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Reactions mediated by transition metals have played a crucial ™S 35 ook E E
role in the development of synthetic methodology during the last “ OMe O‘
quarter of this century. A paradigm of the synthetic potential of oTf cat.Pd O O
these transformations is the metal-catalyzed cyclotrimerization 8 MeO
of alkynes to afford aromatic compountisthis extensively OMe 10 + M
exploited reaction has been studied from the mechanistic point ) OMe E
of view and has been expanded in scope to embrace cocyclizations E - COM E
of alkynes, alkenes, nitriles, and other species. Our experience | =Lheve OO
in aryne chemistry led us to consider the possibility of using £
transition metals to catalyze cycloaddition reactions of aryies, 9 12 E

a possibility recently confirmed by the finding that arynes can
be transformed into triphenylenes by efficient palladium(0)-
catalyzed cyclotrimerizatiohTo explore further the scope of this

novel palladium-mediated aryne chemistry, we have investigated

the cocyclization of arynes with other species. Here we report
preliminary results on the cocyclization of arynes and alkynes to
afford phenanthrenes and naphthalenes.

In our earlier work we found that Pd(0) complexes are the
catalysts of choice for trimerization of benzyne, which is strongly
electrophilic. By contrast, there are few published examples of

the cyclotrimerization of alkynes using Pd(0) complexes, and those

that have been reported are mostly limited to electron-poor

alkynes® 7 We envisaged that the difference between arynes and
alkynes as regards reactivity with Pd(0) complexes, rather than
being a disadvantage, might provide the chemoselectivity required

for a synthetically useful cocyclization reaction. With this in mind
we started our study with the reactions of arynes with an electron-
deficient alkyne, dimethyl acetylenedicarboxylate (DMAB),
catalyzed by Pd(0) complexes (Schemes 1 and 2).
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We found that slow generation of benzyne, by treatmerzof
with CsF in acetonitrile at room temperature, in the presence of
3 and catalytic amounts of Pd(0), afforded mixtures of phenan-
threneda, naphthalené&a, and minor amounts of triphenylene.
Various reaction conditions were tried in order to direct the
reaction toward the formation of either the phenanthrene or the
naphthalene. The best yield 4& was obtained using 1.4 equiv
of the alkyne and Pd(PRh as catalyst (Table 1, entry 1). Larger
excesses of the alkyne produced less phenanthrene and more
naphthalene, but selective formationsafwas not achieved even
with 10 equiv of alkyne. TLC monitoring of these experiments
showed the initial formation and eventual disappearance of a
compound that upon isolation was characterized as con§lex
and is assumed to be one of the intermediates in the formation of
4aand5a. Naphthalen&awas obtained in good yield and with
very good selectivity when Bftlbay was used as the catalyst
(entry 2). It is possible that reaction of DMAD with Kdba)
gave complexz, as previously reporte?, and thatsa resulted
from reaction of7 with a molecule of benzyne.
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The same chemoselectivity was observed when DMAD was
reacted with the substituted aryrisand9 under similar reaction
conditions. Thus, generation of 4,5-difluorobenzyrith)( by
treatment of triflateLb with CsF, in the presence of excess DMAD
and 0.1 equiv of Pd(PRh, afforded a mixture of phenanthrene

4tb (64%), naphthalengéb (9%), and 2,3,6,7,10,11-hexafluoro-

triphenylene (8%) (Table 1, entry 3). The use of,(@da) as
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Table 1. Pd-Catalyzed Cocyclization of Benzyne and Table 2. Pd-Catalyzed Cocyclization of Benzyne and Alkyhes
4,5-Difluorobenzyne with DMAD -
_ product yields, %
Pd(0) cat. product yields, % entry 13 Pd(0)cat. Solvent 14 15  Triphenylene
entry 1 (0.1 equiv) 4 5 Triphenylene
1 13a Pd(PPBs MeCN 55 (4q) 20
1 la Pd(PPbs 84 (4a) 7 (59) 2 2 13a Pd(PPh, PhMe 65 (149 20
2 la  Pd(dbay 10(4a) 83 (53) 3 13b Pd(dbay MeCN 63 (14b) 8 (15b) 10
3 1b  Pd(PPB)s 64 (4b) 8 (5h) 8 4 13c Pdyfdbal MeCN 28 (140 23
4 1b  Pd(dba 9(4b) 54 (5b) 5 13d Pd(dbay MeCN 16 (14d) 1 (150) 42
6 13d Pd(dbay PhMe' 34 (14d) 2 (15d) 26

2 See Scheme P.Yield of isolated product 2,3,6,7,10,11-Hexaflu-
orotriphenylene. aSee Scheme 3.Yield of isolated producté Mixture of regioiso-
mers (major product5h). ¢ 18-Crown-6 (3 equiv) was added.

