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Abstract: Catalytic hydrogenation of carbon-, nitrogen- and oxygen-tethered 1,6-diynes 1a—9a and 1,6-
enynes 10a—18a using cationic Rh(l) precatalysts at ambient temperature and pressure enables reductive
carbocyclization to afford 1,2-dialkylidene cyclopentanes 1b—9b and monoalkylidene cyclopentanes 10b—
18b, respectively, in good to excellent yields and as single alkene stereoisomers. Notably, the 1,3-diene
and alkene containing cyclization products 1b—9b and 10b—18b are not subject to over-reduction under
the conditions of catalytic hydrogenation in which they are formed. Reductive cyclization 1,6-diyne 1a and
1,6-enyne 10a performed under an atmosphere of D, provides the carbocyclization products deuterio-1b
and deuterio-10b, respectively, which incorporate two deuterium atoms. The collective data are consistent
with a catalytic mechanism involving heterolytic activation of elemental hydrogen (Hz + Rh*X~ — Rh—H +
HX) followed by Rh(l)-mediated oxidative cyclization of the 1,6-diyne or 1,6-enyne substrates to afford
(hydrido)Rh(lIl)-based metallocyclopentadiene and metallocyclopentene intermediates, respectively. These
transformations represent the first examples of metal-catalyzed reductive carbocyclization mediated by
hydrogen.

Introduction hydrogen reductive elimination manifolds are disabled. Prior
to our work, hydrogen-mediated catalytic reductive Cbond
formation was restricted to processes involving migratory
insertion of carbon monoxide, such as alkene hydroformyl@ation
and the FischerTropsch reactiofi.

Thus far, the “C-C bond forming hydrogenations” we have
developed operate through the addition or insertion efCC
z-bonds® As such, it became of interest to develop related
transformations based on the capture of hydrogenation inter-
mediates through migratory insertion of-C xz-bonds. Here,
we disclose that catalytic hydrogenation of 1,6-diydes-9a
and 1,6-enyne$0a—18ausing cationic rhodium(l) precatalysts
at ambient temperature and pressure results in efficient cycliza-
tion to afford the corresponding 1,2-dialkylidenecyclopentane
productslb—9b and monoalkylidene cyclopentan&3b—18b,
respectively.These results represent the first examples of the

From the seminal studies of Sabatiend Adam&to the more
recent studies of Knowlésind Noyori? catalytic hydrogenation
is uniformly regarded as a method of reduction. Recent studies
from our lab involving the capture of hydrogenation intermedi-
ates establish catalytic hydrogenation as a powerful and
mechanistically novel strategy for catalytic-C bond forma-
tion.> Specifically, under the neutral conditions of catalytic
hydrogenation, the reductive coupling of conjugated enghés,
dienes>e enynes! and diyne® to carbonyl partners has been
realized, including an enantioselective variant of the latter
transformation. A key mechanistic feature of these transforma-
tions appears to involve the heterolytic activation of elemental
hydrogen (H + M—X — M—H + H—X),87 which enables
monohydride-based catalytic cycles for which direct alkyl-

(1) For a biographical sketch of Paul Sabatier, see: Latte€, R. Acad. Sci. use of elementa! hydrogen ?S a terminal reductant in metal-
Ser. lic: Chim.200Q 3, 705. catalyzed reductie carbocyclizatiort®13
(2) For a biographical sketch of Roger Adams, see: Tarbell, D. S.; Tarbell,
A. T.J. Chem. Educl979 56, 163. R
(3) (a) Knowles, W. SPrix Nobel2001, 2002, 160. (b) Knowles, W. SAngew. Rh(COD),OTf (3 mol%) 1
Chem., Int. Ed2002 41, 1998. (c) Knowles, W. SAdv. Synth. Catal. Ry rac-BINAP or BIPHEP (3 mol%)
2003 345 3. X X
(4) (a) Noyori, R.Prix Nobel2001, 2002 186. (b) Noyori, RAngew. Chem., ——R, DCE (0.1 M), 25°C
Int. E.d.2002 41, 2008. (c) Noyori, RAdv. Synth. Catal2003 345, 15.
(5) For catalytic C-C bond forming hydrogenations developed in our lab, H, (1 atm) Ra
see: (a) Jang, H.-Y.; Huddleston, R. R.; Krische, Ml.JAm. Chem. Soc.

2002 124, 15156. (b) Huddleston, R. R.; Krische, M.Qrg. Lett.2003

5, 1143. (c) Koech, P. K.; Krische, M. Drg. Lett. 2004 6, 691. (d) o R
Marriner, G. A.; Garner, S. A,; Jang, H.-Y.; Krische, M.JJ.Org. Chem. _ Rh(COD),0Tf (5 moi%) o

2004 69, 1380. (e) Jang, H.-Y.; Huddleston, R. R.; Krische, Mgew. ,/—=—R  rac-BINAP or BIPHEP (5 mol%)

Chem., Int. Ed2003 42, 4074. (f) Jang, H.-Y.; Huddleston, R. R.; Krische, X X

M. J. J. Am. Chem. SoQ004 126, 4664. (g) Huddleston, R. R.; Jang, L\ DCE (0.1 M), 25°C CHj,
H.-Y. Krische, M. J.J. Am. Chem. So@003 125, 11488 \

(6) For a review on the heterolytic activation of elemental hydrogen, see: Hz (1 atm)

Brothers, P. JProg. Inorg. Chem1981, 28, 1.
10.1021/ja048498i CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004, 126, 7875—7880 = 7875
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Table 1. Optimization of the Catalytic Reductive Cyclization of
Diyne la under Hydrogenation Conditions?

