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ABSTRACT

Cotrimerization of arynes and electron-deficient alkenes selectively affords dihydrophenanthrenes or ortho-olefinated hiaryls, depending on
the catalytic system employed. Our findings support a mechanism involving benzyne and a metallacycloheptadiene as key intermediates.

In recent years, the introduction of transition-metal catalysis alkynes? diynes® allyl derivatives3? and allene® and with

has significantly broadened the reactivity of arykédn

COSf7 To date, however, the only reported use of alkenes

1998, we found that the generation of benzyne in the as reaction partners has been the palladium-catalyzezi{2]
presence of catalytic amounts of palladium complexes led cycloaddition of arynes to strained bicyclic alkefi&¥e now

to its cyclotrimerization, affording triphenyledélhe exten-
sion of this [2+2+2] cycloaddition to polycyclic arynes

report the use of transition-metal complexes to promote the
cotrimerization of arynes with acyclic alkenes, which af-

allowed us to synthesize a number of structurally diverse forded 9,10-dihydrophenanthrenes or ortho-olefinated bi-

polycyclic aromatic hydrocarbod/Ne have also shown that

palladium complexes can catalyze the cotrimerization of

arynes and alkynes with high chemoselecti¢#yThe scope

of this methodology was soon extended to related metal-

phenyls depending on the catalytic system employed.

We first examined the reaction of benzyne and methyl
acrylate (2a) in the presence of catalytic amounts of
palladium complexes. We found that in the presence of an

catalyzed cocyclization reactions of arynes with a variety of excess oRaand 10 mol % of Pd(PRJx the slow generation
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of benzyne by CsF treatment oftho-(trimethylsilyl)phenyl
triflate (1) in acetonitrile/toluene at 68C led to an 84%
yield of a mixture of dihydrophenanthreBa and the ortho-
olefinated biarylsE/Z)-4a(see Scheme 1 and Table 1, entry

Scheme 1
cat., ligand N R1
@[OTf CsF (2 equ1v
MeCN/to[uene (1:1)
™S R 60°C, 16 h
1 2a-f 3af (E/Z )-da-f

a,R'=CO,Me,R?=H  d,R'=80,Me, R2=H
b,R'=CN,R?=H e, R'= R?=CO,Me

¢, R'=COMe, R?=H f,R'=CO,Me, R?= Me

1).° Compound3a, the cotrimerization product resulting from
formal [2+2+2] cycloaddition of two benzynes to one

Table 1. Metal-Catalyzed Reactions of Benzyne with Alkehes

entry 2  catalyst (%)® ligand (%) yield (%) ratio?
1 2a Pd(PPhgs)4 (10) 84 81:10:9
2 2a Pdq(dba)s (5) PPhg (20) 95 77:14:9
3 2a Pdgy(dba)s (5) PPhg (10) 85 20:57:23
4 2a Pdq(dba)s (5) P(o-tol)3 (20) 69 8:68:24
5 2b Pds(dba)s (5) PPhs (20) 52 44:34:22
6 2¢ Pdg(dba)s (5) PPhs (20) 66 80:9:11
7 2d Pds(dba)s (5) PPhs (20) 88 92:6:2
8 2¢ Pdao(dba)s (5) P(o-tol)3 (20) 71 3:60:37
9 2d Pds(dba)s (5) P(o-tol)3 (20) 84 33:36:41
10 2e Ni(cod)s (10) PPh; (20) 61 100:0:0
11 2f Ni(cod)z (10) PBugs (20) 60 51:49:0

aSee Scheme 1. Reactions were performed using 3 equiv of alkene,

except entry 5 (1 equivP. Amounts of catalyst and ligand, in mol %, are
in parentheses.Combined isolated yields (%) & and (E/Z)-4. Small
amounts of triphenylene were also detected (see réfi@ple ratio [3:(E)-
4:(2)-4], as determined biH NMR.

alkene, was the major product3g(E)-4a(2)-4a

81:10:9]. Remarkably, it was possible to reduce the amount

of catalyst to 2 mol % while maintaining a reasonable 72%
yield .10

With Pdx(dba} as the catalyst, cotrimerization turned out
to be highly dependent on the accompanying auxiliary
ligand: the reaction was catalyzed by mixtures of(Rida)
and PPhk but cotrimerization products were not isolated in
significant amounts in the absence of phosphine or with
bidentate phosphines such as dppe or dppiso, whereas
the use of a 1:2 Pd/PPhatio afforded results similar to those
obtained with Pd(PRJy (entry 2), decreasing the amount

(9) An excess of the acrylate (3 equiv) was necessary to avoid the
formation of triphenylene as the major product.

(10) In the absence of palladium catalyst, none of the cotrimerization
products were detected.

(11) Under these conditions, the major reaction products resulted from
the cyclotrimerization of benzyne and thet{2] cycloaddition of benzyne
to the alkene.

3348

of ligand (1:1 Pd/PPhratio) led to biaryls E/Z)-4abeing
the major products (entry 3). An even more pronounced
selectivity in favor ofd4a[ratio 3a:(E)-4a:(Z)-4a= 8:68:24]
was observed when &¢olyl); was used instead of PP(tf.
entries 4 and 2).

Other electrophilic monosubstituted alken2b+{d) also
cotrimerized with benzyne in the presence of Pd catalysts
(entries 5-7). Alkenes substituted with no electron-
withdrawing groups (e.g., ethyl vinyl ether) did not cotrim-
erize. As in the case dfa, the reactions of alken@&t and
2d could be steered toward the formation of biaryig4)-
4c and E/Z)-4d by using P6-tolyl); as the auxiliary ligand
(entries 8 and 9).