Scheme 3 - .
amounts of the cocyclization productd and15 being detected.

However, satisfactory yields of the phenanthrehéb—d were

R’ R’
R'-——R? R2 2 ; : o ; e
oTf R isolated after rational modification of the reaction conditions:
13a-d .. . -
@ m O‘ + ‘O hypothesizing that the bulky, highly nucleophilic and strongly
TMS CsF (2 eq'uiv)?n_ ’ O f R coordinated ligand PRhmight prevent the coordination and
R

subsequent reaction of these less electron-deficient alkynes, we

N ~
1a \\ 14a-d 15a-d again resorted to the “lightly stabilized” complex ftbay. In
@’ the reaction of benzyne with3b this affordedl4bin 63% yield
[ a:R'=R?=CF, together with an 8% yield of a mixture of the three possible
2a b: R: = ngEt; R®=Me naphthalenes, of which5b was the major regioisomer (entry 3).
c:R =R =Et 3-Hexyne (30 and diphenylacetylenel8d) also reacted under
d:R'=R"=Ph these conditions (entries 4 and 5), giving the corresponding

) ) ) phenanthrened,4cand14d, in 28 and 16% vyield, respectively;
catalyst resulted in the formation of naphthal&heas the major  the reduction in yield can be attributed to the lesser ability of
product (54%), whiledb was isolated in 9% yield (entry 4). In  these alkynes to coordinate to palladium, which was also reflected
the case of 3-methoxybenzyn@),(treatment of triflate8 with by the precipitation of inactive palladium black during the
CsF in the presence of DMAD and catalytic Pd(B)Pted to the reactions. Use of the phosphine®gl); and dppe to stabilize
isomeric phenanthrene$0 and 11 in 23 and 60% yield,  the catalyst did not give better results, but a better yield4sf
respectively, together with the naphthaleh in 6% yield. was obtained when the reaction was carried out in toluene (entry
Selective formation of naphthaleri in 82% yield was again ), probably due to the greater solubility of alky@d in this
achieved using B(dbay); as catalyst; in these conditions phenan- ggjyent.
threneslOand11were isolated in 3 and 11% yield, respectively. Although further investigation is needed to determine the

These results show that the reaction of arynes with DMAD precise mechanism of these reactions, we suggest that it may be
can easily be switched between the formation of phenanthrenessimilar to the one generally accepted for alkyne cyclotrimeriza-
and the formation of naphthalenes by appropriate selection of thetions! This proposal is consistent with previous reports on the
catalyst. This chemoselectivity is highly remarkable in a purely reactivity of aryne complexes of group 10 elemefits. An
intermolecular [2+ 2 + 2] cocycloaddition reactiof. alternative mechanism initiated by oxidative addition of the triflate

Reaction of benzyne with other alkynes (Scheme 3) afforded to pd2is unlikely, since in the absence of CsF starting materials
lower yields of cycloaddition products despite exhaustive efforts remained unaltered, even in the presence of other bases, such as
at optimization (the main results are summarized in Table 2). The triethylamine, or when alkenes were used as reaction partners.
best results were obtained with the reaction of hexafluoro-2-butyne | conclusion, this work shows that arynes can undergo
(138 with benzyne in the presence of Pd(RRhto give palladium-catalyzed cocyclization with alkynes to afford phenan-
phenanthrengé4aand triphenylene (the expected naphthalebe threnes and, in the case of the reaction with DMAD, naphthalenes
was not detected). Although this reaction was complicated by z|s0. Remarkably, the reactions with DMAD can be selectively
polymerization of the alkyne, the yield increased from 55 (entry gjrected toward the formation of phenanthrenes or the formation
1) to 65% when toluene was employed as solvent (entry 2). Less of naphthalenes by changing the catalyst. This unusual selectivity
electrophilic alkynes showed much lower reactivity: reaction of makes the palladium-catalyzed cocyclization of arynes and alkynes

13b—d with benzyne in the presence of Pd(BRhat room 3 promising tool for the synthesis of polycyclic aromatic
temperature afforded triphenylene almost exclusively, only minor compounds.
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