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Polycyclic aromatic and heteroaromatic hydrocarbons have been synthesized in high yield by two different
processes involving the Pd-catalyzed annulation of arynes. The first process involves a Pd-catalyzed
annulation of arynes by 2-halobiaryls and related vinylic halides. The second process utilizes a Pd-
catalyzed double annulation of arynes by simple aryl halides. Both processes appear to involve the catalytic,
stepwise coupling of two very reactive substrates, an aryne and an organopalladium species, to generate
excellent yields of cross-coupled products.

Introduction metal-catalyzed annulation processes have only recently been
extended to arynes. The obvious difficulty is that arynes are
’ ) . - LY ~"~ very reactive substrates compared with ordinary alkynes and
be_en widely studied for their unique properties in material they readily undergo cyclotrimerization under Pd catalysis to
science: Recently, these polycyclic aromatic compounds have form polycyclic aromatic hydrocarbods. However, the Pd-

(tj)ee_n glscgssed as tpc()jt?nnat[ card@stg;g]}r OptoElec'[ror"ccatalyzed cocyclotrimerization of arynes with alkyrfiesynes
evices andz-conjugated functional materi mong these, iy allylic halides’®® and arynes with alkynes and allylic

triphenylenes are the most often synthesized and widely StUdied'halide§ has recently been reported. All examples of the
Rec(:jeptly,_therli d-ct?talyzek(]j cyclotrltr)nenzann of ar)llnesa gen?r-l carbopalladation of arynes reported thus far have involved very
ated in ﬁ'ttu’ thas etﬁn s o‘an to et.a \I/?r_y hnovpi ér?:e USEIUl stabler-allylpalladium intermediate®:# The inherent instabil-
approac f(f). he syn ES'S. N ?ymme rica .”pl ené/f W- I ity and high reactivity of aryl and vinylic palladium species
ever, an efficient synthesis of unsymmetrical and functionally paine by oxidative addition to Pd(0) and the high reactivity

substituted triphenylenes remains elusive. and propensity of arynes to cyclotrimerize in the presence of

Transition metal-catalyzed annulation processes have proverp gy 4o not bode well for annulation processes requiring these
very useful in organic synthesiAlkynes have been frequently species to react with one another.

used as substrates for Pd-catalyzed annulations with functionally ~ \avertheless. we have recently reported thhgloarenecar-

substituted aryl and vinylic halides to synthesize a wide variety boxaldehydes readily react in the presence of a Pd catalyst with
of carbocycles and heterocycfeShese very useful transition

Polycyclic aromatic and heteroaromatic hydrocarbons have
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TABLE 1. Optimization of the Pd-Catalyzed Annulation of
Benzyne (eq 2

O | TMS Pd(0)IL O‘O O
W0 e B0 0
O Tio Solvent
CsF O
Me Me
1a 2a 3a 4a
solvent
catalyst P(-tolyl); 2a CsF (MeCN/ 3&
entry (0.05equiv) (equiv) (equiv) (equiv) toluene) (%) 4&°
1 Pd(dba) 0.05 2.0 3.0 100:0 ®n +
2 Pd(dba) 0.05 2.0 3.0 3:1 %+
3 Pd(dba) 0.05 2.0 3.0 1:1 B+
4  Pd(dbay 0.05 0.33 3.0 1.1 42 +
5 Pd(dba) 0.05 5.0 5.0 1:1 30 +
6 Pd(dba) 0.05 2.0 3.0 1:3 52
7 Pd(dba), 0.05 2.0 3.0 1.9 92 T
8 Pd(dba) 0.05 2.0 3.0 0:100 traée
9 Pd(dba) 0.10 2.0 3.0 1:9 82 T
10 Pd(dba) 0.02 2.0 3.0 1:9 87 T
11 Pd(dba) 0.05 2.0 3.0 1:9 73 T
12 Pd(PP§)4 0 2.0 3.0 1:9 84 T

a All reactions were run using substrata (0.30 mmol) at 110°C for
24 h unless otherwise specifidtlsolated yield . Key: +, 4awas the major
product; T, a trace amount ofa was detected! 1a was recovered.
¢ Pd(dba) (0.02 equiv) was employed.

