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Substituted carbazoles, indoles, and dibenzofurans are readily prepared in moderate to excellent yields
by the palladium-catalyzed cross-coupling of alkynes and appropriately substituted aryl iodides. This
process proceeds by carbopalladation of the alkyne, heteroatom-directed vinylic to aryl palladium migration,
and ring closure via intramolecular arylation or a Mizorekieck reaction. Results from the deuterium
labeling experiments are consistent with the proposed mechanism.

Introduction vinylic to aryl to allylic® palladium migration processes have
. o ) . been reported. These novel palladium migration processes are
The palladium-catalyzed activation of unfunctionalizedt not only mechanistically important but also synthetically useful

bonds is considered a highly atom-efficient and environmentally pecause they afford an alternative way to introduce a palladium
friendly strategy for organic synthesi®ecently, a number of moiety into an organic molecule.

palladium migration examples involving intramolecularB  Recently, we reported a nitrogen-directed vinylic to aryl
activation have been disclosed by our group and others. This pajiadium migration, which provides an efficient way to prepare
through-space shift of palladium appears to be fairly general pig|ogically interesting carbazoles as shown in Scherde®1.
and can take place between a wide variety of carbon atoms.Thjs process proceeds by carbopalladation of the internal alkyne,
Specifically, vinylic to aryF aryl to aryl? alkyl to aryl* and and then the palladium moiety migrates from the vinylic position
to the aryl position through an intramolecular-8 activation

(1) (a) Ritleng, V.; Sirlin, C.; Pfeffer, MChem. Re. 2002 102 1731.

(b) Li, C.-J. Acc. Chem. Res2002 35, 533. (c) Negishi, EHandb. (5) Zhao, J.; Campo, M. A.; Larock, R. @ngew. Chem., Int. EQ005
Organopalladium Chem. Org. Synt2002 2, 2905. (d) Jia, C.; Kitamura, 44, 1873.
T.; Fujiwara, Y.Acc. Chem. Re2001 34, 633. (e) Jia, C.; Piao, D, (6) For a recent review, see: (a) Knolker, H.-J.; Kethiri, R.Ghem.
Oyamada, J.; Lu, W.; Kitamura, T.; Fujiwara, Science200Q 287, 1992. Rev. 2002 102, 4303 and references therein. (b) Ito, C.; Ito, M.; Sato, A,;

(2) (a) Larock, R. C.; Tian, QJ. Org. Chem?2001, 66, 7372. (b) Bour, Hasan, C. M.; Rashid, M. A.; Tokuda, H.; Mukainaka, T.; Nishino, H.;
C.; Suffert, JOrg. Lett 2005 7, 653. (c) Zhao, J.; Larock, R. Qrg. Lett. Furukawa, H.J. Nat. Prod.2004 67, 1488. (c) Duval, E.; Cuny, G. D.
2005 7, 701. (d) Mota, A. J.; Dedieu, A.; Bour, C.; SuffertdJJAm. Chem. Tetrahedron Lett2004 45, 5411. (d) Knolker, H.-J.; Braier, A.; Broicher,
Soc 2005 127, 7171. D. J.; Cammerer, S.; Frohner, W.; Gonser, P.; Hermann, H.; Herzberg, D.;

(3) () Karig, G.; Moon, M. T.; Thasana, N.; Gallagher,Qrg. Lett Reddy, K.; Rohde, GRure Appl. Chem2001, 73, 1075. (e) Moody, C. J.
2002 4, 3115. (b) Campo, M. A.; Larock, R. @. Am. Chem. So2002 Synlett1994 681. (f) Hegedus, L. SAngew. Chem., Int. Ed. Engl988
124,14326. (c) Campo, M. A,; Huang, Q.; Yao, T.; Tian, Q.; Larock, R. 27, 1113. (g) O’Connor, J. M.; Stallman, B. J.; Clark, W. G.; Shu, A. Y.
C.J. Am. Chem. So@003 125 11506. L.; Spada, R. E.; Stevenson, T. M.; Dieck, H. A.Org. Chem1983 48,

(4) Huang, Q.; Fazio, A.; Dai, G.; Campo, M. A.; Larock, R.Am. 807. (h) Larock, R. C.; Berrios-PanN.; Narayanan, KJ. Org. Chem
Chem. Soc2004 126, 7460. 199Q 55, 3447.
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SCHEME 1. Synthesis of Substituted Carbazoles via Vinylic TABLE 1. Optimization of the Carbazole Synthesis

to Aryl Palladium Migration Ph Et

R | B Et._~ Ph._~

I R R cat. Pd(0)