Ph
H5CO,C >C:Ph Precatalyst, Ligand H4CO,C
H3CO,C ——Ph DCE (0.1 M), 25°C H3CO,C
1a H2 (1 atm) 1b Ph
yield 1b
entry catalyst (mol %) ligand (mol %) (recovered 1a)>©
1 Rh(COD}OTf (10%) BIPHEP (10%) 69%
2 Rh(COD}OTf (5%) BIPHEP (5%) 67%
3 Rh(COD)OTf (3%) BIPHEP (3%) 7%
4 Rh(COD)OTf (1%) BIPHEP (1%) 41% (41%)
5 [Rh(COD)CIL (1.5%) BIPHEP (3%) — (91%)
6 Rh(CODXOTf (3%) PPh (6%) — (91%)
7 Rh(COD}BF4 (3%) BIPHEP (3%) 81%
8 Rh(COD)OTf (3%) rac-BINAP (3%) 85%

a Procedure: See Experimental Sectibrisolated yields after purifica-
tion by silica gel chromatography. The structural assignment ab is
corroborated by single-crystal X-ray diffraction analysis.

Results

To assess the feasibility of using hydrogen as a terminal
reductant in carbocyclization, the reductive cyclization of 1,6-
diyne 1la was explored under the conditions of catalytic
hydrogenation. Gratifyingly, upon exposurelafto conditions
identical to those employed for related 1,3-enya@dehyde
couplings® the reductive cyclization produdth is produced
in 67% isolated yield (Table 1, entry 2). While increased catalyst
loading (10 mol %) does not enhance the yield of cyclization

Table 2. Catalytic Reductive Cyclization of Diynes 1la—9a under
Hydrogenation Conditions#?

Rh(COD),0Tf (3 mol%) R
,—R4 rac-BINAP or BIPHEP (3 mol%)
X X
N~—=—R, DCE (0.1 M), 25°C
H, (1 atm)
1a-9a 2 1b-9b "2
Ph o Ph o Ph
H3CO,C H3C><O
H3CO,C HC O
Ph O Ph O Ph
1b, 85%° 2b, 90% 3b, 79%°
Ph Ph Ph
H3CO,C.
o
H3CO,C
Ph Ph CHs
4b, 78%° 5b, 89%° 6b, 68%
Ph CHs CH,
H3CO,C. H3CO,C
TsN
H3CO,C H3CO,C
™S CHs CHs
7b, 51%° 8b, 73%° 9b, 62%°

a Procedure: See Experimental Sectibrisolated yields after purifica-
tion by silica gel chromatographg. rac-BINAP was used as ligand.
BIPHEP was used as ligand.
loadings (3 mol %) providéb in 77% isolated yield (Table 1,
entry 3). A further decrease in catalyst loading (1 mol %) results

product (Table 1, entry 1), reactions performed at lower catalyst in incomplete consumption dfa (Table 1, entry 4). Consistent

(7) Mild basic additives induce heterolytic activation of hydrogen via depro-
tonation of cationic rhodium dihydride intermediates: (a) Schrock, R. R.;
Osborn, J. AJ. Am. Chem. So&976 98, 2134. (b) Schrock, R. R.; Osborn,
J. A.J. Am. Chem. S0d.976 98, 2143. (c) Schrock, R. R.; Osborn, J. A.
J. Am. Chem. S0d.976 98, 4450.

(8) For recent reviews on alkene hydroformylation, see: (a) BreitA&.
Chem. Res2003 36, 264. (b) Breit, B.; Seiche, WSynthesi®001, 1.

(9) For reviews on the Fischeffropsch reaction, see: (a) Herrmann, W. A.

Angew. Chem., Int. Ed. Engl982 21, 117. (b) Rofer-Depoorter, C.-K.

Chem. Re. 1981 81, 447.

For reviews encompassing the metal-catalyzed cyclization of 1,6- and 1,7-

diynes, see: (a) Ojima, |.; Tzamarioudaki, M.; Li, Z.; Donovan, -Cem.

Rev. 1996 96, 635. (b) Tamao, K.; Yamaguchi, Bure Appl. Chem1996

68, 139.

For metal-catalyzed cyclization of 1,6- and 1,7-diynes, see: (a) Trost, B.

M.; Lee, D. C.J. Am. Chem. Socl988 110, 7255. (b) Tamao, K;

Kobayashi, K.; Ito, Y.J. Am. Chem. S0d.989 111, 6478. (c) Trost, B.

M.; Fleitz, F. J.; Watkins, W. JJ. Am. Chem. S0d.996 110, 5146. (d)

Lautens, M.; Smith, N. D.; Ostrovsky, . Org. Chem1997, 62, 8970.

(e) Onozawa, S.-Y.; Hatanaka, Y.; Tanaka,®hem. Commuri997 1229.

(f) Onozawa, S.-Y.; Hatanaka, Y.; Choi, N.; Tanaka, ®ganometallics

1997 16, 5389. (g) Ojima, I.; Zhu, J.; Vidal, E. S.; Kass, D. k. Am.

Chem. Soc1998 120, 6690. (h) Muraoka, T.; Matsuda, I.; Itoh, K.

Tetrahedron Lett1998 39, 7325. (i) Gfaw, S.; Radetich, B.; RajanBabu,

T. V. J. Am. Chem. So@00Q 122 8579. (j) Madine, J. W.; Wang, X;

Widenhoefer, R. AOrg. Lett.2001, 3, 385. (k) Wang, X.; Chakrapani,

H.; Madine, J. W.; Keyerleber, M. A.; Widenhoefer, R. A.Org. Chem.

2002 67, 2778. (I) Muraoka, T.; Matsuda, I.; Itoh, iQrganomellics2002

21, 3650. (m) Liu, C.; Widenhoefer, R. ZOrganometallic002 21, 5666.