arynes, generated in situ by the reactiorodtrimethylsilyl)-

aryl triflates and CsF, to afford fluoren-9-ones (ed“y)ve have

also found that 2-halobiaryls react with arynes under Pd catalysis
to generate the corresponding functionalized triphenylenes in
very good yield$! This process appears to involve the catalytic,
stepwise coupling of two very reactive substrates, an aryne and
an organopalladium species, to generate excellent yields of
cross-coupled products. Herein, we wish to provide a full
account of the scope and limitations of that process and our
mechanism studies of this novel Pd-catalyzed annulation
chemistry. We also wish to report for the first time the Pd-
catalyzed double annulation of arynes by simple aryl halides,
which affords polycyclic aromatic compounds in good yi€idls.

o]
CHO
X I(Br) = S| R —/ R?

Results and Discussion

T™S

TfO

Synthesis of Fused Polycyclic Aromatics by the Pd-
Catalyzed Annulation of Arynes Using 2-Halobiaryls and
Related Vinylic Halides. We first allowed 2-iodo-4methyl-
biphenyl (La) to react with 2.0 equiv oé-(trimethylsilyl)phenyl
triflate (2a), 5 mol % of Pd(dba) 5 mol % of Pf-tolyl)s, and
3.0 equiv of CsF in 4.0 mL of MeCN at 11 for 24 h. The
desired annulation produ8t was obtained in a 12% yield, and
considerable triphenylene byproduct was obtained (eq 2; Table
1, entry 1). It was our hypothesis that the concentration of
benzyne, which can readily undergo cyclotrimerization to

(10) Zhang, X.; Larock, R. COrg. Lett.2005 7, 3973.

(11) Liu, Z.; Zhang, X.; Larock, R. CJ. Am. Chem. SoQ005 127,
15716.

(12) After our previous communication was published, a communication
appeared that reported the synthesis of substituted triphenylenes by usin
aryl halides and two arynes: Jayanth, T. T.; Cheng, GGliem. Commun
2006 894.
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generate triphenyleriewas probably too high under these
reaction conditions to allow for formation of the requisite
arylpalladium halide intermediate. As a consequence, the
benzyne reacted with itself in the presence of the palladium
catalyst to generate a high yield of triphenyleda)(

Subsequent work focused on optimization of this annulation
chemistry. The key results are summarized in Table 1. During
this process, we have found that the slow generation of benzyne
by treatment oRa with CsF in the appropriate solvent system
is crucial to the success of this annulation chemistry (compare
entries 3, 6, and 7). By increasing the amount of toluene in
the MeCN/toluene solvent system, one can slow generation of
the benzyne and improve the yield of the annulation product
3a. This presumably occurs because CsF, while highly soluble
in MeCN, is only poorly soluble in toluene, which in turn slows
generation of the benzyne. For example, when the reaction was
performed in a 1:9 ratio of MeCN/toluene, while keeping all
other parameters unchanged, the corresponding annulation
compound3awas obtained in a 92% yield with no triphenylene
byproduct (entry 7). However, using toluene as the only solvent
provided only a trace of areng&a, and most of the starting
materials were recovered (entry 8). We believe that MeCN may
act as both a ligand and a cosolvent in our reaction system
(compare entries 7 and 9). The yield of annulation product could
not be improved simply by changing the ratio of the starting
materialsla and 2a (entries 4 and 5). If a low loading of the
Pd catalyst (2 mol %) is used, the annulation product is still
obtained in an 87% yield (entry 10). Other Pd catalysts, such
as Pd(dba)-CHCI;z (entry 11) and Pd(PRJx (entry 12), have
also been employed in this annulation reaction, but Pd¢dba)
(entry 7) has given the highest yield 8&