+ | | [e—— + Z

cat. Pd(0) ﬂ
/@ + || [ —— O O a Ph g
N
H R N 1a 1b

H

l T % vield
R R entry R base ligand additive time (h) (la:lb)?
R py R 1 H 2NaOAc 10%PPh 24 trace
Pl 2 H 2NaCO; 10% PPh 24 0
- . 3 H 2NEg 10% PPh 24 0
/@ /© 4 H 2NaOAc 10%PPh 1TBAC 24 20 (10:1)
N H 5 H 2CsPiv  10% PPh 12 60 (10:1)
H 6 H 2CsPiv 5% dppm 6 73(10:1)
7 H  2CsPiv 5% dppm 1TBAC 6 P110:1)
process. The arylpalladium intermediate generated subsequently 8  Me 2CsPiv 5% dppm 12 trace
undergoes intramolecular arylation to afford the carbazole 9 Ph 2CsPiv. 5% dppm 12 0

products. Herein, we wish to report a complete account on this  a a| reactions were conducted on a 0.25 mmol scale at“IDin 4 mL
nitrogen-directed palladium migration, an extension of this of DMF, and the ratio of aryl iodide to alkyne was 1:1 (sealed vial, under
methodology to the synthesis of biologically interesting diben- A" Ths ratio Oflﬁ to eéb’ aS_dEjtefmmEd byH NMR spectroscopy, is
zofurans’ and the synthesis of indofei which the arylpal- ~ €Ported in parenthesesGC yield.

ladium intermediate is trapped by an intramolecular Mizoroki - .
Heck reaction. Furthermore, substrates labeled with deuteriummOI % of Pd(OAG), 5 mol % of bis(diphenylphosphino)methane

have also been prepared and employed in this process to exploré‘éppm)’ and 2 equiv of CsTCMe; (CsPiv) in DMF at 100
the mechanistic details of this rearrangement. :

2. Synthesis of Carbazoles by Nitrogen-Directed Vinylic
to Aryl Palladium Migration. We next examined the reaction
using various internal alkynes to determine the scope and
limitations of this process. The results are shown in Table 2.
Theoretically, when 4,4-dimethyl-2-pentyne was allowed to react
with N-phenyl-3-iodoaniline, the previously reported consecutive
vinylic to aryl to allylic palladium migration could also occur,
and ar-allylpalladium complexX would be generated as shown
in Scheme 2.However, as determined by GC-MS analysis, only
the expected carbazole product was found, and a 44% yield of
one regioisomer2a was isolated (Table 2, entry 2). When
4-octyne was employed as the starting material, the reaction
was very messy, and only a 35% vyield of the carbadoteas
NCI (TBAC) was added to the NaOAc reaction, a 20% yield obtained (entry 3). In this system, the vinylpalladium intermedi-
of a 10:1 ratio of isomeric carbazolds and1b was obtained  ate generated from carbopalladation may und@rgbelimina-
(entry 4). We next conducted the model reaction in the presencetion to afford an allene, which may account for the low yield

Results and Discussion

1. Optimization of Reaction Conditions.In our initial work
on this carbazole synthesis, we trealéghenyl-3-iodoaniline
and 1 equiv of 1-phenyl-1-butyne with 5 mol % of Pd(OAc)
10 mol % of PPk and 2 equiv of NaOAc iN,N-dimethyl-
formamide (DMF) at 100°C for 24 h (Table 1, entry 1).
Unfortunately, only a trace amount of the desired carbazole
productlawas observed by GC-MS analysis. This reaction was
subsequently carried out using both an inorganic bas€®a
(entry 2) and an organic base NEéntry 3), but none of the
desired carbazole product was observed. When 1 equiBoif-

of 2 equiv of CsQCCMe; (CsPiv) because of its superior
solubility in DMF. To our delight, a 60% yield of the desired
products was obtained (entry 5). By simply replacing £With

of carbazole in this reaction. To avoid loss of the volatile alkyne
(the boiling point of 4,4-dimethylpentyne is only 7C) or
possibles-H elimination, 2,2-dimethyl-3-octyne was prepared

a bidentate ligand bis(diphenylphosphino)methane (dppm), we and allowed to react with our diarylamine. However, only a
isolated a 73% yield of the two regioisomers by flash chroma- 48% yield of the desired produeta was isolated (entry 4).
tography (entry 6). We then repeated the same reaction in thel-Phenyl-1-propyne afforded a 65% yield of two regioisomers
presence of 1 equiv of TBAC, but it appears that the presence5a and 5b in a 12:1 ratio (entry 5). In the case of dipheny-
of a chloride source is unnecessary for this transformation (entry lacetylene, the arylpalladium intermediate formed by vinylic to
7). The lack of a substituent on the aniline nitrogen is also crucial arylpalladium migration might be expected to undergo direct
because the corresponding amines with Me and Ph substituentgrylation of one of the phenyl groups of the diphenylacetylene,
produced none of the anticipated carbazoles (entries 8 and 9)affording phenylamino-substituted benzylidenefluoreliesr

