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Rhodium complex catalyzed hydrosilylative carbacyclization of various allenynes and
trialkoxysilanes proceeded smoothly under an atmesphere of carben monoxide to give
hydroesilylated cyclic products. The intramelecular coupling of allene and alkyne is chemeo-
and regioselective: silylrhodation ta an internal olefinic moiety of the allene proceeded
exclusively, and subsequent carbometalation to the alkyne provided cyclic 1,4-dienes. The
use of alkoxysilane and the substituents on the allene terminus play pivotal roles in the

selectivity.

Introduction

Transition-metal-catalyzed carbocyclization is a pow-
erful and reliable synthetic methed for the construction
of various types of ring systems.! In particular, sityl-
carbacyclization, in which silicon-initiated carbometa-
iation is a key step, is an established procedure. After
Tamao and Ite reported the first example of nickel
complex catalyzed silylcarbocyelization of 1,7-diynes?
Ojima comprehensively studied rhodium complex cata-
ivzed silylearbocyclization.® Enynes,3® diynes,4
triynes,’ and enediynes™ can all be used as substrates,
and various types of functionalized cyclic systems have
been obtained. Recently, cationic palladium?® and plati-
mun® complexes have been found ta be efficient cata-
tysts. However, to the best of our knowledge, the
hydrosilylative carboeyclization of allenynes has not yet
been reported.”

When an allenyne is subjected to hydrosilylation
using a rhedium complex, there are several plausible
pathways, depending upon the chemoselectivity be-
tween the alkyne and allene, the regioselectivity of the

* To whem correspondence should be addressed. E-matl: tshibata®@
waseda.jp. Tel and fax: +81-3-5286-8088.

! Waseda Univessity.

: Okayama University.
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two olefinic meleties of the allene, and the direction of
sitylrhodation to an unsaturated bond. Scheme 1 shews
four selected pathways, where silylatien occurs at an
sp carbon. On the basts of our study of transition-metal-
catalyzed reactions using allenynes,® we considered that
the regioselectivity could be controlled by the methyl
substituents on the allene terminus,

We repert here the first example of hydrosilylative
carbocyclization of allenynes catalyzed by a rhodium
complex. The intramelecular coupling of allene and
alkyne with various silanes was examined. A mecha-
nistic study using a deuterated silane and the synthetic

transformations of the obtained vinyisilanes are also
described.

SR

Results and Discussion

We chose allenyne la as a model substrate and
examined rhodium complex catalyzed silylearbocycliza-
tion using dimethylphenylsilane under several reaction
conditions {Table 1}. The sitylative coupling proceeded

{8} {a) Shibata, T.; Takesue, Y.; Kadowaki, 8; Takagt, K. Synletr
2003, 268, {b) Shibata, T.; Kadowaki, 5., Hirase, 5. Takagt, K. Syndett
2803, 573
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Hydrosilylative Carbocyclization of Allenynes

Table 1. Hydrosilylative Carbecyclization of
Allenyne 1a under Various Conditions

— e Ah complex
o (10 Mol
To o MePrSip — o)
@ equiv) toluene
= S COH{1 atm
la |
/\/Mf e
P P
; H ‘BiMePh
TsN SiMey
P SiMegen 1N #
\/I g
2aa 3aa
time! vield! Zaal
entry Rh complex tempf*C h % 3aa
I RidacacH{CO)y 120 0.5 85 241
2 Rhlacaci{CO) &80 0.5 86 7
3 RhiacacHCO)y room temp 1 47 Wi
4 5RhCHeod)s 40 1 67 1211
5  4RuCHeodip+ 2PPhg 90 2 31 2t
6§  AL[RhCHeod))z + DPPP* 80 & 64 31

# DPPP = 1.3-bis{diphenylphosphino}propane.

smoothly under an atmosphere of carbon monoxide
using Rh{acac){CO); as a catalyst in toluene. At 120 °C,
allenyne la was consumed within 30 min and the
hydresilylated product was obtained in high vield;
however, the chemoselectivity (2aa via path b vs 3aa
via path ¢} was low (entry 1). When the reaction
temperature was lowered, the selectivity was improved
and the vinyisilane 2aa was the major product (entries
Z and 3}. In the silylcarbocyclization of enynes, silyl-
rhodation: to the alkyne molety, net the alkene, pro-
ceeded exclusively, following carbornetalation to the
alkene malety. Interestingly, in the reaction of the
allenyne, silylrhodation to the allene moiety, not the
alkyne, is predominant. When [RhCl(cod)]z was used as
a catalyst, the chemoselectivity was further improved:
however, the yield was lower because of the formation
of several unidentified side products {entry 4). The
additian of phosphine ligands diminished the catalytic
activity of the rhodium complex; moreover, the chemo-
selectivity was not sufficient (entries 5 and 6).

Using Rh(acac){CO)- as a catalyst, severa! silanes
were examined for the improvement of chemoselectivity
(Table 2). With a mare bulky triethylsilane, the forma-
tion of 3a was suppressed, but the vield of 2a was low
{entry 1). When alkoxysilanes were used in place of
trialkylsilanes, vinylstiane 2a was the only silvlative
product identified and was obtained in high vield
{entries 2—4}. Trimethaxy- and triethoxysilane gave
satisfving results, and 2 mol % of rhodium eatalyst was
sufficient to give a high vield in a short reaction time
ferstries 5 and 8). Moreaver, the catalytic reaction
proceeded even with as little as 0.5 mol % catalyst (entry
7). The reaction of ailenyne proceeded even at room
temperature under an atmosphere of CO {entry §).9

The silylcarbocyclization of various allenynes and two
trialkoxysilanes was examined using 5 mel % catalyst
{Table 3}. In the reported rhodiam complex catalyzed
silylearbocyctization of enynes and diynes, the alkyne

8} Under an atmosphere of argon or a high pressure of carbon
monoxide (5 atm), silylcarboeyclization proceeded, yet in lower vield
(48 and 55%, respectively), along with the formation of many unldentt-
fied products.
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Table 2. Hydrosilylative Carbocyclization of
Allenyne 1a with Various Stlanes

cat.
Rh {CO
1a + RSiH tacack Qj z
9 eguivi tolyana, B
CO {1 atm)
e
o 2N
Tk I .
. BiFy
/]}‘\
22
entry sifane cat/mol % timeth  yield®% 2a/3a®
1 EezSiH 10 05 - 32 »2001
2 {MeClMeSik 10 0.5 73 =2071
3 (MeQ)a81H 10 0.5 77 =201
4 {Et04:81H 10 0.5 85 =201
5 {Me()a8iH 2 0.75 80 » 2001
6 (ErO)a81H 2 0.75 84 =201
7 {Et)3SiH 8.5 8 66 2001
8 (MeO)SiH 10 & 53 =201

* The formation of 3a could not detected by NMR spectra.  The
reaction was examined at room temperature.

Table 8. Hydrosilylative Carbocyclization of
Various Allenynes

J— Rriacaciin,

ST (MeOSHAY 5 oy
* or e reea
“k»«%_ (EOySHE  ouene 60°C
S T O (1 atm
1 (3 enuly)
1

entry Z R allenyne silane timeth  yield/%
* TsN Me in A .75 80 {2ab)
2 TsN Me 1a B 0.5 82 (2ac)
3 TsN o-Bu ib A 1 78 {2bb}
4 TsN n-Ba 1b B 1.5 72 {2}
5 TsM Ph ic A Q.75 50 (2ch)
6 TsN Ph ie B 1.5 82 (Zed}
7 G Me id A 1 63 {2db}
g O Me 1d B 1 73 {2dc}
g & Ph ie A .75 54 (2eb)
W o Ph le B 1 46 (Zec)
11 EOCRC Ph If A 1.5 48 (2fh)
12 (Ex0:CpC Ph if B 1.5 61 (2fc

# These entries were examined using 2 mol % catalyst,

terminus is usually Bmited to hydrogen er alkyl groups.
In the case of allene—alkyne eoupling, both alkyls
{entries 14} and an aryl group can be tolerated (entries
5 and 6). Oxygen-bridge allenynes ld,e are also gaod
substrates, and the corresponding cyclic vinylsilanes
2db,dc and 2eb,ec were obtained in acceptable yields
{entries 7—10}. Allenyipropargylmalonate 1f could also
be transformed into the silylative product 2fh.fc {entries
11 and 12). In each case, vinyisilanes 2a~f were the
only fully characterized products and the other silylative
coupling preducts, including 3, could not be isolated.
Moreover, neither a cross-conjugated triene by an ene-
type reaction®!® nor bicyclic enones by a Pauson—
Khand-type reaction®™!! could be detected.

{10 Brusemond, K. M.; Chen, H.; Sut, P You, L. L Am. Chem. Sec.
2002, 124, 15188,

11} {a} Mukas, C.; Nemura, L; Yamanishi, K. Hanacka, M. Org.
Lett. 2002, 4, 1755, () Brummond, K. M.; Chen, H. Fisher, K. D
Kerekes, A. I.; Rickards, B.; Sili, P. C.; Geib, S, 1. Org. Lett. 2002, 4,
1831,
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Figure 1. Other allenynes poessessing no substituent on
allene or alkyne terminus.
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When allenynes 1g.h (Figure 1) were examined under
the same reaction conditions, respectively, many sily-
lated products were obtained, although none of them
couid be isclated or fully characterized. These results
imply that the substituents en beth the allene and
alkyne termini play pivotal roles in the highly chemo-
and regioselective silylcarbocyclization of allenynes.

The proposed mechanism is depicted in Scheme 2.
Regioselective silylmetalation to the allene molety could
be achieved by the methyl groups on the allene termi-
nus. Subsequent carbometalation gives the cyclic vinyl
rhodium complex and reductive elfimination prevides the
product 2 angd regenerates the catalyst. The Z form of
the obtained vinylsilane 2ab was ascertained by NOE
spectra. The results of a labeling experiment also
support the above mechanism: when silylcarbecycliza-
tion was examined using the deuterated silane (>95%
D12 the vinyHe position derived from the alkyne molety
was labeled by deuterium at over 90% (Scheme 3).

The mixture of vinvisilanes 2aa/3aa was desilylated
by trifluoroacetic acid, and the eyclic 1,4-diene 4 was
shtained as the sole product {Scheme 4). Alkoxyvinyl-
silane 2ad {entry 2 in Table 1) was readily transformed
inte the isopropy! ketone 5 by Tamao oxidation (Scheme
5).13

{12} Zheng, G. Z; Chan, T. H. Organcmetaliics 1995, 14, 70,
{15} Tamao, K.: Maeda, K. Tetrahedron Lett. 1988, 27, £85,

Shibata et al.

Scheme 5
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Conclusions

In conclusion, this is the first report of the cyclization/
hydrosilylation of allenynes. Rhodium complex catalyzed
chemeo- and regioselective reactions could be realized by
using alkoxysilane and the methy! substituents on the
allene terminus. The present coupling proceeds under
an atmosphere of carben menoxide, and nitrogen-,
axygen-, and carbon-bridged allenynes can be trans-
formed inte the cyclic vinylsilanes.

Experimental Section

General Considerations. IR spectra were recorded with
a JASCO FTAR-5000 spectrometer. NMR spectra were mea-
sured with a Varian VXR-300 spectrometer using tetrameth-
visilane as an internal standard, and CDCh was used as
sotvent. High-resolution mass spectra were measured with a
JEOL JMS-8X102A instrument. Elemental analyses were
measured with Perkin-Elmer PE2400. Toluene was distilled
from calcium hydride and dried over molecular sieves 4A {MS
4A). Al reactions were examined using a CO halloon.
Typical Procedure for Hydrosilylative Carbocycliza-
tion of Allenynes {Table 2, Entry ). (Acetylacetonato)-
dicarbonyirhodium{l} (2.2 mg, 8.46 x 1% mumet, 2 mol %) and
triethoxysilane {209 mg, 1.27 mmol} in dry toluene {3.6 ml}
were stirred under an atmosphere of carbon monexide at roem
temperature. After the mixture was changed to a homogeneous
solution, a solstion of Aufbut-2-ynyl-No(4-methylpenta-2,3-
dienylitosyiamine (1a; 128 mg, 0.423 mmol} in dry toluene (5.1
mL} was added to the mixture and stirred for 30 min at 60
°C. The solvent was removed under reduced pressure to give
the erude product, which was further purified by thin-layer
chromategraphy te give the pure product 2ac {166.0 mg, 84%).
{Z)-4-{1-{DimethylphenylsilyD)-3-ethylidene-2-meth-
yiprop-l-enyl)-l-tosylpyrrolidine {2aa). Yellow oil. IR
{neat): 1601, 1350, 1164, 832, 8168 ey L. TH NMR: 6-0.08 (s,
3H}, 0.15 (s, 3H), 1.51—1.54 (m, 3H), 1.65 (s, 3H}, 1.89 (s, 3H}.
2.35 {s, 3H), 2.50 (dd, 7= 9.6, 9.6 Hz, 1H}, 3.51 (@ J= 144
Hz, 1H), 363 {dd, J = 9.8, 9.6 He, 1H}, 3.85-3.88 (m, 1H),
406 {d, 7= 14.4 Hz, 1H}, 5.08-5.16 {m, 1H), 7.23~7.36 (m,
TH), 768 (d, J=84 Hz, ZH). PCNMR: 4 0.8, 1.3, 146,216,
28.8, 46.2, 50.4, 2.8, 116.3, 127.5, 1278, 128.0, 128.3, 1205,
132.5, 133.4, 139.7, 140.5, 143.4, 149.1. HRMS (FAB): found,
440.2065; caled for CostiaMNO:SS1 (MEH?}, 440.2080.
{Z)-3-Ethylidene-4-(2-methyl-1-{trimethoxysilyliprop-
1-enyl)-1-tosylpyreotidine {2ab). Coloriess solid (hexane).
Mp: 9394 °C. IR {neat): 1601, 1346, 1164, 1089, 814 eyt
H NMR: & 1.50-1.55 (m, 3H), 1.75 {5, 3H), 1.92 (s, 3H), 2.42
{s, 3FD, 2.96 {dd, J = 8.7, 10.4 Hz, 1H), 3.22 {5, 8H}, 345~
3.49 (m, 1H}, 355 {dd, J= 8.7, 87 Hz, 1H}, 3.74—3.80 (m,
1H), 4.10 {d, J= 14.1 Hz, 1H), 493502 tm, 1H, 734 (d, J
= 8.1 Mz, 2H), 7.74 {d, J = 8.1 Hz, ZH). ¥C NMR: ¢ 146,
21.5, 25.5, 44.0, 497, 504, 52.6, 1153, 124.5, 128.0, 1285,
132.3, 140.4, 143.2, 151.9; Anal Caled for CpHyuNGSSSE C,
56.44; H, 7.34; N, 3.28. Found: C, 56.42; H, 74T, N, 3.18.
The product was determined to be a £ isomer on the basis
of the chservation of NOEs in Figure 2.
{Zy-3-Fthylidene-4-(2-methyl-I-(triethoxysilyl)prop-1-
enyl)-1-tosylpyrrolidine {2ac). White selid (hexane). Mp:
8051 °C. IR (neat): 1601, 1348, 1164, 1079, 832, 814 em™ ",
I NMR: 6 1.00 ¢, F=T7.1 Hz, 9H), 1.48-1.52 {m, 3H}, 174



Hydrosilylative Carbocyclization of Allenynes

NOE
a :“\\“Q
i 3

0 Me

Py
TN L InoE
SiHOMe),

¢
H

Figure 2. Determination of sterecchemistry of 2ab by
NOEs.

(s, 3H}, 1.94 (s, 3H), 2.42 {5, 3H), 3.04 {dd, /= 8.4, 10.5 Hz,
1H}, 3.42-3.60 {m, TH), 3.74 (d, J= 135 Hz, 1), 3.72—-3.77
{m, 14}, 410 (d, /= 13.5Hz, 11}, 4.91-4.99 {m, 1H), 7.32 {d,
J=8.1Hz Z2H), 7.73 {d, J= 8.1 Hz, 2H). "C NMR: 4 145,
18.6,21.5,21.6,257,45.3,504,52.6, 57.7, 1148, 124.9, 1279,
1203, 132.7, 1404, 143.2, 1517 HRMS (FAB}): found, 468.2276;
caled for CaaHeNOsSSE (M), 468.2240.

{Z)- 4-(2-Methyl-1-(trimethoxysilyl)prop-1-enyi)-3-pen-
tylidene-1-tosylpyrrolidine (2bb). White solid. Mp: 8891
°C thexane). IR {neat): 1801, 1348, 1164, 1087, 812 em™t. 'H
NMR: 4 0.84-0.88 {m, 3H}, 1.23-1.28 (m, 4H), 1.75 (s, 3H),
1.82-1.92 tm, 2H), 1.93 (s, 3H), 2.42 (s, 3H}, 2.94 (dd, 7= 8.7,
10.2 Hz, 1H}, 3.22 (s, 9H), 3.47 {d, /= 14.1 Hz, 1H), 3.57 {dd,
J=87, 87 Hz, 1H}, 3.63-3.74 (m, 1H}, 410, F= 141 Hz,
1H}, 4.88—4.94 {m, 1H), 7.33 (d, J= 80 He, 2H}, 7.73 (d, J=
8.0 Hz, 2H). "CNMR: 414.0,21.5,22.3, 25.5,28.3,31.5, 449,
49,7, 50.4,52.5,121.2, 124.3, 127.9, 120.2, 132.3, 138.3, 1431,
151.9. HRMS (FAB): found 468.2231; caled for CoaHaeNO:SS1
(MH?*}, 468.2240.

{Z3-4-(2-Methyl-1-(triethoxysilyl)prop-1-enyl}-3-pentyl-
idene-1-tosylpyrrolidine (2be}. Colorless oil. IR (neat):
1601, 1344, 1162, 1077, 955, 756 cm ™. 'H NMR: ¢ 0.84~0.89
{m, 3H), 1L.00 {t, J= 7.1 Hz, 8H), 1.23-1.30 (m, 4H), 1.74 (5,

3H), 1.84-1.89 (m, 2H), 1.95 (5, 3H), 2.42 (s, 3H), 3.04 (dd, J

= 8.6, 10.7 Hz, 1H}, 3.43~3.59 {m, TH}, 3.68—3.82 (m, 2H),
4.11 {dd, =08, 13.2 Hz, 1H), 4.87-4.93 (m, 1H), 7.31 d, J
= 8.1 Hz, 2H), 742 {4, 7 = 8.1 Hz, ZH}. ®C NMR: & 14.0,
18.0, 215, 21.8, 224, 25,7, 29.3, 31.5, 45.3, 50.4, 52.5, 57.7,
12007, 1248, 127.8, 129.3, 132.7, 139.2, 143.2, 151.8 HRMS
{FAB): found, 5102714; ecaled for CouHaNOsSS1 (MH™),
510.2708.
(Z}-3-Benzylidene-4-Z-methyl-1-{ftrimethoxysilyliprop-
I-enyl}-1-tosylpyrrolidine (Zcb). Pale yellow solid. Mp:
113+114 °C. IR (neat): 1301, 1348, 1168, 1001, 814 em~t. 'H
NMR: & 1.82 {s, 3H), 1.98 {s, 3H}, 2.42 (s. 3H}, 2.88 (dd, J=
9.2, 10.4 Hz, 1H}, 3.22 (s, 91}, 3.65 (dd, /= 9.2, 0.2 He, 1H},
3.84 {dt, Sy = 143, . = 24 Hz, 1H), 3.93-4.00 (m, 1H), 444
(dt, =143, A= 2.4 Hz, 11}, 582 (g, J=2.5 Hz, 1H), 7.16~
7.35 (m, TH}, 7.76 {d, 7= 8.4 Hz, 2H}. ¥CNMR: 4 21.6,21.7,
256, 46.7, 48.9, 51.7, 51.8, 121 4, 124.5, 126.4, 127.4, 1280,
128.4, 120.4, 132.4, 137.1, 142.5, 143.4, 152.7. HRMS {FAB):
found, 488.1920; calcd for CpsHaNOsSSE (MH?™), 488.1872,
{Z}-3-Benzylidene-4-(2-methyl-1-{triethoxysilyliprop-
I-envi)-1-tosylpyrrolidine (2cc). White solid. Mp: 8§2-84
°C {hexane}. IR {neat): 1601, 1346, 1166, 1077, 957, 756 cm™%
YHNMR: 6 0.97 {t. /= 6.9 He, 8H}, 1.81 (s, 3H}, 2.00 (s, 3H),
2.41 (s, 3H), 3.08 {dd, .J = 8.4, 10.2 Hz, 1H), 3.43-3.58 (m,
6H), 363 {dd, 7= 8.4, 84 Hz, 1H), 388 {dt, Jy=144 L=
2.7Hz, 1H}, 3.83-3.95 {rp, 1), 444 ¢4, J= 4.4 Hz, 1H}, 595
{d, J= 27 He, 1H}, 707-7.34 {m, TH}, 7.75 (d, 7= 8.1 Hz,
2H). BC NMR: 6 18.0, 21.5, 21.7, 25.8, 47.0, 51.7, 51.8, 57.8,
121.1, 125.0, 1283, 127.5, 1279, 1283, 1294, 1327, 137.2,
1425, 1434, 152.5. HRMS (FAB): found, 530.2368; caled for
CoaHsMNOsSSE (MHY), 530.2386.
{£)-2-Ethylidene-4-(Z-methyl-1-{trimethoxysilyl) prop-
1-enyl)-2,2.4,5-tetrahydrofuran (2db). Colorless oil. IR
{neat} 1607, 1181, 1087, 801 em™ . '"H NMR: 8 1.55~1.58 m,
3H}, 1.83 {5, 3H). 1.98 {5, 3H}, 3.50 {5, 8H}, 3.72 {dd, 7= 6.8,
10.1 He, 1H}, 3.76-3.85 {m, 14}, 4.00 (dd, J= 6.8, 6.8 Hz,
1H}, 4.29 {dd, /= 1.8, 129 Hz, 1H}, 448 (d. /= 128 He, 1H),
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498500 m, 1H). BC NMR: 6 14.7, 21.7, 25.7, 46.6, 500,
67.0, 72.6, 1124, 124.3, 144.1, 151.4. HRMS (FAB): found,
273.1543; caled for CiaHpsO4Si (MH?), 273.1522.

{Z}-3-Ethylidene-4-(Z-methyl-I-{triethoxysilyl}prop-1-
enyl}-2,3.4,5-tetrahydrofuran  {2dc). Colorless oil. IR
{neat): 1605, 1296, 1079 e '"H NMR: 4 120 J= 7.0
Hz, 8H), 1.53—1.56 &m, 3H), 1.82 (s, 3H), 2.00 (5, 3H}, 3.67-
3.87 {m, 8H}, 3.98 {dd, /= 3.8, 4.7 Hz, 1H}, 4.40 {dd, /= 1.2,
12.9 Hz, 1H), 447 {d, F= 12.9 Hz, 1H)}, 4.86-5.05 {m, 1H).
BCNMR: 614.7,18.2,21.8,25.8, 46.7, 57.9, 70.1, 72.8, 112.0,
124.9, 144.2, 151.0. HRMS (FAB}): found, 315.1986; caled for
CieHaO4S1 (M), 315.1902.

{Z)-3-Benzylidene-4-(Z-methyl-1-{trimethoxysilyl}prop-
t-enyh)-2.3,4.5-tetrahydrofuran {2eb). Pale yellow oil. IR
{neat): 1805, 1181, 1083, 801 e 'H NMR: & 1.8% (s, 31,
2.05 (s, 3H}, 347 (s, 9H), 377 (dd, 7 = 2.2, 14.7 Hz, 1H),
400400 (m, 2H), 464 {dt, Sy = 13.7, J = 2.2 Hz, 1H}, 476
{de, Jy=13.7, 5= 2.2Hz 1H), 605 (g, /= 2.2 Hz, 1H), 7.10~
7.18 {m, 3H), 7.28-7.33 {m, 2H}. "C NMR: 421.9,25.7, 48.4,
5002, 71.0,71.8, 118,71, 124.2, 126.0, 127.5, 128.3, 137.9, 147.1,
152.3. HRMS (FAB): found, 335.1877; caled for CiaHzr04Si
{MH™}, 335.1679.

{Z)-3-Benzylidene-4-(Z-methyl-1-{triethoxysilyl)prop-
-enyh}-2,3 4 S5-tetrahyvdrofuran  {2ec). Yellow oil. IR
{neat): 1603, 1218, 1679, 957, 756 cm™. 'H NMR: & 1.18 {¢,
J=6.9Hz, GH}, 1.90 (s, 3H), 2.06 (s, 3H), 3.84~3.80 {m, 65),
387 {dd, J=11.0, 14.0 He, 1H}, 4.01-4.07 (m, ZH), 4.69 (dt,
Jg =135, & = 2.0 Hz, 1H}, 4.75 {dt, Jy = 135, J, = 2.0 Hz,
iH), 6.03 {g, /= 2.0 Hz, 1H}, 7.08—-7.33 {m, 5H}). BC NMR: &
18.2,22.0,25.9,48.6,580,71.2,71.9, 1188,124.8, 125.8, 127 4,
128.3, 138.0, 147.2, 152.0. HRMS (FABL: found, 375.2017;
caled for CaHuOyS1 (M — 1), 375.1981.

Diethyl {£)-3-Benzylidene-4-(2-methyl-1-(trimethoxy-
silylyprop-1-enyhoyclopentane-1,1-dicarboxiate (2fb). Pale
vellow ail. IR fneat): 1719, 1083, 756 cov~'. 'H NMR: 4 1.22
{t. J= 73 Hez, 3H), 1.26 {t, /= 7.3 Hz, 3H), 1.88 {5, 3H), 2.02
{s, 3H), 2.25 (dd, J=12.1, 12.1, 1H}, 2.48 {dd, J= 7.7, 12.1
Hz, 1H}, 3.32-3.35 {m, 1H}, 3.47 (s, 8H), 3.91~3.87 {m, 1H),
4.05-4.27 (m, 4H}, 6.01 {d, 7= 2.4 Hz, 1H}, T.12-7.17 {m,
1H), 7.32~7.52 (m, 4H}. C NMR: ¢ 14.1, 14.1, 21.6, 25.6,
38.8,30.5,47.4,50.2,50.9,61.4,61.4, 121.5, 1256, 127.9,128.1,
138.4, 147.0, 1714, 171.7. HRMS (FAB): found, 476.2263;
caled for CapHaeD:5i, 476.2230.

Diethyl (E)-3-Benzylidene-4-(2-methyl-1-(triethoxy-
silyljprop-l-enylicyclopentane-1,1-dicarboxylate (2fc).
Yetlow oil. IR {neat): 1731, 1077, 758 e JH NMR: & 1,13~
1.29 {m, I5H), 1.87 (s, 3H), 2.03 (s, 3H}, 2.38-2.45 (m, 2H),
328 {d, S=16.8, 1H). 340 {dt, =168, .= 2.7, I1H), 3.66~
3.79 {m, 8H}, 3.80~3.98 {m, 1H}, 4.07-4.25 {m, 4H), 5.98 {4,
J=2.1 Hz, 1H}, 7.11-7.32 (m, 5H}. BC NMR: ¢ 14.1, 14.1,
18.2, 21.7, 25.8, 38.8, 38.€, 47.5, 57.9, 60.0, 61.3, 61.4, 121.2,
125.5, 127.8, 128.8 1385, 147.0, 150.0, 171.4, 171.8. HRMS
{FARB): found, 518.2704; calcd for CoulH (0554, 518.2700.

{£)-4-(1-(Dimethoxymethylsityl}-2-methylprop-1-enyl}-
3-ethylidene-1-tosylpyrrolidine {2ad). Colorless solid {hex-
anel. Mp: 118-120°C. IR {neat): 1601, 1348, 1164, 1087, 832
cm™L U HNMR: 60.08 {5, 3H), 1.50-1.53 (m, 34}, 1.73 (5, 3H),
180 {s, 3H), 242 (s, 3H}, 2.94 {s, 3H}, 3.03 (dd, /=87, 104
Hz, 1H), 3.17 (5, 3H), 347 (d, 7= 13.5 Hz, 1M}, 357 {dd, 7=
84, 8.7 Hz, 1H), 3.76-382 {m, 1H), 408 (d, J= 135 Hz, 1H),
485496 (m, 1H), 7.33{d, J=81Hz 2H}, 7.73 {d, 7= 8.1
Hz, 2H). BC NMR: 4 ~2.3, 145, 21.8, 24.8, 45.2, 40.0, 40.2,
50.5,52.6,114.9, 127.7, 128.0, 120.2,132.4, 140.7, 143.2, 1486,
Anal, Caled for CoplHaNO:SSi; C, 38.84; H, 7.63; N, 3.42.
Found: C, 58.7T; H, 7.76; N, 3.35.

