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PtCl, (5 mol %) is an effective catalyst for aromatization of enediynes via a C
of this cyclization is proposed to involve platinum
internal alkynes.
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—H bond insertion of tethered alkanes. The reaction mechanism

—n-alkyne intermediates. This cyclization works not only for terminal alkynes but also for

Bergman aromatization of enediyAdms attracted consider-

and nucleophilic addition. The thermal cyclization of un-

able attention because of its useful applications in materials strained enediynes requires high temperatures, but it can be

and medicinal chemistr§? Aromatization of enediynes has

been investigated with various approaches, including diradi-

cal pathway3?“electrophilic addition$a—¢ radical cation$?
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implemented with metal complexes under ambient condi-
tions®?In such cases, excess metal reagents are often used
to complete the reactiortsfew examples are known for
catalytic cyclization of enediyn€s® Uemura reported
rhodium-catalyzed cyclizations of enediynes via a diradical
process, which actually mimics the cyclization of 5-allene-
3-en-1-ynes (SaitoMyers cyclization) as the terminal alkyne

is transformed into a rhodium vinylidene intermedi¥t&he
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improve this cyclization efficiency using P#3(5 mol %),
which is known as an efficient-activator for alkyne$:*

scope of such a cyclization is strictly limited to enediynes Table 1 shows our results for aromatization of enediynes
bearing one terminal alkyne (Scheme 1). In seeking to

accomplish a new catalytic aromatization of enediynes via
metal—sm-alkyne intermediates, we envisage that a suitable
w-activator may coordinate with enediynes to form his- ~ Table 1. Cyclization of Enediynes with Platinum and
alkyne specied (Scheme 2), thus effecting a closer G¢1) ~ Ruthenium Catalysts

3 R3
RL__## = RY
| catalyst R! . t@Q
Scheme 2 R S R2 R? Ls
R! A B
(CHy)sR' . enediynes® catalyst? products®
3.
[ RZ} R1'R2=<‘L§
5 M' B (1) R3=H 1) TpRuPPh3(CH3CN),PFg 7 (A, 35%)
" R /) (1) PtCl, 7 (A, 48%)
R’ " (2) R® = Me (2) TpRUPPh3{CH3CN),PFg 8 (A, 54%)
A @ PICl, 8 (A 75%)
<
R2 (3)R®="pr(3)  TpRuPPh3(CH;CN);PFsg 9 (A, 61%)
2 C
§ 5 (3) PtCl, 9 (A, 79%)
(4)2R1 = Mj TPRUPPhs(CHsGN),PFg :g E g’ ?gof';
C(6) distance, and to facilitate the cyclizatib@&ompared RE=HRE=TPrd) -
to Uemura’s system, one distinct feature is the possible f"') PiCt, 10 (A 71%)
. . o . . . =M
generation of carbenoid speciégiven from the conjugation O et RuPPha(CHaNyPE, 11 (A 67%)
of diradical intermediaté for which the radical character RT=H R"=Me (5) 11(B, 18%)
resides at both the metal and C(6) carbon positions. One ® , PtCl, 11(A.81%)
obvious advantage of this protocol is its applicability to ® R, R2 L, ToRUPPh(CHsCN),PF. 12 (A, 58%)
cyclization for both terminal and internal alkynes. This study R®="Pr (6) SETRVTTTE  q2(B, 20%)
reports realization of this new catalytic reaction using RtCI (6) PtCl, 12 (A, 85%)
achieving aromatization of enediynes via an alkaneHC
bond insertion (Scheme 2). 2[Substrate]= 1.0 M toluene, 100C, 10 h.*5 mol % PtC} and 10

. . . mol % TpRuPPE(CHsCN),PFs. ¢ Yields were given after purification on
We previously reportér’:l catalytic aromatization of ene-  a silica column.

diynes via nucleophilic additions using TpRuRBH;-
CN),PF; (10 mol %, eq 1), and the mechanism has been
elucidated to involve ar-alkyne intermediate. In one 1—6 using these two catalysts to compare their catalytic
instance, we accidentally found that a B-alkane insertion ~ efficiency and chemoselectivity; the reactions were per-
occurred for enediyné bearing a propyl group and gave formed in hot toluene (100C, 10 h). As shown in entries
benzene in 35% yield (eq 22 Uemura’s mechanism fails ~ 1—3, PtCh (5 mol %) is more efficient than ToORUPRGH;-

to rationalize the formation of this product. We sought to CN)PFs (10 mol %) in the aromatization of enediynes 3
despite a lower loading of PtEIFor acyclic enediyne4—6,

