give the corresponding alkane

alkylation products in good yields in most cases (Scheme

24).34 Other iron salts such as FeCl2, FeBr2, FeCl3, and

FeCl3 · 6H2O also gave good yields for this reaction. No

desired product was detected from 1H NMR when

Fe(NO)3 · 9H2O, FeSO4 · xH2O, Fe(C2O4) · 2H2O, Fe(acac)3, or

other metal salts such as CuCl · 5H2O, Cu(OAc)2, CuSO4 ·5H2O,

or CuCl2 were used as the catalyst. The mechanism was pro-

posed involving an Fe(II)-catalyzed decomposition of the per-

oxide to give an Fe-enolate and an RO• radical, which then

reacted with cyclohexane to give a cyclohexyl radical. The

cyclohexyl radical reacted with the enolate to form the alky-

lated �-keto ester and regenerated Fe(II) for further reactions

(Scheme 25).

Alkane Arylation (sp3-sp2). The success of turning the

Fenton and Gif C-O bond formation process of alkanes into

a C-C bond formation reaction by intercepting the interme-

diate is greatly encouraging in our pursuit of CDC between

alkanes with other C-H bonds, such as aryl C-H bonds.

Recently, direct functionalizations of aryl C-H to form C-C

bonds have been investigated intensively by using a variety

of transition metal catalysts such as palladium, ruthenium, and

gold. To begin our study, we discovered that the reaction of

2-phenylpyridine with dicumyl peroxide with 10 mol %

Pd(OAc)2 as the catalyst at 130 °C under an atmosphere of

nitrogen generated mono-methylation and bis-methylation

products depending on the ratio of the reactants (Scheme

26).35 Other peroxides and palladium catalysts could also be

used, although they generated lower yields of the methyla-

tion products. With benzo[h]quinoline (only one reactive site

SCHEME 26. Methylation of 2-Phenylpyridine with Dicumyl
Peroxide

SCHEME 27. Proposed Mechanism for the Palladium-Catalyzed
Methylation of Arenes with Peroxides

SCHEME 28. CDC Reaction between Phenylpyridines and Cycloalkanes

SCHEME 29. Proposed Mechanism for the Ruthenium-Catalyzed
Cycloalkylation of Arenes via CDC

Cross-Dehydrogenative Coupling (CDC) Li
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being available for the reaction) as the substrate, 76% of the

monomethylation product was obtained. Acetanilides were

also effective in this transformation, generating the methyla-

tion product in moderate yields. The mechanism of the reac-

tion was proposed to involve a palladium-catalyzed

fragmentation of the peroxide to generate a methylpalladium

species, which underwent a nitrogen-assisted aryl C-H acti-

vation followed by reductive elimination to give the final

methylation product (Scheme 27)

The success of methylation led us to investigate the alky-

lation by adding alkanes to the reaction mixture. However, the

reaction of 2-phenylpyridine with cyclooctane in the presence

of tert-butyl peroxide under the palladium-catalyzed reaction

conditions only gave a trace (<1%) amount of the desired

product. Subsequently, we found that 42-75% yield of the

corresponding CDC products were obtained between various

2-arylpyridines and various cycloalkanes by using 10 mol %

[Ru(p-cymene)Cl2]2 as the catalyst, and TBHP as the hydro-

gen acceptor at 135 °C for 16 h under an atmosphere of air

(Scheme 28).36

The proposed mechanism of the reaction involved a ruthe-

nium-catalyzed aryl C-H activation followed by an H-alkyl

exchange.37 Reductive elimination of this intermediate gen-

erated the arene-cycloalkane coupling product and regener-

ated the active ruthenium catalyst (Scheme 29). Deuterium

isotope experiments showed a large negative kinetic isotope

effect, which suggested that the ruthenium-catalyzed aryl C-H

activation is a fast equilibrium and the H-alkyl exchange is the

rate-limiting step.

Conclusion and Outlook
As an effort to develop green chemistry in the field of chem-

ical synthesis, a new concept of cross-coupling reaction, cross-

dehydrogenative coupling, was established. Various C-C

bonds were formed directly from C-H and C-H bonds under

oxidative conditions. Such reactions present the most direct

and efficient synthetic methods of C-C bond formation and

provide a foundation for the next generation of chemical syn-

theses with an eye on green chemistry.