We have also examined the annulation of substituted arynes.
When the 4,5-dimethoxy- and 4,5-dimethyl-substituted aryne
precursors2c and 2d (see Table 2 for these structures) were
employed for this annulation process, we needed to increase
the amount of MeCN in the solvent system in order to obtain
good yields of the corresponding annulation products. We
believe that generation of the arynes is significantly slower using
these aryne precursors. To obtain evidence for this hypothesis,
we allowed 2-iodo-4methylbiphenyl {a) to react with 2.0
equiv of 2a and 2.0 equiv oRc under our “optimal” reaction
conditions. Indeed, we obtained a 55% yield3afand only a
24% vyield of 3d, suggesting that benzyne itself is formed
roughly twice as fast as the methoxy-substituted aryne under
the same reaction conditions (eq 3).

1:9 MeCN:toluene

110°C, 24 h

e
+

3a (55%)

5% Pd(dba),
5% P(o-tolyl)3
3.0 CsF

I T™MS

N
O TiO

Me
1a

T™S
+

TfO

OMe

OMe

OMe

ome @

3d (24%)

On the basis of the above optimization efforts, the combina-

%ion of 1 equiv of the 2-halobiaryla (0.3 mmol), 2 equiv of

silylaryl triflate 2a, 5 mol % of Pd(dba) 5 mol % of Po-tolyl)s,



Efficient Route to Fused Polycyclic Aromatics

TABLE 2. Pd-Catalyzed Annulation of Arynest

entry substrate aryl triflate product(s) % isolated yieldb
| w0
L OOe X ”
¢ )
: 2 O
3a
OMe
MeO. TMS
2 1a © \CE O 86 (1:1)°
@,
2 O e
MeO 3b
QQ
3c
MeO OMe
wo s
3 1a Iji 8g¢
MeO OTf O
2 O
3d
Me, Me
Me TMS O
4 1a ]@[ 98¢
AFor AL
7 O
3e
| @,
: " »
asas"
1b
3f
MeQ OMe
6 b 2¢ g 82¢
are
Me, Me
7 1b 2d g 83¢
(O
Me Me
o D
8 1b 84¢
Me T™MS O
2e OAD
3i
|
C-Crom
1c
MeO OMe
10 1c 2¢ 81¢
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Table 2 (Continued)

entry substrate aryl triflate product(s) % isolated yieldb

11 1c 2d O 93¢

2a Q 75

oy
J
®

13

2a I 81
COLEt QO

O -
o

-

o
w
3

14

2¢ O 80¢

15

2¢ 9 3g%e

— T - i
ERPN o

o

2 (Y - 'Q o

(@]

30 H;C
16 @N@ 2a .— 63"
. ate
3p
Br
17 2¢ 3g 81¢
1h
18 1h 2d 3h 79¢
Br
1i
Cl
20 2¢ no reaction 0°
1j
@ (D
21 |
1k
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Table 2 (Continued)

entry substrate aryl triflate product(s) 9% isolated yield®

2 O { 2d O . OQ 95¢

T M Me
U
Me e3s Me
N Me
| 0 O Me
23 O | 2d O ‘ 814
W O
1m 0
3t
Ph Ph Ph
S TS & SO
i O=0
1n 3u
Ph
25 L 2a 3u 91
Br
10
Ph Ph
26 lo 2¢ O 924
O~y
3v OMe
Ph  Ph
27 lo 2d O 934
(=X Y
3w
Me
Ph Ph Me
28 N Me 2d { ) 38¢
| (O™
3
Tp X Me
Ph
29 Ve 2d 3x 294
OTf
1q
®
" > oy
. (OO
3y
31 ©)L5r 2¢ messy 0
1t

a All reactions were run using 0.30 mmol of the organic halide, 0.60 mmol of the aryne precursor, 5 mol % of R d(dhal)% of PO-tolyl)s, and 3.0
equiv of CsF in 4.0 mL of 1:9 MeCN/toluene at 11G for 24 h unless otherwise specifigdsolated yield. The ratio of products was determined Wy
NMR spectral analysis! MeCN/toluene= 1:3. € Starting material leftt Compound3p is unstable.

and 3 equiv of CsF in 4.0 mL of the mixed solvent (1:9 MeCN/ products when employing the 4,5-dimethoxy- and 4,5-dimethyl-
toluene) at 110C for 1 d gave the best results (Table 1, entry substituted aryne precurs@sand2d in this annulation process.