(n) Uno, T.; Wakayanagi, S.; Sonoda, Y.; Yamamoto,3¢nlett2003

1997. (o) Trost, B. M.; Rudd, M. TJ. Am. Chem. So@003 125, 11516.

(10

(11)

(12)
tive cyclization of 1,6-enynes, see: (a) Trost, B.Atc. Chem. Re499Q
23, 34. (b) Qjima, I.; Tzamarioudaki, M.; Li, Z.; Donovan, R. Ghem.
Rev. 1996 96, 635. (c) Trost, B. M.; Krische, M. Bynlett1998 1. (d)
Aubert, C.; Buisine, O.; Malacria, MChem. Re. 2002 102, 813.

(13)
by metals other than palladium, see: @ganium Sturla, S. J.; Kablaoui,
N. M.; Buchwald, S. LJ. Am. Chem. S0d.999 121, 1976. (b)Rhodium
Cao, P.; Wang, B.; Zhang, XI. Am. Chem. SoQ00Q 122 6490. (c)
Nicke=Chromium Trost, B. M.; Tour, J. M.J. Am. Chem. Sod.987,
109 5268. (d) Ruthenium Nishida, M.; Adachi, N.; Onozuka, K.;
Matsumura, H.; Mori, MJ. Org. Chem1998 63, 9158. (e) Trost, B. M.;
Toste, F. D.J. Am. Chem. So@00Q 122, 714. (f) LaPaih, J.; Rodriguez,
D. C.; Derien, S.; Dixneuf, P. HSynlett200Q 95. (g) Cobalt Ajamian,
A.; Gleason, J. LOrg. Lett.2003 5, 2409. (h)lridium: Chatani, N.; Inoue,
H.; Morimoto, T.; Muto, T.; Muria, SJ. Org. Chem2001, 66, 4433.
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For reviews encompassing the Pd-catalyzed cycloisomerization and reduc-

with the hypothesis that cationic rhodium catalysts are required
for heterolytic activation of hydrogenation due to the enhanced
acidity of the resulting hydride¥, the use of [Rh(COD)C}]
under otherwise optimal conditions fails to produce reductive
cyclization productlb (Table 1, entry 5). In contrast, use of
Rh(COD)}BF,, an alternative cationic rhodium source, under
otherwise optimal conditions, providekb in 81% isolated
chemical yield. As observed for the corresponding 1,3-efyne
aldehyde coupling¥,the catalyst is rendered inoperative upon
use of monodentate phosphine ligands (Table 1, entry 6). Finally,
upon screening diverse bidentate phosphine ligaadsBINAP

was found to providelb in higher yields than BIPHEP under
otherwise identical conditions (Table 1, entry 8).

Under the conditions established for the reductive cyclization
of 1,6-diyne 1a, the cyclization of assorted 1,6-diynes was
explored. Whereas certain substrates cyclize with greater
efficiency usingrac-BINAP as ligand, BIPHEP was preferable
in other cases. As demonstrated by the reductive cyclization of
substrateda—3a, substrates that possess geminal substitution
in the tether cyclize with great facility. However, as revelaed
by the cyclization of substrate4a and 5a, preorganization
induced through Thorpelngold effect® is not a prerequisite
for high-yielding cyclization. Finally, substratéa—9a establish
applicability of this method to alkyl- and silyl-substituted

For selected examples of the cycloisomerization of 1,6-enynes catalyzed alkynes. In the case of 1,6-diyne substrates, unsubstituted

alkynes provide poor yields of cyclization product (Table 2).
The favorable results obtained for the catalytic reductive
cyclization of diynesla—9a under hydrogenation conditions

(14) For a review of the acidity of metal hydrides, see: Norton, J. R. In
Transition Metal HydridesDedieu, A., Ed.; VCH Publishers: New York,
1992; Chapter 9.

(15) For a review, see: Jung, M. Bynlett1999 843.
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Table 3. Optimization of the Catalytic Reductive Cyclization of
Enyne 10a Mediated by Hydrogen?

Table 4. Catalytic Cyclization of 1,6-Enynes 10a—19a#?

Ph Rh(COD),OTf (5 mol%) R
——R rac-BINAP or BIPHEP (5 mol%
H,CO,C —Ph Precatalyst, Ligand HCO,C >Cf N ( 6) X/\:/I\/
—_— 0,
) DCE (0.1 M), 25°C CH
H3CO,C \ DCE (0.1 M), 25°C H3CO,C CHs \ H(2 It at)m) ?
10a Ha (1 atm) 10b 10a-18a 10b-18b
yield 10b Ph CHg
entry catalyst (mol %) ligand (mol %) (recovered 10a)>¢ HaCO,C H3CO,C H3CO,C
1 Rh(CODYOTf (10%)  BIPHEP (10%)  87% HCOSC
2 Rh(CODYOTF (5%) BIPHEP (5%) 89% o~z CHy  HCOL CH;  HsCOC CHa
3 Rh(COD}OTf (3%) BIPHEP (3%) 80% . oo o
4 Rh(COD)BF4(3%)  BIPHEP (3%)  91% 10b, 89% 11b, 75% 12b, 49%
5 [Rh(COD)CIL (5%) BIPHEP (10%) — (78%) Ph Ph Ph
6 Rh(COD}OTf (3%) PPHh (6%) partial alkyne
reduction HyCO2C, g
H3CO,C
a Procedure: See Experimental Sectibrisolated yields after purifica- CHy s-2 CH(;Ha CHa
tion by silica gel chromatography. In certain instances, the formation of 13b. 65%¢ 14b. 80%S® 15b 82%
la was accompanied by trace quantities of the corresponding 1,2- R et reen
dialkylidenecyclopentane. Ph CHj Ph
suggest the feasibility of performing related cyclizations using ToN TeN
1,6-enyned21® To explore this possibility, the hydrogen- CH, CH, “ICH,

TBSO

mediated reductive cyclization of 1,6-enyb@awas examined.
18b, 79%° (1.4:1d.r.)