I am indebted to my colleagues, whose names are cited in the

references, who made this research possible. We also thank the

Canada Research Chair (Tier I) foundation, the CFI, NSERC,

FQRNT, and the (US) NSF-EPA Joint Program for a Sustainable

Environment for partial support of our research.

BIOGRAPHICAL INFORMATION

Chao-Jun Li received his B.S. at Zhengzhou University (1983),
M.S. at the Chinese Academy of Sciences in Beijing (1988) and
Ph.D. at McGill University (1992, with T. H. Chan and D. N. Harpp).
After an NSERC Postdoctoral research term with B. M. Trost at
Stanford University, he became Assistant Professor (1994), Asso-
ciate Professor (1998), and Full Professor (2000-2003) at Tulane
University. In 2003, he became a Canada Research Chair (Tier I)
in Organic/Green Chemistry and a Professor of Chemistry at
McGill University in Canada. Currently, he serves as the Co-Chair
(with Bernard West) of the Canadian Green Chemistry and Engi-
neering Network. His current research efforts are focused on
developing innovative and fundamentally new organic reactions
that will defy conventional reactivities and have high synthetic
efficiency.

FOOTNOTES

*E-mail address: cj.li@mcgill.ca.

REFERENCES
1 Corey, E. J.; Cheng, X. M. The Logic of Chemical Synthesis; John Wiley & Sons:

New York, 1989; pp 1-91.
2 Fleming, I. Pericyclic Reactions; Oxford University Press: New York, 1999; pp 1-89.
3 (a) Crabtree, R. H. The Organometallic Chemistry of Transition Metals, 4th ed.; Wiley

Interscience: New York, 2005; pp 1-560. (b) McQuillin, F. J.; Parker, D. G.;
Stephenson, G. R. Transition Metal Organometallics for Organic Synthesis;
Cambridge University Press: Cambridge, U.K., 1991; pp 1-614. (c) Tsuji, J.
Transition Metal Reagents and Catalysts: Innovations in Organic Synthesis; Wiley:
Chichester, U.K., 2002; pp 1-496.

4 (a) Ritleng, V.; Sirlin, C.; Pfeffer, M. Ru-, Rh-, and Pd-Catalyzed C-C Bond
Formation Involving C-H Activation and Addition on Unsaturated Substrates:
Reactions and Mechanistic Aspects. Chem. Rev. 2002, 102, 1731–1770. (b) Dyker,
G. Transition Metal Catalyzed Coupling Reactions under C-H Activation. Angew.
Chem., Int. Ed. 1999, 38, 1698–1712. (c) Naota, T.; Takaya, H.; Murahashi, S. I.
Ruthenium-Catalyzed Reactions for Organic Synthesis. Chem. Rev. 1998, 98,
2599–2660. (d) Chatani, N.; Asaumi, T.; Yorimitsu, S.; Ikeda, T.; Kakiuchi, F.;
Murai, S. Ru3(CO)12-Catalyzed Coupling Reaction of sp3 C-H Bonds Adjacent to a
Nitrogen Atom in Alkylamines with Alkenes. J. Am. Chem. Soc. 2001, 123, 10935–
10941. (e) Goossen, L. J. Asymmetric Hydrovinylation: New Perspectives through
Use of Modular Ligand Systems. Angew. Chem., Int. Ed. 2002, 41, 3775–3778. (f)
Arndtsen, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T. H. Selective
Intermolecular Carbon-Hydrogen Bond Activation by Synthetic Metal Complexes in
Homogeneous Solution. Acc. Chem. Res. 1995, 28, 154–162. (g) Chen, H.;
Schlecht, S.; Semple, T. C.; Hartwig, J. F. Thermal, Catalytic, Regiospecific
Functionalization of Alkanes. Science 2000, 287, 1995–1997. (h) Goldman, A. S.
Ruthenium Route to Reaction. Nature 1993, 366, 514–514. (i) Ackermann, L.
Chelation-Assisted Arylation via C-H Bond Cleavage. Top. Organomet. Chem. 2007,
24, 35–60.