In conclusion, the “optimal” reaction conditions for this Il (Scheme 2§.Surprisingly, a 69% yield of a single isomer
nitrogen-directed vinylic to aryl palladium migration utilize 5 6 was isolated from this reaction (entry 6), and no benzylidene-
fluorene products were observed. We have also examined the
reaction of this aniline with a couple of other aryl acetylenes
bearing diverse functionalities on the arene. When 1-(4-
nitrophenyl)-1-butyne was employed in our carbazole synthesis,
a very messy reaction was observed and none of the desired
product was evident by GC-MS analysis (entry 7). However,
when a moderate electron-withdrawing ester group0vas
present on the phenyl ring of the alkyne, a 71% yield of a single
regioisomer7awas isolated by flash chromatography (entry 8).

(7) (a) Kikumoto, R.; Tamao, Y.; Ohkubo, K.; Tezuka, T.; Tonomura,
S.; Okamoto, S.; Hijikata, AJ. Med. Chem198Q 23, 1293. (b) Robertson,
D. W.; Lacefield, W. B.; Bloomquist, W.; Pfeifer, W.; Simon, R. L.; Cohen,
M. L. J. Med. Chem1992 35, 310. (c) Oliveira, A. A. G.; Raposo, M. M;
Oliveira-Campos, A. F.; Griffiths, J.; Machado, A. Helv. Chim. Acta
2003 86, 2900. (d) Crich, D.; Grant, DJ. Org. Chem2005 70, 2384.

(8) For recent reviews, see: (a) NussbaumARgew. Chem., Int. Ed.
2003 42, 3068. (b) Battistuzzi, G.; Cacchi, S.; Fabrizi, Bur. J. Org.
Chem.2002 16, 2671. (c) Black, D. S. CSynlett1993 610. (d) Saxton, J.
E. Nat. Prod. Rep1994 11, 493.
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TABLE 2. Synthesis of Substituted Carbazoles

entry aryl iodide alkyne time (h) product(s) % yield (a:b)’
Ph Et
, Ete Pho_~
1 @\ © Et—=—Ph 6 O O z 73 (10:1)
N N
la 1b
t-Bu
Me _~
2 Me—=—t-Bu 6 O O 44
N 2a
n-Pr
n-Pr =
3 n-Pr—=—=—n-Pr 6 O O 35C
N T3
t-Bu
n-Bu_~
4 n-Bu——=—tBu 6 O O 43
N 4a
Ph Me
Me._~ Pho_~
5 Me—=—Ph 6 O + 65 (12:1)
N
H
Sa 5b
Ph
Ph_~
6 Ph—==—ph 6 O O 69
N 6
; = O 12 - 0
CeH4COLEt-p
Etu~
8 Et%@—COzEI 6 O O 71
N 7a
CgH4OMe-0 Et
Etw~ 0-MeOCgHg =
9 = g > 6 O O ' 68 (10:1)
MeO N
H
8a 8b
10 MeO,C—==—ph 24 - 0
Ph
| Ph.~
Me
11 @\ /©/ Ph—==—pPh 6 Me 61
. AL
H 9
Ph
I Ph._~
OMe
e el -
! QL
H 10
Ph
Et
| B Pho_~
13 @ /@ Er—— 6 O O . 77 (10:1)
N N
H o ome Ho Ome
11a 11b
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Table 2 (Continued)
entry aryl iodide alkyne time (h) product(s) % yield (a:b)’

|
CO,Me
14 1y pr——=—pn 6 O O costte 7
N
H

| Et.~
15 @\HQC' f— pn 6 C' ﬁﬁi 65 (10:1)

13a
Etw~ i
16 tI:L f—pn 6 ﬁg;ﬁ 64 (10:1)
y g
14a 14b

Ph
| Ph ~
N R < = :
“ A
H
§ 15

a All reactions were conducted on a 0.25 mmol scale at XDQ0using 5 mol % of Pd(OAg) 5 mol % of bis(diphenylphosphino)methane (dppm), and
2 equiv of CsQCCMe; (CsPiv) in DMF (4 mL), and the ratio of aryl iodide to alkyne was 1:1 (sealed vial, undeAbe ratio ofa to b, as determined
by 'H NMR spectroscopy, is reported in parenthe$é&he isolated products contain impurities, which cannot be separated by flash chromatography, thus
the yield has been determined by GC analysis.