Gratifyingly, exposure oi0ato using BIPHEP as ligand results
in clean conversion to reductive cyclization prodi@b, which a Procedure: See Experimental Sectibrisolated yields after purifica-

is isol in % vield (Tabl ntrv 2). Aaain nsistent tion by silica gel chromatography. rac-BINAP was used as ligand.
S. solated 89 ? yield ( ?b? 3 e .t y 2). Again, cons St‘? t BIPHEP was used as ligan®l. The product of partial alkyne hydrogena-
with the hypothesis that cationic rhodium catalysts are required gionwas also formed in 10% yield.

for heterolytic activation of hydrogen because of enhanced

acidity of the resulting hydrides,use of [Rh(COD)CH under (COD),OTf-BIPHEP catalyst system. Here, the reductive cy-
otherwise Optimal conditions fails to pI'OdUCE reductive CyC"Z&- clization productdeuterio]_Obl which incorporates two deute-
tion product10b (Table 3, entry 5). However, using Rh-  rjum atoms, is obtained in 89% yield. These data are again
(COD)BF, as precatalyst, a 91% isolated yield d0b is consistent with a catalytic mechanism involving oxidative
obtained at only 3 mol % catalyst loading (Table 3, entry 4). cyclization to form a metallocyclic intermediate, followed by
As for the corresponding 1,6-diyne cyclization, the catalyst is carbon-deuterium reductive elimination to afford a vinyl
rendered inoperative upon use of monodentate phosphineshodium intermediate, which upon hydrogenolytic cleavage
(Table 3, entry 6). gives the product of reductive cyclization along with LnRh-
A preliminary assessment of the scope of the 1,6-enyne ())D to close the catalytic cycle (Scheme 1, top right).
cyclization was made using the optimum conditions identified For the proposed catalytic mechanisms involving oxidative
for the reductive cyclization diynd0a using commercially cyclization to form metallocyclic intermediates,~C bond
available Rh(C.OQpr as precataIyS_t._As revealed by substrates formation precedes €H bond formation. Additionally, €C
10a-183 cyclization proceeds efiiciently across a range of bond formation is regiodetermining with respect to functional-

carbon-, %)fyge;l-é Zpd nitrogen.-telthersdt.ter:yneg. tJhnIikteﬂ:he ization of the alkyne. For the reductive cyclization of both 1,6-
corrésponding ,b-diynes, géminai Substitution in ne tether diyne and 1,6-enyne substrates, related hydrometallative mech-
appears to facilitate cyclization and unsubstituted alkynes are . Jisms also may be envisioned (Scheme 1, bottom left and
tolerated (Table 4). right). For such hydrometallative mechanisms;-KC bond

i Mectrrl]anlsgw.'l;p prObT. th? met;hlaglzmnc;these tr?nsfor(;na- formation precedes €C bond formation and hydrometalation
lons, the reductive cychization ot L,5-dlyria was pertorme is regiodetermining. While the available data do not enable

gnde: zz/n a;Tr?SFI’:Lfrg (())f eli_T%TéaLgi,Utert'ulm Itn thetpres_le_ﬂce 0tnambiguous discrimination between these two catalytic mech-
mol % of the Rh(CODYOT- catalyst system. The anisms, the hydrometallative mechanism is deemed unlikely as

;edl:cn_ve CB:C“Z&“OT]I _procgl:c_tzlelét(_aru;éob/ m_ccl)(;pc%rhates (;wto it would require a completely regioselective addition of LnRh-
euterium atoms and is obtained in 6 yield. These data are(l)H across the alkyne.

consistent with a catalytic mechanism involving heterolytic
activation of elemental hydrogen {H- Rh*X~ — Rh—H +
HX) followed by [2 + 2 + 1] oxidative cyclization of LnRh-
(DD with the 1,6-diynelato afford a (hydrido)Rh(lll)-based In summation, we report the first examples of metal-catalyzed
rhodacyclopentadiene intermediate. Carbdeuterium reduc- carbocyclization mediated by hydrogen. The collective studies
tive elimination then provides a vinyl rhodium species, which establish the interception of hydrogenation intermediates as a
upon hydrogenolytic cleavage of the vinylic carbahodium new and effective strategy for-€C bond formation and support
bond, liberates the product of reductive cyclization along with the feasibility of developing a broad family of catalytic-C
LnRh(I)D to close the catalytic cycle (Scheme 1, top left). bond-forming hydrogenations. Future research will focus on the
Similarly, 1,6-enynelOawas exposed to an atmosphere of development of enantioselective variants of the transformations
elemental deuterium in the presence of 5 mol % of the Rh- described herein, as well as the design of second-generation

16b, 91%° 17b, 79%°

Conclusion

J. AM. CHEM. SOC. = VOL. 126, NO. 25, 2004 7877
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Scheme 1. Plausible Catalytic Mechanisms for the Cyclization of 1,6-Diyne and 1,6-Enyne Substrates as Corroborated by Deuterium
Labeling

Catalytic Mechanism Involving Oxidative Cyclization: Regio-Determining C-C Bond Formation Precedes C-H Bond Formation.

_ E
1 E: < = Ph ><:©Rh"'LnD mRh”'LnD
E == Ph\‘{r E \
Ph Ph Ph
D2 E | E |
LnRh-OTf LnRh'D RhiLn LnRh-OTf LnRhID RhlLn
- DOTf E D - DOTf E
Ph Ph
Ph Ph Ph b
E 5 E><:<\Rh'”(D)2Ln E 5 E><:i\Rh'”(D)ZLn
E E
deuterio-1b  Ph deuterio-10b D
79% Yield 89% Yield

Catalytic Mechanism Involving Alkyne Hydrometallation: Regio-Determining C-H Bond Formation Precedes C-C Bond Formation.