7). The mixed solvent needs to be changed from 1:9 to 1:3 in  Having gained an understanding of the factors that influence
order to obtain good yields of the corresponding annulation the Pd-catalyzed annulation process, we wanted to know whether

J. Org. ChemVol. 72, No. 1, 2007 227
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SCHEME 1 the corresponding annulation products in very good yields

o (entries 17 and 18). The analogous methoxy-substituted bro-
O O OMe mobiphenyl has also afforded good results (entry 19). However,
O PO, ‘O 2-chlorobiphenyl proved unreactive in this annulation chemistry
J G O
CHs

under the same reaction conditions (entry 20).
P?:(-O) L A number of heterocycles, including a benzofuran, an indole,
O MeO ™S Ane-pot:wo steps 3¢ and a chromone, have also successfully been employed in this
', 2?) process, affording excellent yields of the corresponding poly-
O ’ o \liryne intermediate cyclic materials (Table 2, entries 223). This latter chromone
Pd(0) substrate is particularly interesting, since it has been previously
F shown by us that this substrate reacts with diphenyl acetylene
in the presence of a Pd catalyst to afford a furan product arising
by alkyne insertion and attack of the resulting vinylpalladium
intermediate on the carbonyl oxygéhlt is also particularly
noteworthy that vinylic halides, such as chromdme and the
simple vinylic halidesln and 1o, provide excellent yields of

our annulation process really involved an aryne intermediate, annulation products (entries 227). On the other hand, vinylic
since another mechanism is also possible. It is conceivable thatiodide 1p and vinylic triflates1g and 1s do not afford good
the compound 2-iodo*4methylbiphenyl {a) and the benzyne  Yields of aryne annulation products under our reaction conditions
precursor2a could first undergo a Hiyama Cross_coupﬂﬁg) (entries 28-30). It is possible that the initial vinylpalladium
generate the terphenyl triflate, which could then undergo Pd- intermediate derived from the former substries undergoing
catalyzed cyclization to afford compourg&h. We, therefore, rapid 3-hydride elimination to generate an allene, although we
allowed 2-iodo-4methylbiphenyl {a) to react with the 4-meth-  have no direct evidence for this. The problem with the triflates
oxy-substituted aryne precurs?l to gain evidence as to which  is unclear. The vinylic bromid&t gave a messy reaction (entry
mechanism is involved. When the 4-methoxy-substituted aryne 31). The anticipated product from vinylic bromide may
precurso2b was allowed to react with 2-iodd-fnethylbiphenyl ~ simply be undergoing a further Heck reaction to produce a
(1a), two isomers3b and3c were obtained in a 1:1 ratio, clearly ~ Mmixture of products.
suggesting the intermediacy of an aryne in our reaction system. On the basis of the known chemistry of arynes and previous
The other possibility, a one-pot, two-step Hiyama cross- work on the Pd-catalyzed annulation of alkyfese suggest
coupling, followed by intramolecular cyclization, should afford two possible mechanisms (cycl@ésandB) to account for the
a single producB8c,'® which is not observed (Scheme 1). present aryne annulation process (Scheme 2). The main differ-
The scope and limitations of this Pd_cata|yzed aryne annu- ence between these two mechanisms is the first Pd oxidative

lation process were next examined using various aromatic andaddition step. In cyclé, the Pd(0) complex initially undergoes
vinylic halides and aryne precursors. The results are summarizedoXidative cyclization with the aryna to generate palladacycle

in Table 2. We first allowed 2-iodo*4methylbipheny! {a) to b.1> Subsequent reaction witha affords intermediated (or
react with several different aryne precursdta-£d). All of the perhaps initially an organopalladium(lV) intermediate, which
aryne precursors work well in our annulation chemistry and give undergoes rapid reductive eliminationd}, which undergoes
very h|gh y|e|ds of the Corresponding annulation products intramolecular G-H activation to generate the palladacye]@
(entries 1-4). The parent 2-iodobiphenyl also afforded excellent Subsequent reductive elimination yields the observed annulation
yields with several aryne precursors (entriess5. product3aand regenerates the Pd(0) catalyst. C#&lavolves