SCHEME 2. Other Possible Palladium Migration Reactions

F’h
(S \ — \
t-Bu Ph
PRHN  PdX

PhHN | tBu PhHN  PdX : NHEh T
PdX  Me ' Me | PdX  Ph Ph
E— + — -
ol . I )
NHPh Ph PhHN XPd

NHPh t-Bu PhHN XPd

PdX
O- Ph
PhHN

PhHN

PhHN | Bu PhHN Ph

-—

Presumably, the improved regioselectivity is due to the fact that We have also examined the reaction of a number of anilines
the electron-withdrawing group tends to stabilize the vinylpal- bearing functionality on the aromatic ring undergoing substitu-
ladium intermediate generateand thus enhances the regiose- tion by the arylpalladium intermediate generated by the vinylic
lectivity of carbopalladation. We can only surmise that the g ary| palladium migration (see the later mechanistic discus-
presence of the N£group stabilizes the resulting vinylpalladium sion). The reaction oN-(4-methylphenyl)-3-iodoaniline and
intermediate so much that it no longer undergoes palladium diphenylacetylene afforded a 61% yield of carbaz@lkentry

migration and side reactions ensue, consuming all starting . .

. - 11). A more electron-rich substrate bearing a methoxy group
materials. An analogous alkyne bearingoatihho-methoxy group ftorded a 75% vield of a sinl bazol 406
on the arene afforded a 68% yield of the anticipated 10:1 mixture aforded a 0 yield or a single carbazole _pro F(e“”y
of carbazolesa and8b, respectively (entry 9). When methyl ~ 12)- The reaction oN-(2-methoxyphenyl)-3-iodoaniline and
phenylpropynoate was employed in this process, after a 24 h1-phenyl-1-butyne was also studied (entry 13). Statistically, the

reaction, none of the desired carbazole product was evidentmethoxy group ortho to the nitrogen would be expected to

(entry 10). reduce the opportunities for intramolecular arylation, plus the
favored molecular configuration for the arylpalladium interme-
(9) Zhou, C.; Emrich, D. E.; Larock, R. @rg. Lett 2003 5, 1579. diate is expected to be one in which the aromatic ring is
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SCHEME 3. Synthesis of Substituted Indoles TABLE 3. Synthesis of Substituted Indole

R % yield
entry aryliodide alkyne product (a:b)
R~
| Ph Et
M Et\~
@\ J/ cat. Pd(0) | e ' Et—=——ph A
+ R— =z
N \ 1 @\ J/ M+ 45 (10:1)
H H N N
16a 16b
Ph
R R R R Ph~
R PdX R&F R~ xpda RF 2 Ph—=—pPh IME 31
- — PdX_ —= —
J/ f Vo
N N Ph M
v H vV H N N Me._~ o
Me
. . . . Me—=—Ph [ * Z 26 (15:1)
perpendicular to the other aromatic ring, which should disfavor N
intramolecular arylation. However, a 77% vyield of a 10:1 18a 18b
mixture of regioisomeric carbazoles was obtained, probably Ph
because the oxygen atom of the methoxy group coordinates to ! ] Ph. 2 o
_the palla(_jlum moiety and perhaps stab|llges the arylpalladium 4 @\ b P 40°
intermediate generated. Substrates bearing either an electron- N N'
H 19

withdrawing 4-methoxycarbonyl or a 4-chloro group also

afforded a 71% vyield of carbazole? and a 65% vyield of two
isomeric carbazole$3aand13bin a 10:1 ratio, respectively
(entries 14 and 15). We have also examined the regioselectivity

a8 These reactions were conducted on a 0.25 mmol scale &tQ @8 3
h, using 5 mol % of Pd(OAg) 5 mol % of bis(diphenylphosphino)methane
(dppm), and 2 equiv of CsfBCMe; (CsPiv) in DMF (4 mL), and the ratio
of aryl iodide to alkyne was 1:1 (sealed vial, under AThe ratio ofa to