{Z}-3-Ethylidene-4-(Z-methylprop-l-enyl)-1-tosylpyrro-
lidine {4). Yellow oil. IR {neat): 1618, 1350, 1166, 1003, 812
em™ HNMR: 8 1.50—1.54 {m, 3H}, 1.60 (d, F= 1.2 Hz, 31,
1.68 (@, J= 1.2 Hz, 3H), 244 {5, 3H), 2.56 {dd, J= 9.3, 8.3
Hz, 1H), 3.30-3.42 im, 1H}, 3.59-3.64 {m, 2H}, 4.00 (dt, J; =
144, A= 14 Hz, 1H), 4.74-4.76 {dt, Jy=~ 144, J = 1.4 Hz,
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1H), 5.08~5.12 (m, 1H}, 7.32 {d, J= 87 Hz, 2H}, 2.74 d. 7=
8.4 Hz, 2H). BCNMR: & 14.5, 1B.2, 21.6, 25.8, 42.3, 46.6, 53.5,
117.2, 122.3, 127.7, 128.5, 132.7, 135.4, 138.6, 143.4. HRMS
(FAB): found, 306.1520; calcd for CHaNGO.S MH™}, 306.1528.

{Z)-3-Echylidene-4-(Z2-methyl-1-oxepropyl}-1-tosyl-
pyrrofidine (5). Yellow eil. IR {neat): 1618, 1350, 1166, 1083,
812 et TH NMR: 8 1.50~1.54 (m, 3H}, 1.60(d, J= 1.2 Hz,
34}, 1.69 (d, = 1.2 Hz, 3H}, 2.44 {5, 3H), 2.56 (dd, J= 8.3,
9.3 He, 1H}, 3.35-3.42 {m, 1H), 3.59~3.64 {m, 2H), 4.00 {dt,
Ja= 144, A= 14Hz 1H), 474476 (de, L= 144, L= 14
Hz, 1H), 5.00-5.12 {m, 1H), 7.32 (d, J=87 Hz, ZH), 7.74 {4,
J=8.4Hz 2H). "CNMR: § 145,182, 21.6,25.8,42.3, 48.6,
53.8, 117.2, 122.3, 127.7, 129.5, 132.7, 1354, 1386, 143.4.
HREMS (FAB): found, 306.1520; caled for CpHaNOLS (MH?),
306.1528.

Shibata et al.
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Accelerated in Ionic Liquid

Takanori Shibata,** Mitsunori Yamasaki,® Sho Kadowaki,” Kentaro Takagi®

* Department of Chemistry, School of Science and Engineering, Waseda University, Shinjuku, Tokyo, 169-8555, Japan
® Department of Chemistry, Faculty of Science, Okayama University, Tsushima, Okayama, 700-8530, Japan

E-mail: tshibata@waseda.jp
Received 7 September 2004

Abstract: Iridium complex catalyzes an intramolecular ene-type
reaction of 1,6-enynes to give cyclic 1,4-dienes. The reaction pro-
ceeds more efficiently in an imidazolium salt than in toluene and the
ionic liquid can be reused.

Key words: iridium, cycloisomerization, enynes, dienes, ionic lig-
uid

Transition metal-catalyzed cycloisomerization is an atom-
economical and powerful protocol for the synthesis of car-
bo- and heterocyclic systems.! Especially, an intramolec-
ular  ene-type reaction of enynes has been
comprehensively studied and various transition metal
complexes like Pd,? Pt,> Ti,* and Ru’® ones are efficient
catalysts. In these years, a series of Rh complex-catalyzed
ene-type reaction of 1,6-enynes, possessing Z-olefinic
moiety, has been reported.®’

We here disclose an Ir complex-catalyzed intramolecular
ene-type reaction, where 1,6-enynes, having E-olefinic
moiety, are more reactive substrates than Z-olefinic moi-
ety. Moreover, an imidazolium salt was found to be a su-
perior reaction media to conventional organic solvents.

We chose allyl propargyl ether 1a, where the E/Z ratio of
the olefinic moiety is 2:1, as a model 1,6-enyne and exam-
ined a cycloisomerization using iridium complex
[IrCl(cod)], in toluene (Table 1, entry 1). As a result, the
substrate was completely consumed in eight hours at
90 °C and an ene-type reaction proceeded to give cyclic
1,4-diene 2a in good yield.® Unlike Ir complex-catalyzed
carbonylative coupling® and [2+2+2] cycloaddition,'© the
addition of phosphine ligands deactivated the Ir-catalyst
in the ene-type reaction. For an example, Ir~-DPPP
complex® took longer reaction time to give product 2a in
lower yield (entry 2). When the reaction was quenched at
3 hours, 30% of enyne 1a was recovered and the Z-isomer
of 1a was dominant (entry 3). These results imply that the
E-isomer reacted more promptly than the Z-isomer. Actu-
ally, enyne 1a, having E-olefinic moiety, was consumed
only within three hours and the 1,4-diene 2a was obtained
in higher yield of 82% (entry 4).!! On the contrary, enyne
la, having Z-olefinic moiety, gave much lower yield
under the same reaction conditions (entry 5). Compound
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1a-Z was completely consumed by longer reaction time,
however, the yield did not reach that by 1a-E. The higher
reactivity of the E-isomer of enyne than the Z-isomer in
ene-type reaction was opposite to the case in the Rh com-
plex-catalyzed reaction.5'?

Table 1 Different Reactivity of Enyne, Having E- or Z-Olefinic
Moiety in the Ir Complex-Catalyzed Ene-Type Reaction

Ph
/TP iCitcad)l, (5 mol%) Z
ON toluene, 90 °C ©
1a 2a
Entry E/Z Time (h) Yield (%)
1 2:1 8 77
28 2:1 22 42
30 2:1 3 61
4 >95:5 3 82
5 < 5:95 3 31
6 < 5:95 10 50

* 1,3-Bis(diphenylphosphino)propane (10 mol%) was added as a
ligand.
® Enyne (E/Z = 1:2) was recovered.

We got another interesting results by the choice of reac-
tion media. When the present reaction was examined at
60 °C in toluene in 1 hour, the yield was low and most of
enyne la-E was recovered (Table 2, entry 1). However,
when an imidazolium salt, which is one of typical ionic
liquids and commonly used as a recyclable reaction media
in place of organic solvents,'* was used, the enyne was
completely consumed under the same reaction conditions
to give the ene product 2a in good yield (entry 2). Tet-
rafluoroborate was a better choice as a counter anion of
ionic liquid and the highest yield of 95% was achieved
(entry 3).*!> When the amount of the catalyst was dimin-
ished from 5 mol% to 2 mol% in toluene at 120 °C, an ap-
parent decrease in yield was observed (from 77% to 24%).
In the case of [BMIM]BF, (1-butyl-3-methylimidazolium
tetrafluoroborate) as solvent, a good yield was achieved
by 2 mol% Ir-catalyst (entry 4). These results mean that
the Ir complex could operate as a more active catalyst in
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the imidazolium salt than in toluene.'® Moreover, reuse of
the ionic liquid could be possible and almost the same
catalytic activity was ascertained by the second and third
runs of reuse (entries 5, 6).17

Table2 Ir Complex-Cataiyzed Ene-Type Reaction in Toluene and
Imidazoliom Salts

Ph
/T—"Ph [Citcod)l, (X moi%) Z
o\/\/ solvent, 60 °C ° =
1a-E 2a

Entry  Solvent X (mol%) Time (h) Yield (%)
1 Toluene 5 1 28
2 [BMIMIPF, 5 1 83
3 [BMIM]BF, 5 1 95
4 [BMIM]BF, 2 4 88
5% [BMIM]BF, 5 1 89
6° [BMIM]BF, 5 1 97

2 (BMIM]BF,, which was used at entry 3, was reused.
® [BMIM]BF,, which was used at entry 5, was reused.

©

X
[BMIMIX: MO
Me” X “pBu

Table 3 shows the results of Ir complex-catalyzed reaction
of several 1,6-enynes, having E-olefinic moiety, in tolu-
ene at 90 °C (Condition A) and in [BMIM]BF, at 60 °C
(Condition B). Other than 1a-E, allyl propargyl ethers,
having substituted aryl groups on their alkyne terminus,
were also good substrates in the present reaction (entries
1-4). A nitrogen-bridged enyne was also transformed into
the corresponding 1,4-diene under the same reaction con-
ditions (entries 5, 6). An enyne, having an alkyl group on
its alkyne terminus, could be also subjected to the ene-
type reaction and acceptable yields were achieved by the
higher reaction temperature both in toluene and
[BMIM]BF, (entries 7, 8).!8

Ionic liquids are one of promising alternatives to organic
solvents as a reaction media.!*> Among them, imidazolium
salts have been comprehensively studied and various

types of transition metal-catalyzed reactions have been al- -

ready reported.!® Therefore, any advantages of the use of
imidazolium salts, which cannot be realized by conven-
tional molecular solvents, should be noted.?® We found
the first example of transition metal-catalyzed cyclo-
isomerization in jonic liquid, as far as we know. Ir com-
plex operated as a more efficient catalyst in imidazolium
salts and the intramolecular ene-type reaction of 1,6-
enynes, having E-olefinic moiety, smoothly proceeded to
give cyclic 1,4-dienes in good to excellent yield.

Table 3 Ir Complex-Catalyzed Ene-Type Reaction of Several 1,6-
Enynes

R
/R [irCl(cod)]2 (5 mol%) =
Z\/\/ Condition A: toiuene, 90 °C z =
1-E Condition B: [BMIM]BF,, 60 °C 2
Entry Z R Condition Time (h) Yield (%)
1 O p-CICH, A 3 86
2 (0] p-CIC.H, B 1 96
3 0  pMeOCH, A 6 75
4 0  pMeOCH, B 1 95
5 TsN Ph A 24 63
6 TsN  Ph B 4 87
7 TsN Me A? 8 68
8 TsN  Me B® 3 70

2 The reaction was examined at 120 °C.
b The reaction was examined at 90 °C.
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Lithium butatrienolates were prepared in situ by the
1,4-elimination from 2-butynyl trimethylsilyl ethers along
with a retro-Brook rearrangement. The addition reaction of
the enolates with the aldehydes afforded S-hydroxy-a-vinyl-
idene acylsilanes.

The aldol addition of enolates with aldehydes is one of the
most important carbon—carbon forming reactions. In particular,
the addition of a-silyl-substituted enclates gives acylsilanes, !
which are useful synthetic intermediates for various transfor-
mations.> When o-silyl-substituted allenolates (propadieno-
lates), which were prepared by the retro-Brook rearrangement
of allenyllithiums, were used, the reaction with aldehydes gave
a-methylene acylsilanes.>® Here we disclose that the addition
reaction of a-silyl-substituted butatrienolates with aldehydes
affords «-vinylidene acylsilanes.

The 1,4-elimination of trimethylsilanol from 1,4-disiloxy-2-
butyne using 2 equivalent amounts of base gives the lithiated
butatriene A.5 C-lithium A is known to exist in equilibrium
with O-lithium B through a (retro-)Brook rearrangememf’
We subjected the in situ prepared lithium butatrienolates to a
reaction with aldehydes (Scheme 1).

1,4-Disiloxy-2-butynes la—c, the precursors for butatrieno-
lates, were readily available from the addition of the lithium
salt of 1-siloxy-2-propyne to ketones along with the trimethyl-

2 equiv
OTMS  pBuLi
= R
RS0 o - TMSOH

Li R LiO R
Yo — Y=
RSO R R,Si R
A B
OH
R R

=

RS R
e

R'CHO  HgO*

Scheme 1.

Bull. Chem. Soc. Jpn., 77, 1937-1938 (2004) 1937

o]
o OH
== p-Buli R R - R
RsSIO R,SiO B
THsoT! oTMS
3 = R
CH,Cl,, 0°C  R4SIO R
fa-c
Scheme 2.

silyl-protection of the obtained alcohols (Scheme 2).

When the reaction of the z-butyldimethylsilyl-protected
ether 1a with benzaldehyde was examined, the corresponding
B-hydroxy-o-vinylidene acylsilane 2a was obtained in moder-
ate yield along with the formation of several unidentified prod-
ucts derived from l1a. The r-butyldiphenylsilyl ether 1b gave
the better result, a 72% yield. The more bulky silyl group prob-
ably stabilized the lithium salt. Actually, at the higher reaction
ternperature (—20 °C), the butatrienolate decomposed to give a
complex mixture.

OTMS 2 equiv Ot
_ n-Buli PhCHO Ph :<:>
- O THF, -40 °C RS
0
1a (SiRg= SitBuMe,)
1b (Siflg= SitBuPhy,)

R,SIO

B (D

The reaction of aldehydes with two butatrienolates was ex-
amined (Table 1). Alkyl and o, S-unsaturated aldehydes were
also substrates and the corresponding B-hydroxy--vinylidene
acylsilanes 2¢, d were obtained in good yields (Entries 1, 2).
Only a trace amount of the 1,4-adduct was obtained in Entry
2. The dimethyl-substituted butatrienolate prepared from le
also reacted with aldehydes to give o-vinylidene acylsilanes
2e—g in acceptable yields (Entries 3-5).

The unique reactivity of the cumulated carbon—carbon dou-
ble bond is anticipated, which could not be realized in simple
alkenes or conjugate systems. Recently, allenes (propadienes)
were comprehensively studied as unique reagents for transition
metal-catalyzed reactions, however, the synthetic use of the
butatriene component is limited.” This paper discloses that
the aldol reaction of lithium butatrienolate with aldehydes
proceeded, and that S-hydroxy-a-vinylidene acylsilanes were
obtained.

Experimental

General. 'HNMR spectra were measured with a JINM AL-
400 spectrometer and BCNMR spectra were measured with a
JEOL Lambda 500 spectrometer using tetramethylsilane as an in-
ternal standard and CDCl; as a solvent. IR spectra were recorded
with a Horiba FT730 spectrophotometer. High-resolution mass
spectral analyses (FAB) were performed on a JEOL IMS-
SX102A. All reactions were examined using an Ar balloon.

1-[3-(¢-Butyldimethylsiloxy) prop-1-ynyll-1-trimethylsiloxy-
cyclohexane (1a). Pale yellow oil. "HNMR § 0.09 (s, 6H), 0.15
(s, 9H), 0.88 (s, 9H), 1.19-1.22 (m, 1H), 1.40-1.64 (m, TH), 1.78~
1.81 (m, 2H), 4.33 (s, 2H); PCNMR § —5.1,2.1, 18.3,23.1, 25.3,
25.8. 41.1, 51.8, 69.9, 83.6, 88.6; IR (neat) 1094 cm~'; HRMS
m/z caled for CygH350,51, M* — 1) 339.2176. Found:
339.2151.

Published on the web October 9, 2004; DOI 10.1246/bes).77.1937
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Table 1. The Reaction of in Situ Prepared Lithium Butatrie-
nolates with Aldehydes
oTMS 1) n-Bulli (2 equiv) . OH )
= R 2) R"CHC R R
+BuPh,SiO R —“W ':<

- = +BUPh,SI R

1b (R, R'= (CHy)g) Y

1¢ (R, R'= Me, Me)

Entry 1 R” Yield/%
1 1b n-Pr 71 (2¢)
2 1b CH;CH=CH 85 (2d)
3 1c Ph 72 (2¢)
4 1c n-Pr 65 (2f)
5 1c CH;CH=CH 60 (2g)

1-[3-(t-Butyldiphenylsiloxy)prop-1-ynyl]-1-trimethylsiloxy-
cyclohexane (1b). Pale yellow oil. '"HNMR § 0.18 (s, 9H), 1.05
(s, 9H), 1.19-1.25 (m, 2H), 1.44-1.60 (m, 6H), 1.79-1.82 (m, 2H),
4.37 (s, 2H), 7.37-7.76 (m, 10H); *CNMR §2.2,19.3,23.2,25.4,
26.7, 41.2, 52.8, 70.0, 83.4, 88.7, 127.6, 129.6, 133.0, 135.4; IR
(neat) 1097 em™'; HRMS m/z caled for CpgHag0,Si; (M¥ —
1): 463.2489. Found: 463.2446.
1-(+-Butyldiphenylsiloxy)-4-methyl-4-trimethylsiloxypent-2-
yne (1c). Pale yellow oil. 'HNMR 6§ 0.17 (s, 9H), 1.05 (s, 9H),
1.43 (s, 6H), 4.34 (s, 2H), 7.37-7.72 (m, 10H); 3CNMR & 1.9,
19.2, 26.7, 32.8, 52.7, 66.5, 81.1, 90.0, 127.7, 129.7, 133.2,
135.6; IR (neat) 1113 cm™!; HRMS m/z caled for CasHisO,S1;
(M* — 1): 423.2176. Found: 423.2199.
1-(t-Butyldimethylsilyl)-2-(cyclohexylidenemethylene)-3-hy-
droxy-3-phenylpropan-1-one (2a). Yellow oil. '"HNMR § 0.17
(s, 6H), 0.90 (s, 9H), 1.02-1.10 (m, 1H), 1.21-1.30 (m, 1H), 1.46—
1.65 (m, 4H), 1.89-2.02 (m, 3H), 2.10-2.15 (m, 1H), 3.79 (d, J =
2.4 Hz, 1H), 5.66 (d, J =24 Hz, 1H), 7.23-7.33 (m, 5H);
BCNMR § =54, —5.3, 16.8, 25.4, 26.0, 26.1, 26.6, 30.4, 30.4,
72.0, 108.9, 117.5, 126.4, 127.1, 128.0, 141.9, 210.1, 2359; IR
(neat) 3487, 1946, 1575 c¢cm™'; HRMS (FAB) m/z caled for
CyoH3,0:S1 M+ — 1): 355.2094. Found: 355.2090.
1-(z-Butyldiphenylsilyl)-2-(cyclohexylidenemethylene)-3-hy-
droxy-3-phenylpropan-1-one (2b). To a THF solution (2 mL)
of silyl ether 1b (139.4 mg, 0.30 mmol) was added BuLi (0.72
mmol, 1.59 mol/L hexane solution) dropwise at —40 °C, and
the mixture was stirred for 10 min. To the resulting mixture was
added benzaldehyde (95.5 mg, 0.90 mmol) at —40 °C. After being
stirred for 10 min, the reaction mixture was quenched with sat.
NH,CI (aqg), and the organic materials were then extracted with
Et,O. The extracts were then washed with brine and dried over
MgSO,. After evaporation of the solvent, the crude products were
purified by thin-layer chromatography (hexane/ethyl ace-
tate = 10/1). Yellow oil. '"HNMR & 1.00 (s, 9H), 0.52-0.60 (m,
1H), 0.66-0.77 (m, IH), 0.79-0.92 (m, 3H), 1.07-1.16 (m, 4H),
1.26-1.32 (m, 1H), 3.77 (d, J =4.0 Hz, 1H), 571 (d, / =4.0
Hz, 1H), 7.18-7.73 (m, 15H); *CNMR 8§ 18.6, 25.0, 25.6, 25.7,
26.8, 28.5, 28.6, 71.9, 110.7, 116.8, 126.3, 127.0, 127.6, 127.6,
127.9, 128.3, 129.3, 133.2, 133.2, 135.6, 1357, 142.0, 210.1,
233.3; 1R (neat) 3459, 1943, 1583 cm™!; HRMS m/z caled for
C3H370,81 (M* + 1): 481.2563. Found: 481.2565.
1-(¢-Butyldiphenylsilyl)-2-(cyclohexylidenemethylene)-3-hy-
droxyhexan-1-one (2¢). Yellow oil. '"HNMR & 0.86-0.93 (m,
3H), 1.00 (s, 9H), 1.03~1.13 (m, 6H), 1.23-1.43 (m, 5H), 1.47~
1.55 (m, 3H), 3.18 (d, J =5.5 Hz, 1H), 452 (dt, J =55, 55
Hz, [H), 7.34-7.73 (m, 10H); PCNMR § 14.0, 18.6, 18.9, 25.2,
26.1, 26.1, 26.8, 28.8, 29.0, 37.2, 68.8, 1104, 115.5, 127.6,

© 2004 The Chemical Society of Japan

127.7, 128.3, 129.3, 1294, 133.3, 1334, 135.7, 209.0, 233.9; IR
(neat) 3444, 1941, 1577 cm~"'; HRMS m/z caled for CooH390,Si
(M* + 1): 447.2719. Found: 447.2711.
1-(z-Butyldiphenylsilyl)-2-(cyclohexylidenemethylene)-3-hy-
droxyhex-4-en-1-one (2d). Yellow oil. 'HNMR § 1.01 (s, 9H),
1.03-1.06 (m, 2H), 1.19-1.25 (m, 4H), 1.40-1.42 (m, 3H), 1.49-
1.52 (m, 1H), 1.69 (d, J == 6.4 Hz, 3H), 3.38 (d, J = 5.5 Hz, 1H),
5.00 (dd, J = 5.5, 5.5 Hz, 1H), 549 (dd, J = 5.5, 15.2 Hz, 1H),
5.65-5.73 (m, 1H), 7.30-7.70 (m, 10H); PCNMR § 17.7, 18.7,
253, 26.3, 26.3, 26.9, 29.0, 29.0, 70.2, 110.6, 115.3, 126.9,
127.7, 127.7, 1294, 1294, 131.2, 133.3, 133.3, 135.7, 135.8,
209.4, 233.4; IR (neat) 3451, 1942, 1577 cm™'; HRMS m/z caled
for CoH360,81 (M™): 444.2485. Found: 444.2483.
1-(z-Butyldiphenylsilyl)-3-hydroxy-2-(isopropylidenemethyl-
ene)-3-phenylpropan-1-one (2e). Yellow oil. 'HNMR 4 0.70 (s,
3H), 0.77 (s, 3H), 0.98 (s, 9H), 3.64 (d, J = 5.8 Hz, 1H), 5.61 (d,
J =5.8 Hz, 1H), 7.22-7.60 (m, 15H); PCNMR § 17.8, 18.0,
18.6, 26.8, 71.9, 105.1, 1164, 126.1, 127.2, 127.7, 127.7, 127.9,
128.4, 1294, 133.0, 133.0, 135.6, 135.6, 142.3, 212.8, 233.4; IR
(neat) 3515, 1954, 1593 cm™!; HRMS m/z caled for CaoH330,Si
(M™* + 1): 441.2250. Found: 441.2217.
1-(z-Butyldiphenylsilyl)-3-hydroxy-2-(isopropylidenemethyl-
ene)hexan-1-one (2f). Yellow oil. 'HNMR & 0.82 (s, 3H), 0.86
(s, 3H), 0.90 (t, J = 7.2 Hz, 3H), 1.01 (s, 9H), 1.25-1.65 (m, 4H),
3.08(d,J = 5.8 Hz, 1H), 4.49 (dt, J = 5.8, 5.8 Hz, 1H), 7.33-7.66
(m, 10H); PCNMR § 14.0, 18.1, 18.2, 18.7, 18.9, 26.8, 37.4, 68.9,
104.5, 115.8, 127.7, 127.7, 1294, 1294, 133.1, 133.2, 135.6,
212.2, 234.0; IR (neat) 3451, 1947, 1585 cm™'; HRMS m/z calcd
for CyeH3s 0,81 (M™ + 1): 407.2406. Found: 407.2409.
1-(¢-Butyldiphenylsilyl)-3-hydroxy-2-(isopropylidenemethyl-
ene)hex-4-en-1-one (2g). Yellow oil. "HNMR § 0.83 (s, 3H),
0.87 (s, 3H), 1.01 (s, 9H), 1.69 (d, J = 6.0 Hz, 3H), 3.21 (d, J =
6.3 Hz, 1H), 4.93 (dd, J = 6.3, 6.3 Hz, 1H), 5.51 (dd, J = 6.3,
15.0 Hz, 1H), 5.66-5.74 (m, 1H), 7.33-7.67 (m, 10H); *CNMR
8 177, 18.1, 18.2, 18.7, 26.8, 70.2, 104.7, 115.4, 127.1, 127.7,
127.7, 1294, 131.3, 133.1, 133.1, 135.6, 135.6, 135.7, 212.3,
233.4; IR (neat) 3451, 1947, 1587 cm™!; HRMS m/z caled for
Cy6H3; 0281 M+ — 1): 403.2094. Found: 403.2082.
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Abstract: Catalytic etherification of diols proceeds to give various
cyclic ethers by use of cationic platinum salt, which is in situ pre-
pared from PtCl, and AgSbF. Etherification of benzylic alcohols is
also possible by intermolecular dehydration. Both of intra- and
intermolecular etherifications smoothly proceed even under an
atmosphere of air.

Key words: platinum, ethers, dehydration, diols, alcohols

Williamson ether synthesis is an established protocol for
the synthesis of ethers from alcohols and halides, how-
ever, it is generally examined under the strongly basic
conditions and a stoichiometric amount of salts is
formed.! On the other hand, dehydration of alcohols is
more direct synthesis of ethers, and protic acid catalysts?
like amberlyst® and nafion-H* were reported for the ether-
ification of diols. Lewis acid is another choice of a pro-
moter for the dehydrative ether synthesis’? and a
stoichiometric amount of zinc chloride was used for the
synthesis of cyclic ethers.’ In these years, catalytic dehy-
drative etherifications of allylic and benzylic alcohols
were also reported by use of various metal catalysts.®

We here disclose a catalytic ether synthesis using a cation-
ic platinum salt. Intra- and intermolecular dehydrations of
alcohols were examined under an atmosphere of argon
and air.

We chose Pt(I) salt because of its high Lewis acidity.®?
Dehydration of 1,5-diphenylpentane-1,5-diol was exam-
ined by use of a catalytic amount of platinum dichloride in
1,2-dichloroethane (DCE) under an atmosphere of argon,
however, no reaction proceeded at 60 °C (Table 1, entry
1). In order to increase Lewis acidity, silver salts were
added for the generation of cationic platinum (entries 2—
4). As a result, the choice of counter anion was important
and 2,6-disubstituted tetrahydropyran was obtained in an
excellent yield® by the combination of PtCl, and AgSbF,
(entry 4). Argon atmosphere was not needed and no
decrease of catalytic activity was observed even under an
atmosphere of air (entry 5). Silver salt did not operate as a
catalyst by itself (entry 6), therefore, the cationic platinum
salt was an efficient catalyst for dehydrative etherifica-
tion.
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Table 1 Catalytic Etherification of 1,5-Diol Using Platinum Salts
PtCl, (2 mol%)

)oi/\)oj Ag salt (5 mol%) Ph 0 Fh
Ph Ph DCE, 60 °C, 1-2 h U

Entry Ag salt Yield (%)
1 None NR®

2 AgBF, NR°¢

3 AgOTf 78

4 AgSbFy 94

5 AgSbF, 94

6° AgSbFy NR¢

* Under an atmosphere of air.
® Without PtCl,.
¢ NR =no reaction.

Table 2 shows the results of cationic platinum-catalyzed
etherification of various diols under an atmosphere of ar-
gon or air.>'? A 1,4-diol gave 2,5-disubstituted tetrahy-
drofuran under the same reaction conditions (entry 1). At
higher reaction temperature, even 0.1 mol% of platinum
catalyst could work efficiently to give the cyclic ether in
excellent yield (entry 3). Unsymmetrical diols also react-
ed and di- and mono-substituted tetrahydrofurans were
obtained (entries 4-6). Other aryl groups could be also tol-
erated as substituents on 1,5-diols and the corresponding
tetrahydropyran derivatives were provided (entries 7, 8).
Under the dilute reaction conditions, a 1,6-diol also cy-
clized to a 7-membered cyclic ether (entry 9). Not only
benzylic alcohols, but alkyl alcohols were also substrates
(entries 10-14). From a diol, having tertiary and primary
alcohols, a 2,2-dialkyl-substituted tetrahydrofuran was
obtained (entries 10, 11).!'" 1,11-Diphenylundecane-4,8-
diol gave a symmetrical 2,6-dialkyl-substituted tetrahy-
dropyran in good yield (entry 12). 2-Alkyl- and 2-alkynyl-
substituted tetrahydropyrans were also provided from the
corresponding diols (entries 13—-15). It is noteworthy that,
even under an atmosphere of air, comparable yields were
achieved (entries 5, 11, 14).