Ph
D
1a RN Ln Rh'Ln
Ph\_/ A
Ph
D,

| m‘/
o
=

LnRh'OTf LnRh'D b LnRh"OTf LnRA'D b
- DOTf Rh'Ln - DOTf
Ph Rh'Ln
) fk ><ﬁ I ”\ h"'<D> Ln
Rh"(D)oLn
2 (o2
Rh'"(D),Ln
deuterio-1b  Ph deuterio-10b D
79% Yield 89% Yield

catalysts enabling the hydrogen-mediated condensation of basidviHz) spectrometer. Chemical shifts are reportedionits, in parts

chemical feedstocks. per million relative to the center of the triplet at 77.00 ppm for
) ) deuteriochloroform!*C NMR spectra were routinely run with broad-
Experimental Section brand decoupling.

General. All reactions were run under an atmosphere of argon, unless ~ Representative Procedure for the Reductive Cyclization of 1,6-
otherwise indicated. Anhydrous solvents were transferred by an oven- Diynes and 1,6-EnynesTo a solution of diynela or enynel0a (100
dried syringe. Flasks were flame-dried and cooled under a stream of mol %) in dichloroethane (0.1 M) at ambient temperature were added
nitrogen. Dichloroethane was distilled from calcium hydride. Substrates rhodium catalyst and ligand in the quantities specified. The system was
1a—9al® and 10a—18al7 were prepared according to the previously —Purged with hydrogen gas, and the reaction was stirred under an
reported procedures. Analytical thin-layer chromatography (TLC) was atmosphere of hydrogen until complete consumption of substrate was
carried out using 0.2-mm commercial silica gel plates (DC-Fertigplatten Observed, at which point the reaction mixture was evaporated onto silica
Krieselgel 60 ksq). Preparative column chromatography employing 9el and the product was purified by silica gel chromatography.
silica gel was performed according to the method of Stiolvents (3E,4E)-Dimethyl 3,4-Dibenzylidenecyclopentane-1,1-dicarboxyl-
for chromatography are listed as volume/volume ratios. Infrared spectraate (1b).*H NMR (CDCls, 400 MHz): 6 7.38 (m, 8H), 7.24 (m, 2H),
were recorded on a Perkin-Elmer 1420 spectrometer. High-resolution 6.99 (m, 2H), 3.70 (s, 6H), 3.40 (d= 2.4 Hz, 4H).13C NMR (CDCE,
mass spectra (HRMS) were obtained on a Micromass ZAB-2E and are 100 MHz): ¢ 171.4, 139.3, 137.2, 128.8, 128.3, 126.7, 120.4, 58.7,
reported as/z (relative intensity). Accurate masses were reported for 52.8, 38.8. IR (NaCl): 3025, 2954, 1734, 1595, 1489, 1444, 1322, 1266,
the molecular ion (M-1) or a suitable fragment ion. Proton nuclear 1203, 1173, 1070, 866 crth HRMS: calcd for GaH2:04 [M],
magnetic resonancéH NMR) spectra were recorded with a Mercury ~ 362.1518; found, 362.1528. mp+130-132°C.
(400 MHz) spectrometer. Chemical shifts are reported in déjtarits, deuterio(3E,4E)-Dimethyl 3,4-Dibenzylidenecyclopentane-1,1-
parts per million (ppm) downfield from trimethylsilane. Coupling  gicarboxylate (deuterio-1b). 'H NMR (CDCls, 400 MHz): & 7.36 (m,
constants are reported in Hertz (Hz). Carbon-13 nuclear magnetic gi) 7.21 (m, 2H), 3.66 (s, 6H), 3.38 (s, 4HJC NMR (CDCl, 100
resonanceC NMR) spectra were recorded with a Mercury 400 (100 MHz): 6 171.5, 139.2, 137.2, 128.8, 128.3, 126.7, 58.7, 52.8, 38.8. IR
(NaCl): 2953, 1736, 1493, 1443, 1267, 1231, 1204, 1167, 1077, 768

(16) (a) Trost, B. M.; Rudd, M. TJ. Am. Chem. So@003 125 11516. (b) _ . .
Liu, C.. Widenhoefer, R. AOrganometallics2002 21, 5666. (c) Padwa, M - HRMS: calcd for GeHaoD-04 [M], 364.1644; found, 364.1644.

A.; Nimmesgern, H.; Wong, G. S. Kl. Org. Chem1985 50, 5620. (d) mp: ~136-138°C.

Son, S. U.; Park, K. H.; Lee, S. J.; Kim, B. M.; Chung Y Kynth Lett. . : . .

2003 1101 (e) LUCht B L. Mao S. S H.: T|IIey . Am. Chem. 2,3—leenzy|Idene—splr0[4.5]decane—6,10—d|0ne (Zb)lH NMR
Soc 1998 120, 4354. (CDCl;, 400 MHZz): 6 7.36 (m, 8H), 7.23 (m, 2H), 6.98 (s, 2H), 3.23

(17) (a) Sugihara, T.; Yamaguchi, M. Am. Chem. S0d 998 120, 10782.(b) — — —
Park, K. H.: Jung, |. G.; Kim, S. Y. Chung, Y. KOrg. Lett. 2003 5, (d, J = 1.2 Hz, 4H), 2.69 (tJ = 6.8 Hz, 4H), 1.96 (qtJ = 6.8 Hz,

4967. (c) Jeong, N.; Sung, B. K.; Choi, Y. K. Am. Chem. So@00Q 2H).*3C NMR (CDCk, 100 MHz): ¢ 207.1, 139.8, 137.5, 129.0, 128.4,

122, 6771. (d) Trost, B. M. Rudd,_ M. TJ. Am. Chem. So@003 125 126.8, 120.5, 71.2, 37.7, 37.5, 17.8. IR (NaCl): 1723, 1693, 1639, 741,

%%?%6 (e) Buisine, O.; Aubert, C.; Malacria, I@hem. Eur. J2001, 7, 632 cn. HRMS: calcd for GiHo:O, [M + 1], 343.1698; found,
(18) Still, W. C.; Kahn, M.; Mitra, A.J. Org. Chem1978 43, 2923. 343.1696. mp:~214—216 °C.