of rng closure by employln.g\l-(IS-IOdcl)phenyI)naphthalen-l- b, as determined b§H NMR spectroscopy, is reported in parenthesdhe
amine (entry 16). Here, cyclization might occur at either the 2 reaction was conducted at 128, using 10 mol % of Pd(OAg) 10 mol %
position or the 8 position of the naphthalene ring. However, of bis(diphenylphosphino)methane (dppm), and 2 equiv of £&Me;
the only products observed are those formed by ring closure at(CsPiv) in DMF (2 mL) for 24 h.
the 2 position of the naphthalene by the presumed intermediacy
of a six-membered ring palladacycle, as opposed to the
analogous seven-membered ring palladacycle required to gener
ate the product of attack at the 8 position of the naphthalene. A
tetrahydronaphthylamine compound was also prepared and
allowed to react with diphenylacetylene, and a 68% vyield of
carbazolel5 was isolated by flash chromatography (entry 17).
3. Synthesis of Substituted Indoles by Vinylic to Aryl
Palladium Migration Followed by an Intramolecular Mizo-
roki —Heck Reaction.The arylpalladium intermediates gener-

ated by aryl to aryl palladium migration have been shown to ) ! -
undergo an intermolecular MizorokHeck reaction and a  @llowed to react with this alkyne. However, a lower yield was

Suzuki-Miyaura reactiod® and the arylpalladium species Obtained. We have been very reluctant to dramatically change
generated from alkyl to aryl palladium migration have also been the reaction conditions because the palladium migration chem-
shown to be easily trapped by an intermolecular Mizoroki istry is generally very sensitive to variations in the reaction
Heck reactiorf.An arylpalladium species generated from vinylic ~ conditions, especially the base. However, we did try a few things
to aryl palladium migration has also been trapped by a Stille to optimize the reaction conditions to achieve higher yields. The
coupling reactior® Because the intramolecular MizorekHeck reaction was conducted at both 8C and 125°C, in more
reaction is a very powerful method for€C bond formation in concentrated or diluted solutions, in the presence of TBAC or
organic synthesis and a plethora of natural products and Ag,COs, and using electron-rich ligands, such as-B({)s.
biologically interesting compounds have been synthesized Unfortunately, none of our efforts were fruitful. A set of other
employing this methodologl, we were encouraged by our alkynes and imine starting materials have been screened, and
carbazole synthesis to examine possible intramolecular Heckonly moderate yields (2640%) have been obtained (entries
reactions as a trap for the arylpalladium intermediate generated.2—4). The major problem in this process is probably the fact
As shown in Scheme 3, after carbopalladation, vinylpalladium that the arylpalladium intermediate generated by oxidative
intermediatelV is generated. Once the palladium moiety 4qgition, the vinylpalladium intermediat¥ , and the arylpal-
ladium intermediat&/ can all react withN-allyl-3-iodoaniline.
Although the desired process is an intramolecular reaction,
which should have some advantage over those intermolecular
processes, at this time we are unable to get higher yields. An
additional complication is that the vinylic to aryl palladium
migration is presumably the slow step in this domino process,
which leaves plenty of time for side reactions.

undergoes nitrogen-directed vinylic to aryl migration to afford
arylpalladium species/, an intramolecular Heck reaction,
followed by aromatization, should generate indole derivatives.
N-Allyl-3-iodoaniline and 1 equiv of 1-phenyl-1-butyne were
allowed to react with 5 mol % of Pd(OAg)5 mol % of dppm,
and 2 equiv of Cs@CCMe; in 4 mL of DMF at 100°C. After

3 h, the aryl iodide was completely consumed and a 45% yield
of two isomeric indolesl6a and 16b was obtained in a 10:1

ratio (Table 3, entry 1). Two equiv ®-allyl-3-iodoaniline was

(10) Campo, M. A.; Zhang, H.; Yao, T.; McCulla, R. D.; Huang, Q.;
Zhao, J.; Jenks, W. S.; Larock, R. &. Am. Chem. Socsubmitted.

(11) (a) Negishi, EHandb. Organopalladium Chem. Org. Syn#002
1, 1223 and references therein. (b) Tsuji, Ralladium Reagents and
Catalysts John Wiley & Sons: England, 2004; p 135. (c) Odle, R.; Blevins,
B.; Ratcliff, M.; Hegedus, L. SJ. Org. Chem198Q 45, 2709. (d) Larock,
R. C.; Babu, STetrahedron Lett1987 28, 5291. (e) Caddick, S.; Kofie,
W. Tetrahedron Lett2002 43, 9347.
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TABLE 4. Synthesis of Substituted Dibenzofurans

entry aryl iodide alkyne product(s) % yield (a:b)’

Ph Et
Eta_z Ph.~
[
+
z
©\ © Et—==—Ph O O 30
o O

20a 20b

Ph Et
Eta Phz
I
+
/@\ /@ Et—=—=—Ph O O Z 75 (9:1)
PhO o PhO 0

21a 21b

—_

8]