For the cotrimerization of disubstituted alkenes, nickel-
based catalysts turned out to be more efficient than palladium
complexes. In particular, the reaction with dimethyl fumarate
[(E)-2€] afforded higher yields with Ni(codpPPh (61%,
entry 10) than with Pg{dba)}/PPh (31%). Remarkably, with
this alkene, no formation of biaryke was observed, with
trans-dihydrophenanthrene (trans-3e) being the only cotri-
merization product. Curiously, dimethyl maleat&)iRe]
afforded only a 10% yield ofrans-3e'? Less electrophilic
disubstituted alkenes appear to require the use of more
electron-rich phosphines. For example, with methyl crotonate
[(E)-2f], the combined yield ofrans-3f and E)-4f increased
from 6% to 60% when PRhwas replaced by PBuas the
auxiliary ligand (entry 11). Notably Z)-4f was not detected
in the reaction mixturé3

Substituted arynes also cotrimerized with alkeries
Benzynes with five-membered fused rings, generated from
5a or 5b (Scheme 2), afforded the corresponding dihydro-

Scheme 2. Cotrimerization of Substituted Benzynes w2ha

CsF, 2a R
A
X otf  Pda(dba)s < O‘
L 98 4
X TMS MeCN/tol
60 °C W) X

5a,b 6ab X (E/1Z)-Tab X~/
a,X=CH, R=COMe yield [6:(E)-T:(2)-T; a, 90% (75:15:10)
b,X=0 b, 68% (56:34:10)

phenanthrene8ab and ortho-olefinated biarylgap in good
yields under the reaction conditions optimized for the Pd-
catalyzed cotrimerization of unsubstituted benzyne and
methyl acrylate (2a}*

Plausibly, the mechanism of this reaction is closely related
to the one proposed by Cheng and co-workers for the Ni-
catalyzed cotrimerization of alkynes and acryldfe&or
monosubstituted alkenes, it is depicted in Scheme 3. First,

(12) We found that Z)-olefins are poor reaction partners in this
cotrimerization. The formation dfans-3efrom (Z)-2eis due to the partial
Z/E isomerization of the olefin in the reaction mixture.

(13) Geminally disubstituted olefins such as methyl methacrylate or
dimethyl itaconate afforded yields below 30% of the corresponding products.

(14) P@(dba) (5 mol %), PPh (20 mol %). MeCN/toluene; 3:1 fosa
(16 h), 1:1 for5b (30 h). When using R¥{tolyl); as a ligand:a, 73% (4:
69:27);b, 78% (13:67:20).
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bases. Second, cotrimerization of benzyne with deuterium-
Scheme 3. Postulated Mechanism of the Cotrimerization labeleds,B-dz-2a (Scheme 4) produced the expected mixture

£/Z)-4 R
WEEEY M(O) el
/ 2x12 12 2 Scheme 4. Cotrimerization with Deuterium-LabeIed Acrylate

R
COM
O CO,Me sz(dba)3 Cone S 02N
M 1 s /[ otoyl
M
path a D” D MeCN/to[
(ElZ)1 O

80 °C
 Fd>-2a
11 Bld dz 3a dy (E/Z) -4a

of d,-3aandd,-(E/Z)-4a, which in our opinion suggests that
the synthesis of biarylé proceeds vig-hydride elimination
from metallacycle9.

Third and most conclusively, under our standard conditions
(entry 2, Table 1), the reactions of acrylafa with
regioisomeric triflatesl3a,b, both of which are precursors
of 3-methoxybenzyneld, Scheme 5), afforded identical

M = PdL,, NiL,

the coordination of the metal complex to two benzyrd,(
followed by oxidative coupling, would afford metallacycle
8. Then, insertion of the alkene into a carbanetal bond
would lead to metallacycloheptadiefiewhich could evolve
in two ways. Following patta, reductive elimination of the
metal could produce dihydrophenanthre®i&® Following Scheme 5. Cotrimerization of 3-Methoxybenzyne

pathb, g-hydride elimination could affordg/Z)-10, which OMe OMe - R
would subsequently produce biaryl&/Z)-4 by reductive X F ©| 2a Meoi/\lij/j
N

elimination, the finaE/Z isomerism o# depending on which v ' P
hydrogen is involved in thﬁ-H elimination _steﬁ? Pathb 13a.X = OTf.Y=TMS 14 i 45 MeO 16 Moo
would be favored by coordination vacancies on the metal 13, X =TMS, Y =OTf R = CO,Me

due to the bulk of phosphines such as-&flyl); (entries 4,

8, and 9) or to the use of a 1.1 Pd/ligand ratio (entry 3). A
similar mechanism via metallacyclel instead of8 is also ~ Mixtures of dihydrophenanthrend$ and biaryls16, with
likely,'® although the detection of small amounts of the the same isomer ratios as determined by GC/MS. A mech-
benzyne Cyc'otnmer tr|pheny|ene in the reacuon m|XtureS anism via oxidative addition would produce different isomers

suggests thas is formed as an intermediate. Similar from 13aand13b?
metallacycles have recently been proposed as intermediates [N conclusion, this work shows for the first time that arynes
in related Pd-catalyzed synthesis of ortho-olefinated biafyls, can undergo palladium- and nickel-catalyzed cotrimerization
To rule out an alternative mechanism initiated by oxidative With acyclic alkenes, selectively affording dihydrophenan-
addition of the aryl triflate to Pd(C® we performed threnes or ortho-olefinated biaryls depending on the catalyst
additional experiments, the results of which strongly support used. Remarkably, our findings support a mechanism based
a mechanism involving benzyne as the reactive species. Firston metal-catalyzed cycloaddition of benzyne involving a
we found that in the absence of a fluoride source the startingMetallacycloheptadiene as the key intermediate.
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