5 (a) Cai, G.; Fu, Y.; Li, Y.; Wan, X.; Shi, Z. Indirect ortho Functionalization of
Substituted Toluenes through ortho Olefination of N,N-Dimethylbenzylamines Tuned
by the Acidity of Reaction Conditions. J. Am. Chem. Soc. 2007, 129, 7666–7673.
(b) Stuart, D. R.; Fagnou, K. The Catalytic Cross-Coupling of Unactivated Arenes.
Science 2007, 316, 1172–1175. (c) Dwight, T. A.; Rue, N. R; Charyk, D.; Josselyn,
R.; DeBoef, B. C-C Bond Formation via Double C-H Functionalization: Aerobic
Oxidative Coupling as a Method for Synthesizing Heterocoupled Biaryls. Org. Lett.
2007, 9, 3137–3139. (d) Hull, K. L.; Sanford, M. S. Catalytic and Highly
Regioselective Cross-Coupling of Aromatic C-H Substrates. J. Am. Chem. Soc.
2007, 129, 11904–11905. (e) Xia, J.-B.; You, S.-L. Carbon-Carbon Bond
Formation through Double sp2 C-H Activations: Synthesis of Ferrocenyl Oxazoline
Derivatives. Organometallics 2007, 26, 4869–4871. (f) Zhang, H.-B.; Liu, L.; Chen,
Y.-J.; Wang, D.; Li, C.-J. On Water-Promoted Direct Coupling of Indoles with 1,4-
Benzoquinones without Catalyst. Eur. J. Org. Chem. 2006, 869–873. (g) Jia, C.;
Kitamura, T.; Fujiwara, Y. Catalytic Functionalization of Arenes and Alkanes via C-H
Bond Activation. Acc. Chem. Res. 2001, 34, 633–639.

6 Li, C.-J.; Trost, B. M. Green Chemistry for Chemical Synthesis. Proc. Natl. Acad. Sci.
U.S.A. 2008, 105, 13197–13202.

7 (a) Li, C.-J. Organic Reactions in Aqueous Media with a Focus on C-C Bond
Formations: A Decade Update. Chem. Rev. 2005, 105, 3095–3165. (b) Li, C.-J.

Cross-Dehydrogenative Coupling (CDC) Li

Vol. 42, No. 2 February 2009 335-344 ACCOUNTS OF CHEMICAL RESEARCH 343



Aqueous Barbier-Grignard Type of Reactions: Scope, Mechanism and Synthetic
Applications. Tetrahedron 1996, 52, 5643–5668. (c) Li, C.-J.; Chan, T. H. Organic
Syntheses Using Indium-Mediated and Catalyzed Reactions in Aqueous Media.
Tetrahedron 1999, 55, 11149–11176. (d) Li, C.-J.; Chan, T. H. Comprehensive
Organic Reactions in Aqueous Media; John Wiley & Sons: New York, 2007. (e) Li,
C.-J. Grignard-Type Reactions in Water. In Organic Synthesis in Water; Lindstrom,
U. M., Eds.; Blackwell Publisher: New York, 2007; pp 92-145.

8 (a) Wei, C.; Mague, J. T.; Li, C.-J. Cu(I)-Catalyzed Direct Addition and Asymmetric
Addition of Terminal Alkynes to Imines. Proc. Natl. Acad. Sci. U.S.A. 2004, 101,
5749–5754. (b) Wei, C.; Li, Z.; Li, C.-J. The Development of A3-Coupling
(Aldehyde-Alkyne-Amine) and AA3-Coupling (Asymmetric Aldehyde-Alkyne-Amine).
Synlett 2004, 1472–1483. (c) Herrerı́as, C. I.; Yao, X.; Li, Z.; Li, C.-J. C-H
Activation in Water. Chem. Rev. 2007, 106, 2546–2562.

9 Nakamura, H.; Kamakura, T.; Ishikura, M.; Biellmann, J.-F. Synthesis of Allenes via
Palladium-Catalyzed Hydrogen-Transfer Reactions: Propargylic Amines as an Allenyl
Anion Equivalent. J. Am. Chem. Soc. 2004, 126, 5958–5959.

10 Leonard, N. J.; Leubner, G. W. Reactions of Nitroparaffins with Pseudo Bases
Related to Dihydroisoquinolinium Hydroxide. J. Am. Chem. Soc. 1949, 71, 3408–
3411.