Intermolecular dehydration of benzylic and allyl alcohols
also proceeded by use of the cationic platinum catalyst
(Table 3)."2 The reaction of 1-phenylethanol and allyl al-
cohol gave the corresponding ether in high yield (entry 1),
moreover, the present etherification proceeded even under
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Table 2 Etherification of Various Diols by Cationic Platinum Catalyst

PtCls (2 moi%
OH o ( )

s AgSbFs (5 mol%) Rl o. R3
;
A q2 n DCE, 6080 °C R2>((>_7/

OH under argon or air n
Entry n R! R2? R? Temp (°C) Time (h) Yield (%)
1 I Ph H Ph 60 0.5 97
28 1 Ph H Ph 60 1 98
3b 1 Ph H Ph 80 0.5 95
4 1 Ph H Me 60 1 97
5¢ 1 Ph H Me 80 2 95
6 1 Ph H H 60 1 93
7 2 4-CICH, H 4-CIC,H, 60 0.5 93
8 2 4-MeOCH, H 4-MeOCH, 60 0.5 93
9¢ 3 Ph H Ph 60 1 75
10 1 3-Phenylpropyl Me H 60 2 91
11¢ 1 3-Phenylpropyl Me H 60 4 93
12¢ 2 3-Phenylpropyl H 3-Phenylpropy! 70 8 77
13 2 Hexyl H H 80 5 78¢
14¢ 2 Hexyl H H 80 4 76
15¢ 2 1-Hexynyl H H 60 5 86

# PtCl, (0.5 mol%), AgSbF, (1.5 mol%).
® PtCl, (0.1 mol%), AgSbF, (0.5 mol%).

¢ Under an atmosphere of air. The other entries were examined under an atmosphere of argon.

¢ The concentration of diol in DCE is 0.020 M.
¢ The concentration of diol in DCE is 0.025 M.

f A five-membered cyclic ether (ca. 8%) was included as a side product.

an atmosphere of air without solvent (entry 2). Etherifica-
tion of propargylic and tertiary alcohols occurred at room
temperature (entries 3, 4). Generation of benzylic cation is
probably important for the following nucleophilic addi-
tion of allyl alcohol.!?

Table 3 Intermolecular Dehydration of Benzylic and Allyl Alco-
hols

O PtCl; (4 moi%) o AN

OH AgSbFg (10 mol%)
pr LR NS E Ph/F ok
52 . DC 2
(2 equiv) under argon or air R

Entry R! R? Temp (°C) Time (h) Yield (%)
1 Me H 50 1.5 91
20 Me H 60 1 94
3 1-Propynyl H r.t. 1 75
4 Me Me .t 2 87

* Under an atmosphere of air without solvent.

In alcoholic solvents, methyl and ethyl ether syntheses
from benzylic alcohols were possible using 0.5 mol% cat-
ionic platinum catalyst (Table 4). Symmetrical ethers
were obtained by dimerization of alcohols, which are
limited to benzylic ones (Equation 1).

Table 4 Intermolecular Etherification in Alcoholic Solvents

PCl (0.5 mol%
OH 2 ( ) OR®

/F AgSbFg (2.5 mol%)
1

"2 R30OH, reflux R
Entry R! R? R? Time (h)  Yield (%)
1 1-Propynyl Me 25 82
2 1-Propynyl H Et 4 67
3 Me Me Me 3 63

Synlett 2005, No. 1, 152-154 © Thieme Stuttgart - New York
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PtCly (4 mol%)

/OC AgSbFs (10 mol%) Ph ph
Ph R DCE, r.t. to 40 °C R>_O_<F{

R= Me: 83% (dlimeso = 2.3/1)

R= 1-propynyl: 85% (diimeso = 1/1))
Equation 1

In summary, we developed a cationic platinum-catalyzed
ether synthesis from alcohols. Catalytic intra- and inter-
molecular dehydration gave various cyclic and acyclic
ethers. Moreover, the platinum catalyst is moisture-toler-
ant and the etherifications efficiently proceeded even
under an atmosphere of air.
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All of the 2,n-disubstituted cyclic ethers were obtained as a
mixture of dl and meso isomers (ca. 1:1).

Typical Experimental Procedure for Cyclic Ethers from
Diols (Table 2): PtCl, (1.1 mg, 0.004 mmol) was placed in
a flask and a 1,2-dichloroethane solution (2.0 mL) of a diol
(0.20 mmo}, 0.10 M) was added. To the resulting mixture
was added AgSbF, (3.6 mg, 0.010 mmol) and the mixture
was stirred at the temperature cited in Table 2 for 0.5-8 h.
After excluding the solvent to the volume of ca. 0.5 mL
under reduced pressure, the obtained mixture was purified
by column chromatography (hexane~-EtOAc) using silica gel
to give a pure cyclic ether.
2-Methyl-2-(3-phenylpropyl)tetrahydrofuran: IR (neat):
1496, 1454, 1057, 748, 700 cm™. 'H NMR (400 MHz,
CDCly): 8 = 1.16 (5,3 H), 1.51-1.74 (m, 6 H), 1.82-1.95 (m,
2 H), 2.59-2.66 (m, 2 H), 3.74-3.85 (m, 2 H), 7.17-7.29 (m,
5 H). '*C NMR (100 MHz, CDCl,): § = 25.8, 26.1, 26.7,
36.5, 36.7, 40.9, 67.1, 82.5, 125.6, 128.1, 128.3, 142.5.
HRMS (FAB): m/z caled for C | H,,0 [M*]: 204.1514.
Found: 204.1508.

Typical Experimental Procedure for Acyclic Ethers
(Table 3): PtCl, (3.2 mg, 0.012 mmol) was placed in a flask
and a 1,2-dichloroethane solution (4.5 mL) of an alcohol
(0.30 mmol) and allyl alcohol (0.60 mmo!) was added. To
the resulting mixture was added AgSbF, (10.3 mg, 0.030
mmol) and the mixture was stirred at the temperature cited
in Table 3 for 1-2 h. The following procedure is the same as
in ref. 10.

Complete racemization of a chiral alcohol indicates that the
present etherification proceeded via Sy1 pathway

(Scheme 1).

oH PICl, (4 mol%) oNF
AgSbFg (10 mol%)
)\ /\/OH — e ———
Ph” Me * 7 DCE, 50 °C Ph/E\Me
> 99% ee 0% ee
Scheme 1
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Abstract—A cationic iridium complex catalyzes a cycloisomerization of nitrogen-bridged 1,6-enynes to give 3-azabicyclo[4.1.0]heptenes in
good to high yield. When an iridium-chiral diphosphine complex is used, the reaction proceeds enantiomerically to give chiral cyclopropanes

fused by a six-membered ring system.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Transition metal-catalyzed cycloisomerization of unsatu-
rated systems provides an atom- economxcal protocol for the
construction of cyclic compounds.' Especially, 1,n-enynes
have been comprehensively investigated as the most
common unsaturated motif,” and various types of cyclo-
isomerizations have been reported according to the chmce
of eng/nes and transition metal catalysts including Pd,” Ru,*
and Ir complexes.® Since Blum reported PtCl,
catalyzed cycloisomerization of allyl propargyl ethers into
3-oxabicyclo[4.1.0]heptenes,” this type of transformation
has been comprehenswely studied from both a synthetic and
mechanistic point of view:'®'' PtCl, was found to be an
efficient catalyst, and various 1,6-enynes bridged by
nitrogen and oxygen were transformed into 3-aza- and
3-oxabicyclo[4.1.0]heptene skeletons, resgectively (Eq. 1).
Au(l) salt is another choice of catalyst,'* and 1,5-enynes
possessing no heteroatom on their tethers were also
submitted to the present cycloisomerization (Eq. 2.1

(i) or Au(l)

Pt - 1
Z R
— o Cﬁ (1)
R2

Keywords: Iridium; Enynes; Cycloisomerization; Enantioselective;
Cyclopropanes.
* Corresponding author. Tel./fax: +81 3 5286 8098;

e-mail: tshibata@waseda.jp

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi: 10.1016/.tet.2005.07.039

=R Au(h) 1
a o e @

R? R?

This manuscript discloses a cationic iridium complex-
catalyzed cycloisomerization of 1,6-enynes bridged by
nitrogen, which gave 3-azabicyclo[4.1.0]heptenyl deriva-
tives. Moreover, we achieved the first example of an
enantioselective version of the present cycloisomerization
by iridium-chiral diphosphine complexes and obtained
optically active cyclopropanes fused by a six-membered
ring system.

Iridiom complex-catalyzed cycloisomerizations of 1,6-
enynes, having carbon chains on their tethers, have alread{
been reported, where cyclic 1,3-dienes®* or 1,4-dienes®
were obtained. The present results show a different pattern
of transformation owing to the choice of enynes and iridium
complexes.

2. Results and discussion

We have already reported iridium complex-catalyzed
carbonylative couplings.'® During our study, we examined
Pauson—-Khand-type reaction of enyne 1a for the synthesis
of a cyclopentenone having a quaternary carbon. No
carbonylative product could be detected, however, bicyclic
compound 2a was obtained in good yield (Eq. 3). No
iridium complex-catalyzed cycloisomerization along with
cyclopropane ring formation has been reported; therefore,
we have further investigated the reaction conditions.
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. IrC{CO)PPh3), Me
/= "Me (20 mal%) =\ Me
p-TsN Ph —————————=p-TsN p-TsN 0]
\_§ xylene, 120°C, 9 h
CO (1 atm) Ph Ph
1a 2a 68% 0%

3

We used an in situ-prepared Ir-triphenylphosphine complex
(Table 1). Under an atmosphere of argon, enyne la was
consumed but bicyclic product 2a could not be detected
(entry 1). Under an atmosphere of carbon monoxide,
product 2a was obtained in moderate yield, but enyne 1a
was not completely consumed within 24 h (entry 2). When
the catalyst was prepared under CO, then the reaction was
done under Ar, the reaction proceeded more smoothly to
give cycloadduct 2a in higher yield. These results imply that
CO is important as a Tv-acceptor ligand of the catalyst.'

We next examined cationic iridium complexes, which were
prepared from Vaska’s complex and silver salts (Table 2).

Table 1. The effect of atmosphere on the cycloisomerization of 1a
[irCl{cod)], + 4PPh
{10 mol%)

2a
xylene, 120 °C
Entry Atrmosphere Time (h) Yield (%)
| Ar 3 e
2 CO 24 41
3 CO then Ar 12 60

By addition of AgOTf to Vaska’s complex in 1,2-
dimethoxyethane (DME), the reaction proceeded at 60 °C
to give product 2a in very high yield (entry 1). Other
ethereal solvents of higher boiling points (1,4-dioxane and
dibutyl ether) accelerated the reaction but gave lower yields
(entries 2, 3). Halogenated solvents (1,2-dichloroethane and
chlorobenzene) also gave good results, but the yield did not
exceed that of DME (entries 4, 5). As a result of the
screening of the silver salts, the reaction proceeded more
efficiently when SbFg was used as a counter anion of the
catalyst (entries 1, 6, 7).

Various 1,6-enynes were submitted to the reaction using
cationic iridium catalysts, which were in situ prepared from
Vaska’s complex and AgOTf or AgSbF, (Table 3). n-Butyl-
substituted enyne 1b was also transformed into the
corresponding cycloadduct 2b in refluxed DME (entry 1).
Various aryl groups could be tolerable as a substituent on
the alkene moiety of enynes (entries 2-4). Enyne 1f,
possessing methyl groups on its alkyne terminus and alkene,
were a good substrate, and bicyclic product 2f was obtained
in almost quantitative yield by the addition of AgSbFe
(entry 5). Oxygen-bridged enyne 1g was also completely
consumed under the same reaction conditions, but cyclo-
propane product 2g could only be obtained in low yield from
a complex mixture (entry 6). Nitrogen-bridged enyne 1h,
possessing a phenyl group on its alkyne terminus, and
carbon-bridged enyne 1i did not react even in refluxed
DME.

Table 2. Effect of solvents and counter anions of cationic iridium complex on the cycloisomerization of 1a
IrCHCO)PPh3), (20 mol%)

AgX (24 mol%)

2a
under Ar
Entry X Solvent Temperature (°C) Time (h) Yield (%)
1 oTf DME 60 24 94
2 OTf Dioxane 100 3 74
3 OTf Bu,O 120 1 41
4 OTf DCE 60 24 68
5 OTf PhCl 100 3 89
6 SbFe DME 60 2 84
7 BF, DME 60 24 72
Table 3. Cationic iridium complex-catalyzed cycloisomerization of various enynes
, IFCCOY(PPhg); (20 mol%)
=R % =
7 2 AgX (24 mol%) 7 R
\—ﬁ DME, 60 °C
R2
Z= NTs for Entries 1-5
1b-1g = Q for Entry 6 2b-1g
Entry R R? 1 AgOTE AgSbF,
Time (h) Yield (%) Time (h) Yield (%)
* n-Bu Ph 1b 20 55 1 84
2 Me 4-CIPh Ic 24 71 1.5 84
3 Me 4-MeOPh d 4 66 0.5 76
4 Me 2-Naphthy! le 8 60 0.5 72
5 Me Me 1f 2 80 1 98
6 Me Ph 1g 24 25 0.5 24

*1n refluxed DME.
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As in the Pt(Il) salt-catalyzed reaction, the heteroatoms on
the tether of the enynes are crucial in an iridium complex-
catalyzed reaction. A mechanism via the carbene complex,
which is stabilized by donor heteroatoms, could be possible
(Scheme 1).'%

We further investigated an enantioselective version of the
present cycloisomerization for the synthesis of chiral

H— ' 12-hydrogen‘ ;\(Ir ;\(lr“
— R1 7 N
Q> — migration @Z/ = R 5 = R
\_% L‘/gz

=0 ng

Scheme 1. Proposed mechanism of cycloisomerization of heteroatom-
bridged enynes.
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cyclopropanes. As a result of a preliminary experiment
using an achiral bidentate ligand, 1,2-bis(diphenyl-
phosphino)benzene was found to be best. Unlike the
reaction using triphenylphosphine as a ligand, here a CO
atmosphere throughout the reaction gave a better yield than
an Ar atmosphere after comglexatlon under a CO
atmosphere (Eq. 4 and Table 1).!

[IrCi{cod)l; (10 mol%)

PPh,
@: (20 mol%)
PPh,

1a 2a (4)
Xylene, 120 °C
75% (CO atmosphere)
60% (CO then Ar atmosphere)
Actually, enantioselective cycloisomerization was

examined by cationic chiral iridium complexes, which
were prepared from [IrCl(cod)],, a chiral diphosphine and a
silver salt (Table 4). The reaction enantiomerically
proceeded by BINAP ligand to glve chiral cycloadduct 2a
in moderate ee of 52% (entry 1)."® A substituent of nitrogen
on the enyne apparently affects the enantioselectivity, and
higher ee was achieved by o-TsN-bridged enyne 1j, and
TolBINAP was a better chiral ligand than BINAP in each
case (entries 1-6). AgBF, gave almost the same results as
AgOTT (entry 7). It took a longer reaction time, however,

Table 4. Optimization of enantioselective cycloisomerization of enynes by a chiral cationic iridium complex
[rClcod)], (10 mol%)
Ligand (20 mol%)

==—Me
AgX (24 mol® =
ASON gX (24 mol%) ArSO,N —Me
1,4-dioxane, reflux m
(CO 1 atm) Ph
1a (Ar= p-toiyl) 2a,j, k
1j (Ar= o-tolyl)
1k (Ar= mesityl)
Entry Ar X Ligand Time (h) Yield (%) ee (%)
t p-Tolyl OoTf BINAP 3 87 52
2 p-Tolyl OTf TolBINAP 2 92 66
3 o-Tolyl OTf BINAP 10 59 64
4 o-Tolyl OTf TolBINAP 2 79 75
5 Mesityl OTf BINAP 3 59 57
6 Mesityl oTf TolBINAP 2 70 64
7 o-Tolyl BF, TolBINAP 6 82 74
8 o-Tolyl SbF, TolBINAP 7 34 55
9? o-Tolyl OTf TolBINAP 4 71 73
10° o-Tolyl oTf TolBINAP 9 70 78
{IrCl(cod)], (5 moi%), TolBINAP (10 mol%), AgOTf (12 mol%).
b [IrCl(cod)]» (2 mol%), ToIBINAP (4 mol%), AgOTS (5 mol%).
Table 5. Enantioselective cycloisomerization of nitrogen-bridged enynes by the chiral cationic iridium complex
[IrCl{cod)], {10 mol%)
TolBINAP (20 mol%)
==—Me
AgOTf (24 1% \ %
o0-TsN R gOTf (24 mal%) o-TsN Me
1.4-dioxane, reflux -
(CO 1 atm) R
1 2
Entry R 1 Time (h) Yield (%) ee (%)
i 4-CiPh H 7 71 74
2 4-MeOPh 1m 5 69 44
3 2-Naphthy] . 1n 9 71 35
42 2-Naphthyl le 3 57 64

* p-TsN-bridged enynes le was used.
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decrease of the amounts of catalyst could be possible
without loss of enantioselectivity (entries 9, 10).

Under the best reaction conditions (Table 4, entry 4), we
examined an enantioselective cycloisomerization of several
enynes (Table 5). Enyne 1I, possessing 4-chlorophenyl on
the alkene, gave the same enantioselectivity as the phenyl
group, however, enyne m gave moderate ee (entries 1,2).
In the case of the naphthyl group, p-TsN-bridged enyne l1e
gave better ee than o-TsN-bridged enyne In (entries 3, 4).

3. Conclusion

In summary, we have developed a cationic iridium
complex-catalyzed cycloisomerization of nitrogen-bridged
1,6-enynes for the synthesis of a 3-azabicyclo[4.1.0]
heptenyl skeleton. Enantioselective transformation was
also realized by a cationic iridium~chiral phosphine
complex. The enynes are limited to nitrogen-bridged ones,
and the enantioselectivity is not sufficiently high, however,
the present results open a new protocol for an iridium
complex-catalyzed cycloisomerization and an enantio-
selective transformation.

4. Experimental
4.1. General

Optical rotation was measured using Jasco DIP-370
polarimeter. IR spectra were recorded with Horiba FT210
spectrophotometer. NMR spectra were measured with
JASCO DIP-1000 or Varian VXR-300S spectrometer
using tetramethylsilane as an internal standard and CDCl;
was used as solvent. Mass spectra were measured with
JEOL JMS-SX102A and elemental analyses with Perkin
Elmer PE240011. Dehydrated xylene, 1,2-dimethoxyethane,
and 1,4-dioxane are commercially available and they were
dried over molecular sieves 4 A and degassed by argon or
carbon monoxide bubbling before use. All reactions were
examined using an argon or CO balloon.

4.2. Typical experimental procedure for cyclo-
isomerization of enynes (Table 3)

Under an atmosphere of argon, IrCI(CO)(PPh3), (15.6 mg,
0.02 mmol) and AgOTf (6.2 mg, 0.024 mmol) or AgSbFg
(8.2 mg, 0.024 mmol) was placed in a flask under an argon
atmosphere. 1,2-Dimethoxyethane (1.5 mL) was added,
then the resulting mixture was stirred at 60 °C for 0.5-
24 h. The solvent was removed under reduced pressure, and
the crude products were purified by thin-layer chromato-
graphy to give cycloadduct 2.

4.2.1. N-(2-Phenylprop-2-en-1-y1)-N-(p-tosyl)but-2-yn-1-
amine (1a). White solid. Mp 120 °C; IR (CHCl,) 2932,
2304, 2222, 903, 756cm”'; '"H NMR §=151 (t, J=
2.4 Hz, 3H), 2.43 (s, 3H), 3.92 (d, J=2.4 Hz, 2H), 4.22 (s,
2H), 5.32 (s, 1H), 5.55 (s, 1H), 7.28-7.36 (m, SH), 7.49-
7.53 (m, 2H), 7.74 (d, J=8.4 Hz, 2H). 13C NMR 6=3.3,
7.0,21.6, 36.1, 50.5, 71.3, 81.9, 116.8, 126.3, 128.0, 128.3,
129.1, 135.6, 137.7, 141.4, 143.1. Anal. Calcd for

CyoH, NO,S; C, 70.77; H, 6.24; N, 4.13. Found: C, 70.70;
H, 6.34; N, 4.16.

4.2.2. N-(2-Phenylprop-2-en-1-y1)-N-(p-tosyl)hept-2-yn-
1-amine (1b). Pale yellow oil; IR (neat) 2932, 2322, 901,
756 cm ™! 'H NMR 6=0.82-0.86 (m, 3H), 1.18-1.25 (m,
4H), 1.85-1.89 (m, 2H), 2.43 (s, 3H), 3.96 (s, 2H), 4.23 (s,
2H), 5.32 (s, 1H), 5.55 (s, 1H), 7.24-7.37 (m, 5H), 7.51-
7.54 (m, 2H), 7.74 (d, J=7.5 Hz, 2H). 1*C NMR §=13.6,
18.2, 21.6, 21.9, 30.5, 36.2, 49.9, 72.0, 86.6, 116.8, 126.3,
127.9, 128.0, 128.3, 129.2, 135.7, 137.7, 1414, 143.1;
HRMS for M+1 found m/e 382.1839, caled for
C,3H,5NO,S: 382.1841.

4.2.3. N-[2-(4-Chlorophenyl)prop-2-en-1-yl]-N-(p-tosyl)
but-2-yn-1-amine (1c). White solid. Mp 108-109 °C; IR
(CHCl3) 2922, 2302, 2224, 901, 762 cm ™~ '; '"H NMR 6=
1.50 (t, J=2.4 Hz, 3H), 2.44 (s, 3H), 3.89 (q, /=24 Hz,
2H), 4.18 (s, 2H), 5.32 (s, 1H), 5.54 (s, 1H), 7.28-7.31 (m,
4H), 7.43-7.48 (m, 2H), 7.71-7.76 (m, 2H). 3C NMR 6=
3.3,21.6,36.1, 50.0,71.0, 82.0, 1174, 127.6, 127.9, 128 4,
129.1, 133.8, 1354, 136.0, 140.3, 143.3. Anal. Calcd for
C,oH,0CINO,LS; C, 64.25; H, 5.39; N, 3.75. Found: C,
64.29; H, 5.35; N, 3.66.

4.2.4. N-[2-(4-Methoxyphenyl)prop-2-en-1-yl]-N-(p-
tosyl)but-2-yn-1-amine (1d). White solid. Mp 91-92 °C;
IR (CHCI;) 2922, 903, 758 cm ™ LTHNMR 6=1.49 (t, J=
2.3 Hz, 3H), 2.43 (s, 3H), 3.80 (s, 3H), 3.90 (q. J=2.3 Hz,
2H), 4.18 (s, 2H), 5.21 (s, 1H), 5.47 (s, 1H), 6.85-6.88 (m,
2H), 7.28-7.31 (m, 2H), 7.47-7.50 (m, 2H), 7.73-7.76 (m,
2H). 3C NMR 6=3.3, 21.6, 36.0, 50.1, 55.3, 71.2, 81.8,
113.6, 115.2, 127.5, 128.0, 129.0, 130.0, 135.6, 140.5,
143.1, 159.3. Anal. Calcd for C,,H,3NO3S; C, 68.27; H,
6.27: N, 3.79. Found: C, 67.92; H, 6.24; N, 3.60; HRMS for
M+1 found mfle 370.1489, calcd for C, HosNO;S:
370.1477.

4.2.5. N-[2-(2-Naphthyl)prop-2-en-1-yl]-N-(p-tosyl)but-
2-yn-1-amine (le). White solid. Mp 124-125°C; IR
(CHCl5) 3024, 903, 756 cm™'; 'H NMR 6=1.53 (t, J=
2.4 Hz, 3H), 2.43 (s, 3H), 3.95 (q, J=2.4 Hz, 2H), 4.33 (s,
2H), 5.42 (s, 1H), 5.69 (s, 1H), 7.26-7.99 (m, 11H). °C
NMR 6=3.4, 21.6, 36.2, 50.1, 714, 81.9, 99.9, 1173,
124.3, 125.5, 126.1, 127.4, 127.8, 128.0, 128.4, 129.1,
132.9, 133.2, 134.9, 135.7, 141.3, 143.1; HRMS for M+1
found m/e 390.1530, calcd for Co4H24NO,S: 390.1528.

4.2.6. N-(2-Methylprop-2-en-1-yl)-N-(p-tosyl)but-2-yn-1-
amine (1f). White solid. Mp 4041 °C; IR (CHCl5) 2932,
2308, 1342, 1334, 1160, 917 cm ™ *; '"H NMR 6=1.50 (1,
J=2.4Hz, 3H), 1.76 (s, 3H), 2.42 (s, 3H), 3.69 (s, 2H), 3.97
(q, J=2.4 Hz, 2H), 4.94 (s, 1H), 4.95 (s, 1H), 7.28 (dd, J=
0.6, 8.7 Hz, 2H), 7.72-7.75 (m, 2H). >CNMR 6=3.3, 19.8,
21.6, 36.1, 52.4, 71.5, 81.5, 115.0, 127.8, 129.0, 136.1,
139.4, 143.0. Anal. Caled for C5HgNO,S; C, 64.95; H,
6.90; N, 5.05. Found: C, 65.18; H, 7.09; N, 5.07.

4.2.7. But-2-yn-1-yl 2-phenylprop-2-en-1-yl ether (lg).
Colorless oil; IR (neat) 3022, 2402, 1216, 756 cm™ '; 'H
NMR 6=1.87 (t, /J=2.4 Hz, 3H), 4.15 (q, /J=2.4 Hz, 2H),
4.45 (s, 2H), 5.36 (s, 1H), 5.55 (s, 1H), 7.24-7.49 (m, 5H).
BCNMR §6=3.8,57.6,71.2,75.0,82.6,114.9,125.9, 127.7,
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128.2, 138.5, 143.5; HRMS for M+ 1 found m/e 187.1121,
calcd for C3H,50: 187.1123.

4.2.8. 6-Methyl-1-phenyl-3-(p-tosyl)-3-azabicyclo[4.1.0}
hept-4-ene (2a). White solid. Mp 120-121°C; IR
(CHCl3) 3026, 1647, 1166, 762 cm™!; '"H NMR 6=0.85
(s, 3H), 0.96 (dd, J=1.2, 4.7 Hz, 1H), 1.20 (d, J=4.7 Hz,
1H), 2.43 (s, 3H), 2.97 (d, J=11.5Hz, 1H), 3.96 (d, J=
11.5 Hz, 1H), 5.35 (d, /J=8.1 Hz, 1H), 6.36 (dd, J=1.2,
8.1 Hz, 1H), 7.18-7.31 (m, 7H), 7.63 (d, J=8.1 Hz, 2H).
BCNMR 6=19.2,21.2,22.0,24.5,40.0,48.4, 118.2, 121.1,
127.3,127.4, 128.7, 130.0, 135.1, 139.1, 143.9. Anal. Calcd
for CyoH, NO,S; C, 70.77; H, 6.24; N, 4.13. Found: C,
70.57; H, 6.41; N, 4.01.

4.2.9. 6-Butyl-1-phenyl-3-(p-tosyl)-3-azabicyclo[4.1.0]
hept-d4-ene (2b). Pale yellow oil; IR (neat) 2932, 1216,
977, 756 cm™'; "H NMR 6=0.60-0.67 (m, 1H), 0.75 (t,
J=7.2 Hz, 3H), 0.99-1.37 (m, 7TH), 2.43 (s, 3H), 3.02 (d,
J=113Hz, 1H), 3.92 (d, J=11.3Hz, 1H), 545 (d, J=
8.1 Hz, 1H), 6.39 (d, J=8.1 Hz, 1H), 7.19-7.26 (m, 5H),
7.30 (d, J==8.7 Hz, 2H), 7.63 (d, J=8.4 Hz, 2H). '*C NMR
0=14.1,21.7,22.6,22.8,23.7,29.1,33.7,40.4, 48.3, 116.0,
121.1, 127.0, 127.1, 128.3, 129.6, 129.7, 134.9, 138.8,
143.6; HRMS for M found m/e 381.1753, caled for
C23H27NOQS: 381.1762.

4.2.10. 1-(4-Chlorophenyl)-6-methyl-3-(p-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (2c). White solid. Mp 42-43 °C;
IR (CHCI:) 3030, 2930, 1644, 1164, 752 cm™ ' '"H NMR
0=0.77 (s, 3H), 0.86 (dd, J=1.1,45Hz, IH), 1.14 (d, J=
4.5 Hz, 1H), 2.36 (s, 3H), 2.85 (d, /J=11.3 Hz, 1H), 3.85 (d,
J==11.3 Hz, 1H), 5.26 (d, J/=7.8 Hz, 1H), 6.29 (dd, J=1.1,
7.8 Hz, 1H), 7.05-7.25 (m, 6H), 7.55 (d, J=8.4 Hz, 2H).
BCNMR 6=19.0,20.9,21.7,24.2,39.0,48.0, 117.6, 121.0,
126.9, 128.6, 129.7, 131.0, 132.9, 134.7, 137.4, 143.7;
HRMS for M found m/e 373.0928, calcd for C,gH,¢CINO,S:
373.0903.