Biaryl substrates bearing both electron-donating and electron-initial oxidative addition of 2-iodo-4methylbiphenyl {2) to
withdrawing groups efficiently undergo this aryne annulation Pd(0) to generate arylpalladium intermedigterhich then reacts

process to generate high yields of the corresponding polycyclic With the aryne to afford the same intermediatgcycle A),
aromatics (Table 2, entries-4.4). The nitro-substituted biaryl ~ Which goes on to product. Both mechanisms afford reasonable
is noteworthy, since Pd-catalyzed cyclizations onto such electron-0Utes t0 the corresponding annulation product.

deficient aromatic rings often proceed in significantly lower ~ In an effort to obtain further evidence regarding the mech-
yields. When 2-iodo-2methylbiphenyl {f) was allowed to react ~ @nism, we have prepared the palladium intermed@tel-

with aryne precursa2c, only a 38% yield of the corresponding ~ lustrated in cycleB, by reacting 2-iodo-4methylbiphenyl {a)
annulation product was obtained (entry 15). The low yield of With Pd(dbajand PPR'>When palladium intermediate was

this reaction can easily be explained by the steric effect of the allowed to react with 2.0 equiv of the benzyne precurzar
methyl group, which forces the two phenyl rings out of and 3.0_ equiv of CsF in the us_ual s_olvent mixture, the de_5|red
coplanarity, disfavoring the final cyclization step. The hetero- @nnulation producBa was obtained in a 22% yield, alongside
atom-containing substrafiy also reacts well with the benzyne ~ @ 35% yield of triphenylene (eq 4). While this result is consistent
precursor2ato afford the anticipated annulation proddgtin with the mechamsm |IIustra'Fed in cyck we still cannot rule

a 63% yield, although this product appears rather unstable.Out the mechanism shown in cycke

Interestingly, normally relatively unreactive 2-bromobiphenyl

also reacts well with the aryne precurs@csand2d to afford (14) Larock, R. C.; Tian, QJ. Org. Chem1998 63, 2002.
(15) (a) Matsubara, TOrganometallics2003 22, 4297. (b) Yoshida,
H.; Tanino, K.; Ohshita, J.; Kunai, AAngew. Chem., Int. EQR004 43,
(13) (a) Hiyama, T. InMetal-Catalyzed Cross-Coupling Reactions  5052. (c) Retbgll, M.; Edwards, A. J.; David, Rae, A.; Willis, A. C.; Bennett,
Diederich, F., Stang, P. J., Eds.; Wiley-VCH: Weinheim, Germany, 1998. M. A.; Wenger, E.J. Am. Chem. So2002 124, 8348.

CHy 2b O
ta SOWE

3b  86%(1:1)

(b) Hiyama, T.J. Organomet. Chen2002 653 58. (c) Denmark, S. E.; (16) (a) Campeau, L.-C.; Parisien, M.; Jean, A.; Fagnou, km. Chem
Sweiss, R. FAcc. Chem. Ref002 35, 835. (d) Spivey, A. C.; Gripton, Soc.2006 128 581. (b) Parisien, M.; Damien, V.; Fagnou, X.Org. Chem.
C. J. G.; Hannah, J. RZurr. Org. Synth2004 1, 211. 2005 70, 7578.
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O

3.0 CsF
Pd—l 20 ™S 1:9 MeCN:toluene
PPhy + 4 __110°C
O oTf

c' 2a

P‘O “)

35%

J +
CHs
)

3a (22%

Synthesis of Fused Polycyclic Aromatics by the Pd-
Catalyzed Double Annulation of Arynes Using Simple Aryl

JOC Article

a very short, efficient route to synthesize multisubstituted
triphenylenes.