(10) Catalytic reactions via metal-vinylidene intermediates; see: (a)

Bruneau, CTop. Organomet. Chen2004,11, 125. (b) Trost, B. MAcc. (11) Recent reviews for Ptgtatalyzed reactions: (a) Méndez, M.;
Chem. Res2002,35, 695. (c) Bruneau, C.; Dixneuf, Acc. Chem. Res. Mamane, V.; Firstner, AChemtract®2003 16, 397. (b) Aubert, C.; Buisine,
1999, 32, 311. (d) Puerta, M. C.; Valerga, Boord. Chem. Re 1999, O.; Malacria, M.Chem. Re. 2002,102, 813. (c) Echavarren, A. M.; Nevado,
193-195, 977. C. Chem. Soc. Re2004,33, 431.
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we found that the ruthenium species produced two cyclized
benzened0—-12(A) (54—67%) and.0—12(B) (16—20%);
this information indicates the generation of two active
intermediates in this catalytic reaction. Formation of benzenes
10—12(B) can be rationalized on the basis of a metal-
vinylidene pathway according to Uemura’s mechanisrhe

use of PtC catalyst, however, gives only cyclized benzenes
10—12(A) in good yields (7481%), which seems to favor

a m-alkyne intermediate.

As PtCh shows better efficiency and chemoselectivity than
TpRUuPPB(CH:CN),PF; in the preceding cyclizations, we
examined the generality of Ptctatalyzed reactions with
various enediynes bearing a terminal alkyne as reported in
Table 2. Entries 1 and 2 demonstrate two instances of

Table 2. PtCh-catalyzed Cyclization of Enediynes Bearing a
Terminal Alkyne

enediynes?® enediynes

o el

(1) Xx=Y=H (13)

products (yields)? products (yields)

R="Pr
(5) X=H,Y=0Me (17) 28 (78%)
(6) X=Y = OMe (18) 29 (83%)

24 (46%) (7)X=H,Y=F (19) 30 (55%)

MeO

(8) X =Y = H (20)

2)X=H,Y=0Me (14) 25 (73%)

m\/’

(3) X=H, Y = OMe (15)
(4) X =Y =OMe (16)

X

X Y
Y

(9) X=H,Y=0Me (21)  31(81%)

(10) X=0OMe,Y =H (22) 32 (67%)

26 (70%)
27 (86%)

(11) X =Y = OMe (23) 33 (85%)

The value of this cyclization is reflected by its applicability
to enediynes bearing two internal alkynes; the results are
presented in Table 3. Entries-& show the cyclization of

Table 3. PtCh-catalyzed Cyclization of Enediynes Bearing an

Internal Alkynes
_PtCl Rj&
R? X
46-51

34-39 "
3
PtCly R
R2
40- 45 52-57 X
enediynes? products? enediynes products
R1, R2 = <:é5\ R1 Rz =H
‘e R?=Me
(1) X = Cl (34) 46 (75%) (7) X = CI (40) 52 (60%)
(2) X = Br (35) 47 (78%) (8) X = Br (41) 53 (69%)
(3)X=1(36) 48 (74%) (9) X =1(42) 54 (66%)
R R2= Cﬁ R®="CyH, X =1
& (10)R'=H 55 (819
5 (81%)
(4)X=CI(37) 49 (77%) R “= OMe (43)
(11)R! = OMe,
(5) X = Br (38) 50 (76%) R2 = H (44) 56 (76%)
By X =1(39) 51(74%) | (12)R!=R? = OMe (45) 57 (76%)

a5 mol % PtC}, [substrate}= 1.0 M toluene, 100C, 12 h.b Yields of
products are given after purification on a silica column.

a5 mol % PtC}, [substrate}= 1.0 M toluene, 100C, 12 h.P Yields of
products are given after purification on a silica column.

formation of a tertiary carbon through aromatization of
enediynesl3 and 14, which gave corresponding benzenes
24-25in 46—73% vyields. The 4-methoxyphenyl group of
speciesl4 greatly enhanced this cyclization efficiency. A
similar phenomenon was observed for compoubfsnd