7878 J. AM. CHEM. SOC. = VOL. 126, NO. 25, 2004



Reductive Cyclization of 1,6-Diynes and 1,6-Enynes

ARTICLES

2,3-Dibenzylidene-8,8-dimethyl-7,9-dioxa-spiro[4.5]decane-6,10-
dione (3b).*H NMR (CDCls, 400 MHz): ¢ 7.36 (m, 8H), 7.26 (m,
2H), 7.11 (t,J = 2.0 Hz, 2H), 3.47 (dJ = 2.0 Hz, 4H), 1.76 (s, 6H).
3C NMR (CDCk, 100 MHz): 6 170.0, 138.8, 137.2, 128.9, 128.5,
127.1, 120.9, 105.1, 52.3, 43.1, 29.0. IR (NaCl): 1739, 1642, 1297,
1204, 1096 cmt. HRMS: calcd for GsH».04 [M], 374.1518; found,
374.1522. mp:~216-218°C.
(32,42)-3,4-Dibenzylidene-tetrahydrofuran (4b)."H NMR (CDCls,
400 MHz): 6 7.37 (m, 4H), 7.24 (m, 6H), 6.95 (§ = 2.4 Hz, 2H),
4.82 (d,J = 2.4 Hz, 4H).13C NMR (CDCk, 100 MHz): é 139.0,
136.9, 128.61, 128.56, 127.1, 118.6, 71.0. IR (NaCl): 1642, 1446, 1075,
1003, 935, 918, 871, 742, 698 clnHRMS: calcd for GgH170; [M
+ 1], 249.1279; found, 249.1276. mp+146—148 °C.
(3E,4E)-3,4-Dibenzylidene-cyclopentane (5b):H NMR (CDCl,
400 MHz): 6 7.38 (m, 8H), 7.21 (m, 2H), 6.98 (s, 2H), 2.76 (dt=
7.2, 2.0 Hz, 4H), 1.84 (qtJ = 7.2 Hz, 2H).*C NMR (CDClk, 100
MHz): 6 144.3, 138.3, 128.8, 128.3, 126.4, 119.1, 32.0, 25.1. IR
(NaCl): 1641, 1444, 1076, 1035, 741 cmHRMS: calcd for GoH1s
[M], 246.1409; found, 246.1406. mp>~150-152 °C.
3-Benzylidene-4-ethylidene-cyclopentane-1,1-dicarboxylic Acid
Dimethyl Ester (6b). 'H NMR (CDCls, 400 MHz): ¢ 7.32 (m, 4H),
7.20 (m, 1H), 6.74 (tJ = 2.4 Hz, 1H), 6.05 (m, 1H), 3.70 (s, 6H),
3.34 (d,J = 2.4 Hz, 2H), 3.02 (s, 2H), 1.78 (d,= 7.2 Hz, 3H).1°C
NMR (CDCl;, 100 MHz): 6 171.8, 138.8, 138.1, 137.5, 128.7, 128.2,
126.4,118.8, 115.8, 58.1, 52.8, 39.6, 36.8, 14.9. IR (NaCl): 3025, 2953,
1738, 1435, 1267, 1231, 1166, 1068, 737, 697 trhiRMS: calcd
for CigH2004 [M], 300.1362; found, 300.1364.
3-Benzylidene-4-trimethylsilanylmethylene-cyclopentane-1,1-di-
carboxylic Acid Dimethyl Ester (7b). *H NMR (CDCl;, 400 MHz):
0 7.36 (m, 4H), 7.24 (m, 1H), 6.88 (8, = 2.4 Hz, 1H), 6.13 (tJ =
2.0 Hz, 1H), 3.73 (s, 6H), 3.35 (d,= 2.4 Hz, 2H), 3.11 (dJ = 2.0
Hz, 2H), 0.20 (s, 9H)**C NMR (CDCk, 100 MHz): 6 171.6, 153.7,

138.3, 137.2, 129.0, 128.3, 126.9, 121.6, 118.3, 58.3, 52.88, 52.86,

40.5, 38.9,—0.47. IR (NaCl): 2954, 1737, 1638, 1598, 1435, 1259,
1204, 1165, 1068, 865, 840 ctn HRMS: calcd for GoH2704Si; [M],
359.1679; found, 359.1665.

3,4-Diethylidene-cyclopentane-1,1-dicarboxylic Acid Dimethyl
Ester (8b). 'H NMR (CDCl;, 400 MHz): é 5.72 (m, 2H), 3.68 (s,
6H), 2.92 (d,J = 0.8 Hz, 4H), 1.64 (dJ = 6.4 Hz, 6H).23C NMR
(CDCl;, 100 MHz): 6 172.0, 137.3, 113.4, 57.4, 52.7, 37.5, 14.6. IR
(NaCl): 2955, 1738, 1667, 1644, 1435, 1264, 1202, 1163, 1064.cm
HRMS: calcd for GsH1804 [M], 238.1205; found, 238.1206.