4.2.11. 1-(4-Methoxyphenyl)-6-methyl-3-(p-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (2d). White solid. Mp 39-40 °C;
IR (CHCI5) 3030, 2956, 1164, 756 cm ™' "H NMR 6=0.85
(s, 3H), 0.91 (d, J=4.5 Hz, 1H), 1.18 (d, J=4.5 Hz, 1H),
2.42 (s, 3H), 2.92 (d, J=11.7 Hz, 1H), 3.78 (s, 3H), 3.93 (d,
J=11.7Hz, 1H), 5.33 (d, J=8.1 Hz, 1H), 6.34 (d, J=
8.1 Hz, 1H), 6.80-6.83 (m, 2H), 7.10-7.13 (m, 2H), 7.30 (d,
J=7.8 Hz, 2H), 7.63 (d, J=8.1 Hz, 2H). ">*CNMR 6 = 18.9,
20.9,21.6,24.3,39.0, 48.1, 55.3, 113.8, 118.0, 120.6, 126.9,
129.7, 130.7, 130.9, 134.8, 143.5, 158.5; HRMS for M+ 1
found m/e 370.1465, calcd for Co HpuNO5S: 370.1477.

4.2.12. 6-Methyl-1-(2-naphthyl)-3-(p-tosyl)-3-aza-
bicyclo[4.1.0Thept-4-ene (2e). Colorless oil; IR (neat)
3022, 1216, 756 cm™'; 'H NMR 6=0.89 (s, 3H), 1.11
(dd, J=1.1, 4.7 Hz, 1H), 1.30 (d, J=4.7 Hz, 1H), 2.43 (s,
3H), 3.08 (d, J=11.4Hz, 1H), 4.00 (d, J=11.4 Hz, 1H),
5.39 (d, J=8.1 Hz, 1H), 6.41 (dd, J=1.1, 8.1 Hz, 1H),
7.29-7.78 (m, 11H). '>C NMR §=19.1, 20.9, 21.7, 24.4,
39.8, 48.0, 117.8, 120.8, 125.8, 126.1, 127.0, 127.5, 127.6,
128.0, 128.5, 129.7, 132.4, 133.3, 134.7, 136.4, 143.6;
HRMS for M+1 found m/e 390.1533, calcd for
C,4H,4NO,S: 390.1528.

4.2.13. 1,6-Dimethyl-3-(p-tosyl)-3-azabicyclo{4.1.0Thept-
4-ene (2f). Spectral data were accorded with those in
literature. '

4.2.14. 6-Methyl-1-phenyl-3-oxabicyclo[4.1.0Thept-4-ene
(2g). Colorless oil; IR (neat) 3012, 1647, 936, 756 cm ™~ ': 'H
NMR §==0.90 (s, 3H), 1.10 (d, J==4.5 Hz, 1H), 1.48 (d,
J=4.5Hz, 1H), 3.79 (d, J=10.2 Hz, 1H), 4.07 (4, J=
10.2 Hz, 1H), 5.21 (d, J=5.7 Hz, 1H), 6.20 (d, J=5.7 Hz,
1H), 7.22-7.32 (m, 5H). '*C NMR 6=18.0, 20.8, 24.0,
38.2,68.6, 112.5, 126.8, 128.3, 129.8, 138.5, 141.0; HRMS
for M+1 found m/e 187.1159, calcd for C3H,50O:
187.1123.

4.3. Typical experimental procedure for enantioselective
cycloisomerization of enynes (Table 5)

Under an atmosphere of carbon monoxide, TolBINAP
(13.6 mg, 0.02 mmol) and [Ir(cod)Cl], (6.7 mg, 0.01lmmol)
were stirred in 1,4-dioxane (0.5 mL) at room temperature.
After the addition of a 1,4-dioxane solution (1.0 mL) of
enyne 1 (0.10 mmol) and AgOTf (6.2 mg, 0.024 mmol), the
reaction mixture was stirred under reflux for 2-7 h. The
solvent was removed under reduced pressure, and the crude
products were purified by thin-layer chromatography to give
chiral cycloadduct 2. Enantiomeric excess was determined
by HPLC analysis using a chiral column.

4.3.1. N-(2-Phenylprop-2-en-1-yl)-N-(o-tosyl)but-2-yn-1-
amine (1j). White solid. Mp 101-102 °C; IR (CHCl,) 3202,
756 cm™'; 'H NMR 6=1.72 (t, J=2.4 Hz, 3H), 2.37 G,
3H), 3.94 (q, J=2.4 Hz, 2H), 4.28 (s, 2H), 5.36 (d, J=
0.9 Hz, 1H), 547 (d, J=0.9 Hz, 1H), 7.14-7.25 (m, 6H),
7.29-7.34 (m, 1H), 7.45 (dt, J4=1.2 Hz, J,=7.5 Hz, 1H),
7.98 (dd, J=1.4, 8.0 Hz, 1H). "’C NMR 6=3.6, 20.4, 354,
50.0, 72.2, 81.5, 117.3, 125.8, 126.1, 127.8, 128.2, 130.1,
132.5, 132.6, 137.0, 138.0, 138.4, 142.0. Anal. Calcd for
C20H,NO,S; C, 70.77; H, 6.24; N, 4.13. Found: C, 70.74;
H, 6.25: N, 4.07.

4.3.2. N-Mesityl-N-(2-phenylprop-2-en-1-yl)but-2-yn-1-
amine (1k). White solid. Mp 118-119 °C; IR (CHCI;)
2922, 2302, 2222, 754, 665 cm™'; "HNMR 6 =1.82 (t, J=
2.4 Hz, 3H), 2.32 (s, 3H), 2.42 (s, 6H), 3.89 (q, J=2.4 Hz,
2H), 4.19 (s, 2H), 5.38 (s, 1H), 5.43 (s, 1H), 6.88-6.96 (m,
4H), 7.06-7.13 (m, 2H), 7.17-7.23 (m, 1H). 1°C NMR =
3.7,21.1, 22.8, 34.7, 49.7, 72.8, 81.1, 117.8, 126.0, 127.6,
128.0, 131.8, 132.1, 138.1, 140.6, 142.2, 142.4. Anal. Calcd
for C,H,ysNO,S; C, 71.90; H, 6.86; N, 3.81. Found: C,
71.94; H, 6.80; N, 3.74.

4.3.3. N-[2-(4-Chlorophenyl)prop-2-en-1-yl]-N-(o-tosyl)
but-2-yn-I1-amine (1I). White solid. Mp 67-69 °C; IR
(CHCls) 2924, 2304, 2226, 1328, 903, 748 cm ™, '"H NMR
6=1.69 (1, J=2.4 Hz, 3H), 2.41 (s, 3H), 3.92 (q, J=2.4 Hz,
2H), 4.25 (s, 2H), 5.37 (s, 1H), 5.46 (s, 1H), 7.10-7.24 (m,
5H), 7.31 (m, 1H), 7.45 (dt, J;,=1.5Hz, J,=7.5 Hz, 1H),
7.96 (dd, J=1.5, 8.0 Hz, 1H). "*C NMR 6=3.9, 20.9, 35.8,
50.3, 72.2, 82.0, 118.3, 126.2, 127.8, 128.6, 130.4, 132.8,
133.0, 134.0, 136.7, 137.2, 138.5, 141.2. Anal. Calcd for
Cy0H20CINO,S; C, 64.25; H, 5.39; N, 3.75. Found: C,
64.12; H, 5.55; N, 3.76.
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4.3.4. N-[2-(4-Methoxyphenyl)prop-2-en-1-yl]-N-(o-
tosyl)but-2-yn-1-amine (Im). Colorless oil; IR (neat)
2922, 2260, 2226, 1325, 909, 758 cm™ " '"H NMR 6=
1.69 (t, J=2.4 Hz, 3H), 2.42 (s, 3H), 3.79 (s, 3H), 3.93 (q,
J=2.4 Hz, 2H), 4.25 (s, 2H), 5.26 (d, J=0.9 Hz, 1H), 5.40
(d, J=0.9 Hz, 1H), 6.71=7.17 (m, 4H), 7.22-7.34 (m, 2H),
7.44 (dt, J4=15Hz, J,=7.5Hz, 1H), 7.97 (dd, /=125,
8.0 Hz, 1H). *C NMR 6=3.5, 20.6, 35.3, 50.1, 55.3, 72.1,
80.5, 81.4, 113.5, 115.8, 125.8, 127.3, 130.1, 130.3, 132.4,
132.6, 138.3, 141.1, 159.2; HRMS for M+1 found m/e
3701482, caled for C21H24NO3S: 370.1477.

4.3.5. N-[2-(2-Naphthyl)prop-2-en-1-yl]-N-(o-tosy)but-
2-yn-1-amine (In). Colorless oil; IR (neat) 2922, 2300,
2226, 1328, 897, 756 cm™!; 'H NMR 6=1.72 (t, J=
2.4 Hz, 3H), 2.32 (s, 3H), 3.97 (q, J=2.4 Hz, 2H), 4.39 (s,
2H), 5.46 (s, 1H), 5.61 (s, 1H), 7.09-7.79 (m, 10H), 8.00
(dd, J=1.5, 8.1 Hz, 1H). '*C NMR §=3.6, 20.4, 354, 50.1,
72.2, 81.5, 117.9, 124.2, 125.1, 125.8, 126.0, 127.3, 127.8,
128.2, 130.1, 132.5, 132.6, 132.8, 132.9, 135.3, 136.9,
138.2, 141.8; HRMS for M+ 1 found m/e 390.1539, calcd
for C24H24N0281 390.1528.

4.3.6. 6-Methyl-1-phenyl-3-(p-tosyl)-3-azabicyclo[4.1.0]
hept-4-ene (2a). [a]d —72.54 (¢ 0.85, CHCls, 52% ee).
Enantiomeric excess was determined by HPLC analysis
using Daicel Chiralcel AS-H: (eluent: 5% 2-propanol in
hexane, flow rate: 1.0 mL/min, retention time: 19 min for
major isomer and 22 min for minor isomer).

4.3.7. 6-Methyl-1-phenyl-3-(o-tosyl)-3-azabicyclo[4.1.0]
hept-4-ene (2j). White solid. Mp 156157 °C; IR (CHCl5)
3028, 1649, 1162, 762cm™'; '"H NMR 6=0.88 (s, 3H),
1.02 (d, J=4.5Hz, 1H), 1.19 (d, J=4.5 Hz, 1H), 2.60 (s,
3H), 3.18 (d, /=122 Hz, 1H), 3.80 (d, J=12.2 Hz, 1H),
5.39(d, J=7.8 Hz, 1H), 6.46 (d, /=7.8 Hz, 1H), 7.19-7.47
(m, 8H), 7.87 (d, J=8.1 Hz, 1H). °C NMR 6=19.1, 20.9,
21.0, 24.5, 40.0, 47.8, 117.4, 120.7, 126.2, 127.1, 128.4,
129.6, 129.9, 132.7, 132.9, 136.5, 137.4, 138.7; HRMS for
M+1 found m/e 340.1347, caled for C,,H,,NO,S:
340.1371. [alh —206.16 (¢ 1.42, CHCl;, 75% ee).
Enantiomeric excess was determined by HPLC analysis
using Daicel Chiralcel AS-H: (eluent: 10% 2-propanol in
hexane, flow rate: 1.0 mL/min, retention time: 7 min for
major isomer and 9 min for minor i1somer).

4.3.8. 3-Mesityl-6-methyl-1-phenyl-3-azabicyclo[4.1.0]
hept-4-ene (2k). Pale yellow oil; IR (neat) 2928, 1160,
758 cm™'; '"H NMR §=0.88 (s, 3H), 1.05 (d, J=4.6 Hz,
1H), 1.27 (d, J=4.6 Hz, 1H), 2.30 (s, 3H), 2.57 (s, 6H), 3.19
(d, J=11.7Hz, 1H),3.62 (d, J=11.7 Hz, 1H), 5.36 (d, /=
7.8 Hz, 1H), 6.44 (d, J=7.8 Hz, 1H), 6.94 (s, 2H), 7.21-
732 (m, 5H). *C NMR 6=19.3, 21.0, 23.1, 24.6, 39.8,
47.3,116.5, 120.5, 127.0, 128.1, 128.4, 129.6, 131.9, 132.0,
138.9, 139.9, 142.6; HRMS for M+ 1 found m/e 368.1661,
caled for CoHogNOLS: 368.1684. [a]d —64.73 (¢ 0.23,
CHCl3, 57% ee). Enantiomeric excess was determined by
HPLC analysis using Daicel Chiralcel AS-H: (eluent: 10%
2-propanol in hexane, flow rate: 1.0 ml/min, retention time:
5 min for major isomer and 6 min for minor isomer).

4.3.9. 1-(4-Chlorophenyl)-6-methyl-3-(o-tosyl)-3-aza-
bicyclo[4.1.0Thept-4-ene (21). Colorless oil; IR (neat)

3030, 2930, 1352, 1166, 750 cm ™ *; "H NMR 6=0.88 (s,
3H), 0.98 (d, /=4.8 Hz, 1H), 1.20 (d, J=4.8 Hz, 1H), 2.60
(s,3H), 3.13(d, J=11.7 Hz, 1H), 3.78 (d, J=11.7 Hz, 1H),
5.37(d, J=7.8 Hz, 1H), 6.46 (d, J=7.8 Hz, 1H), 7.13-7.49
(m, 7H), 7.88 (d, J=8.1 Hz, 1H). >C NMR 6=19.0, 20.7,
20.8, 24.5, 39.2, 47.6, 117.1, 120.9, 126.3, 128.7, 129.9,
131.1, 131.3, 132.8, 133.1, 136.5, 137.3, 137.5; HRMS for
M found m/e 373.0913, caled for CygH,oCINO,S: 373.0903.
(o] —103.89 (¢ 0.36, CHCls, 74% ee). Enantiomeric
excess was determined by HPLC analysis using Daicel
Chiralcel AS-H: (eluent: 10% 2-propanol in hexane, flow
rate: 1.0 mL/min, retention time: 8 min for major isomer
and 14 min for minor isomer).

4.3.10. 1-(4-Methoxyphenyl)-6-methyl-3-(o-tosyl)-3-aza-
bicyclo[4.1.0Thept-4-ene (2m). White solid. Mp 41-42 °C;
IR (neat) 2924, 1518, 1164, 756 cm ™ '; 'H NMR 6=0.88 (s,
3H), 0.96 (dd, J=1.1,4.5 Hz, 1H), 1.16 (d, J=4.5 Hz, 1H),
2.60 (s, 3H),3.12(d, J=11.7 Hz, 1H), 3.77 (d,/=11.7 Hz,
1H), 3.77 (s, 3H), 5.37 (d, J=8.1 Hz, 1H), 6.43 (dd, J=1.1,
8.1 Hz, 1H), 6.80-7.47 (m, 7H), 7.87 (d, J=28.1 Hz, 1H).
BCNMR §=19.1, 20.8, 20.9, 24.6, 39.4, 47.8, 55.3, 113.8,
117.5, 120.5, 126.2, 129.9, 130.7, 130.8, 132.7, 132.8,
136.5, 137.4, 158.5; HRMS for M found m/e 369.1406,
caled for CyH,3NO5S: 369.1399. [alfy —85.59 (¢ 0.21,
CHCl;, 44% ee). Enantiomeric excess was determined by
HPLC analysis using Daicel Chiralcel AD: (eluent: 10%
2-propanol in hexane, flow rate: 1.0 mL/min, retention time:
9 min for major isomer and 8 min for minor isomer).

4.3.11. 6-Methyl-1-(2-naphthyl)-3-(o-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (2n). White solid. Mp 45-46 °C;
IR (CHCl,) 3024, 2930, 1642, 1342, 1164, 754 cm™'; 'H
NMR 6=0.91 (s, 3H), 1.16 (dd, J=1.2, 4.8 Hz, 1H), 1.28
(d, J=4.8 Hz, 1H), 2.62 (s, 3H), 3.28 (d, /=12.0 Hz, 1H),
3.84(d, J=12.0 Hz, 1H), 542 (d, J==7.8 Hz, 1H) 6.50 (dd,
J=12, 8.1Hz, 1H), 7.26~7.80 (m, 10H), 7.88 (d, J=
7.8 Hz, 1H). *C NMR 6=19.3,20.9, 20.9, 24.7, 40.0, 47.7,
50.7,117.2,120.7, 125.8, 126.1, 126.2, 127.5, 127.6, 128.0,
128.5, 129.9, 1324, 132.7, 1329, 133.3, 136.3, 1374,
HRMS for M found m/e 389.1462, calcd for C,,H,3NO,S:
389.1449. [a]F —147.54 (c 1.04, CHCls, 35% ee).
Enantiomeric excess was determined by HPLC analysis
using Daicel Chiralcel AS: (eluent: 10% 2-propanol in
hexane, flow rate: 1.0 mL/min, retention time: 11 min for
major isomer and 14 min for minor isomer).

4.3.12. 6-Methyl-1-(2-naphthyl)-3-(p-tosyl)-3-aza-
bicyclo[4.1.0]hept-4-ene (2e). [a]3*—94.65 (¢ 0.53,
CHCls, 64% ee). Enantiomeric excess was determined by
HPLC analysis using Daicel Chiralcel AD-H: (eluent: 10%
2-propanol in hexane, flow rate: 1.0 ml/min, retention time:
23 min for major isomer and 15 min for minor isomer).
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Abstract—Iridium~chiral diphosphine complex catalyzes an enantioselective intramolecular Pauson—Khand-type reaction to give various
chiral bicyclic cyclopentenones. The enantioselective reaction proceeds more smoothly and enantioselectively under a lower partial pressure
of carbon monoxide. Moreover, aldehyde can be used as a CO source in the enantioselective carbonylative coupling.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The Pauson-Khand reaction is a carbonylative coupling of
alkyne and alkene, which was originally reported using a
stoichiometric amount of a cobalt carbonyl complex in
1973." The reaction gives synthetically useful cyclo-
pentenones; in fact, it has been used as a key reaction in
natural product syntheses.” In the 1990s, efforts were
extended toward developing a catalytic reaction, and
Jeong reported a practical intramolecular reaction of enynes
using a cobalt—phosphite complex;® many publications on
catalytic reaction conditions followed.* Further progress
was made by reactions using other transition metal
complexes as catalysts, known as a Pauson-Khand-type
reaction.” Since Buchwald reported Ti-catalyzed intra-
molecular reaction of enynes,” Ru’ and Rh complexes®
were found to be efficient catalysts. The first catalytic and
enantioselective Pauson-Khand-type reaction was also
realized by Buchwald using a chiral titanium complex,
where various enynes were transformed into the correspond-
ing chiral bicyclic cyclopentenones in high ee.” Further
achievements include enantioselective reactions using a
cobalt complex by Hiroi,'” a rhodium one by Jeong'' and an
iridium one by us’? in 2000 (Eg. 1), and the development of
an enantioselective Pauson—Khand-type reaction is still an
intriguing topic these days. 13

Keywords: Iridium; Enynes; Carbonylation; Pauson—Khand reaction;
Enantioselective.
* Corresponding author. Tel./fax: +81 3 5286 8098,
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0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/5.tet.2005.08.016

R

R Chiral transition
g metal catalyst Cb: O
+ CO o]
— *

This manuscript discloses further investigation of an
iridium-catalyzed enantioselective Pauson-Khand-type
reaction. Various types of enynes were submitted to the
reaction under an atmospheric pressure or a lower partial
pressure of carbon monoxide. * Moreover, an iridium-
catalyzed Pauson-Khand-type reaction using an aldehyde as
a CO source is also presented.

2. Results and discussion

2.1. Iridium complex-catalyzed enantioselective coupling
with carbon monoxide

In order to investigate the catalytic activity of an iridium
complex, we first examined an intramolecular Pauson—
Khand-type reaction of enyne la (Eq. 2). The iridium
complex, possessing triphenylphosphine as an achiral
ligand, operated as a more efficient catalyst than that
without phosphine ligands. The results were opposite to
those of a rhodium complex-catalyzed reaction, where the
addition of triphenylphosphine deactivated the catalytic
activity,®® and they prompted us to examine chiral ligands
for iridium-catalyzed enantioselective intramolecular
Pauson—Khand-type reaction.
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[IrCl(cod),+additive Ph

S =P (10 mol%) o\/:éz
O
F xylene, reflux
1

CO (1 atm) , @
a

23% (additive: none)
54% (additive: 4PPhy)

Next we investigated chiral diphosphines as chiral ligands
(Table 1); with the increase of yield, enantioselectivity was
improved and tolBINAP was found to be best among them.
A good yield of 83% and high ee of 93% were achieved '’
(entries 1-5). Decreasing the amounts of catalyst to 5 mol%
gave slightly poorer yield and enantioselectivity; however,
drastic decrease of ee was observed, and a considerable
amount of enyne 1 was recovered by 2 mol% catalyst
(entries 6, 7). In order to increase the catalytic efficiency, the
concentration of the chiral catalyst was found to be
important: the higher yield and the same ee were achieved
using 2 mol% catalyst when the reaction was examined for
longer reaction time under the same concentration as that of
entry 5 (entries 8, 9).

Various 1,6-enynes were submitted to the reaction using the
chiral iridium catalyst,'® which was prepared in situ from
[IrCl(cod)}, and tolBINAP (Table 2). Electron-donating and
-withdrawing substituents on the phenyl ring produced
almost no effect, and the corresponding bicyclic enones 2b,¢
were obtained in good yield with high ee (entries 1, 2). In
place of aryl groups on the alkyne terminus of enyne, an
isopropenyl group could be possible, yet with moderate
yield (entry 3). Enynes, having alkyl groups on their alkyne
termini, were also good substrates, and methyl-substituted
enyne le gave enone 2e in the highest ee of 98% (entries
4-6). Not only oxygen-bridged enynes but also nitrogen-
bridged enyne 1g was enantiomerically transformed into
bicyclic compound 2g (entry 7); however, carbon-bridged
enyne 1h gave carbonylative product 2h in moderate yield
even over longer reaction time, and a considerable amount
of enyne 1h was recovered (entry 8). Decreasing a partial
pressure of carbon monoxide accelerated the carbonylative
coupling also in an iridium-catalyzed system,* and higher
yield was achieved under a 0.2 partial pressure of carbon
monoxide without any lowering of ee.'’ Longer reaction
time realized further better yield of ca. 90% (entries 9, 10).

Also in the case of enyne 1i, possessing a functionalized
substituent on its alkyne terminus, decrease of a partial
pressure of carbon monoxide worked well; moreover, ee
was also significantly improved (entries 11, 12). Enyne,
having 1,1-disubstituted olefin as an alkene moiety, is
known to be rather inactive, and considerable amounts of
enynes 1j,k were recovered, respectively, under an
atmospheric pressure of carbon monoxide (entries 13, 15).
Due to the decrease of the partial pressure of CO, bicyclic
cyclopentenones 2j.k, having a chiral quaternary carbon,
were obtained in acceptable yield and ee (entries 14, 16).

Scheme 1 depicts a possible mechanism: 7-complexation of
enyne 1 to chiral catalyst A induces an oxidative coupling to
give metallacyclopentene C, where a chiral carbon is
generated. Carbonyl insertion to C gives acyl complex D,'®
and the following reductive elimination provides enone 2
with regeneration of the active iridium species. In the
reaction mixture, the mole amount of CO is much larger
than that of the catalyst, which means that complex A’ and
B’ could also exist by CO coordination. Complex A’ is less
reactive than A, and an oxidative coupling of B’ lowers
enantioselectivity. When the coupling is done under a lower

R
T =o
Ed
2
A ?o
oc-m—P
R l\p)*
o] P’ G
7 s A
Z P~ C|_M\ )
y \
1
_ P /‘*“‘—‘: R - R .
z M) M—P =2
*

Zz
5 NOL
[ \/ BC|

Scheme 1. A possible explanation for the effect of a partial pressure of CO.
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Table 1. Investigation of chiral ligands and amounts of catalyst in iridium-catalyzed enantioselective Pauson—Khand-type reaction

[IrCKcod)], + 2L" Ph
(X mol%) <:E§:
1a 0 o]
toluene, reflux
CO (1 atm) H
2a

Entry X Chiral ligand® [M}/mM® Time/h Yield/% ee/%
1 10 CHIRAPHOS 15 12 13 <1
2 10 BDPP 15 12 23 22
3 10 DIOP 15 12 53 17
4 10 BINAP 15 12 64 86
5 10 tolBINAP 5 12 83 93
6 5 tolBINAP 7.5 24 75 91
7 2 tolBINAP 3 48 33 74
8 2 tol BINAP 15 48 59 93
9 2 tolBINAP 15 72 88 92

4(8,8)-isomers were used for entries 1-3. (S)-isomers were used for entries 4-10.

" Concentration of catalyst.
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Table 2. Enantioselective Pauson—Khand-type reaction of various enynes under a CO atmosphere

Entry* Enyne Cyclopentenone CO/atm Time/h Yield/% ee/%
1 ==Ar Ar 1.0 20 80 96
Q =
= fo! o
Ar= 4-MeOPh
ib 2b
2 =Ar Ar 1.0 20 78 95
Q =
o o o
Ar= 4-CiPh
le 2¢c
3 . 1.0 20 54 97
(o]
\ _/1/d o o]
2d
4 — Me Me 1.0 20 60 98
5 0/ — 1.0 48 75 97
__F Q 0
le
e 2e
6 ,—="R R 1.0 20 54 90
o _
e (o
R= Ph(CH
i (CHa)s of
7 ,—="Ph Ph 1.0 12 85 95
TsN P
\i:g/ TsN o
2g
8 oh Ph 1.0 36 51 88
9 EtogcC £10,C : :[ 0.2*; 36 7 85
10 = o 0.2 72 89 86
Etozgh EtO,C
2h
1 0Bn OBn Lo 72 15 84
12 E(OZC><jj_/ £10,C 0.2 72 50 88
[¢]
Et0,C7 N EtOZC\/ CE{
1i 2
13 — ph Ph 1.0 24 30 88
14 Jd = 0.2° 72 86 93
o] o]
Me
. Me
1j 2
15 — ph Ph 1.0 96 22 86
16 Jd 0.2° 96 62 94
— e
= Z
1k 2K

4 {IrCl(cod)], + 2(8)-to! BINAP (10 mol%), toluene, reflux.
b CO (0.2 atm) + Ar (0.8 atm).

partial pressure of CO, the content of A and B increases as
compared with that of A’ and B, which probably brings
about the acceleration of the coupling and the increase
of ee.'”

Table 2 shows wide generality of the present iridium-
catalyzed enantioselective Pauson—Khand-type reaction;
however, there is a limitation of enynes (Fig. 1): under the
same reaction conditions as Table 2, enynes, containing
1,2-disubstituted olefin as an alkene moiety, a 1,7-enyne,
and enynes with no substituent on the alkyne terminus met

S—="Ph =
RN A/

Z= 0, C(COEL), Z= NTs, C(CO2E),

Figure 1. Enynes, which did not give carbonylated products.

with failure, and only a trace amount of or no carbonylated
product was detected.

We further examined enyne 3, having no substituent on the
alkyne terminus and having two methyls at the propargylic
position, which deter isomerization of alkyne moiety to
vinylidene complex‘z‘) Enone 4 was obtained yet only with
low ee (Eq. 3). This result implies that the substituent on
the alkyne terminus plays a pivotal role for high
enantioselectivity.

[eri(cod)]2+2(S)—tolBINAP

== (10 mol%) éi}
TsN TsN o
s \_/ toluene, reflux (3)
3 CO (1 atm) 4 <40%, <20% ee
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Table 3. Examination of enantioselective Pauson—Khand-type reaction using cinnamaldehyde as a CO source
[MCl(cod)]+2(S)-olBINAP

(5 mol%)
1a 2a
solvent, 120 °C (bath temperature)
Ph/\/CHO X eq.)
Entry M Solvent X/equiv Time/h Yield/% ee/%
1 Rh None 20 5 89 82
2 Rh Xylene 20 36 54 8
3 Ir None 20 6 27 88
4 Ir Xylene 20 12 52 86
5 Ir Xylene 5 9 66 92
6 Ir Toluene .5 24 25 95

2.2. Iridium complex-catalyzed enantioselective coupling
using an aldehyde as a CO source

Recently, Morimoto and Kakiuchi?' and we”* indepen-
dently reported a Rh-catalyzed Pauson—Khand-type
reaction using aldehydes as a CO source in place of CO
gas. Enantioselective reaction was also realized, where
solvent-free condition is essential for high yield and ee
(Table 3, entry 1).22b When the coupling was examined in
xylene, it took much longer reaction time to consume enyne
1a and enantioselectivity was extremely low (entry 2). We
next examined an iridium-catalyzed coupling using an
aldehyde as a CO source? and found that ee was high both
with and without solvent; however, solvent was needed for
high yield (entries 3, 4). Higher yield and ee were achieved
by decreasing the amounts of cinnamaldehyde (entry 5).
These results imply that the chiral rhodium complex would
be stable and less reactive, and it works as a catalyst in harsh
reaction conditions; on the contrary, the chiral iridium
complex would be unstable, and solvent is needed for
operating as an efficient catalyst.