Ph Et
Et ~ Ph ~

|
.
=z
(i O N O Q 80 (9:1)
MeO’ (0] MeO (0) J‘”Mﬁlﬁ

22a 22b

w

P

Me
Me -~ Ph~

h
.
4 Vo O O o 78 (9:1)
° MeO 0 J"’HM

23a 23b

t-Bu
Me =

5 Me—==—tBu O O
MeO 0 24a

n-Pr
n-Pr~ =z

6 n-Pr—=—n-Pr g O
MeO 0 25

Ph
Ph ~

7 T 9u®
MeO (o) 26

CgH4CO2Et-p

Et
Et. .~ p-EtO,CCeH4 =~
+
8 Et%@—COZEt O O z 60 (15:1)
MeQO’ [6)

27a 27b

CsH40Me-O

Et
Et.~ O-MeOCsHJi
Et——=
9 t oz 37(7:1)
28a 28b

a All reactions were conducted on a 0.25 mmol scale at®Téor 12 h, using 5 mol % of Pd(OAg)5 mol % of bis(diphenylphosphino)methane (dppm),
and 2 equiv of CsgCCMe; (CsPiv) in DMF (4 mL), and the ratio of aryl iodide to alkyne was 1:1 (sealed vial, under"Aifje ratio ofa to b, as
determined by*H NMR spectroscopy, is reported in parentheses.
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4. Synthesis of Substituted DibenzofuransAfter having
investigated the nitrogen-directed vinylic to aryl palladium
migration, we wondered if we could expand this protocol to
the synthesis of substituted dibenzofurans, although@®d
coordination would be expected to be much weaker thanNPd
coordination. 3-lodophenyl phenyl ether and 1-phenyl-1-butyne
were treated with 5 mol % of Pd(OAg)5 mol % of dppm,
and 2 equiv of CsgCCMe; in DMF at 100°C; however, the
reaction was very messy, and only a 30% yield of an 8:1 mixture
of two isomeric dibenzofuran®0a and 20b was observed by
GC-MS analysis (Table 4, entry 1). Previous aryl to aryl
palladium migration studies in our group have indicated that
palladium tends to reside on the more electron-rich aromatic
ring. Thus, we felt that an increase in electron density in the
arene undergoing vinylic to aryl palladium migration should
facilitate this through-space migration. Indeed, the reaction of
1-iodo-3,5-diphenoxybenzene with 1-phenyl-1-butyne afforded
a 75% yield of a 9:1 mixture of two regioisomeric dibenzofurans
2laand21b (entry 2). The increased reaction efficiency could

be a result of the increased electron density of the arene favoring

Pd migration. However, this process may also be more efficient
because migration to either of the two ortho positions of the
arene is now possible, doubling the probability of intramolecular
arylation. To further examine the effect of an electron-rich

substituent, 3-iodo-5-phenoxyanisole was prepared and allowed

to react with 1-phenyl-1-butyne. A 78% yield of two isomeric
dibenzofurang2aand22bwas obtained (entry 3), which clearly

suggests that an increase in the electron density of the arene is

the major reason for the improved reaction efficiency. Several
other internal alkynes have been allowed to react with this

iodoarene, and moderate to excellent yields have generally been

obtained. 1-Phenyl-1-propyne afforded a 78% yield of two
regioisomer23aand23bin a 9:1 ratio (entry 4). 4,4-Dimethyl-
2-pentyne afforded a 42% yield of a single regioisoi2éras
expected (entry 5). 4-Octyne afforded a 44% yield of diben-
zofuran25 (entry 6). When employing diphenylacetylene, a 76%
yield of a single isome26 was obtained (entry 7). When methyl
4-(but-1-ynyl)benzoate was employed in this reaction, a 60%
yield of two isomeric dibenzofurar&7aand27bwas obtained
in a 15:1 ratio (entry 8). An analogous alkyne bearingeho-
methoxy group afforded a 37% vyield of a 7:1 mixture of
dibenzofuran product®8a and28b (entry 9).

5. Mechanism. A plausible mechanism for this palladium
rearrangement is proposed in Scheme 4. Intermediasgefirst
generated by oxidative addition of the aryl iodide to Pd(0).