CO,Et
Me ™S
ST
Me oTf
I
2d
CO,Et Me
5% Pd(dba), Me
5% P(o-tolyl), O O
3.0 CsF Me Me
1:1 MeCN:toluene + (6)
110°C, 24 h ‘ Me O Me
Me Me 22% 3ab
Me 50% 3aa Me o va

Subsequent work focused on optimization of this double
annulation chemistry. To minimize formation of the cyclotrimer,
the ratio of the MeCN to toluene solvent mixture was changed

Halides. Recently, the Pd-catalyzed double annulation of an fom 1:1 to 1:3. Our assumption was that increasing the amount
in_ternal alkyne by simple aryl halides to synthesize multisub- ¢ tgluene should slow generation of the aryne and thus
stituted naphthalenes has been reported (€q 8ur success formation of the cyclotrimesab, while increasing the likelihood

in using 2-halobiaryls to annulate arynes and previous Pd- ¢ generating the arylpalladium intermediate and thus the

catalyzed product3aa Indeed, the reaction furnished a 58% yield of the
desired product and a reduced amount of the cyclotrimer. Further
C°2Eéo £t changes in the ratio of the solvents failed to improve the yield
/Ny + E0,c—=—coe —@LPAOL | 2 ® of the desired dou_ble annulatiorj product. _
R = AgCOs  NF CO,Et The effect of different palladium catalysts and phosphine
CO,Et ligands on the outcome of the reaction has also been studied.

We found that Pd(OAg)gave a higher yield of the desired
cyclotrimerizationg suggested to us that we might also be able product than other palladium catalysts, such as Pd{jpFpd-
to generate polycyclic aromatics by the reaction of an aryl iodide (dba), PdCL(PPh),, and Pd(dbay-CHCIs. The ligand dppf
and two arynes! During the course of these studies, analogous gave better results than the other ligands studied (dppe, dppp,
work was reported by Jayanth and CHéwe first allowed P(o-tolyl)s, PCys, PPh). On the basis of the above optimization
ethyl 4-iodobenzoate to react with 3.0 equiv of the aryne efforts, the combination of ethyl 4-iodobenzoate (0.3 mmol),
precursor2d, 5 mol % of Pd(dba) 5 mol % of Pf-tolyl)s, and 3.0 equiv of aryne precursor, 5 mol % of Pd(OAJ mol %
3.0 equiv of CsF in 2.0 mL of MeCN and 2.0 mL of toluene at of dppf, and 4.0 equiv of CsF, in 1.0 mL of MeCN and 2.0 mL
110 °C for 24 h. The desired double annulation prod8at of toluene at 110°C for 1 d, gave the best yield of double
was obtained in a 50% yield, alongside 22% of the cyclotrimer annulation compoun8aa, affording a 66% yield.
3ab(eq 6). Although this double annulation process only affords ~ Having gained an understanding of the factors that influence
a 50% vyield of the desired compound, it nevertheless providesthe Pd-catalyzed double annulation process, we have explored

|
J. O
Pdl
TN/ T o
Pd(0) O

SCHEME 2

Qe
oTf
@Pd
L 7w
|

1a Me

@

O Cycle A Cycle B
Me Pdl / Pdl
g ) e g
O O Pd \/ O d
d
Me -HI e -HI Me

Me
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TABLE 3. Pd-Catalyzed Double Annulation of Aryne$

entry aryl halide silyl triflate product % isolated yield"
Me Me
oA THS a
1 EtOQCQI j@ O 66
Me OTf
2 S W W
3aa Me
TMS
2 ? OTf 68
2f
3 EtOQC@BF 2d 76

EtO,C

3aa
Br 2f O 79

Q¢

w O
« L o o
o H oo

5 EtO,C
2a am
Me Me
6 choc:@—| 2d O 54
—ater
3ad Me

:

7 H,COC

: oy

2a 48°

o]
z
(@]
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Table 3 (Continued)

entry aryl halide silyl triflate product % isolated yield"