Under the best reaction conditions (Table 3, entry 5), we
examined an enantioselective coupling of several enynes
(Table 4). In each entry, yield was moderate; however, ee
was very high and exceeded that of rhodium-catalyzed
coupling.zzb

Table 4. Enantioselective Pauson—Khand-type reaction of various enynes
using cinnamaldehyde as a CO source
[IrCl(cod)]y+2(S)-toIBINAP
(5 mol%)

2
xylene, 120 °C
P OO (5 eq)
~Entry Enyne Time/h Yield/% ee/%
1 1b 5 57 91
2 le 9 56 91
3 le 24 30 85
4 1g 5 55 94
5 1h 24 51 87
6 1j 24 40 90

3. Conclusion

In summary, we have developed a catalytic and enantiose-
lective Pauson—Khand-type reaction using a chiral iridium

complex, which is readily prepared in situ from a
commercially available and stable iridium complex and
chiral diphosphine. Various enynes could be transformed
into chiral bicyclic cyclopentenones in high ee. Especially, a
low partial pressure of carbon monoxide facilitated the
carbonylative coupling and improved the enantioselectivity.
Furthermore, an enantioselective Pauson-Khand-type
reaction using cinnamaldehyde as a CO source could be
also achieved by chiral iridium complex and higher
enantioselectivity was realized than that by the rhodium
complex.

4, Experimental

4.1. General

Optical rotation was measured using Jasco DIP-370
polarimeter. IR spectra were recorded with Horiba FT210
spectrophotometer. NMR spectra were measured with
JEOL AL-400 or Varian VXR-300S spectrometer using
tetramethylsilane as an internal standard and CDCl; was
used as solvent. Mass spectra were measured with JEOL
JMS-SX102A and elemental analyses with Perkin Elmer
PE240011. Dehydrated toluene is commercially available
and it was dried over molecular sieves 4 A and degassed by
carbon monoxide bubbling before use. All reactions were
examined using a CO balloon or a balloon of CO and Ar (2:
8). Spectral data of 2a-2c, 2e—2h, and 21i were already
published by others PhEPe9:11.2425 apg yg 1222

4.2. Typical experimental procedure for enantioselective
coupling with carbon monoxide (Table 2)

Preparation of a balloon with mixed gas of carbon monoxide
and argon (2:8): CO (2 atm) was introduced into an
autoclave (30 mL) then Ar (8 atm) was introduced into the
autoclave; then the pressurized mixed gas (10 atm) was
released into a balloon at an atmospheric pressure.

Under an atmosphere of carbon monoxide, tolBINAP
(34.0 mg, 0.050 mmol) and [Ir(cod)Cl]; (16.8 mg,
0.025 mmol) were stirred in toluene (2.0 mL) at room
temperature. After the addition of a toluene solution
(2.0 mL) of enyne 1 (0.25 mmol), the reaction mixture
was stirred under reflux for an appropriate time (cited in the
table). The solvent was removed under reduced pressure,
and the crude products were purified by thin-layer
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chromatography to give chiral cycloadduct 2. Enantiomeric
excess was determined by HPLC analysis using a chiral
column.

4.2.1. 2-Isopropenyl-7-oxabicyclo[3.3.0]oct-1-en-3-one
(2d). Pale yellow oil. IR (neat) 2852, 1712, 1651, 1456,
1028, 903 cm™'; '"H NMR 6=1.80 (s, 3H), 2.22 (dd, J=
3.0,17.4 Hz, 1H), 2.72 (dd, J=3.0, 17.4 Hz, 1H), 3.21-3.25
(m, 2H), 4.33 (dd, J=5.8, 5.8 Hz, 1H), 4.63 (d, J=16.6 Hz,
1H), 4.77 (d, J=16.6 Hz, 1H), 5.21 (s, 1H), 5.61 (s, 1H);
BC NMR 6=122.2, 40.2, 43.3, 66.4, 71.4, 118.0, 134.6,
135.1, 176.5, 206.6; HRMS (EI") for M found mle
164.0824, caled for C,oH;,0,: 164.0837. [ald —178.3 (¢
1.17, CHCls, 97% ee). Enantiomeric excess was determined
by HPLC analysis using a chiral column (Daicel Chiralpak
AD-H: 4X250 mm, 254 nm UV detector, room tempera-
ture, eluent: 3% 2-propanol in hexane, flow rate: 1.0 mL/
min, retention time: 15 min for major isomer and 16 min for
minor isomer).

4.2.2. Diethyl 2-(benzyloxy)methyl-3-oxobicyclo[3.3.0]
oct-1-en-7,7-dicarboxylate (2i). Pale yellow oil. IR (neat)
2982, 1730, 1672, 1267 cm ™ '; 'H NMR 6=1.21-1.30 (m,
6H), 1.69 (dd, J=12.7, 12.7 Hz, 1H), 2.11 (dd, J=3.3,
17.9 Hz, 1H), 2.64 (dd, J=6.2, 17.9 Hz, 1H), 2.78 (dd, /=
7.7,12.7 Hz, 1H), 2.98-3.06 (m, 1H), 3.34 (d, /=20.6 Hz,
1H), 3.42 (d, J=20.6 Hz, 1H), 4.19-4.24 (m, 6H), 4.53 (s,
2H), 7.25-7.34 (m, SH); ’CNMR 6=14.1,34.7, 38.8,41.6,
43.5,61.1,61.9,62.0,63.1,73.1, 127.5, 128.2 133.6, 137 .8,
170.6, 171.3, 181.2, 207.4; HRMS (FAB) for M+ 1 found
mle 387.1811, caled for CpoH,,06: 387.1808. [alf —48.2
(c 1.11, CHCl;, 88% ee). Enantiomeric excess was
determined by HPLC analysis using a chiral column (Daicel
Chiralpak AS-H: 4X250 mm, 254 nm UV detector, room
temperature, eluent: 10% 2-propanol in hexane, flow rate:
1.0 mL/min, retention time: 13 min for minor isomer and
17 min for major isomer).

4.2.3. 2-Phenyl-5-(2-propenyl)-7-oxabicyclo[3.3.0]oct-1-
en-3-one (2Kk). IR (neat) 1711, 1021, 919, 764 em™ ' H
NMR 6=2.25 (dd, J=6.6, 13.5Hz, 1H), 239 (d, J=
17.4 Hz, 1H), 2.48 (dd, /=8.1, 13.5 Hz, 1H), 2.69 (d, J=
17.4 Hz, 1H), 3.40 (d, J=8.1 Hz, 1H), 4.14 (d, /=8.1 Hz,
1H), 4.58 (d, J=16.4 Hz, 1H), 4.93 (d, /=164 Hz, 1H),
5.12(d, J=0.9 Hz, 1H), 5.16 (d, J=4.5 Hz, 1H), 5.59-5.77
(m, 1H), 7.32-7.51 (m, SH); HRMS (EI") for M found m/e
240.1160, caled for CigH,¢02: 240.1150. [ +5.28 (¢
0.56, CHCls, 94% ee). Enantiomeric excess was determined
by HPLC analysis using a chiral column (Daicel Chiralpak
AD-H: 4 X250 nm, 254 nm UV detecter, room temperature,
eluent: 10% 2-propanol in hexane, flow rate: 1.0 mL/min,
retention time: 8 min for minor isomer and 10 min for major
isomer).

4.3. Typical experimental procedure for enantioselective
coupling using cinnamaldehyde as a CO source (Table 4)

Under an atmosphere of argon, tolBINAP (20.4 mg,
0.030 mmol) and [Ir(cod)Cl]; (10.1 mg, 0.015 mmol) were
stirred in xylene (1.5 mL) at room temperature. After the
addition of a xylene solution (0.5mL) of enyne 1
(0.30 mmol) and cinnamaldehyde (198.0 mg, 1.5 mmol),
the reaction mixture was stirred at 120 °C for an appropriate

time (cited in the table). After the exclusion of excess
cinnamaldehyde and xylene, the crude products were
purified by thin-layer chromatography, and pure bicyclic
enone 2 was obtained. Enantiomeric excess was determined
by HPLC analysis using a chiral column.
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ABSTRACT
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up 10 98% ee

The enantioselective [2 + 2 + 2] cycloaddition of 1,6-enynes and alkynes using chiral rhodium catalysts gave cycloadducts containing quaternary
carbon stereocenters. Both symmetrical and unsymmetrical alkynes and acetylene could be used as coupling partners, and the corresponding

bicyclic cyclohexa-1,3-dienes were obtained in good to excellent ee.

The catalytic and enantioselective construction of various
stereocenters is of great importance in organic synthesis.'
The synthesis of compounds that contain asymmetric qua-
ternary carbon centers is particularly valuable because they
are found in many naturally occurring compounds. Indeed,
various approaches have been reported as efficient protocols,”
including the enantioselective aldol, alkylation, Diels—Alder,
and Heck reactions. Nonetheless, the development of a new
strategy for the synthesis of asymmetric quaternary carbon
centers is still an intriguing topic.3

We report here an enantioselective [2 + 2 + 2] cycload-
dition of 1,6-enynes and alkynes as a new approach for the

(1) (a) Comprehensive Asymmetric Catalysis II; Jacobsen, E. N., Pfaltz,
A., Yamamoto, H., Eds.; Springer-Verlag: Berlin, 1999. (b) Catalytic
Asymmetric Synthesis, 2nd ed.; Ojima, 1., Ed.; Wiley-VCH: New York,
2000. (c) Comprehensive Asymmetric Catalysis: Supplement 1; Jacobsen,
E. N, Pfaltz, A., Yamamoto, H., Eds.; Springer-Verlag: Berlin, 2003. (d)
Methodologies in Asymmetric Catalysis; Malhotra, S. V., Ed.; American
Chemical Society: Washington, DC, 2004.

(2) Reviews: (a) Corey, E. J.; Guzman-Perez, A. Angew. Chem., Int.
Ed. 1998, 37, 388. (b) Christoffers, J.; Mann, A. Angew. Chem., Int. Fd.
2001, 40, 4591. (c) Denissova, 1.; Barriauit, L. Tetrahedron 2003, 59, 10105.
(d) Shibasaki, M.; Vogl, E. M.; Ohshima, T. Adv. Synth. Catal. 2004, 346,
1533. (e) Douglas, C. J.; Overman, L. E. Proc. Nuatl. Acad. Sci. U.S.A. 2004,
101, 5363.
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synthesis of chiral compounds possessing a quaternary carbon
stereocenter. Transition-metal-catalyzed [2 + 2 + 2] cy-
cloaddition of unsaturated motifs is a reliable and atom-
economical protocol for the construction of six-membered
ring systems.* The synthesis of cyclohexa-1,3-dienes by the
[2 + 2 + 2] cycloaddition of two alkynes and an alkene is
also a well-known procedure.’ However, to the best of our
knowledge there is no reported example in which it has been

(3) Recent examples: (a) Mase, N.; Thayumanavan, R.; Tanaka, F,;
Barbas, C. F., Il. Org. Lett. 2004, 6, 2527. (b) Hou, X.-L.; Sun, N. Org.
Lett. 2004, 6, 4399. (c) Ooi, T.; Miki, T.; Maruoka, K. Org. Let. 2005, 7,
191. (d) Li, H.; Wang, Y.; Tang, L.; Wu, F.; Liu, X.; Guo, C.; Foxman, B.
M.; Deng, L. Angew. Chem., Int. Ed. 2005, 44, 105. (e) Trost, B. M,;
Schroeder, G. M. Chem. Eur. J. 2005, 11, 174. (f) Wy, J.; Mampreian, D.
M.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 4584. (g) Ryu, D. H,;
Corey, E. 1. J. Am. Chem. Soc. 2005, 127, 5384.

(4) (a) Lautens, M.; Klute, W.; Tam, W. Chem. Rev. 1996, 96, 49. (b)
Saito, S.; Yamamoto, Y. Chem. Rev. 2000, 100, 2901,

(5) (a) Chang, C.-A.; King, J. A., Jr.; Vollhardt, K. P. C. J. Chem. Soc.,
Chem. Commun. 1981, 53. (b) Grigg, R.; Scott, R.; Stevenson, P. J. Chem,
Soc., Perkin Trans. 1 1988, 1365. (c) Trost, B. M.; Tanoury, G. J. J. Am.
Chem. Soc. 1987, 109, 4753. (d) Rhyoo, H.-Y.; Lee, B. Y.; Yu, H. K. B.;
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used for the enantioselective synthesis of an asymmetric
quaternary carbon.®’

We have studied the enantioselective carbonylative coup-
ling of an alkyne and alkene, ie., & Pauson—XKhand-type
reaction, using chiral Ir or Rh complexes.® The asymmetric
carbon center would be generated by the oxidative coupling
of enynes, and this is followed by carbonyl insertion and
reductive elimination of the metal catalyst (Scheme 1). We

Scheme 1
R1
O
R co R?
=R
= ING T
=
R2 R? R*
RI-=—R°

considered that the enantioselective coupling of an enyne
with 1,1-disubstituted olefin as an alkene moiety along with
alkyne insertion could provide a chiral bicyclic 1,3-diene with
a quaternary carbon stereocenter.

We chose nitrogen-bridged enyne 1a and 1,4-dimethoxy-
but-2-yne as a model enyne and alkyne, respectively, and
examined the enantioselective [2 + 2 -+ 2] cycloaddition
under various reaction conditions using chiral rhodium and
iridium complexes with BINAP as a chiral ligand. The
coupling proceeded smoothly and enantioselectively with a
cationic rhodium complex in hot 1,2-dichloroethane (DCE)
(Table 1, entry 1).° The counteranion of the metal catalyst
slightly affected both the yield and ee, and BF, gave the
best results (entries 1—3). Chiral diphosphines possessing a
binaphthyl scaffold generally gave good results,’™'! and we
further examined this reaction using tolBINAP, which
resulted in the best yield and ee (entries 4—7). While it took
a longer reaction time, 1.5 equiv of alkyne also gave a good
yield and high ee (entry 8).

(6) Cobalt-mediated asymmetric {2 + 2 + 2] cycloaddition for the
synthsis of chiral cyclohexa-1,3-dienes using chiral auxiliaries or chiral
alkynes: (a) Halterman, R.; Volthardt, K. P. C. Organometallics 1988, 7,
883. (b) Slowinski, F.; Aubert, C.; Malacria, M. Tetrahedron Lett. 1999,
40, 5849.

(7) A pioneering work of catalytic and enantioselective synthesis of chiral
cyclohexa-1,3-dienes by [2 + 2 + 2] cycloaddition of two alkynes and an
alkene using chiral nickel catalysts (up to 62% ee): lkeda, S.; Kondo, H.;
Arii, T.; Odashima, K. Chem. Contmun. 2002, 2422.

(8) (a) Shibata, T.; Takagi, K. J. Am. Chem. Soc. 2000, 122, 9852. (b)
Shibata, T.; Toshida, N.; Takagi, K. Org. Lett. 2002, 4, 1619. (c) Shibata,
T.: Toshida, N.; Takagi, K. J. Org. Chem. 2002, 67, 7446.

(9) Cationic rhodium complexes are efficient catalysts for various types
of cycloadditions: Robinson, J. E. In Modern Rhodium-Catalyzed Organic
Reactions; Evans, P. A, Ed.; Wiley-VCH: Weinheim, 2005; Chapter 12,
pp 241262

(10) A recent review of chiral biaryl-type biphosphine ligands: Shimizu,
H.; Nagasaki, L.; Saito, T. Tetrahedron 2005, 61, 5405.

(11) Only a trace amount of cycloadduct 2a was obtained using 1,2-
bis(2,5-dimethylphospholano)benzene (MeDUPHOS) as a chiral ligand
under the same reaction conditions.
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Table 1. Screening of Various Reaction Conditions

oM
— e ® [Rh(cod)slX+ ligand Me
TSNI + ! ‘ (10 mol%;) s OMe
(e DCE, 60 °C OMe
Ve OMe Me
1a 2a
entry® X ligand® time/h yield/% ee/%
1 BF, BINAP 9 77 93
2 SbFs  BINAP 12 71 87
3 OTf BINAP 12 62 89
4 BF, tolBINAP 12 81 97
5 BF, xylylBINAP 24 36 91
6 BF; Hy-BINAP 6 83 95
7 BF, SEGPHOS* 6 72 94
ad BF, tolBINAP 24 80 96

7 Enyne la/alkyne is 1/2 if otherwise noted. b S-Isomers were used as a
chiral ligand. ¢ (4,4"-Bi-1 ,3-benzodioxole)-5,5’-diylbis(diphenylphosphine).
4 Enyne la/alkyne is 1/1.5.

Various enynes were subjected to the enantioselective [2
+ 2 + 2] cycloaddition (Table 2).2 The reaction of enyne

Table 2. Cycloaddition of Various Enynes and an Alkyne

. OMe 101 (cod),]BF 4+t0IBINAP R
. R+ i (10 mol%) OMe
z
s DCE, 40 °C - reflux OMe
R? OMe R?
1b-g ; 2b-g
entry® Z Rt R2 T/rC timeh yield/% ee/%
16 NTs Ph Me reflux 4 96(2b) 88
26 NTs Me Ph reflux 24 61 (2¢) 89
3 NTs H Me 40 13 41(2d) 97
4 NTs H Me 40 15 72(2d) 98
5 NTs H Ph 40 30 44(2e) 95
6 NTs H Ph 80 2 52(2) 92
7 C(COsMe); H Me 40 12 60 (2f) 92
8 o) H Me 40 5  38(2g) 92
9 0 H Me 80 1 6528 97

“ Fnyne/alkyne is 1/2 for entries 1—3. Enyne/alkyne is 1/ 10 for entries
4—9. » The volume of solvent is half as much as that in other entries (ref
12). ¢ Enyne was added dropwise over 1 h.

1b, which has a phenyl group on its alkyne terminus,
proceeded sluggishly, and a higher reaction temperature and
concentration were needed to consume enyne 1b completely;
a high yield and ee were achieved (entry 1). A phenyl group
on the alkene moiety could also be tolerated and enyne 1c
was transformed into bicyclic diene 2¢ in high ee (entry 2).
Enyne 1d, which has no substituent on its alkyne terminus,
was a good substrate, and a higher ee of 97% was achieved.
However, it was too reactive and the yield of the cross-

(12) Typical experimental procedure: Under an atmosphere of argon,
tolBINAP (6.8 mg, 0.010 mmol) and [Rh(cod)>]BF4 (4.1 mg, 0.010 mmol)
were stirred in 1,2-dichloroethane (0.25 mL) at room temperature to give
a yellow solution. Then, 1,4-dimethoxybut-2-yne (22.8 mg, 0.20 mmol or
114.1 mg, 1.00 mmol) and an enyne (0.10 mmol) in 1,2-dichloroethane
(0.75 mL) were added to the solution and the mixture was stirred at the
appropriate temperature (cited in Table 2). After completion of the reaction,
the solvent was removed under reduced pressure, and the crude products
were purified by thin-layer chromatography to give a chiral cycloadduct.
The ee was determined by HPLC analysis using a chiral column.

Org. Lett, Vol. 7, No. 22, 2005



coupling product 2d was moderate due to the formation of
a self-coupling product of enyne 1d (entry 3). The use of
excess amounts of 1,4-dimethoxybut-2-yne suppressed the
formation of a self-coupling product, and the yield of 2d
was increased (entry 4). With enyne le, the reaction
proceeded with high enantioselectivity (entries 5 and 6). Not
only nitrogen-bridged enynes but also carbon- and oxygen-
bridged enynes 1f and 1g reacted with 1,4-dimethoxybut-
2-yne, and the corresponding cycloadducts 2f and 2g were
obtained in high ec (entries 7 and 8). However, the self-
coupling of enyne 1g dominantly proceeded even with the
use of excess amounts of the monoalkyne, and cycloadduct
2g was obtained in only moderate yield (eniry 8). Dropwise
addition of enyne 1g to a solution of the chiral catalyst and
the monoalkyne at a higher reaction temperature improved
the yield without any loss of ee (entry 9).

We also found that protection of the diol was unneces-
sary: but-2-yne-1,4-diol acted as a coupling partner and the
corresponding chiral diol 3a was obtained in moderate yield
with excellent ee (eq 1). :

OH  [Rh(cod),IBF 4+ toIBINAP
{10 mol%) (@]
1a + || - TsN oo
DCE, 60 °C, 3 h OH

OH

3a 50%, 98% ee

Next, we examined the reaction of enyne la under an
atmospheric pressure of acetylene. While the desired cy-
cloadduct 4a was obtained in high ee, the intermolecular
trimerization of two acetylenes and an alkyne moiety of
enyne 1a was a major pathway. A decrease of the partial
pressure of acetylene gas to 0.2 atm improved the yield with
a slight decrease in ee (eq 2).

[Rh(cod)s]BF ;+OIBINAP Me Ts\/'\”i
; (10 moi%) e N
a S
DCE, 40 °C Me @
under acetylene atmosphere Me A
a

36%, 98% ee (1.0 atmy}
65%, 91% ee (0.2 atm)

Methyl propargyl ether, an unsymmetrical alkyne, also
reacted with enyne 1a under the same reaction conditions.

Org. Lett, Vol. 7, No. 22, 2005

While the regioselectivity of the alkyne was not very high,
both regioisomers were obtained in high ee (eq 3). In the
case of propargyl alcohol, while a higher reaction temperature
was needed, better regioselectivity and excellent enantiose-
lectivities were realized.

OR [Rh(cod)p]BF 4+tolBINAP
(10 mol%)}

DCE
40 °C (R=Me), 60 °C (R=H)

Me Me
OR
TSN<;©/\ + TSNiﬁ\/OR (3}
Me Me
R=Me: 83% (5aa/5ab=4/1) 5aa 92% ee Sab 95% ee
R=H: 63% (6aa/6ab=7/1) 6aa 98% ee 6ab 97% ee

In conclusion, we developed a highly enantioselective {2
+ 2 + 2] cycloaddition of 1,6-enynes and alkynes. This
catalytic reaction provides a new and facile protocol for the
construction of quaternary carbon stereocenters. Recently,
we!3 and other groups'* independently reported catalytic
enantioselective [2 -+ 2 + 2] cycloadditions of diynes and
monoalkynes for the synthesis of axially chiral biaryl
compounds. The present report proposes another use of
transition-metal-catalyzed [2 + 2 + 2] cycloaddition in
asymmetric synthesis.
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ABSTRACT

COsMe 8L

R
3 Lb +
14 -

[Rh{cod)(Hg-binap)]BF,

R

DCE, 60 °C - reflux

up to 99% ee

The enantioselective [2 -+ 2] cycloaddition of alkynes possessing an ester functionality and norbornene derivatives proceeded efficiently
using a chiral rhodium catalyst. The chiral tri- and tetracyclic cyclobutenes were obtained in moderate to high ee.

Transition-metal-catalyzed cycloaddition of unsaturated mo-
tifs, such as alkynes, alkenes, etc., which is represented by
[m -+ n] or [{ + m + u] cycloaddition, is an atom-economical
and reliable protocol for the synthesis of carbo- and
heterocyclic skeletons.! Various types of cycloadditions have
been reported for the construction of complex multicyclic
compounds.? The advantage of transition-metal-catalyzed
cycloaddition is that it can be readily applied as an asym-
metric version because direct coordination of the reaction
site to the chiral transition-metal complex gives high enan-
tioselectivity. Our group has also described highly enantio-
selective [2 -+ 2 + 1] and [2 + 2 + 2] cycloadditions using
chiral Ir and Rh complexes as catalysts.?

We report here the Rh-catalyzed enantioselective [2 + 2]
cycloaddition of alkynyl esters and norbornene derivatives
for the synthesis of chiral cyclobutenes.* There are a few
examples of the transition-metal-catalyzed [2 + 2] cycload-

(1) (a) Trost, B. M. Science 1991, 254, 1471. (b) Trost, B. M.; Krische,
M. J. Synlett 1998, 1. (¢) Trost, B. M. Acc. Chem. Res. 2002, 35, 695.

(2) (a) Ojima, 1.; Tzamarioudaki, M.; Li, Z.; Donovan, R. J. Chem. Rev.
1996, 96, 635. (b) Aubert, C.; Buisine, O.; Malacria, M. Chem. Rev. 2002,
102, 813. (c) Nakamura, 1.; Yamamoto, Y. Chem. Rev. 2004, 104, 2127.

(3) (a) Shibata, T.; Takagi, K. J. Am. Chem. Soc. 2000, 122, 9852. (b)
Shibata, T.; Toshida, N.; Takagi, K. Org. Lett. 2002, 4, 1619. (c) Shibata,
T.; Toshida, N.; Takagi, K. J. Org. Chem. 2002, 67, 7446. (d) Shibata, T.;
Fujimoto, T.; Yokota, K.; Takagi, K. J. Am. Chem. Soc. 2004, 126, 8382.
(e) Shibata, T.; Toshida, N.; Yamasaki, M.; Maekawa, S.; Takagi, K.
Tetrahedron 2005, 61, 9974. (f) Shibata, T.; Arai, Y.; Tahara, Y. Org. Le.
2005, 7, 4955. (g) Shibata, T.; Tsuchikama, K. Chem. Commun. 2005, 6017.
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dition of alkynes and alkenes, compared with other types of
cycloadditions: ever since a pioneering work on the Ru-
catalyzed [2 + 2] cycloaddition of alkynes with ester
functionalities and norbornene derivatives,’ only Pd-,® Ni-,”
and Co-catalyzed® reactions have been described.? Recently,
Ru-catalyzed [2 + 2] cycloaddition of various alkynes has
been studied comprehensively,!? including a diastereoselec-

(4) To the best of our knowledge, there has been no example of Rh-
catalyzed [2 + 2] cycloaddition of an alkyne and an alkene for the
construction of cyclobutene skeleton; however, Rh-catalyzed dimerization
of norbornene, which is [2 + 2] cycloaddition of alkenes, was reported:
Mroweca, J. J.; Katz, T. J. J. Am. Chem. Soc. 1966, 88, 4012.

(5) (2) Mitsudo, T.; Kokuryo, K.; Takegami, Y. J. Chem. Soc., Chem.
Commun. 1976, 722. (b) Mitsudo, T.; Kokuryo, K.; Shinsugi, T.; Nakagawa,
Y.; Watanabe, Y.; Takegami, Y..J. Org. Chem. 1979, 44, 4492. (c) Mitsudo,
T.; Naruse, H.; Kondo, T.; Ozaki, Y.; Watanabe, Y. Angew. Chem., Int.
Ed. Engl. 1994, 33, 580.

(6) Trost, B. M.; Yanai, M.; Hoogsteen, K. J. Am. Chem. Soc. 1993,
115, 5294,

(7) Huang, D.-J.; Rayabarapu, D. K.; Li, L.-P.; Sambaiah, T.; Cheng,
C.-H. Chem. Eur. J. 2000, 6, 3706.

(8) Chao, K. C.; Rayabarapu, D. K.; Wang, C.-C.; Cheng, C.-H. J. Org.
Chem. 2001, 66, 8304,

(9) Intramolecular {2 + 2] cycloaddition of allenynes: (a) Shen, Q.
Hammond, G. B. J. Am. Chem. Soc. 2002, 124, 6534. (b) Brummond, K.
M.; Chen, D. Org. Lett. 2005, 7, 3473.

(10) (a) Jordan, R. W.; Tam, W. Org. Letz. 2000, 2, 3031. (b) Jordan, R.
W.; Tam, W. Org. Lett. 2001, 3, 2367. (c) Jordan, R. W.; Tam, W.
Tetrahedron Lett. 2002, 43, 6051. (d) Tenaglia, A.; Giordano, L. Synlett
2003, 2333. (e) Jordan, R. W.; Khoury, P. R.; Goddard, J. D.; Tam, W. J.
Org. Chem. 2004, 69, 8467. (f) Villeneuve, K.; Riddell, N.; Jordan, R. W
Tsui, G. C.; Tam, W. Org. Lent. 2004, 6, 4543, (g) Riddell, N; Villeneuve,
K.; Tam, W. Org. Lett. 2005, 7, 3681.