Zhao and Larock

SCHEME 4. Proposed Mechanism

p oG

X= NH, O

COO)
R

R
T/‘Pd(O)

X X
- Cr
Pd
IP
G R route b / 5 d R
R X R
HI l
Pd
X HI + = \
R
J ‘. :
XPd ¢
route a
R H,/Pd—’
F I
R c K R

SCHEME 5. Synthesis of Deuterated Compound 29

MeO\Q/OMe MeO\Q/OH MeO\Q/OH
i i
NH, NH, I
D

D
MeO oD MeO OPh
iii v
D D D D
| | 29-d

a (i) NaSMe, DMA, 140°C; (ii) (a) NaNQy, HCI, (b) KI; (iii) CF3CO;D,
reflux; (iv) 4CsF, 1.1 2-(trimethylsilyl)phenyl trifluoromethanesulfonate,
MeCN.

guent reductive elimination could also generate intermedate
(route b). When R is a phenyl group, the palladium moiety can
migrate to either of two ortho positions of the arene originally
bearing the iodo group and then be trapped by arylation to
generate either the observed carbazole (dibenzofuran) or a
fluorene. Although we have previously reported such a fluorene
synthesig, only the carbazole (dibenzofuran) products are
observed, which suggests that the palladium only migrates to

Subsequent intermolecular carbopalladation would be expectedthe position ortho to the heteroatom. This interesting selectivity

to afford intermediateB. The resulting vinylic palladium
intermediateB might then undergo palladium migration from
the vinylic position to an aryl position to generate intermediate
F, possibly through an organopalladium(lV) hydri@e(route

a), although such Pd(IV) hydride intermediates have not
previously been reportéd. An equilibrium between organo-
palladium(IV) hydrideC and organopalladium(ll) intermediate
D is also possible, although palladacydlke could also be
generated directly from intermediaBe Intermediate- eventu-
ally undergoes either palladium insertion into the i€ bond

of the neighboring arene or electrophilic aromatic substitution
to afford the six-membered ring palladacy@e Alternatively,
intermediateD can undergo intramolecular-€4 activation to
generate an interesting organopalladium(lV) hydiidesubse-

(12) Other organopalladium(lV) species are well-known, however. See:
Canty, A. J.Acc. Chem. Red992 25, 83.
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may be due to coordination between the ortho heteroatom and
the palladium moiety, which is not available if the palladium
migrates to the position para to the heteroatom. Alternatively,
the palladium may prefer the position ortho to the heteroatom
due to stabilization of the arylpalladium intermediate by
inductive electron withdrawal, as suggested by recent results
in our laboratories, which are supported by calculatins.

6. Deuterium Labeling Experiments. To clarify the ambi-
guities in the mechanism, we prepared the deuterium labeled
starting materia9-d (90% deuterium incorporation in each
position of the arene, as shown in Schem& &nd allowed
this compound to react with diphenylacetylene under our usual
palladium migration conditions. According to the proposed

(13) For the preparation of 3-hydroxy-5-methoxyaniline, see: Wendt,
M. D.; Rockway, T. W.; Geyer, A.; McClellan, W.; Weitzberg, M.; Zhao,
X.; Mantei, R.; Nienaber, V. L.; Stewart, K.; Klinghofer, V.; Giranda, V.
J. Med. Chem2004 47, 303.
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SCHEME 6. Deuterium Labeling Experiment
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mechanism shown in Scheme 6, if the reaction only proceedsof carbazoles; however, only moderate yields can be obtained
through route a, the deuterium originally ortho to the oxygen in the synthesis of indoles, and excellent yields can be achieved
atom and the iodine atom will shift to the vinylic position after in the synthesis of dibenzofurans only if electron-rich aryl

the vinylic to aryl palladium migration. Thus, we should obtain iodides are employed. The relatively modest regiochemistry of
dibenzofurar6-d. On the other hand, if this reaction only goes alkyne insertion also presents problems. The results of deuterium

through the mechanism described in route b, prodf:h labeling experiments showed a high degree of deuterium
should be obtained. Indeed, an 80% yield of dibenzof@&ud incorporation in the vinylic position of the dibenzofuran product
was isolated by flash chromatography, with 70% deuterium obtained, affording convincing evidence for the proposed
incorporation in the vinylic position (determined By NMR palladium migration mechanism. The-H#D exchange also

spectroscopy). This result clearly suggests the involvement of suggests that the migration process involves an equilibrium
route a. The loss of deuterium could be due te[BHexchange between Pd(ll) and Pd(lV) intermediates, which is consistent
through an equilibrium between palladacyklend palladacycle  with a previously reported consecutive vinylic to aryl to allylic
P or to the direct H-D exchange between intermedidteand palladium migratioh and does not favor the direct P#l shift

an H source in the reaction solution. Alternatively, it could be mechanism reported elsewhée.