¢

9 NC

2a O 52°¢

:

10 FaC

2a O 43°¢

11 HsC

2a O 36°

12 HsCO Br 2a 3804

o
®

—ate
3f
a All reactions were run using 0.30 mmol of aryl halide, 0.9 mmol of aryne precursor, 5 mol % of Pd(@GAuopl % of dppf, and 4.0 equiv of CsF in

4.0 mL of 1:3 MeCN/toluene at 11TC for 24 h unless otherwise specifiddsolated yield. MeCN/toluene= 1:9. 9 If p-iodoanisole was used, the reaction
was very messy.

the scope and limitations of this methodology. The results are SCHEME 3

summarized in Table 3. Aryl halides bearing electron-withdraw- |©
ing groups efficiently undergo this aryne double annulation Opd' TN P
process to generate moderate to good yields of the corresponding

multisubstituted polycyclic aromatics (Table 3, entrieslD). PAO)

For example, ethyl 4-iodobenzoate reacts with the aryne RO P‘“

precursor2f to generate the corresponding double annulation

product in a 68% yield (entry 2). Interestingly, we have found O
that the corresponding aryl bromide, which is usually signifi- ‘O pd.
cantly less reactive than the iodide, afforded even better results O
(compare entries 1 and 3 and 2 and 4). For example, ethyl O =\‘
R

4-bromobenzoate reacts with aryne precugsbto produce the
double annulation produ@aain a 76% yield (entry 3), while Pd(o)
the corresponding iodide gave only a 66% yield. Similar results
have been obtained with other substrates. We have establishe
that the lower yield from the iodide is due to the more facile
reduction of this compound to ethyl benzoate. Fagnou has also
recently observed that aryl bromides can often afford better
results than the corresponding iodides in palladium-catalyzed
intramolecular arylatio Benzyne precursa2a can also be
employed in this double annulation process, although the yields

fth di lati duct little | th product was obtained (entry 12).
ot the corresponding annufation products are a fitie Jower than = tpe mechanism shown in Scheme 3 is proposed for this Pd-
those obtained using other aryne precursors (entries 5 and

catalyzed double annulation process. It consists of the following
- ~ key steps: (1) oxidative addition of the aryl halide to the Pd(0)
(17) For the Pd-catalyzed formation of naphthalenes from an aryl halide cata|yst, (2) arylpalladium coordination of the aryne and then
and two alkynes, see: (a) Kawasaki, S.; Satoh, T.; Miura, M.; Nomura, M. . . . . : .
J. Org. Chem2003 68, 6836. (b) Wu, G.; Rheingold, A. L.: Geib, S. L.;  insertion of the aryne to form a biarylpalladium intermediate,
Heck, R. F.Organometallics1987, 6, 1941. (3) biarylpalladium coordination to another aryne and then

G}—12). Aryl halides bearing electron-donating methyl and
methoxy groups do not work well in this double annulation
process (entries 11 and 1pjlodotoluene and benzyne precursor
2a afford only a 36% vyield of the annulation product. If
p-iodoanisole was employed under our reaction conditions, a
messy reaction ensued and a low yield of the desired annulation
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SCHEME 4 ether fractions were dried over P80, and concentrated under
reduced pressure. The residue was purified by flash chromatography
O RO—u O . O R on silica gel to afford the desired prpdu_ct.
©| Pd(0) - by T O 2-Methyltriphenylene (3a). The indicated compound was
20 - w CZ O obtained in a 92% yield (66.8 mg) as a white solid: mp-1002°C
O O (lit.2° mp, 101-103 °C); 'H NMR (300 MHz, CDC}) 6 2.56 (s,
R 3H), 7.42 (ddJ = 8.4, 1.5 Hz, 1H), 7.447.57 (m, 4H), 8.39 (s,
1H), 8.47 (d,J = 8.4 Hz, 1H), 8.54-8.62 (m, 4H);13C NMR (75
MHz, CDCk) ¢ 137.1, 130.1, 130.0, 129.9, 129.6, 128.9, 127.7,

|
® |

R
‘O 127.4, 127.3 (2C), 127.0, 123.6, 123.5 (2C), 123.4, 123.3, 22.1;
‘ IR (CDCls, cmr?) 3081, 3026, 2923, 2854, 1742, 1437; HRMS
Mz 242.1098 (calcd GHys, 242.1095).