3,4-Diethylidene-1-(toluene-4-sulfonyl)-pyrrolidine (9b)*H NMR
(CDCls, 400 MHz): 6 7.74 (m, 2H), 7.34 (dJ = 8.0 Hz, 2H), 5.73
(m, 2H), 3.94 (dJ = 1.2 Hz, 4H), 2.43 (s, 3H), 1.63 (d,= 6.4 Hz,
6H). 3C NMR (CDCk, 100 MHz): ¢ 143.6, 134.1, 132.7, 129.6, 127.7,
113.9,50.9, 21.5, 14.6. IR (NaCl): 3055, 1644, 1265, 1164, 739.cm
HRMS: calcd forGsHigN102S; [M + 1], 278.1215; found, 278.1214.
mp: ~124-126 °C.

(E)-Dimethyl 3-Benzylidene-4-methylcyclopentane-1,1-dicarboxyl-
ate (10b).'H NMR (CDClz, 400 MHz): ¢ 7.33 (m, 4H), 7.21 (m,
1H), 6.22 (q,d = 2.4 Hz, 1H), 3.73 (s, 3H), 3.72 (s, 3H), 3.39 (&
17.6 Hz, 1H), 3.21 (ddJ = 17.2, 2.8 Hz, 1H), 2.77 (m, 1H), 2.60
(ddd,J = 12.8, 7.2, 1.6 Hz, 1H), 1.77 (dd,= 12.4, 11.6 Hz, 1H),
1.22 (d,J = 6.4 Hz, 1H).**C NMR (CDCk, 100 MHz): 6 172.3,

172.2,146.0, 137.9, 128.3, 126.2, 121.5, 109.7, 59.0, 52.8, 41.5, 39.1,

39.0, 18.3. IR (NaCl): 2955, 1735, 1492, 1447, 1279, 1254, 1203, 1174,
1154, 1062, 697 cmt. HRMS: calcd for GHzO4 [M], 288.1362;
found, 288.1351.

deuteric(E)-Dimethyl 3-Benzylidene-4-methylcyclopentane-1,1-
dicarboxylate (deuterio10b). *H NMR (CDCl;, 400 MHz): 6 7.32
(m, 4H), 7.18 (m, 1H), 3.72 (m, 6H), 3.39 (d= 18.0 Hz, 1H), 3.21
(dd,J = 17.6, 2.4 Hz, 1H), 2.76 (m, 1H), 2.60 (ddbi= 12.4, 7.2, 1.2
Hz, 1H), 1.77 (ddJ = 12.8, 11.6 Hz, 1H), 1.20 (dl = 7.2 Hz, 2H).
13C NMR (CDCk, 100 MHz): 6 172.23, 172.18, 145.9, 137.8, 128.2,
126.1, 59.0, 52.8, 41.4, 39.0, 17.9 (triplet). IR (NaCl): 2953, 1737,

1644, 1435, 1262, 1204, 1167, 1074, 768, 698 trAilRMS: calcd
for Ci7H18D204 [M], 290.1487; found, 290.1491.

(E)-Dimethyl 3-Ethylidene-4-methylcyclopentane-1,1-dicarboxyl-
ate (11b).1H NMR (CDCls, 400 MHz): ¢ 5.21 (m, 1), 3.73 (m, 6H),
3.01 (dd,J = 17.2, 0.8 Hz, 1H), 2.85 (m, 1H), 2.51 (m, 2H), 1.70 (m,
1H), 1.60 (m, 3H), 1.07 (dJ = 6.0 Hz, 3H).**C NMR (CDCk, 100
MHz): ¢ 172.5, 143.7, 115.0, 58.2, 52.7, 42.4, 37.1, 37.07, 17.8, 14.4.
IR (NaCl): 2955, 1735, 1632, 1435, 1278, 1246, 1202, 1162, 880.cm
HRMS: calcd for GoH1504 [M], 226.1205; found, 226.1204.

Dimethyl 3-Methyl-4-methylenecyclopentane-1,1-dicarboxylate
(12b).H NMR (CDCls, 400 MHz): 6 4.87 (q,d = 2.0 Hz, 1H), 4.76
(g, J = 2.0 Hz, 1H), 3.68 (m, 6H), 3.02 (d, = 16.8 Hz, 1H), 2.91
(dg,J = 15.2, 2.0 Hz, 1H), 2.52 (m, 2H), 1.71 (m, 1H), 1.06 {d+
6.4 Hz, 3H).13C NMR (CDCk, 100 MHz): ¢ 172.4, 172.2, 153.1,
105.5,58.1, 52.6, 42.2, 40.5, 37.2, 17.9. IR (NaCl): 2957, 1737, 1658,
1435, 1279, 1254, 1202, 1169, 1072, 887 ¢nHRMS: calcd for
C1iH1604 [M + 1], 213.1127; found, 213.1135.

1-((E)-(2-Methylcyclopentylidene)methyl)benzene (13b¥H NMR
(CDCls, 400 MHz): ¢ 7.31 (m, 4H), 7.15 (m, 1H), 6.23 (d,= 2.4
Hz, 1H), 2.62 (m, 3H), 1.87 (m, 2H), 1.62 (m, 1H), 1.24 (m, 1H), 1.18
(d, J = 6.4 Hz, 3H).*C NMR (CDCk, 100 MHz): § 151.7, 138.9,
128.1, 128.0, 125.6, 120.1, 40.9, 34.6, 31.5, 24.7, 19.4. IR (NaCl):
2955, 2868, 1650, 1599, 1495, 1446, 1370, 1290, 694'cHiRMS:
calcd for GsHi6 [M + 1], 173.1330; found, 173.1310.