16 bearing 4-methoxy- and 4,5-dimethoxyphenyl groups,
respectively (entries 3 and 4), which produced benz@6es
and 27 in respective yields of 70% and 86%, better than
that (45%) of its unsubstituted enediytgTable 1, entry

1). This aromatization maintains the same catalytic efficiency
on electron-rich benzené3 and18 bearing methoxy groups

at the C(4) and C(5) phenyl carbons (entries 5 and 6) relative
to its parent benzene derivatig (Table 1, entry 3). In
contrast, cyclization of benzerE9 bearing a fluoro sub-
stituent is less efficient, giving benzene prod@6tin 55%
yield (entry 7). Notably, this C—H bond insertion failed to
work with enediyne20 bearing a CH fragment adjacent to

a methoxy group (entry 8); in this case, a complicated
reaction mixture was obtained. Nevertheless, the methoxyl
groups of enediyne21—23show a surprisingly activating
effect, giving cyclized product81—33in 81—85% yields.
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acyclic enediyne84—39 using PtC} catalyst (5 mol %);
these substrates produced cyclized benzd6e$1 follow-

ing the same protocol. Such cyclizations work also well for
1,2-bis(alkynyl)benzene€0—42, and the corresponding
naphthalene52—54were obtained in 60—69% vyields. The
structures ob3 and56 were determined biH-NOE spectra.
The catalytic cyclization is also efficient for cyclization of
1,2-bis(alkynyl)benzenet3—45 bearing one or two methoxy
groups at the C(4) and C(5) carbons, giving resulting
2-iodonaphthalenegs5—57in 76—81% vyields. The fact that
these cyclizations proceed without a 1,2-halogen shift
suggests a platinum—sm-alkyne reaction intermediate.

We have performed deuterium-labeling experiments to
study the nature of cyclization using PiChtalyst. We found
that the alkynyl deuterium of speci@docated at the same
carbon with a loss of 25% deuterium content. In the presence
of D,O (1.0 equiv), the C(4)-deuterium content is up to 58%.
This information indicates that Pt&tatalyzed cyclization

(12) Alkynyl iodide undergoes 1,2-shift with metal species to form
2-iodovinylidene intermediates in several catalytic reactions, see: (a) Miura,
T.; lwasawa, N.J. Am. Chem. Soc2002, 124, 518. (b) Lin, M.-Y;
Maddlrala S. J.; Liu, R.-SOrg. Lett. 2005, 7, 1745 (c) Mamane V
Hannen, P.; FUrstner, AChem. Eur. J2004, 10, 4556.
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of enediyne2 is consistent with platinunr-alkyne mecha-

nism because of the absence of 1,2-hydrogen shift for the

alkynyl deuterium.

Scheme 4 shows a proposed mechanism for the C—H

alkane insertion of enediynes using BtCatalyst. We

Scheme 4
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envisage that Ptghctivates the cyclization of enediynes via
PtChL—m-alkyne specieé and forms diradical specidsor

its resonance forr€. The observed alkane insertion indicates
the role of carbenoid intermediate, which forms cyclo-
pentyl specie®. This species subsequently loses a proton
to generate specieE and ultimately gives the desired

This cyclization is unlikely to arise from the pure diradical
specied, because its subsequent intermedrats prone to
loss of a hydrogen radical, ultimately giving benzene with a
pendant 2- or 3-butene. The participation of carbene inter-
mediatesC is also supported by the enhancing effect of
4-methoxyphenyl substituent, which can stabilize singlet state
carbenoidC' through resonance (Scheme 5). In this mech-

Scheme 5
MeO I | MeQO
¢ PtC|2 PtC|2 P'(Clz

anism, we do not exclude the role of triplet state platinrum
carbene specieS".

In summary, we have demonstrated that P{6Imol %)
efficiently catalyzed aromatization of enediynes bearing both
terminal and internal alkynes; the reaction mechanism has
been proposed to involve platinuim-alkyne intermediates.
The product analysis and deuterium-labeling experiment are
consistent with a platinum-stabilized benzene carbenoid being
responsible for the alkane G+bond insertion in the course
of aromatization. This work offers a new example for
generation of carbenoid reaction intermediates via metal-
catalyzed activation of alkynés.
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content of specie® will be enriched in the presence of
external RO, consistent with our observation in Scheme 3.
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(14) One reviewer suggests that this catalytic reaction likely occurs with
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