due to the involvement of route b because the aryl deuterium

presumably would be washed out upon formation of intermedi- Experimental Section

ateP. To address these issues, we conducted the same reaction

in the presence of 10 equiv of,D, and 85% deuterium Representative Procedure for the Palladium-Catalyzed Mi-
incorporation was observed in the vinylic position of the isolated gration Reactions. The appropriate aryl iodide (0.25 mmol), Pd-
dibenzofuran produc®6-d, which suggests that the previous (OAc), (2.8 mg, 0.0125 mmol), 1,1-bis(diphenylphosphino)methane
deuterium loss was probably the result of-B exchange in  (dppm) (4.8 mg, 0.0125 mmol), and C&ICMe; (CsPiv) (0.117

intermediateK , instead of the result of the alternative mecha- 9+ 0-5 mmol) in DMF (4 mL) were stirred under Ar at 106G for
nistic route b. the specified period of time. The reaction mixture was allowed to

cool to room temperature, diluted with diethyl ether (25 mL), and
) washed with 5% aq N&€Os; (25 mL). The aqueous layer was
Conclusions reextracted with diethyl ether (25 mL) twice. The organic layers
were combined, dried (MgSQ) and filtered, and the solvent was

In conclusion, we have established the scope and IIrr"tamonsremoved under reduced pressure. The residue was purified by flash

of a mechanistically important palladium migration process, chromatography on silica gel

which affords_ an efficient way to prepare biologically interesting _(E)-4-(1,2-Diphenylvinyl)-H-carbazole (6). Purification by
carba.zoles., indoles, and dlbenzofurqns. The advantage. of thisjash chromatography (5:1 hexane/EtOAC) afforded 59.5 mg (69%)
chemistry is that an alkenyl substituent can be efficiently 4 the product as a light yellow oifH NMR (CDCl) & 7.03-
incorporated into the heterocyclic ring during the course of the 7.14 (m, 3H), 7.23.7.42 (m, 14H), 8.03 (s, 1H), 8.37 (d,= 8.1
cyclization, which can be still further modified to other Hz, 1H); 13C NMR (CDCk) 109.8, 110.8, 119.6, 121.3, 121.7,
functional groups. This reaction is quite general for the synthesis 123.0, 123.4, 125.7, 125.9, 127.3, 127.7, 128.5, 128.7, 129.8, 130.2,
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131.1, 137.6, 140.0, 140.3, 140.4, 140.7, 141.3; IR (GP&414,
3054, 1599, 1455 cn}; HRMS mvz 345.1522 (calcd for &HioN,
345.1518).

(E)-3-Methyl-4-(1-phenylbut-1-en-2-yl)-H-indole (16a).Pu-
rification by flash chromatography (2:1 hexane/EtOAc) afforded
28.2 mg (45%) of the product as a light yellow oitH NMR
(CDCl) 0 1.09 (t,d = 7.2 Hz, 3H), 2.36 (s, 3H), 2.77 (4,= 7.2
Hz, 2H), 6.47 (s, 1H), 6.966.99 (m, 2H), 7.18 (t) = 7.8 Hz,
1H), 7.277.32 (m, 2H), 7.41 (dJ = 4.1 Hz, 4H), 7.93 (s, 1H);
13C NMR (CDCk) 13.2, 13.4, 27.1, 110.0, 112.5, 119.7, 121.7,

122.9, 125.6, 126.6, 128.5, 128.98, 129.0, 137.3, 137.9, 138.4,

144.4; IR (CDC}) 3418, 3021, 2964, 1598 ctf HRMS m/z
261.1518 (calcd for GH;9N, 261.1521).
(E)-1-(1,2-Diphenylvinyl)-3-methoxydibenzofuran (26) Puri-

fication by flash chromatography (10:1 hexane/EtOAc) afforded

71.4 mg (76%) of the product as a colorlessBilINMR (CDCls)
0 3.86 (s, 3H), 6.72 (s, 1H), 7.667.37 (m, 14H), 7.54 (d) = 8.1

5348 J. Org. Chem.Vol. 71, No. 14, 2006

Zhao and Larock

Hz, 1H), 7.92 (dJ = 8.1 Hz, 1H);13C NMR (CDC}) 56.0, 95.7,
111.5,112.8,115.8,122.0, 122.8, 124.5, 125.9, 127.5, 127.9, 128.5,
128.8,129.8, 130.3, 131.6, 137.1, 140.0, 140.1, 140.9, 156.8, 158.2,
159.6; IR (CDC}) 3054, 3022, 2958, 1629 crj HRMS m/z
376.1470 (calcd for §H200,, 376.1463).
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