(E)-Dimethyl 4-Benzylidene-3,3-dimethylcyclopentane-1,1-dicar-
boxylate (14b).*H NMR (CDCls, 400 MHz): 6 7.27 (m, 5H), 6.22 (t,
J=2.4 Hz, 1H), 3.72 (s, 6H), 3.40 (d,= 2.4 Hz, 2H), 2.35 (s, 2H),
1.18 (s, 6H).*C NMR (CDCk, 100 MHz): § 172.6, 150.4, 137.9,
128.7, 128.4, 128.2, 126.1, 120.5, 58.5, 52.8, 47.4, 43.6, 38.6, 29.4.
IR (NaCl): 2955, 1737, 1435, 1262, 1199, 1135, 1076, 737, 697.cm
HRMS: calcd for GgH2204 [M], 302.1518; found, 302.1524.

(2)-3-Benzylidene-tetrahydro-4-methylfuran (15b). *H NMR
(CDCls, 400 MHz): ¢ 7.32 (m, 2H), 7.20 (m, 1H), 7.13 (m, 2H), 6.28
(9,J = 2.4 Hz, 1H), 4.65 (m, 2H), 4.06 (dd,= 8.0, 7.6 Hz, 1H), 3.37
(t, J= 8.0 Hz, 1H), 2.89 (m, 1H), 1.21 (d,= 6.4 Hz, 3H).}3C NMR
(CDCls, 100 MHz): 6 146.4, 137.3, 128.4, 127.8, 126.4, 119.8, 74.2,
70.2,39.8,16.4. IR (NaCl): 2967, 2871, 1660, 1643, 1493, 1448, 1378,
1081, 1059, 990, 920, 735 cth HRMS: calcd for GoH1401 [M +
1], 175.1123; found, 175.1132.

(2)-3-Benzylidene-4-methyl-1-tosylpyrrolidine (16b).*H NMR
(CDCls, 400 MHz): ¢ 7.72 (m, 2H), 7.32 (m, 4H), 7.23 (m, 1H), 7.14
(m, 2H), 6.22 (qJ = 2.4 Hz, 1H), 4.24 (dgJ = 14.8, 1.2 Hz, 1H),
4.05 (dt,J = 15.2, 2.0 Hz, 1H), 3.55 (dd] = 9.2, 7.6 Hz, 1H), 2.86
(m, 1H), 2.57 (dd,) = 8.8, 8.0 Hz, 1H), 2.40 (s, 3H), 1.16 (d= 6.8
Hz, 3H).13C NMR (CDCk, 100 MHz): ¢ 143.6, 141.7, 136.5, 132.8,
129.7, 128.5, 128.0, 127.7, 126.9, 122.0, 53.8, 50.7, 39.0, 21.5, 16.8.
IR (NaCl): 2965, 2925, 2850, 1643, 1494, 1345, 1160, 1093, 1041
cm . HRMS: calcd for GoH2iN:O,S; [M + 1], 328.1371; found,
328.1365. mp:~78—80 °C.

(2)-3-Ethylidene-4-methyl-1-tosylpyrrolidine (17b). *H NMR
(CDCls, 400 MHz): ¢ 7.72 (m, 2H), 7.34 (m, 2H), 5.22 (m, 1H), 3.87
(m, 1H), 3.71 (m, 1H), 3.51 (m, 1H), 2.64 (m, 2H), 2.43 (s, 3H), 1.53
(dg,J= 6.8, 1.6 Hz, 3H), 1.01 (d] = 6.4 Hz, 3H).2*C NMR (CDCk,

100 MHz): 6 143.3, 140.4, 132.6, 129.6, 127.7, 115.9, 55.0, 49.6, 37.1,
21.4,16.5,14.3. IR (NaCl): 2966, 2922, 2859, 1641, 1345, 1163, 1095,
1037, 664 cmt. HRMS: calcd for GsH1oN1O0.S; [M + 1], 266.1215;
found, 266.1219. mp~54—56 °C.

((Z,2S,3R)-1-Benzylidene-2,3-dihydro-2-methyl-H-inden-3-yloxy)-
(tert-butyl)dimethylsilane (18b).*H NMR (CDCls;, 400 MHz): 6 7.26
(m, 8H), 6.99 (qJ = 6.8 Hz, 1H), 6.53 (s, 0.4k 1H), 6.45 (d,J =
2.0 Hz, 0.59x 1H), 5.24 (d,J= 6.4 Hz, 0.41x 1H), 4.80 (dJ=6.4
Hz, 0.59x 1H), 3.13 (q,J = 7.2 Hz, 0.41x 1H), 2.87 (dgJ = 6.4,

2.8 Hz, 0.59x 1H), 1.38 (d,J= 6.8 Hz, 0.59x 3H), 1.11 (dJ=7.2

Hz, 0.41x 3H), 0.98 (s, 9H), 0.24 (s, 3H), 0.20 (m, 3H}C NMR
(CDCls, 100 MHz): 6 148.5, 147.8, 145.4, 143.6, 138.1, 138.0, 137.9,
137.1,128.4,128.33, 128.32, 127.1, 127.0, 126.8, 124.6, 124.4, 124.1,
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122.3,121.6, 80.6, 75.1, 51.4, 48.4, 25.9, 18.4, 18.1, 16.1, 13.9, the UT Austin Center for Materials Chemistry (CMC) for partial
—4.5,-4.6. IR (NaCl): 3054, 3027, 2957, 2930, 2886, 2857, 1464, support of this research.
1264, 1126, 1077, 869, 836, 739 cMHRMS: calcd for GsH3001Si

M + 1], 351.2144; found, 351.2149 Supporting Information Available: Spectral data for all new

compounds’H NMR, 13C NMR, IR, HRMS) and single-crystal
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