11 Murahashi, S.-I.; Komiya, N.; Terai, H. Ruthenium-Catalyzed Oxidative Cyanation of
Tertiary Amines with Hydrogen Peroxide and Sodium Cyanide. Angew. Chem., Int.
Ed. 2005, 44, 6931–6933.

12 (a) Wei, C.; Li, C.-J. Grignard-Type Reaction via C-H Activation in Water. Green
Chem. 2002, 4, 39–41. (b) Li, C.-J.; Wei, C. Highly Efficient Grignard-type Imine
Additions via C-H activation in Water and Under Solvent-Free Conditions. Chem.
Commun. 2002, 268–269. (c) Wei, C.; Li, C.-J. Enantioselective Direct Addition of
Alkynes to Imines Catalyzed by Copper(I)pybox Complex in Water and in Toluene.
J. Am. Chem. Soc. 2002, 124, 5638–563.

13 Koradin, C.; Polborn, K.; Knochel, P. Enantioselective Synthesis of Propargylamines
by Copper-Catalyzed Addition of Alkynes to Enamines. Angew. Chem., Int. Ed. 2002,
41, 2535–2538.

14 (a) Li, Z.; Li, C.-J. A Highly Efficient CuBr-Catalyzed Alkynylation of SP3 C-H Bond.
J. Am. Chem. Soc. 2004, 126, 11810–11811. (b) Li, C.-J.; Li, Z. Green Chemistry:
The Development of Cross-Dehydrogenative Coupling (CDC) for Chemical Synthesis.
Pure Appl. Chem. 2006, 78, 935–945.

15 (a) Chrzanowska, M.; Rozwadowska, M. D. Asymmetric Synthesis of Isoquinoline
Alkaloids. Chem. Rev. 2004, 104, 3341–3370. (b) Bentley, K. W. �-
Phenylethylamines and the Isoquinoline Alkaloids. Nat. Prod. Rep. 2004, 21, 395–
424.

16 McManus, H. A.; Guiry, P. J. Recent Developments in the Application of Oxazoline-
Containing Ligands in Asymmetric Catalysis. Chem. Rev. 2004, 104, 4151–4202.

17 (a) Li, Z.; Li, C.-J. Catalytic Enantioselective Alkynylation of Prochiral sp3 C-H
Bonds Adjacent to a Nitrogen Atom. Org. Lett. 2004, 6, 4997–4999. (b) Li, Z.;
MacLeod, P. D.; Li, C.-J. Studies on Cu-Catalyzed Asymmetric Alkynylation of
Tetrahydroisoquinoline Derivatives. Tetrahedron: Asymmetry 2006, 17, 590–597.

18 Twyman, R. M., Principles of Proteomics; BIOS Scientific Publishers: New York,
2004; pp 1-350.

19 Zhao, L.; Li, C.-J. New Approaches to Functionalize Glycine Derivatives via Direct
C-C Bond Formation. Angew. Chem., Int. Ed. 2008, 47, 7075–7078.

20 Wyvratt, M. J. Evolution of Angiotensin-Converting Enzyme Inhibitors. Clin. Physiol.
Biochem. 1988, 6, 217–229.

21 For reviews, see: (a) Meyers, A. I. Formamidines as Precursors to R-Amino
Carbanions and Their Application to Asymmetric C-C Bond-Forming Reactions.
Aldrichim. Acta 1985, 18, 59–68. (b) Beak, P.; Zajdel, W. J.; Reitz, D. B. Metalation
and Electrophilic Substitution of Amine Derivatives Adjacent to Nitrogen: R-Metallo
Amine Synthetic Equivalents. Chem. Rev. 1984, 84, 471–523.

22 Li, Z.; Li, C.-J. CuBr-Catalyzed Direct Indolation of Tetrahydroisoquinolines via
Cross-Dehydrogenative-Coupling between sp3 C-H and sp2 C-H Bonds. J. Am.
Chem. Soc. 2005, 127, 6968–6969.