Table 1. Screening of Various Reaction Conditions
[Rh{cod),IBF 4+ ligand

R
by | T b
* { I DCE, reflux Ph
Ph
entry® R ligand® time/h  yield/%  ee/%
1 COgMe BINAP 9 93 66
2 COs;Me tolBINAP 9 87¢ 65
3 COsMe xylylBINAP 6 quant 51
4 COzMe Hs-BINAP 9 quant 73
5 COzMe SEGPHOS 9 ca. 30¢ 67
6 CO2Bn Hg-BINAP 4 82 48
7 CO9-t-Bu  Hg-BINAP 9 61¢ 32
8 C(O)Me Hg-BINAP 12 94 14
9 CH;0Me  Hg-BINAP 80 59¢ 26

“ Alkyne/norbornene is 1/5. 7 S-Isomers were used as chiral ligands.
¢ Alkynes were not completely consumed.

tive [2 + 2] cycloaddition using chiral alkynes.!! However,
to the best of our knowledge, there has been no example of
a catalytic and enantioselective [2 + 2] cycloaddition for
the synthesis of chiral cyclobutenes, except for only two
examples of the chiral Lewis acid catalyzed [2 + 2]
cycloadditions of alkynyl sulfides and electron-deficient
alkenes.'?

During our study of enantioselective transition-metal-
catalyzed cycloadditions using alkynes as unsaturated motifs,
we considered that active Rh complexes could be used to
realize [2 + 2] cycloaddition: for comparison with previous
examples, we chose the reaction of an alkynyl ester and
norbornene and examined various rhodium complexes. As
a result, cationic Rh complexes with phosphine ligands were
found to be efficient catalysts'3 (Table 1): in the presence
of chiral Rh catalyst, which was prepared in situ from [Rh-
(cod);]BF, and BINAP, the [2 + 2] coupling of methyl
3-phenylpropiolate with norbornene proceeded in refluxed
1,2-dichloroethane (DCE), and a chiral cyclobutene 1a was
obtained in high yield with moderate ee!* (entry 1). Among
the chiral diphosphine ligands of BINAP derivatives that we
examined, Hg-BINAP was the best choice (entries 1-5)."
In the case of benzyl and rert-butyl esters, the enantioselec-
tivity apparently decreased (entries 6 and 7). Moreover, the
reaction of alkynyl ketone proceeded to give a cycloadduct
in high yield, but the ee was very poor. (entry 8). On the

(11) (a) Villeneuve, K.; Jordan, R. W.; Tam, W. Synletr 2003, 2123. (b)
Villeneuve, K.: Tam, W. Angew. Chem., Int. Ed. 2004, 43, 610.

(12) (a) Narasaka, K.; Hayashi, Y.; Shimadzu, H.,; Niihata, S. J. 4m.
Chem. Soc. 1992, 114, 8869. (b) lto, H.; Hasegawa, M.; Takenaka, Y ;
Kobayashi, T.; Iguchi, K. J. 4m. Chem. Soc. 2004, /26, 4520.

(13) Cationic rhodium complexes are efficient catalysts for various types
of cycloadditions: Robinson, J. E. In Modern Rhodium-Catalyzed Organic
Reactions: Fvans, P. A., Ed.; Wiley-VCH: Weinheim, 2005; Chapter 12,
p 241.

(14) The obtained ester 1a was reduced to the corresponding alcohol,
whose absolute configuration was determined by the comparison of the
sign of the optical rotation (ref 11b), because it was derived from a chiral
amide with a chiral auxiliary, whose absolute configuration was determined
by the X-ray analysis; see: Lough, A. J; Villeneuve, K.; Tam, W. Acta
Crystallogr. 2004, E60, 01566.

(15) BDPP (ca. 10%, 13% ee) and MeDUPHOS (ca. 5%, 4% ee) were
inappropriate chiral ligands for the present reaction.
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Table 2. [2 + 2] Cycloaddition of Various Arylpropiolates

GOMe [Rh{cod)(Hg-binap)]BF,
cod)(Hg-binap)]BF,
Lb . Il (5 mol %) COMe
o R
. DCE, 60 °C =y
| P R 1 N )/
entry® R time/h yield/% ee/%
1 H 24 85 (1a) 80
2b 4-OMe 6 98 (1b) 920
3 3-OMe 18 96 (1¢) 78
4 2-OMe 72 quant (1d) 55
5 4-Me 24 97 (1e) 86
6b 3-Me 4 92 (1f) 82
76 4-Br 24 91 (1g) 74
8 4-COsEt 24 83 (1h) 58
9 2,3-benzo 96 54 (11) 63

@ Alkyne/norbornene is 1/5. » The amount of catalyst is 10 mol %.

contrary, the reaction of propargyl ether sluggishly pro-
ceeded; however, the ee was slightly improved (entry 9).
These results suggest that the electron-deficient moiety on
an alkyne terminus is important to promote the [2 + 2]
cycloaddition and that etheric oxygen atom plays a pivotal
role in asymmetric induction in the present Rh-catalyzed
enantioselective [2 + 2] cycloaddition.

Next, the chiral catalyst [Rh(cod)(Hs-binap)]BF,; was
isolated and subjected to the enantioselective [2 + 2]
cycloaddition of methyl 3-phenylpropiolate and norbornene:
cyclobutene 1a was obtained at 60 °C with a higher ee of
80% (Table 2, entry 1).'8 Under the present reaction
conditions, various methyl 3-arylpropiolates were examined
as a coupling partner for norbornene. A 4-methoxyphenyl
substituent on an alkyne terminus realized further higher
enantioselectivity, and the corresponding cyclobutene 1b was
obtained almost quantitatively with 90% ee using 10 mol %
catalyst (entry 2). The reactions of 3-methoxyphenyl- and
2-methoxyphenyl-substituted alkynes also proceeded to give
cycloadducts in excellent yield; however, the ee was not
sufficiently high (entries 3 and 4). An electron-donating
group at the para position apparently induced better enan-
tioselectivity, and the coupling of methyl 3-(4-methylphenyl)-
propiolate gave cycloadduct e in higher ee (entry 5). Methyl
3-(3-methylphenyl)propiolate also gave cycloadduct 1f in
good ee (entry 6). Electron-withdrawing groups, such as
bromo and ethoxycarbonyl groups, could be tolerated as a
substituent on the benzene ring, and chiral cyclobutenes 1g,
h were obtained in good to high yield with moderate ee
(entries 7, 8). The reaction of alkynyl naphthalene was very

(16) Typical Experimental Procedure. Under an atmosphere of argon,
[Rh(cod)((S)-Hs-binap)]BF4 (9.3 mg, 0.010 mmol) was stirred in degassed
1,2-dichloroethane (0.4 mL) at room temperature to give a yellow solution.
Then methy! 3-phenylpropiolate (32.0 mg, 0.20 mmol) and norbornene (94.2
mg, 1.00 mmol) in 1,2-dichloroethane (1.6 mL) were added to the solution,
and the reaction mixture was stirred at 60 °C for 24 h. The solvent was
removed under reduced pressure, and the crude products were purified by
thin-layer chromatography (EtOAc/hexane = 1:20) to give pure cycloadduct
1a (43.1 mg, 85%). The ee was determined to be 80% by HPLC analysis
using a chiral column.

Org. Lett, Vol. 8, No. 7, 2006



Table 3. [2 + 2] Cycloaddition of Alkyl-Substituted
Propiolates

COMe [Rh(cod){Hg-binap)]BF
l\/\ L I T (B5imol %) B\\ (CC&M@
DCE, reflux
R .

R
1
entry® R time/h yield/% ee/%
1 Me 1 55 (1j) 99
26 Me 1 64 (1)) 93
3¢ Bu 2 87 (1k) 73

« Alkyne/norbornene is 1/2. » The quadruple volume of solvent (8 mL)
was used (see ref 16).

slow, but the corresponding cycloadduct 1i was obtained in
moderate ee (entry 9).

We further examined alkyl-substituted propiolates as a
coupling partner for norbornene (Table 3). The {2 + 2]
cycloaddition of methyl but-2-ynoate proceeded under reflux
conditions using Rh—Hg-BINAP catalyst to give cyclobutene
1j with almost perfect enantioselectivity (entry 1). The [2 +
2 -+ 2] cycloadducts of two but-2-ynoates and norbornene,
including three regioisomers, were obtained as byproducts.
The diluted conditions improved the yield; however, a slight
decrease in ee was observed (entry 2). Methyl hept-2-ynoate
was also a substrate, and cycloadduct 1k was obtained in
higher yield with acceptable ee (entry 3).

The reaction of benzonorbornadiene required a higher
temperature (Table 4). As in the case of norbornene, 3-(4-
methoxyphenyl)propiolate achieved higher enantioselectivity
than 3-phenylpropiolate (entries 1 and 2). In the reaction of
but-2-ynoate, the enantioselectivity exceeded 90% (entry 3).

In conclusion, we developed the Rh-catalyzed [2 + 2]
cycloaddition of alkynyl esters and norbornene derivatives,

Org. Lett, Vol. 8, No. 7, 2006

Table 4. [2 -+ 2] Cycloaddition of Benzonorbornadiene

O I + loIozwle

[Rh(cod){Hg-binap)]BF,

DCE, reflux O ’ R
2
entry® R time/h yield/% ee/%
1 CsHs 10 92 (2a) 79
26 4-MeOCgH4 5 95 (2b) 87
3 Me 2 68 (2)) 94

@ Alkyne/benzonorbornadiene is 1/2. # The amount of catalyst is 10 mol
%.

and various tri- and tetracyclic cyclobutenes were obtained
in good to excellent yield. The chiral Rh—H;s-BINAP catalyst
realized moderate to high enantioselectivity. This present
reaction provides a new and facile protoco! for the construc-
tion of chiral cyclobutenes.
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Transition-metal-catalyzed cycloaddition is an atom-economical
and powerful tool for the synthesis of cyclic carbon skeletons.!
Various cycloadditions, including more than two alkyne and/or
alkene moieties as reaction components, have been reported using
transition metal catalysts.2 In particular, {2 + 2 + 2] cycloaddition
is a general protocol for the synthesis of six-membered ring
systems,? and intramolecular [2 + 2 + 2] cycloaddition gives a
tricyclic compound in one pot. The starting material can be
classified into three types (Scheme 1): (1) the two reaction
components (i.c., alkyne(s) and/or alkene(s)) are connected by a
1,2-disubstituted alkyne and triynes are most commonly used; ;46
(2) the two reaction components are connected by a 1,2- disubstituted
alkene;? (3) the two synthetic units are connected by a I, 1-
disubstituted alkene. Cycloaddition of the last substrate, a dienyne, 8
is very attractive because it can give strained bridged compounds,
which possess two asymmetric carbon centers, including a quater-
nary carbon stereocenter, at the bridgehead position. Tricyclic
compound A or B would be obtained depending on the direction
of olefin insertion. However, to the best of our knowledge, this
type of [2 + 2 + 2] cycloaddition has never been reported.

We report here an intramolecular [2 + 2 + 2] cycloaddition of
],4-diene-ynes for the synthesis of strained bridged compounds.
Tricyclic compounds, including a bicyclo{2.2.1]heptene skeleton
with two quatcrnary carbon stercocenters, are enantiomerically
obtained by a chiral Rh catalyst. Depending on the substituent on
the 1,4-dienc moiety, chiral bicyclic cyclohexa-1,3-dienes with a
quaternary carbon stereocenter are products.

We chose nitrogen-bridged 1,4-dienc-yne 1a as a model substrate
and subjected it to cationic Rh-catalyzed cycloaddition (Table 1).2
After we screened ligands, BINAP derivatives were found to
cfficiently activate the Rh complex for the present reaction:*? 1,4-
dienc-yne 1a was completely consumed and tricyclic compound
2a with two quaternary carbon stercocenters {type A in Scheme 1)
was the sole detectable product with a very high enantiomeric excess
(entry 1). Among BINAP derivatives, tolBINAP was the best chiral
ligand, and the minor enantiomer could not be detected by HPLC
analysis using a chiral column (entry 2).1

Several 1,4-diene-ynes were examined using a2 Rh—tolBINAP
catalyst (Table 2). Butyl-substituted 1,4-dienc-yne 1b required
higher reaction temperature, but gave high enantioselectivity (entry
1). A functional group on the alkyne terminus was toler able (entry
2). 1,4-Diene-ynes with no substituent on the alkyne terminus were
also good substrates (entries 3 and 4). In particular, with 1,4-diene-
yne le, which has a phenyl group at the 2-position of the 1,4-
diene moiety (RZ = Ph), cycloadduct 2e with a phenyl group at
the quaternary carbon stereocenter was obtained (entry 4), and its
structure and absolute configuration were determined by X-ray
measurements (Figure 1). Carbon- and oxygen-bridged 1,4-dicne-
ynes 1f,g were also transformed into the corresponding chiral
tricyclic compounds 2f,g with two quaternary carbon stercocenters
(entries 5 and 6).

11766 = J. AM. CHEM. SOC. 2006, 128, 1176611767

Scheme 1. Types of Substrates for the Intramolecular [2+2+2]
Cycloaddition
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Table 1. Screening of Chiral Ligands

1

8»3:

ge=|
eec

N ="Me  Bncod),lBF, + Ligand
L{( (10 mol%)
DCE, 60 °C
Me
1a

entry ligand time/h yield/% eel%
1 (S)-BINAP 48 69 97
2 (S)-toIBINAP 48 81 >99
3 (S)-xylyIBINAP 48 82 99
4 (S)-Hg-BINAP 36 71 95
5 (S)-SEGPHOS 36 69 97

Table 2. Enantioselective [2 + 2 + 2] Cycloaddition for the
Construction of Bicyclo[2.2.1]heptene Skeleton

o \
s R [Rh(cod)slBF, + tOIBINAP A
\_{_( (10 mol%) ij@?R
z
DCE, 60 °C :
2

2
1 R

entry R R? Z dienyne  time/h  vield/% eel%
I  Bu Me NTs 1b 48 46 2b) >99
2 BnOCH,; Me NTs Ic 48 83 (2¢) 88
3 H Me NTs 1d 6 83 (2d) 93
4 H Ph NTs le 6 72 (2e) 91
5 H Me C(CO:Bn) 1f 48 76 2f) 93
6 Ph Me O 1g 24 40 (2g) 92

a The reaction was examined at 80 °C.

We further examined the cycloaddition of 1,4-diene-yne 1h,
which does not have a substituent at the 2-position of the 1,4-diene
moiety, under the same reaction conditions. Unexpectedly, bicyclic
cyclohexa-1,3-diene 3h was exclusively obtained with almost
perfect enantioselectivity (Table 3, entry 1). When 1,4-diene-yne
1i, which does not have a substituent on the alkyne terminus, was
used, the enantioselectivity exceeded 99% (entry 2). Carbon- and
oxygen-bridged 1,4-diene-ynes 1j—1 were also suitable substrates
(entries 3—5). In all cases, the corresponding bicyclic cyclohexa-

10.1021/ja0639160 CCC: $33.50 © 2006 American Chemical Society
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Figure 1. ORTEP diagram of cycloadduct 2e.

Table 3. Enantioselective [2 + 2 + 2] Cycloaddition for the
Synthesis of Bicyclic Cyclohexa-1,3-dienes

4
=R [Rh(cod),]BF, + tolBINAP R
z (10 mol%)
Z
\—@ DCE, 60 °C
1 Me 5
entry R! 2 dienyne fime/h yield/% eel%
I Me NTs 1h 12 91 (3h) 99
24 H NTs 1i 12 79 (3i) >89
3 H C(CO,Bn); 1j 6 80 (3)) 90
4 Ph ¢] ik 48 55 (3k) 92
5 Pr(CH;)3 O 11 6 64 (3D 94

“ The reaction was examined at 40 °C.

1,3-dienes were obtained with high enantiomeric excess, and
tricyclic compounds 2 could not be detected.

The proposed mechanism for the present cycloaddition is shown
in Scheme 2. Oxidative coupling of the metal complex to alkyne
and alkene moicties of 1,4-diene-yne 1 gives metallacyclopentene
C, and the intramolecular olefin insertion follows. When R? is not
hydrogen, tricyclic compound 2 is obtained by reductive elimination
from D. In contrast, when R? is hydrogen, a 1,3-hydrogen shift
accompanied by ring cleavage would proceed to provide metalla-
cycloheptadiene E, and subsequent reductive climination gives
bicyclic cyclohexa-1,3-diene 3.!2

When the reaction of 1h was examined under acetylenc
atmosphere, intermolecular [2 + 2 + 2] cycloaddition of enyne
and acetylene procceded to give cyclohexa-1,3-diene 4h with high
enantiomeric cxcess along with the formation of 3h (eq 1).!* The
reaction of 1,3-diene~yne 5 did not proceed even under reflux
conditions (eq 2). These results suggest that bicyclic cyclohexa-
1,3-dienc 3 would be formed via metallacyclopentene C and is not
an intramolecular [4 + 2] cycloadduct of the conjugated 1,3-diene-
yne, which could be obtained by double bond isomerization of 1,4-
dicne-yne 1.

[Rh{cod),]BF,, + OIBINAP Me
(10 mol%)
1h Z + 3h n
DCE, 40°C 10%, 99% ee
under acetylene atmosphere 4h =

30%, 98% ee

—=—Me  [Rh(cod),]BF, + toIBINAP

TsN Me (10 mol%) "
(2)
\—U DCE, refiux
5

In conclusion, we have developed an enantioselective intramo-
lecular [2 + 2 + 2] cycloaddition of 1,4-dienc-ynes, which provides

Scheme 2. Proposed Mechanism of Formation of 2 and 3

1 R! >
R alefin R
M = insertion * M
1 z im —
[
R2
=y

s M TN aasni
M

E D

a new approach to the construction of strained multicyclic
compounds with quaternary carbon stereocenters.!* Therefore, the
present protocol is a new synthetic use of {2 + 2 + 2] cycloaddition
in asymmetric synthesis, and further applications are under
investigation.
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Enantioselective cycloaddition using a chiral transition metal
catalyst is a well-established strategy for the synthesis of chiral
compounds possessing various cyclic structures. In particular, the
cycloaddition of enynes has been comprehensively studied: an
oxidative coupling gives a bicyclic metallacyclopentene, in which
an asymmetric carbon atom is generated. The following insertion
and reductive climination provides a cyclic compound with a chiral
center at the ring-fused carbon. Pauson-Khand-type reaction ([2 +
2 + 1] eycloaddition),! [2 + 2 + 2] cycloaddition of an enyne and
alkyne,? and intramolecular [4 + 2] cycloaddition of a dienyne?
arc the sclected examples (Scheme 1).43 )

We here propose a new approach for asymmetric induction using
a [2 + 2 + 2] cycloaddition of a diyne and an alkene (Scheme 2):
an oxidative coupling gives a bicyclic metallacyclopentadiene, in
which no asymmetric carbon atom is generated.® The following
insertion of a 1,1-disubstituted alkene along with reductive elimina-
tion induces a chiral quatcrnary carbon atom on the ring. The [2 +
2 + 2] cycloaddition of diynes and monosubstituted or 1,2-
disubstituted alkenes is already reported.” However, ncither the
reaction using 1,1-disubstituted alkenes nor the enantioselective
reaction was reported.

We chose an exo-methylene cyclic compound as an alkene
component because the {2 + 2 -+ 2] cycloaddition gives a chiral
spirocyclic compound, which could never have been obtained by
the conventional cnantioselective cycloadditions (Scheme 1). We
examined a Rh-catalyzed reaction of carbon-tethered symmetric
diyne 1a and o-methylene-y-butyrolactone (2a) under the various
reaction conditions (Table 1); when the Rh-BINAP catalyst was
used at 60 °C in 1,2-dichloroethane (DCE), diyne 1a was completely
consumed within 3 h, and the desired bicyclic cyclohexa-1 ,3-dienc
3aa, possessing a spirocyclic system, was obtained in very high
enantiomeric excess. However, the yield was moderate because of
the formation of a self-coupling cycloadduct of diyne 1a (entry 1).
Dropwisc addition of diync 1a to a mixture of the chiral catalyst
and lactone 2a at 80 °C over 30 min significantly improved the
yicld (entry 2). Under the present reaction conditions, several
BINAP derivatives were examined as chiral ligands (entries 3—-6).
As a result, xylylBINAP was the best choice, and almost perfect
cnantioselectivity was achieved (entry 4). It is also noteworthy that
only 3 equiv of alkene 2a was sufficient to achieve a high yield in
the present diyne—alkene coupling.®

We further examined a preliminarily isolated chiral rhodium
complex, [Rh(cod){(S)-xylyl-binap}]BFs, and the yield exceeded
90% (Table 2, entry 1). Under the optimal reaction conditions,
various symmetric diynes and exo-methylene cyclic compounds
were subjected to the present enantioselective [2 -+ 2 + 2]
cycloaddition. Lactones 2b,c with six- and seven-membered ring
systems also underwent cycloaddition, and the corresponding
spirocyclic compounds 3ab and 3ae were obtained in excellent
enantiomeric excesses (entries 2 and 3). exo-Methylene cyclic

13686 = J. AM. CHEM. SOC. 2006, 128, 1368613687

Scheme 1. Conventional Enantioselective Cycloadditions via a
Metallacyclopentene with a Chiral Carbon Stereocenter

R
-
co ’
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=R M* A, R=H
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R
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An asymmetric carbon
atom is generated
Scheme 2. A New Enantioselective Cycloaddition via a
Metallacyclopentadiene without a Chiral Carbon Stereocenter
R XY R

chiral catalyst T
=R M* Gii =
M .l
@: R =

R
No asymmetric
carbon atom

Table 1. Screening of Various Reaction Conditions

[Rh{cod)s1BF Me Q
PR O
ECMe Q Yligand (5 mot%)  E o
N Al i
E N—==—Me © DCE E
1a 2a Me
E=COBn (3 equiv) Jaa
entry ligand temp (°C) time (min} yield (%) ee (%)
1 (S)-BINAP 60 180 0 97
2 (S)-BINAP 80 300 55 96
3 (S)-toIBINAP 80 307 62 96
4 (S)-xylyIBINAP 80 300 84 99
5 (S)-Hg-BINAP 80 300 64 97
6 ($)-SEGPHOS 80 309 49 92

a Diyne 1a was added dropwise over 30 min.

ketones 2d,e were more reactive, and the reaction proceeded at
lower temperature; however, the enantioselectivity decreased
(entries 4 and 5). Unsubstituted diyne 1b was also an appropriate
substrate; high yield and enantiomeric excess were achieved without
double bond isomerization of the 1,3-diene moiety (entry 6). The
reaction of nitrogen- and oxygen-tethered diynes le.d and lactones
2ab also gave spirocyclic compounds with high to excellent
enantiomeric excess, but excess amounts of atkenes were needed
because heteroatom-tethered diynes are more reactive than carbon-
tethered diynes and susceptible to self-coupling (entries 7—9).
Cycloadduct 3eb was determined to be an (R)-isomer by X-ray
measurements (Figure 1).

Next, we examined the [2 + 2 -+ 2] cycloaddition of unsymmetric
diyne 1e, which posscsses methyl and phenyl groups on its alkyne

10.1021/ja064257u CCC: $33.50 © 2006 American Chemical Society
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Table 2. Cycloaddition of Various Diynes and exo-Methylene
Cyclic Compounds

[Rh{cod){(S)-xylyi-binap}}BF,

/=R (5 mol%)
Z + 2a-e
=R DCE, 80 °C, 30 min
1a-d

(dropwise addition)

R
3
o o
(6]
[0] (e} O
2b 2c 2d 2e

entry A R diyne atkene? yield (%) ee (%)
1 C(CO;Bn), Me 1a 2a 94 (3aa) 99
2 C(CO;Bn), Me 1a 2b 93 (3ab) 98
3 C(CO,Bn)2 Me 1a 2¢ 88 (3ac) 97
4he C(CO;Bn),  Me ia 2d 62 (3ad) 81
She C(CO;2Bn), Me 1a 2e 72 (3ae) 80
64 C(CO2Bn)2 H 1b 2a 81 (3ba) 95
7 NTs Me lc 2a¢ 92 (3ca) 97
8 NTs Me le 2b¢ 89 (3¢cb) 99
9% e} Et 1d 2a/ 50 (3da) 92

3 equiv. » At 60 °C. ¢ The reaction mixture was stirred for further 2.5
h. 4 At 40 °C. ¢ 10 equiv. /20 equiv.

Figure 1. Crystal structure of (R)-3cb.

termini, with lactone 2a (eq 1). The regiosclectivity of the alkene
and enantioselectivity were almost perfect, and cycloadduct 3ea
was the sole isolated spirocyclic compound.

E =zm—Me
X + 2a
E ===—Ph (10 equiv}
1e

E=COyBn
(dropwise addition)

[Rh(cod){(S)-xylyl-binap}lBF 4
{5 mol¥

%)

DCE, 80 °C, 30 min

]
.‘*“\O

Ph Me
3ea
80% (regioisomeric ratio= >20:1)
>99% ee

In addition to exo-methylene cyclic compounds, exo-methylene
acyclic compounds were also good coupling partners, and Heg-
BINAP was found to be a better chiral ligand (Table 3); the
cycloaddition of diyne 1a with methyl methacrylate (2f) gave
cycloadduct 3af in almost perfect enantioselectivity (entry 1). The
reaction of methyl 2-phenylacrylate (2g) required excess amounts
and higher temperature, but a quaternary carbon stereocenter with
a phenyl group was gencrated (entry 2). It is noteworthy that methyl
acrylate (2h) also gave cycloadduct 3ah, which is a highly
enolizable ester, with high enantiomeric excess.

Table 3. Cycloaddition of Acrylates as Alkenes

[Rh(cod){(S)-Hg-binap}|BF, Mie A
(5 mol%) E
., _-OMe
DCE, 60°C £ g/
Me
3 (E=CO,BN)
entry R alkene equiv yield (%) ee (%)
1 Me 2f 3 92 (3af) >G89
26 Ph 2g 10 54 (3ag) 93
3 H 2h 3 87 (3ah) 91

2 Diyne was added dropwise at 80 °C.

In conclusion, we have developed a Rh-catalyzed highly enan-
tioselective [2 + 2 + 2] cycloaddition of diynes and alkenes. The
use of exo-methylene cyclic compounds as alkenes realized a new
protocol for the catalytic synthesis of a chiral spirocyclic structure.®
The present enantioselective [2 + 2 + 2] cycloaddition provides
access to a new chiral library possessing a quaternary carbon
stereocenter, including a spirocyclic system.
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ABSTRACT

= hiral) Rh cat.
. . ")\/U\Rs (chiral) Rh cat 2

arylketone or enone

from diyne

from enyne (R2=H)

The Rh-catalyzed hydroarylative and hydrovinylative cyclization of diynes with aryl ketones or enones gave monocyclic 1,3-dienes. Enynes
also underwent the same reaction and chiral products were obtained with high ee using a chiral Rh catalyst. Carbonyi-directed activation of
aromatic and vinylic C—H bonds is likely the initial step in the present transformation.

Direct functionalization of unreactive C—H bonds is a
valuable and challenging topic in organic synthesis. In
particular, many researchers have focused on transition metal-
catalyzed C—H activation along with C—C bond formation.'
Jordan reported a catalytic direct addition of a C—H bond
in o-picoline to olefins using a Zr complex.? Subsequently,
Moore reported a Ru-catalyzed C—H activation in pyridine,
which was accompanied by coupling of carbon monoxide
and olefin.® Murai’s report of the Ru-catalyzed addition of
a C—H bond in aromatic ketones to vinylsilane is recognized
as a monumental work in catalytic C—H activation and has
led to a new area of C—C bond formation initiated by
heteroatom-directed C—H activation. Various types of
catalytic Csp?—H activation, such as enones,” aldimines,® and
phenols,” have been reported since then.®
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We report here a Rh-catalyzed hydroarylative and hy-
drovinylative cyclization of diynes and enynes with aryl
ketones and enones, including an enantioselective variant.”'?
We consider that carbonyl-directed Csp?—H bond activation
of aryl ketones and enones is likely to be the initial step in
the present reaction.
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After the enantioselective [2 + 2 + 2] cycloaddition of
diynes with alkenes,'!* we recently reported a Rh-catalyzed
hetero-[2 + 2 + 2] cycloaddition of diynes with carbonyl
compounds.''? During the course of our study, we examined
the reaction of diyne 1a with benzophenone: hetero-[2 + 2
+ 2] cycloaddition did not proceed but hydroarylative
cyclization proceeded to give cyclic 1,3-diene 3aa, whose
structure was determined by X-ray measurements (eq I,
Figure 1). Diyne 1a was promptly consumed at room

o]
——=—"Me
TsN + A CgHs(D
e Q)k 6H5(Ds)
/
/ 2aor
1a Hs(Ds) 2a-D
(dropwise addition) (3 equiv) Me
H{D) HaD,
[Rh(biphep)]BF, 2 (/) ( 4(Da)
(5 mol %) TsN )
PR AN 1)
CH,Cly, rt, 30 min (
Me
3aa:87% O CeHs(Ds)

3aa-D: 74% (>95% incorporation)

Figure 1. ORTEP diagram of 3aa

temperature using [Rh(cod)(biphep)]BF, (BIPHEP: 2,2"-bis-
(diphenylphosphino)-1,1”-biphenyl), which was treated in situ
with hydrogen gas to exclude 1,5-cyclooctadiene (COD)
before use.'> We ascertained cleavage of the aromatic C—H
bond adjacent to the carbonyl group and the almost perfect
transfer of hydrogen by a labeling experiment using ben-
zophenone-d,p (2a-D).