General Procedure for the Palladium-Catalyzed Double
insertion of the aryne to form a terarylpalladium intermediate, Annulation of Arynes Using Aryl Halides. To a solution of the
(4) intramolecular cyclization to afford a palladacyclic inter- aryl halide (0.30 mmol), Pd(OAg)(0.015 mmol), dppf (0.015
mediate, and (5) reductive elimination to furnish the double Mmol), and the silylaryl triflate (0.90 mmol) in a mixed solvent
annulation product and regenerate the Pd(0) catalyst. AnotherSyStem (4.0 mL) consisting of acetonitrile and toluene was added
possibility involves the formation of a palladacycle intermediate CsF (1.20 mmol). The reaction mixiure was allowed to stir at-110

) 7 S for 24 h. The resulting solution was washed with brine (20 mL)
via oxidative cyclization of two arynes on a Pd(0) speéfes, and extracted with diethyl ether (20 mL). The combined ether

which then undergoes oxidative addition of the iodoarene 10 fractions were dried over NSO, and concentrated under reduced
afford an organopalladium(IV) intermediate, which by reductive pressure. The residue was purified by flash chromatography on silica
elimination and cyclization affords the triphenylene product gel to afford the desired product.
(Scheme 43? We tend to favor the former process but have no  Ethyl 6,7,10,11-Tetramethyltriphenylene-2-carboxylate (3aa).
specific evidence to favor one over the other. The indicated compound was obtained in a 66% yield (71 mg) as
a white solid: mp 148150 °C; 'H NMR (300 MHz, CDC}) 6
1.48 (t,J = 7.2 Hz, 3H), 2.41 (s, 3H), 2.42 (s, 3H), 2.43 (s, 3H),
2.45 (s, 3H), 4.48 (¢ = 7.2 Hz, 2H), 8.08-8.18 (m, 4H), 8.29

In summary, we have developed a novel, high yielding (S, 1H), 8.46 (dJ = 8.7 Hz, 1H), 9.17 (dJ) = 1.2 Hz, 1H);**C
synthesis of fused polycyclic aromatics, which involves the Pd- NMR (100 MHz, CDC}) 6 167.3, 137.3, 136.6, 136.0, 135.8, 133.0,
catalyzed carboannulation of arynes by aryl and vinylic halides. 129.2,128.8,128.1,128.0, 127.4, 126.9, 126.6, 125.2, 124.5, 124.1,
This methodology provides an exceptionally efficient route to 123.7, 123.6, 123.1, 61.3, 20.6, 20.5, 20.4 (2C), 14.7; IR (GDCI

- . . b . cmt) 3019, 2874, 2918, 1710, 1612; HRM$z 356.1781 (calcd

a wide variety of substituted polycyclic aromatic and heteroaro- CosHpsO», 356.1776)
matic compounds from readily available starting materials and > T '

should find use in the construction of molecules with interesting ~ Acknowledgment. We are grateful to the National Science

Conclusions

properties and applications in material science. Foundation and the National Institutes of Health Kansas
University Center of Excellence in Chemical Methodologies and
Experimental Section Library Development (P50 GMO069663) for their generous
financial support of this research. Thanks are also extended to
General Procedure for the Palladium-Catalyzed Annulation Johnson Matthey, Inc., and Kawaken Fine Chemicals Co., Ltd.,

of Arynes Using 2-Halobiaryls.To a solution of the 2-halobiaryl  for donating the Pd salts and Frontier Scientific Co. and

(0.30 mmol), Pd(dba)0.015 mmol), R¢-tolyl)s (0.015 mmol), and  synthonix for donating the arylboronic acids used to prepare
the silylaryl triflate (0.60 mmol) in a mixed solvent system o starting materials.
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