23 Li, Z.; Bohle, D. S.; Li, C.-J. Cu-Catalyzed Cross-Dehydrogenative Coupling (CDC)
Reactions: A Versatile Strategy for C-C Bond Formation via Oxidative Activation sp3

C-H Bonds Adjacent to a Nitrogen Atom. Proc. Natl. Acad. Sci. U.S.A. 2006, 103,
8928–8933.

24 Sasamoto, N.; Dubs, C.; Hamashima, Y.; Sodeoka, M. Pd(II)-Catalyzed Asymmetric
Addition of Malonates to Dihydroisoquinolines. J. Am. Chem. Soc. 2006, 128,
14010–14011.

25 Basle, O.; Li, C.-J. Copper-Catalyzed Oxidative Alkylation of sp3 C-H Bond Adjacent
to a Nitrogen Atom Using Molecular Oxygen in Water. Green Chem. 2007, 9, 1047–
1050.

26 Zhang, Y.; Li, C.-J. Highly Efficient Cross-Dehydrogenative-Coupling between Ethers
and Active Methylene Compounds. Angew. Chem., Int. Ed. 2006, 45, 1949–1952.

27 Zhang, Y.; Li, C.-J. DDQ-Mediated Direct Cross-Dehydrogenative-Coupling (CDC)
between Benzyl Ethers and Simple Ketones. J. Am. Chem. Soc. 2006, 128, 4242–
4243.

28 For a recent reference, see: Trost, B. M.; Crawley, M. L. Asymmetric Transition-
Metal-Catalyzed Allylic Alkylations: Applications in Total Synthesis. Chem. Rev.
2003, 103, 2921–2944.

29 Trost, B. M.; Strege, P. E.; Weber, L.; Fullerton, T. J.; Dietsche, T. J. Allylic
Alkylation: Preparation of -Allylpalladium Complexes from Olefins. J. Am. Chem.
Soc. 1978, 100, 3407–3415.

30 Li, Z.; Li, C.-J. Catalytic Allylic Alkylation via the Cross-Dehydrogenative-Coupling
Reaction between Allylic sp3 C-H and Methylenic sp3 C-H Bonds. J. Am. Chem. Soc.
2006, 128, 56–57.

31 Li, Z.; Cao, L.; Li, C.-J. FeCl2-Catalyzed Selective C-C Bond Formation by Oxidative
Activation of a Benzylic C-H Bond. Angew. Chem., Int. Ed. 2007, 46, 6505–6507.

32 (a) Sawyer, D. T.; Sobkowiak, A.; Matsushita, T. Metal [MLx; M ) Fe, Cu, Co, Mn]/
Hydroperoxide-Induced Activation of Dioxygen for the Oxygenation of Hydrocarbons:
Oxygenated Fenton Chemistry. Acc. Chem. Res. 1996, 29, 409–416. (b) Walling, C.
Intermediates in the Reactions of Fenton Type Reagents. Acc. Chem. Res. 1998,
31, 155–157.

33 Barton, D. H. R.; Doller, D. The Selective Functionalisation of Saturated
Hydrocarbons: Gif and All That. Pure Appl. Chem. 1991, 63, 1567–1576.

34 Zhang, Y.; Li, C.-J. Highly Efficient Alkylation of Activated Methylene by
Cycloalkanes. Eur. J. Org. Chem. 2007, 4654–4657.

35 Zhang, Y.; Feng, J.; Li, C.-J. Palladium-Catalyzed Methylation of Aryl C-H Bond by
Using Peroxides. J. Am. Chem. Soc. 2008, 130, 2900–2901.

36 Deng, G.; Zhao, L.; Li, C.-J. Ruthenium-Catalyzed Oxidative Cross-Coupling of
Arenes and Cycloalkanes. Angew. Chem., Int. Ed. 2008, 47, 6278–6280.

37 Chatani, N.; Ie, Y.; Kakiuchi, F.; Murai, S. Ru3(CO)12-Catalyzed Reaction of
Pyridylbenzenes with Carbon Monoxide and Olefins. Carbonylation at R C-H Bond
in the Benzene Ring. J. Org. Chem. 1997, 62, 2604–2610.

Cross-Dehydrogenative Coupling (CDC) Li

344 ACCOUNTS OF CHEMICAL RESEARCH 335-344 February 2009 Vol. 42, No. 2