We further examined hydroarylative cyclization using
several aryl ketones and diynes (Table 1). Aromatic C—H
bonds of acetophenone (2b) and tetralone (2¢) were also
activated and reacted with diyne 1a; however, partial double-
bond isomerization was observed in product 3ac (entries 1,
2). Even phenyl-substituted diyne 1b could be used in this

(11) (a) Tsuchikama, K.; Kuwata, Y.; Shibata, T. J. Am. Chem. Soc.
2006, /28, 13686. (b) Tsuchikama, K.; Yoshinami, Y.; Shibata, T. Syn/ett
2007, 1395.

(12) A typical experimental procedure (eq 1); CHyCl, (1 mL) was added
to [Rh(cod)(biphep)]BF4 (3.8 mg, 0.005 mmol) in the Ar-filled flask, and
the solution was stirred at ambient temperature for 5 min. After the flask
was purged with hydrogen gas, the solution was stirred for 30 min. Both
the solvent and hydrogen gas were removed under reduced pressure, Then
argon gas was introdued to the flask, and the CH,Cl, solution (0.3 mL) of
benzophenone (2a) (54.0 mg, 0.30 mmol) was added. Diyne 1a (27.6 mg,
0.10 mmol) in CH,Cl; (0.7 mL) was added dropwise over 30 min at room
temperature, and the mixture was stirred for 5 min. After completion of
the reaction, the solvent was removed under reduced pressure, and the crude
products were purified by thin-layer chromatography (hexane/AcOEt = 4/1)
to give pure 3aa (40.0 mg, 87%).

3098

Table 1. Cyclization of Various Diynes and Aryl Ketones
R1

H o]
- ; [Rh(biphep)]BF4 S H
=R R3 (5 mol %) 7
Z + ——— -
N ..’ CHyClp, 1, 30 min N
2 )
1a-e 2a-c R 07 gs-
(dropwise addition) (3 equiv) 3

entry Z RY, R? diyne R?® ketone yield (%) E/Z¢
1 NTs Me, Me 1la Me 2b  55(8ab) >20/1
2 NTs Me,Me 1la (CHy)s 2c¢ 87(3ac) 4/1
3 NTs Ph,Ph 1b Ph 2ab 73 (8ba) 12
4 NTs Me,Ph. 1le Ph 2a 86(3ca) 1/1
5¢ NTs Me,Ph 1¢ Ph 2a 63 (3ca) >20/1
6 C(CO3Bn)y Me,Me 1d Ph 2a 78(3da) 1/>204
7  {C(COEt)y}; Me,Me 1le Ph 2a  >99 (3ea) 1/16¢

“ See Supporting Information. ® Reaction run using 10 equiv. ¢ rac-
BINAP was used as a ligand. “ From the nomenclature rule, F/Z ratio is
opposite but the major geometry is the same as entries 1, 2, and 5.

reaction, but double-bond isomerization proceeded further
and the Z isomer of 3ba was a major product (entry 3). When
unsymmetrical diyne 1c was used, a regioselective reaction
proceeded to give diene 3ca, and the E/Z ratio was-low (entry
4). Intriguingly, Rh-BINAP catalyst suppressed isomerization
completely (entry 5)."* Carbon-tethered 1,6-diyne 1d and 1,7-
diyne le also underwent C—H bond-cleaved hydroarylative
cyclization to give 1,3-diene 3da and 3ea in high to
quantitative yield (entries 6, 7).

We next examined the reaction using #rans-chalcone as a
carbonyl compound (eq 2). Vinylic C—H activation preceded
aromatic C—H activation, and monocyclic trienone 3ad was
obtained exclusively in excellent yield. Moreover, two alkene
moieties (o8- and y,d-positions), which were derived from
the C—C double-bond of trans-chalcone and an alkyne
moiety of the diyne, respectively, were completely isomer-
ized into the (Z,Z)-isomer. Also, in the case of phenyl
I-propenyl ketone (2e), the vinylic C—H activation pro-
ceeded predominantly along with the complete isomerization
of two C—C double bonds.

Me

inh Z "H

(g e WG

ta . JEJ _BmiR @

RT™" "Ph CH,Cl,, it, 1h B

(dropwise addition) (3 equiv) R ™™a
2d (R=Ph) Pr g

2e (R=Me)

3ad (R=Ph) 97%
3ae (R=Me) 84%

The present hydroarylative and hydrovinylative cyclization
also proceeded with enynes and o,S-unsaturated ketones: the
reaction of nitrogen-tethered enyne 4a with benzophenone
gave monocyclic product Saa, where hydrogen added to the
alkyne moiety and the aryl group added to the alkene moiety
of the enyne, and another pattern of hydroarylative product
6aa could not be detected. These results indicate the reaction

(13) These compounds were primary products because the E/Z ratios
were not changed if they were heated in 1,2-dichloroethane at 40 °C for
24 h.
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Scheme 1. A Possible Mechanism of the Present Cyclization
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mechanism described later (Scheme 1). When a chiral
catalyst (Rh-(S)-BINAP complex) was used, highly enantio-
selective induction was observed (Table 2, entry 1). Phenyl-

Table 2. Enantioselective Cyclization of Enynes

—F=—R [Rh{(S)-binapHBF
z + 2ad (5 mol %)
X (10 equiv)  CHyClo, rt, 30 min
4a-c
(dropwise addition)
R Me e O 7"
74 72
TsN or Z Te kT
* * S Me
Saa,ba (o Ph 5ad, cd pp (8] 6aa not detected
entry Z R enyne ketone yield (%) ee(%)
1 NTs Me 4a 2a 69 (5aa) 92
20 NTs Ph 4b 2a 45 (5ba) 91
3 NTs Me 4a 2d 37 (bad) 97
4 C(CO2Bn); Me 4c 2d 76 (5ed) 96

v The reaction was carried out for 2.5 h.

substituted enyne 4b was sluggish to react with 2a and the
yield was moderate, but the ee of the product Sba remained
high (entry 2). The vinylic C—H activation of chalcone along
with enantioselective cyclization was also possible, and
dienone Sad was obtained (entry 3).'* Carbon-tethered enyne
4¢ was a good substrate and the corresponding product Sed
was obtained in excellent ee (entry 4).'°

On the basis of the above results, we can now speculate
a reaction mechanism (Scheme 1), where an enone is

(14) Even using Rh-BIPHEP catalyst, no isomerization of C—C double
bond, derived from C—C double bond of chalcone, was observed in product
Sad.

Org. Lett, Vol. 9, No. 16, 2007

depicted as a representative reactant. The oxidative addition
of Rh(I) to vinylic C—H bond is initiated by the directing
effect of a carbonyl group,'® and this is followed by
hydrorhodation to the alkyne moiety of the diyne or enyne."’?
A carborhodation pathway can be ruled out because the
reaction of enyne, where an alkyne moiety is more reactive
than an alkene moiety, did not give a benzylidene product
such as 6aa. Subsequent intramolecular carborhodation
would give metallacyclohexane A. In the case of diynes, an
equilibrium would exist between metallacycle A and zwit-
terionic carbene complex A’, and the most thermodynami-
cally favored geometry is obtained by double-bond isomer-
izations.!® This is a good explanation for complete isomeriza-
tion in the case of diyne 1a and enones. Another pattern of
carborhodation, which gives B, would be less likely because
double-bond isomerization would also occur in the hydro-
arylative product 3ab, which was derived from benzophe-
none, as with product 3ad from chalcone (entry 1 in Table
1 and eq 2).*°

In summary, we have developed the hydroarylative and
hydrovinylative cyclizations, which would be initiated by
carbonyl-directed C—H activation. The reaction of diynes
with aryl ketones or enones gave 1,3-dienes, and the
enantioselective reaction of enynes gave chiral compounds
with high ee. Although we provide a possible mechanism,
further study is in progress.
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(15) Under the same reaction conditions, the {2 -+ 2 + 2] cycloaddition
of carbon-tethered enyne 4¢ with methyl acrylate or methyl pyruvate did
not proceed, where metallacyclopentene would be an intermediate. These
results indicate that the metallacyclopentene would not be an intermediate
for the formation of present hydroarylative cycloadduct Sed.

(16) In place of diynes, tolan as a monoyne also reacted with benzophe-
none using the same catalyst at higher temperature to give the hydroarylated
product 7 in good yield. This result shows that C—H bond cleavage surely
occurred without the formation of metallacyclopentadiene intermediate.

[Rh(biphep)IBF, il
(5 mol %) S L
Ph—==~—Ph + 2a —_—
(2 equiv) DCE, reflux O

770%

(17) An example of hydrorhodation of arylrhodium hydride complex to
an alkyne: Jones, W. D.; Chandler, V. L.; Feher, F. J. Organometallics
1990, 9, 164.

(18) This isomerization mechanism via carbene complex was already
reported, see: (a) Tanke, R. S.; Crabtree, R. H. J. Am. Chem. Soc. 1996,
112, 7984. (b) Ojima, 1.; Clos, N.; Donovan, R. J.; Ingallina, P. Organo-
metallics 1990, 9, 3127.

(19) The reaction mechanism involving the oxidative coupling of diynes
or enynes could not be wholly ruled out but it cannot give reasonable
explanations for the C—C double bond isomerization, which depends on
the substrates.
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/=R
zZ ey
\_\\_\ [Rh(Hg-binap)IBF4
- DCM, rt
R—== RO R

up to 98% ee

The enantioselective intramolecular [2 + 2 + 2] cycloaddition of various enediynes, where two acetylenic
moieties are connected by a trans-olefinic moiety, gave chiral tricyclic cyclohexa-1,3-dienes using Rh-
Hg-BINAP catalyst. In the case of carbon-atom-tethered enediynes, enantioselectivity was generally good-
to-high regardless of the substituents on their alkyne termini. In contrast, with heteroatom-tethered
enediynes, appropriate substituents were required to induce the oxidative coupling of alkyne and alkene
moieties before that of two alkyne moieties, which would be important for highly enantioselective

intramolecular cycloaddition.

Introduction

The transition-metal-catalyzed [2 + 2 + 2] cycloaddition of
C2-unsaturated motifs, such as alkynes and alkenes, is a
powerful and reliable method for the synthesis of a six-
membered carbon skeleton.! There are several types of cycload-
ditions, including intermolecular and intramolecular reactions.
Among the latter reactions (Scheme 1), the cycloaddition of
triynes is a well-known protocol for the synthesis of substituted
benzene derivatives (type A), and various transition-metal
complexes including those of Rh,2 Ni,? Pd,* Ru,’ Co,® Mo,” and
Fe? have been shown to be efficient catalysts. Three examples

(1) Recent reviews: (a) Yamamoto, Y. Curr. Org. Chem. 2005, 9, 503—
509. (b) Kotha, S.; Brahmachary, E.; Lahiri, K. Eur. J. Org. Chem. 2005,
4741—4761. (c) Chopade, P. R.; Louie, J. Adv. Synth. Catal. 2006, 348,
2307-2327.

(2) (a) Grigg, R.; Scott, R.; Stevenson, P. J. Chem. Soc., Perkin Trans.
11988, 1357—1364. (b) Ojima, L; Vu, A. T.; McCullagh, J. V.; Kinoshita,
A.J. Am. Chem. Soc. 1999, 121, 3230—3231. (c) Witulski, B.; Alayrac, C.
Angew. Chem., Int. Ed. 2002, 41, 3281—3284. (d) Kinoshita, H.; Shinokubo,
H.; Oshima, K. J. Am. Chem. Soc. 2003, 125, 7784—7785.

(3) Bhatarah, P.; Swith, E. H. J. Chem. Soc., Perkin Trans. 1 1992,
2163—2168.

(4) (2) Negishi, E.; Harring, L. S.; Owczarczyk, Z.; Mohamud, M. M ;
Ay, M. Tetrahedron Len. 1992, 33, 3253—3256. (b) Yamamoto, Y.;
Nagata, A.; Arikawa, Y.; Tatsumi, K.; Itoh, K. Organometallics 2000,
19, 2403—2405. (c) Yamamoto, Y.; Nagata, A.; Nagata, H.; Ando, Y.;
Arikawa, Y.; Tatsumi, K.; Itoh, K. Chem.—Eur. J. 2003, 9, 2469—2483.
(d) Pla-Quintana, A.; Roglans, A.; Torrent, A. Organometallics 2004, 23,
2762—2767.

10.1021/j0070762d CCC: $37.00 © 2007 American Chemical Society
Published on Web 07/18/2007

SCHEME 1. Types of Intramolecular [2 + 2 + 2]
Cycloadditions
type A
M type B
_ v
- M/ N type C

(5) (a) Peters, J.-U.; Blechert, S. Chem. Commun. 1997, 1983—1984.
(b) Hoven, G. B.; Efskind, J.; Remming, C.; Undheim, K. J. Org. Chem.
2002, 67, 2459—2463. (c) Yamamoto, Y.; Arakawa, T.; Ogawa, R.; Itoh,
K. J. Am. Chem. Soc. 2003, 125, 12143—12160. .

(6) (a) Stara, 1. G.; Stary, 1.; Kollarovig, A.; Teply, F.; Saman, D.; Tichy,
M. J. Org. Chem. 1998, 63, 4046—4050. (b) Son, S. U.; Paik, S.-J.; Lee, S.
1; Chung, Y. K. J. Chem. Soc., Perkin Trans. 1 2000, 141—143. (¢)
Sugihara, T.; Wakabayashi, A.; Nagai, Y.; Takao, H.; Imagawa, H;
Nishizawa, M. Chem. Commun. 2002, 576—577. (d) Teply, F.; Stara, 1.
G.; Stary, 1.; Kollaroviée, A.; Saman, D.; Vyskoéil, S.; Fiedler, P. J. Org.
Chem. 2003, 68, 5193—5197.

(7) Nishida, M.; Shiga, H.; Mori, M. J. Org. Chem. 1998, 63, 8606—
8608.

J. Org. Chem. 2007, 72, 6521—6525 6521



JOC Article

of an enantioselective reaction have also been reported: a
helically chiral compound was obtained using a chiral Ni
catalyst,” ortho-diarylbenzenes with two axial chiralities were
provided using a chiral Ir catalyst,'" and planar chiral metacy-
clophanes were obtained using a chiral Rh catalyst.!! Compared
with the abundant information regarding triynes, there are few
examples of enediynes, including yne-ene-ynes (type B) and
yne-yne-enes (type C).!2 Yamamoto and co-workers reported
the Pd-catalyzed reaction of an oxygen-tethered yne-ene-yne,
which gave a mixture of cyclohexa-1,3- and 1,4-dienes.!* Pd
catalyst could also be used in the cycloaddition of yne-yne-
enes.!? While the cobalt-mediated reaction of yne-yne-enes,'*
including a diastereoselective version,'® has been reported, to
the best of our knowledge the catalytic and enantioselective
cycloaddition of enediynes remains unexplored.'&!7

Recently, Roglans and co-workers reported a Rh-catalyzed
intramolecular [2 + 2 -+ 2] cycloaddition, where macrocyclic
enediynes with an E-olefinic moiety gave dl cycloadducts and
those with a Z-olefinic moiety gave meso cycloadducts.!®
Therefore, the enantioselective cycloaddition of an acyclic
enediyne with an E-olefinic moiety using a chiral catalyst would
give a tricyclic cyclohexa-1,3-diene with two chiral carbon
centers via a bicyclic metallacyclopentene (Scheme 2). If a
symmetrical substrate (R = R’) were used, a C; symmetrical
compound would be obtained.

We report here that the cationic Rh-Hg-BINAP complex
catalyzes an enantioselective [2 + 2 -+ 2] cycloaddition of
symmetrical and unsymmetrical (£)-enediynes. The different
enantioselectivities of this cycloaddition between a reaction

(8) Saino, N.; Kogure, D.; Okamoto, S. Org. Lett. 2005, 7, 3065—3067.

(9) Stara, 1. G.; Stary, 1.; Kollarovig, A.; Teply, F.; Vysko€il, S.; Saman,
D. Tetrahedron Lett. 1999, 40, 1993—1996.

(10) Shibata, T.; Tsuchikama, K.; Otsuka, M. Tetrahedron: Asymmetry
2006, 77, 614—619.

(11) Tanaka, K.; Sagae, H.; Toyoda, K.; Noguchi, K.; Hirano, M. J. Am.
Chem. Soc. 2007, 129, 1522—1523.

(12) Carbonylative carbocyclization of yne-yne-enes was already re-
ported: Ojima, 1.; Lee, S.-Y. J. Am. Chem. Soc. 2000, 122, 2385—2386.

(13) Yamamoto, Y.; Kuwabara, S.; Ando, Y.; Nagata, H.; Nishiyama,
H.; Itoh, K. J. Org. Chem. 2004, 69, 6697—6705.

(14) Slowinski, F.; Aubert, C.; Malacria, M. Adv. Synth. Catal. 2001,
343, 64—67.

(15) (a) Slowinski, F.; Aubert, C.; Malacria, M. Tetrahedron Lett. 1999,
40, 5849—5852. (b) Slowinski, F.; Aubert, C.; Malacria, M. J. Org. Chem.
2003, 68, 378—386.

(16) A pioneering work of Co-mediated cycloaddition of two alkynes
and an alkene for the synthesis of cyclohexa-1,3-dienes: Wakatsuki, T.;
Kuramitsu, T.; Yamazaki, H. Tetrahedron Lett. 1974, 15, 4549—4552.

(17) Catalytic intermolecular [2 + 2 + 2] cycloadditions of two alkyne
and an alkene moieties for the synthesis of cyclohexa-1,3-dienes: (a)
Kezuka, S.; Tanaka, S.; Ohe, T.; Nakaya, Y.; Takeuchi, R. J. Org. Chem.
2006, 71, 543—552. (b) Wu, M.-S.; Rayabarapu, D. K.; Cheng, C.-H.
Tetrahedron 2004, 60, 10005—10009. (¢} Sambaiah, T.; Li, L.-P.; Huang,
D.-J.; Lin, C.-H.; Rayabarapu, D. K.; Cheng, C.-H. J. Org. Chem. 1999,
64, 3663—3670. (d) Yamamoto, Y.; Kitahara, H.; Ogawa, R.; Kawaguchi,
H.; Tatsumi, K.; Itoh, K. J. Am. Chem. Soc. 2000, 122, 4310—4319. (e)
Ikeda, S.; Kondo, H.; Mori, N. Chem. Commun. 2000, 815—816. (f) Mori,
N.; lkeda, S.; Sato, Y. J. Am. Chem. Soc. 1999, 121, 2722—2727. (g)
Yamamoto, Y. Kitahara, H.; Hattori, R.; ltoh, K. Organomerallics 1998,
17, 1910—1912. (h) Yamamoto, Y.; Kitahara, H.; Ogawa, R ; Itoh, K. J.
Org. Chem. 1998, 63, 9610—9611. (i) ikeda, S.; Watanabe, H.; Sato, Y. J.
Org. Chem. 1998, 63, 7026—7029. (j) Ikeda, S.; Mori, N.; Sato, Y. J. Am.
Chem. Soc. 1997, 119, 4779—4780. (k) Balaich, G. J.; Rothwell, 1. P. J.
Am. Chem. Soc. 1993, 115, 1581—1583. (1) Zhou, Z.; Costa, M.; Chiusoli,
G. P. J. Chem. Soc., Perkin Trans. 1 1992, 1399—1406. (m) Zhou, Z.;
Battaglia, L. P.; Chiusoli, G. P.; Costa, M.; Nardelli, M.; Pelizzi, C.; Predieri,
G. J. Chem. Soc., Chem. Commun. 1990, 1632—1634. (n) Suzuki, H.; lioh,
K.; Ishii, Y.; Simon, K_; Ibers, J. A. J. Am. Chem. Soc. 1976, 98, 8494 —
8500.

(18) Torrent, A.; Gonzélez, 1.; Pla-Quintana, A.; Roglans, A. J. Org.
Chem. 2005, 70, 2033—2041.
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SCHEME 2.
(E)-Enediynes

Enantioselective {2 + 2 + 2] Cycloaddition of

R

TABLE 1. Screening of Various Chiral Ligands

z [Rh(cod),]BF 4 + ligand 7 \¢ % z
\__\\_\ (10 moi%)
DCM, rt
Z
= Z=C(COzMe), 2a (di isomer)
1a
entry ligand time/h yield/% ee/%
1 (S)-BINAP 24 59 19
2 (S)-tolBINAP 24 15 1
3 (S)-Hg-BINAP 1/4 75 76
44 (S,S)-BDPP 3 NR
5@ (5,8)-MeDUPHOS 3 NR

a DCE was used as solvent, and the reaction temperature was gradually
raised to reflux.

pathway via alkyne—alkene coupling and that via alkyne—
alkyne coupling are also discussed.

Results and Discussion

We chose carbon-atom-tethered symmetrical enediyne 1a as
a mode] substrate and used it in the reaction using cationic
rhodium complexes with various chiral diphosphine ligands in
dichloromethane (DCM) at room temperature (Table 1).!° When
BINAP was used, [2 + 2 + 2] cycloadduct 2a was obtained as
a dl isomer, as expected; however, its enantiomeric excess was
low (entry 1). In the case of tolBINAP, which was an efficient
chiral ligand for the enantioselective intermolecular [2 + 2 +
2] cycloaddition of enynes with alkynes,?® the reaction proceeded
sluggishly, and almost no enantioselectivity was observed (entry
2). In contrast, Hg-BINAP was found to be an appropriate ligand
for the present reaction: enediyne 1a was consumed within 15
min and cycloadduct 2a was obtained in good yield and ee (entry
3). Rh-MeDUPHOS and -BDPP complexes showed almost no
catalytic activity (entries 4 and 5).

‘When a preliminarily isolated chiral rhodium complex, [Rh-
(cod){(S)-Hg-binap }|BF4, was used, slight increases in yield and
ee were observed (Table 2, entry 1). Under these reaction
conditions, carbon-atom-tethered symmetrical (E)-enediynes
with various substituents on their termini were examined.?! In
the case of methoxycarbonyl- and benzyloxymethyl-substituted

(19) Tanaka reported cationic Rh-BINAP derivative complexes as
efficient catalysts for intermolecular [2 -+ 2 + 2] cycloaddition of alkynes.
See: Tanaka, K.; Shirasaka, K. Org. Lett. 2003, 5, 4697—4699.

(20) (a) Evans, P. A; Lai, K. W.; Sawyer, J. R. J. Am. Chem. Soc. 2005,
127, 12466—12467. (b) Shibata, T.; Arai, Y .; Tahara, Y. Org. Lett. 2005,
7, 4955—4957.

(21) When (Z)-enediyne la was examined under the same reaction
conditions, an ene-type product derived from the enyne moiety was a major
product and [2 -+ 2 + 2] cycloadduct could not be detected. For
enantioselective ene-type reaction of 1,6-enynes with (Z)-olefinic moiety
using chiral Rh catalysts, see: (a) Cao, P.; Zhang, X. Angew. Chem., Int.
Ed. 2000, 39, 4104—4106. (b) Lei, A.; He, M.; Zhang, X. J. Am. Chem.
Soc. 2002, 124, 8198—8199. (c) Lei, A.; Waldkirch, J. P.; He, M.; Zhang,
X. Angew. Chem., Int. Ed. 2002, 41, 4526—4529.

(22) Only a trace amount of cycloadduct 2d was detected at room
temperature for 24 h.



[2 + 2 + 2] Cycloaddition of Enediynes

TABLE 2. |2 + 2 + 2} Cycloaddition of Carbon-Tethered
Symmetrical Enediynes

,——=—R
4 * %/ 7
\__\ﬁ [Rh(Hg-binap)IBF 4 (10 mol%)
DCM, 1t
_ _ R R
R—=—=/ Z = C(COMe),
2a-f
1af
entry R time/h yield/% ee/%
1 H la 1/4 81 (2a) 78
2 CO,Me 1b I 72 (2b) 98
3 CH,OBn lc 6 63 (2¢) 98
44 Me 1d 24 81 (2d) 97
54 Br le 24 48 (2e) 91
64h Ph If 24 41 (26 95

« DCE was used as solvent at 60 °C. ® The amount of the catalyst was
20 mol %.

enediynes 1b and 1¢, the reaction proceeded at room temperature
and the enantioselectivity was extremely high (entries 2 and
3). Me-substituted enediyne 1d was less reactive than enediynes
1b and 1¢, and a higher reaction temperature was required;?
however, the ee of cycloadduct 2d was still extremely high
(entry 4). On the basis of the reaction temperature and time,
the reactivity of enediynes depending on the substituents of their
alkyne termini was in the order methoxycarbonyl > benzy-
loxymethyl > methyl. Bromo-substituted enediyne le also
underwent the cycloaddition, and 2,3-dibromocylcohexa-1,3-
diene 2e was obtained (entry 5). A phenyl substituent retarded
the cycloaddition and harsher conditions were required, but
cycloadduct 2f was obtained in high ee (entry 6).

Next, we examined enediyne 1g which has geminal phenyl-
sulfonyl groups on its tethers (eq 1): in contrast to enediyne
1a (Table 2, entry 1), extremely high ee was achieved despite
the lack of a substituent on its alkyne termini. Moreover,
cycloadduct 2g was determined to be an (R,R)-isomer by X-ray
crystallographic measurements (Supporting Information).

PhO,S =
PhO,S [Rh{(S)-Hg-binap}]BF 4 (10 mol%)
SO,Ph DCE, 40 °C, 15 min
= SO,Ph )
19
PhO,S 80,Ph
PhO,S SO,Ph
2g

68%, 98% ee

Scheme 3 shows a possible explanation for the asymmetric
induction of the (8,R)-isomer by the Rh-(S)-Hs-BINAP catalyst.
Two asymmetric carbon atoms would be induced at the
formation of metallacyclopentene derived from an enyne moiety
of enediyne. Because of the equatorial phenyls on phosphorus
atoms of Hg-BINAP, the first and third quadrants are congested.
As a result, metallacyclopentene A, where the R substituent is
located at the fourth quadrant, is more favorable than metalla-
cyclopentene B, where steric repulsion between R and phenyl
groups exists.

Unsymmetrical enediyne 1h, which has methoxycarbony! and
methyl groups on its termini, was also a good substrate, and
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SCHEME 3. Possible Explanation of Asymmetric Induction
and the Structure of Hg-BINAP
P,

‘ ,g PPy

{5)-Hg-BINAP
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SCHEME 4. Possible Explanation for the Different
Enantioselectivity
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high selectivit YA
ign se. EV H H -_\Z \
Z=CR, c M

«  EER R
z M //
Z \"—\:/\Z

R R
Z=NTs z *
R h M .
==\ ¥ low selectivity
Mo
=
R H
z

D

p—
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the corresponding cycloadduct 2h was obtained in good yield
and extremely high ee (eq 2).

/%Me

7 z A4
[Rh(Hg-binap)|BF ; (10 mol%)
L\\—\ DCM., 1t, 15 min @
MeO,C—==— 2= C(COMe), M oA
1h 82%, 98% ee

Next, we examined nitrogen-tethered enediyne 1i with
methoxycarbonyl groups on its termini, which gave the best
enantioselectivity in the case of carbon-tethered enediynes
(Table 2, entry 2): the substrate was completely consumed
within 30 min and the corresponding cycloadduct 2i was
obtained, but its enantiomeric excess was very low (eq 3).

—==—COMe
TsN [Rh(Hg-binap)IBF, (10 moi%) TsN am s
~binap moi%
\_\\_—\ 5 4 : @)
DCM, 1t, 30 min
Vo0 NTs MeO,C  COMe
e0,C =’
2i
1i 69%, 21% ee

We assumed that the different enantioselectivity depending
on the structure of tethers derives from the reaction pathway
(Scheme 4): 7m-complexation of the metal catalyst to the enyne
moiety of enediyne would be the beginning of the present cyclo-
addition. In the case of carbon-tethered enediyne, the oxidative
coupling would proceed with high enantioselectivity to give
bicyclic metallacyclopentene C, where two chiral carbon centers
are generated. The subsequent intramolecular alkyne insertion
along with reductive elimination gives a tricyclic cyclohexa-
1,3-diene. In contrast, in the case of nitrogen-tethered enediyne,
the oxidative coupling of two distant alkyne moieties would
proceed before that of the enyne moiety to give a bicyclic
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TABLE 3. [2 + 2 + 2] Cycloaddition of Nitrogen-Tethered
Enediynes

—==R
TsN TsN™ N+ % "NTs

\__\\~_\ [Rh(Hg-binap)]BF4 (10 moi%)

DCM, rt
NTs R
R =
1j 2j
entry R R’ time/h  yield/% ee/%

1 CH,OBn  CH;OBn 1j 2 75 (2§) 51
2 Me CH;OBn 1k 2 71 (2K) 71
3 Bu Bu 1 4 90 (21) 89

metallacyclopentadiene D because nitrogen tether activates the
alkynes more than carbon tether. The enantioselectivity of the
subsequent intramolecular alkene insertion is expected to be very
low, and the corresponding cycloadduct would be obtained in
poor ee.

To ascertain the validity of the above speculation, we
subjected cyclic enediyne 3 with an E-olefinic moiety'® to
enantioselective [2 + 2 + 2] cycloaddition, where oxidative
coupling of a diyne moiety would proceed predominantly before
that of an enyne moiety. Under the same reaction conditions as
those of acyclic enediynes, tetracyclic cyclohexa-1,3-dienc 4
was obtained in good yield, but its enantiomeric excess was
very low, as expected (eq 4).

NTs
NTs
/
Rh(Hg-binap)]BF 4 (10 mol%
£\ [Rh(Hg-binap)]BF, ( b) TeN :

DCM, rt, 15 min

“4)

A NTs

NTs NTs
4
3 =2 H 73%, ca. 20% ee
TsN M 1
H
NTs

These results imply that the selective formation of metalla-
cyclopentene from an enyne moiety of an enediyne would
induce high enantioselectivity. To suppress the oxidative
coupling of two alkyne moicties, we introduced appropriate
substituents to the alkyne termini of enediyne, which would
decrease the reactivity of alkyne moieties (Table 3). When
enediyne 1j with benzyloxymethyl groups was used, enantio-
meric excess of cycloadduct 2j was drastically increased (entry
1). The introduction of alkyl group(s) further improved the
enantioselectivity (entries 2 and 3): in the case of enediyne 11
with two butyls on its alkyne termini, the enantiomeric excess
reached almost 90%.%

We further examined unsymmetrical enediynes possessing
carbon and nitrogen tethers (Table 4). In the case of enediyne
1m with unsubstituted alkyne termini, enantioselectivity was
fow, probably because terminal alkynes are very reactive and
the oxidative coupling of two alkyne moieties would proceed
predominantly before that of the enyne moiety (entry 1). In fact,
the introduction of a methyl group decreased the reactivity of
the alkyne of the nitrogen-tethered enyne moiety and enanti-

(23) We examined enediyene 11 with two butyls because an enediyene
with two methyls on its alkyne termini gave insoluble products and their
structures could not be determined.
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TABLE 4. [2 + 2 + 2] Cycloaddition of Unsymmetrical Enediynes
with Carbon and Nitrogen Tethers

[—%R
V4 . * ¥/ "NTs
\__\\——\ [Rh{Hg-binap)]BF 4 (10 mol%)
DCM, rt
NTs ] R
R—= Z= C(COMe),
1m-q 2m-q
entry R R’ time/h yield/% ee/%
1 H H 1m 1/4 41 2m) 15
2 H Me in 1 55(2n) 64
3 COxMe Me 1o 1/4 66 (20) 91
4 COMe Ph 1p 1/4 68 (2p) 91
5 Me Me 1q 12 >99 (2q) 97

oselectivity was improved (entry 2). When a methoxycarbonyl
group was introduced to the alkyne terminus of the carbon tether,
the oxidative coupling of two alkyne moieties could be further
impaired and the ee of cycloadduct 20 exceeded 90% (entries
3 and 4). Nitrogen-tethered enynes are generally more reactive
than carbon-tethered enynes, but the introduction of an ester
functionality increased the reactivity of alkyne and oxidative
coupling would mainly occur at the carbon-tethered enyne moi-
eties in enediynes 1o and 1p. Methy! groups at alkyne termini
sufficiently interfered with alkyne—alkyne oxidative coupling,
and extremely high enantioselectivity was achieved (entry 5).

Enediyne 1r with carbon and oxygen tethers could also be
transformed into the corresponding chiral tricyclic product 2r
in high ee (eq 5).

—==Me
Z X . * % Q
\ [Rh(Hg-binap)]BF, (10 mol%) .
DCM, t, 24 h
P 2= C(COMe), Me OBn
BnO 2r
1r 66%, 91% ee

Conclusions

We here developed an enantioselective intramolecular [2 +
2 + 2] cycloaddition of various enediynes using Rh-Hg-BINAP
catalyst. The reaction of carbon-tethered enediynes proceeded
with high enantioselectivity to give tricyelic cyclohexa-1,3-
dienes. In the case of nitrogen-tethered enediynes, the choice
of substituents on the alkyne termini is very important for high
enantioselectivity to prevent alkyne—alkyne oxidative coupling
of enediynes prior to alkyne—alkene coupling. Unsymmetrical
enediynes with carbon and heteroatom tethers were also
transformed into [2 + 2 + 2] cycloadducts in high ee.

Experimental Section

General. Anhydrous DCM and 1,2-dichloroethane (DCE) are
commercially available, and they were dried over molecular sieves
4 A (MS 4 A) and degassed by argon bubbling before use. All
reactions were examined under an argon atmosphere. NMR spectra
were measured using TMS as an internal standard, and CDCl; was
used as a solvent.

Typical Experimental Procedure for the Enantioselective
Intramolecular [2 + 2 -+ 2] Cycloaddition of Enediyne 1a (Table
2, Entry 1). Under an atmosphere of argon, [Rh(cod)(Hs-binap)]-
BF4 (10.0 mg, 0.010 mmo!) was stirred in DCM (1.0 mL) at room
temperature. The flask was purged with hydrogen gas, and the
solution was stirred for a further 30 min. After the solvent and
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hydrogen were excluded under reduced pressure, argon gas was
introduced. To the flask was added DCM (0.2 mL), and the solution
was stirred; then enediyne 1a (39.2 mg, 0.10 mmol) in DCM (0.8
mL) was added, and the mixture was stirred at ambient temperature
for 15 min. The solvent was removed under reduced pressure, and
the resulting crude products were purified by thin-layer chroma-
tography to give pure cycloadduct 2a (31.8 mg, 0.081 mmol, 81%).

(E)-Tetramethyldodec-6-ene-1,11-diyne-4,4,9,9-tetracarboxy-
late (1a): White solid. mp 102 °C (hexanc/E0); IR (CH,Cly) 3286,
2956, 1737, 1201, 690 cm™}; '"H NMR 6 = 2.02 (t, J = 2.7 Hz,
2H), 2.76—2.78 (m, 8H), 3.74 (s, 12H), 5.40—5.44 (m, 2H); 3C
NMR & = 22.6, 35.3, 52.8, 56.8, 71.5, 78.8, 128.6, 170.1; Anal.
Caled for CygHp40q: C, 61.22; H, 6.16. Found: C, 61.31; H, 6.27.

trans-Tetramethyl-1,3,6,8,8a,8b-hexahydro-as-indacene-2,2,7,7-
tetracarboxylate (2a): White solid. mp 81 °C (hexane/Et,0); IR
(CH,Cly) 2954, 1731, 1280, 1218, 764 cm™!; 'H NMR 6 = 1.92
(dd, J = 11.0, 13.1 Hz, 2H), 2.38~2.44 (m, 2H), 2.67 (dd, J =
5.5, 13.1 Hz, 2H), 2.91 (d, J = 17.7 Hz, 2H), 3.16 (d, J = 17.7
Hz, 2H), 3.72 (s, 6H), 3.74 (s, 6H), 5.79 (s, 2H); BC NMR ¢ =
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37.9,40.0,44.5,52.8,52.8, 59.6, 117.3, 140.6, 172.0, 172.0; Anal.
Calcd for C2H2404: C, 61.22; H, 6.16. Found: C, 61.23; H, 6.16.
[a)%p 42.0° (¢ 1.36, CHCl;, 78% ee). The ee was determined by
HPLC analysis using a chiral column (Daicel Chiralcel Doubly
Arrayed OD-H: 4 x 250 mm, 254 nm UV detector, rt, cluent:
5% 2-propanol in hexane, flow rate: 1.0 mL/min, retention time:
21 min for minor isomer and 23 min for major isomer).
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Iridium and Rhodium Complex—Catalyzed Cycloadditions
Takanori Shibata™

Transition metal-catalyzed cycloaddition is an atom-economical and powerful synthetic tool for
the construction of cyclic carbon skeletons. Various types of cycloadditions, including [2+ 2+ 1],
[2-+ 2+ 2], [4+ 2] cycloaddition, etc., have been reported. Their asymmetric versions using chiral
transition metal catalysts have also been reported to give enantiomerically-enriched multi-cyclic
compounds.

First, an iridium-catalyzed enantioselective Pauson-Khand-type reaction is summarized. Pau-
son-Khand (-type) reaction is a [2+ 2 + 1] cycloaddition of an alkyne, alkene and carbon monox-
ide, and gives synthetically useful cyclopentenones. Rhodium- and iridium-catalyzed Pauson-
Khand-type reactions using an aldehyde as a CO source were also mentioned. Second, two types
of enantioselective {2 + 2 + 2] cycloadditions are described: One is an iridium-catalyzed [2 + 2 + 2]
cycloaddition of diynes and monoalkynes for the synthesis of chiral teraryls with two axial chirali-
ties. Another is a rhodium-catalyzed [2 + 2 + 2] cycloaddition of enynes and monoalkynes for the
synthesis of bicyclic cyclohexa-1, 3—dienes with a chiral quaternary carbon center. Third, a rhodi-
um-catalyzed enantioselective [2 + 2] cycloaddition of alkynes and alkenes for the synthesis of
chiral cyclobutenes is mentioned.

Key words: cycloaddition, catalysis, iridium, rhodium, chirality, enynes, diynes
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1.1 AbEEYRE Pauson-Khand BURAE?

TRy, Thry, —BLRFEO[2H2+1] 08
{LEIEDS, {LZEEBRED Co(CO)s THWA I LIZLD
HEITL, YounRry5s /05525, TORGH, 1973
#£1Z Khand & Pauson I2 & § %% % 1 (Pauson-Khand
RKi)®, #0t%, T4 2BV ASTARSICER
SN Lk, ERNEFEREFRENCEEYD, X
RYOEERIIBITAERcE LTRIBI N, BER
W%%#%i,%ﬁE@Cw@OMLLDﬁE#LﬁL
BrEEZONIH, EBIZIE 1994 £ Jeong A°
P(OPh); # BRI F &35 CosfFiz L b, = 4 »Ofh
BSOS TFARGE#E LAY, 20%, 250 FEEDL
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WoFry, vFmvh, OV LERERVDL I LIS
I k4 & BiEEY Pauson-Khand BIFG (AT, =
S MEERDA R L L TH WA RIE % Pauson-
Khand B SUS (PKR) & L TR 2 ) A5 & hrz

—7%, A% Pauson-Khand BIFIL & L Tid, =>4
YOTNEY, TAMrYE, HEVETNUXFLET Y
vV OBRBEICF T NESE b ORFEEL 1 L EAW
BIT7AFLABRYRICORERNVH 072, 51,
SeziE e T80 b THSE R VB T v o EIRE
FinbHEsns, LeLid s, EEVERFRICET
L=, Mo F oy FFBIRORG & LTI,
1096 %12 Buchwald I2 & W ER S 0z, AFEEREY 2
Ry y VI VEMNFES2FINT Y U ERERV
BAFHEEHE—OFTH - 725, KRG, BeD
TUA X ORIBT BRFERRE L s Oy TSV
FBEAFNETE R 5o

z > TEEX, ZhF T Pauson-Khand B FUC D i
e LTHERAD A ) Uy AgEE VT, BER
PO F v FABRWIC  HAT TTFRERE L
T, BEEEE L1 1 % BV, Pauson-Khand B
BB A )Yy LEROBEBEEECRE L. TO
wa bR EERAT, [(Clcod)], D& & Ml &
LTHWgA L), BMFL L TPPh 2RINL 728
BEBWEAOHRED, RILH L DREMICET L
R Do

ir complex Ph
o/ =-Ph (10 mol) (\]:&5
. e Q) O 4
_F xylene, reflux M
1 CO (1 atm) 2
[IrCl(cod)l: 23%

[IrCl(cod)]o+ 4PPhg: 54%

SeEEEARA T 4 vEEFERVT, BREOARE
Pauson-Khand B SIS & e LR (R 1), ARSI
BT BINAP &R TH Y (entry 1), HFiZ TolBI-
NAP (LI, ABTRIRTSHEEMEH) tBVEE
L WET A RFEESR’E Y FaRy T UHREAE
IETES N7 (entry 2)o & 512, 2 mol% F T[IrCl-
(cod) ], MO LTH, EVWREEEEZET 5%, Bl
BPDOEAFIE % R T E 72 (entry 3)o

Table 1 Ir-catalyzed enantioselective PKR.

[IrCl(cod)lo+ 2L*
(X mol%)
(5r2
ioluene, refiux
CO (1 atm)
entry X/mol% L* time/h yield/% ee/%
1 10 (8)-BINAP 12 64 86
2 10 (S)-TolBINAP 18 83 93
3 2 (S)-ToIBINAP 72 88 92

914

AR ¥ T VF & % v B Pauson-Khand
BRI TIE, RFERE 7oRV Y Vo VEFEE
Bt 27O HEBEREYET S, ELIAFREIEE-
REcESEL, LrbBEFEF Y V#ETH2
ERLBOTREETH Y, BREBELRER, WKEHFT
TRBRTI LEND b, —HERIGIE, TERIDER
b B % [IrCl(cod) ], & TolBINAP & Y K
HECHRBLAAFRELRANLEILILLY, BT
F F EIR Pauson-Khand BIRG# EHTE 5,

72T, —BALREEET, FINA40 V7 AHEIC
IThHBEBEELRELALLEIE(FE2), ZADT
NVEYEOBEBREL LTT Y —VE(entry 1), Th¥*
NE (entry 2), TNMF Y ET VT OB, BE
EFLSADOREET (entry 3) PHRERF (entry 4) T b
DI YOBEL, NETAR/E s uxyT /v
PEAREFERETEL N,

Table 2 Ir-catalyzed enantioselective PKR of various enynes.

1
__ . [rClcod)lp+ 2(S)-ToIBINAP R
/="R"" (10 mol%)
Z z o]
\-—< toluene, reflux
RZ CO (1.0 or 0.2 atm) R?
entry enyne cyclopentenone CO/atm  time/h yield/%  ee/%
Ar
E=A
1 o o o- 1.0 20 80 96
Ar= 4-MeOPh
Me
==Me
2 d o<:©:o 10 20 60 98
\_#

02 72 88 86
E= CO,E
Ph
=—ph 10 24 30 88
5 d o
— 02 ™ 86 93
Me Me
Ph
pu— 10 9% 2 8
6 g o
— 02 %6 62 94
allyl altyt

(24)

=L, REZEBOLYA Vientry )R T VT ¥ E
IwEBmES L DI V[ v D4 (entries 5, 6), FIbDiE
FA5E L, kBT A YPERENT, £2°T, —
BV R ERASE T (CO: 0.2 atm, Ar: 0.8 atm) TRE%
Fotbzn?, T4 DHERPRES T, NEFH
ETasgTrL, AENESLFE L, TOBRE,
HERDEE(XF—L1) L), KO L) IBHETE
B Thibh, BERENEFINVA) I Y LGEEICH

FREBAER R
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1.2 ZAVTFER%E COEELELTAHWS
#hI%EY Pauson-Khand B &Y
—BILRESELTTITAZ EIZE Y,
BHRI LRI 5 (R D, —B{LRES
HETCRIEZT > TwWaRY, R
M) T LEEE~D CODERMIZ
n, BMEOCTEHMEHBFCILEITER
vV, FIT, F—BREFHEAT TR
fTvy, ANFEZNALOBRT, LEED
H CO 2 ft#5 = & 1 if, Pauson-Khand &
FICORFESRERICH ET S LHEFT
%2,
FITEEEL, TAVFE FORAILE=

CIDO
OC-M—F \x
a co | \P)
p * //7 Cl
bd Z _Pas CI——M inactive complex A
M\>
| P
Cl M= Ir
cOo y
R
P\*
Z:I§M<P) M/P == Z M\/P'\
=Y V'l \" | Neo P
\/ Cl
inefficient chiral complex B
Scheme 1 Explanation for the effect of low partial pressure of CO gas.
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D, BT P TRHBFFEIIZEL DL EZLNSEEB
PRAIL, TV FAERESELET S EEZ LN,

ERLTNT »THB I VRVA Y ERAVWIE, BT
T F A ERB S FEC S TREES, WELHET S
120N, EL % HMEREPLETH S (KR 2),

[IrCl(cod)]o+ 2(S)-TolBINAP

(10 moi%)
+ Ph—==—Me
toluene, reflux
excess CO (1 atm)
0 o]
Me Ph

32% (>10:1)
93% ee for the major reglolsomer
(Absolute configuration is not yet
determined.)
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MEEIR % CO OfREE LTER e T

Thb, VA, AVTTLEKICLS
TNFe FEORMEIE T VR VRIS AE ST
WBEDTY, TLUFE NEET, UV va, HbvidA
VT LR WA T Y A 2O Pauson-Khand B
WEITAWE, AF VI VR VEEECH CO DGR L
Y, BRLLT, TVF FOILVEZNVES% CO
i &3 % Pauson-Khand BIRICHHETH D L E 272
(% —1£62)10,

g & LT RhCl(dppp)z (dppp: 1,3-EX (Y7 x =
WHRRAT 4 2)7any B, EFEEHT, B4
TLVTFe FERWIEREZERICTT, YrFaT7hy
v RSB CTHESZ COETH Y, Kbt 2BETRT
L, BIZEEMICERS TS5 2 (entry 1) 7V 7FE
F % B & (20 equiv.) 2 SIEIZHE (1.2 equiv.) 12D
LTH, BIELERTE A (entry 1o T/, o, f~F
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Scheme 2 Proposed scheme of PKR using an aldehyde as a CO source.
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RhCl(dppp); FET, fEAB Y LR WLEIE 24T -
el A, ERHOLODTAVFE FOBRTLY Y F LTI
Te FY, RUEHEBEIN,.

Table 3 Rh-catalyzed PKR using aldehydes as a CO source.

RhCi(dppp),
{5 mol%)
1 + RCHO T
(20 equiv.) 120 °C, No solvent

under Ar

entry aldehyde time/h  yield/%

a
1 Ph/\/CHO 2 98(83)
2 PhCHO 3 87

3 A CHO 2 68

4 ~_~_CHO 2 30

® Aidehyde (1.2 equiv.) was used.

EOIIEBEEBET, Y ATV FeFECOELE
¥ A% Pauson-Khand B FUs % 8 A7z & &5, [RhCl
(cod) ] & TolBINAP X ) R CHRE T 2 REME %
WLIEILLY), BIFrF A BIRNEEEER L,
(T4, entry 1)o AR EF VLV BEFTHFHIE, =
YAYOBEBICEREZEL, LAV REFRRIHEDT
Ao 7z (entry 2)o F 72, #E D Pauson-Khand B
IEEFRIC—BRbIREN A% COBE LTHY S L, &
HREAFICELEILESINS S, WEHINKL, 24
YHE E N7z (entry 3)o €2 T, [RhCl(cod)]; &
TolBINAP X W B SN A PO I LB EIRE i
& LTHREET 27201013, BMBHEEEHT, 227 V7
FECOBE LTHWAIZLIPEETHL, ZBERD
12, R2IRLBADI 4 5D, BIER, 8FF
PERTHIET 2RILERY 2 5 %2 72,

Table 4 Enantioselective PKR using an aldehyde
as a CO source.

[RhCl{cod)],+ 2 TolBINAP
(5 mol%)

120 °C, CO source

(5)-2

entry CO source solvent time/h yield/% ee/%
1 cinnamaldehyde  none 4 89 82
2 cinnamaldehyde xylene 36 54 8
3 CO gas toluene 36 19 70

T/, VUFLATLFE KR COEET AR Pauson-
Khand BIEUS I, 41UV A8EKTHLHETL, By
LEEEDEE LNV BECRERRZEHRTEL, 27501,

UYYLHEORHEEREY, BRECRIEETI L

PULETHAL (3. TOERIZ, Oy AsEkITam
ERPERVPERETH 5700, L HERLESESEMET
FEMBEE L TRIETLIOCL, 49 Iy L88K120

916

EERIEEVIAREETH D720, BEOEENVET
hoHEEZLLEBTERY,

1 [IrCl(cod)},* 2TolBINAP

. {5 mol%)
(S)-2 (3)
120°C,5h
Ph/\\/CHO
. no solvent: 50%, 37% ee
(5 equiv.) in xylene : 66%, 92% ee

13 7L A > OME Pauson-Khand BURS?

LA VDTNT P BUET LRI LAY
12 & % 45FP Pauson-Khand (B!) RIGTlt, “EH LSO
BRIGEMIC LD, 2006F YWD, EFELLONS (X
F—Lb3)e INFTTI, EEVHEL-HEAINVEZL
SAEERVLLEREY, £, M, Brummond 5
DPENENRE L7207 AEIC X 2 B RE 40,
WIENOERBDES 270 ERWE 2 BRMIZE 2
BRIBE LTI, £ 7F U855 B2 RS9 5
NTWaEY, BERETHLH:0, ERYWESE 2 24
BB 21T o 720

/—;/R
z z
e
. : ©O =
Z/ =—R product D
AN M
\.\
= R
z M — Z 0
R\~.§ co
product E

Scheme 3 Two reaction pathways of PKR of allenyne.
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HTEITED, BIRWIZTAFYFUEEL DI R
YT/ RS Y, B, 1) TGk E
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TRERIEE L) YT 2,

/—==—R  IfCI(CO)(PPhg); R
z (5 mol%}) 7 o @
\.YMB xylene, 120 °C 1
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Me CO (0.2 atm) Me Me
R= Ar, Me, SiR's 77% (R= Ph, Z= O)

Z= 0, NTs, C(CO,Et),

ERYE %52 506, AERS~OREMBbIET
Hbo WEITEVD, HFF UL ) Uy ngghr B un
BZEIZID, WHTOT VYL YDIF »F 4B
Pauson-Khand B FUG % /% L 72 (. 5)17,
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[IrCl{cod),IPFg+ (S)-BINAP Ph

y="Fh (20 moi%)

Q o) o (5)
x DME, 90 °C (
’YMQ CO (1 atm) Me
Me Me
76% ee, 31%

14 A ERVBYIORVET T LERY
ITUAVIEZ, VAreHy, ~BILREZERT
242+ MBS 2779 &, BHEAYIYELT
SEALFELEBRRY yuRV VI UBELNE, L
DL, YruKRyyIL) VIEIREEEE 4 R
OBEEELFOL-OALETH Y, FORHAZAEDY
EREREEALRESN TR Do, —HEEIZ
PEBVWNITLENVINVETETAET AR 2B
BILickh, BEOINSN M ALK VEEREFENS
2HFOTNEY, $73V4 v E—BbRFED[2+2+1]
RMBLRIE 2 8 LY, # 2 CRERE~ORE %
Bt LzEZ s, 1) AH#ENEVIBEEET LD
ZEFRM L, RIS, WU 2L DL O
“EE a5 25 (3H6),

(rfCI(CO)PPha)2 Ar
== AT 0,
Z/ (5 mol%) 7 o ®©
= A xylene, 120 °C
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5 mol%
(S mo) Nar (D)
Bu,0, 90 °C
R
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[2+2+2] cycloaddition
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Scheme 4 [2+2+2] Cycloaddition for the generation
of chirality.
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Scheme 5 [2+2-+2] Cycloaddition for the generation
of two axial chiralities.
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Table 5 Enantioselective [2+2+2] cycloaddition
of various diynes.

OMe Ar

Zr‘——'—: Ar I Ir-MeDUPHOS cat. OMe
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OMe Ar
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entry Z Ar yield/% ee/%
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Ir-MeDUPHOS cat.
xylene, 100 °C

==—Nap
[| +
==—Nap

cis:trans= 5:1 OMe

Nap= 1-Naphthyl

DDQ O OMe
oMe ©

O

60% {2 steps based on Zisomer)
- dl:meso= >20:1

95% ee

22 EHTIHAFICLD S RALEBOERD

RICEFICOERE LT, V4 Vi BERLORY
1Y 2 ER LT 5ERNAFE 2H2-2I M MBILRIG %
BET L7z TOR, TRITERLFINAY T4
EETENLE, FTSLVVBEAR-Y—L$EF |
SAX3E, B/ITAXFVEOREIFIRIFREIILF

FTRFRWIZETL, 4 DOEEAEL b OXEFEEF
5T - MLAW A L (BN (R 10)e £/ T
VEELTYF—=VERBVWTYH, BREDOEV DME
(L2-VAMF Iy ) RBEBICEVAIEICEY, &
WIF Y FABREEERTEL,

VA VOB EERI, cis-F LT 4 VIZE hEES
nNrzr b4 L, FlEHmCERbICLY, 13
EEF L 2F 75 LA EE LB (XF~146), A
MEVEEZTOEERCERT LI LICLD, BELEE
AT RE L 2 1), BAAFICHEL, 5200F 75 L
BPFLEARIIBEL CVDL I L FHERTEL,

EHI4DDVA VEMNE b DA v HWT,
AFE L2222 MBILRIE 2T o2 & 25, 8§ DODEE
TEHBMAFENELIHIEEN, 1 FIE—FOBBEREEKD
A%, BETHELNLZ G 1D,

F/2, L3,5-F I FoANRYE L RPLERICH D

FRERALFH &S



: +2x|
Q
z o

ir-MeDUPHOS cat. (10)
xylene or DME, 100 °C D

RO
Z=0 RO pA

89%, >99% ee (R= Me)

75%, >89% ee (R= H) GD

OMe
Tetrayne3 2 ! ! Ir-MeDUPHOS cat. DDQ
(Z= cis-CH=CH)
OMe
OMe
OMe
BBr3
s
MeO
MeO
55%
>89% ee

Scheme 6 Helical chirality based on consecutive
axial chiralities.
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Scheme 7 Intramolecular [2+2+2] cycloaddition of triynes.
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Scheme 8 [2+2+2] cycloaddition for the generation
of a quaternary carbon center.
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Table 6 Enantioselective [2+2] cycloaddition of
norbornene and alkynes.
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Abstract: The Pauson-Khand-type reaction is for-
mally a [242+1] cycloaddition involving an alkyne,
an alkene and carbon monoxide catalyzed or mediat-
ed by transition metal complexes. This review focus-
es on the catalytic reaction and describes the recent
research on the Pauson-Khand-type reaction.
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as a CO Source

5 Pauson—Khand-Type Reactions of Allenes

6 Pauson-Khand-Type Reactions of Dienes

7 Conclusion

Keywords: asymmetric catalysis; carbonylation; cy-
cloaddition; enones; enynes; transition metals

1 Introduction

In 1973, 1. U. Khand and P. L. Pauson reported a [2+
241] cycloaddition of an alkyne, an alkene and
carbon monoxide. An alkyne-Co,(CO)s complex,
which was prepared from Co,{CO)y and an alkyne
along with the generation of carbon monoxide, react-
ed with an alkene to give a synthetically useful cyclo-
pentenone.!) In the initial study of an intermolecular
reaction, symmetrical and active alkenes, such as eth-
ylene and norbornene, were used because four re-
gioisomers, which are often difficult to separate, could
be obtained when an unsymmetrical alkyne and
alkene were used [Eq. (1)].

Use of the intramolecular reaction avoids the for-
mation of the regioisomers. Carbonylative coupling of

R1
m + Coy(COYg
-2€0 Q Q
oY

R 2

| — ¢

r [

|l—couxcoss 5 o
@Rz & g
R’ R’ R?
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an enyne gives a bicyclic cyclopentenone [Eq. (2)]. In
the 1980s, the Pauson-Khand reaction was recognized
as a useful synthetic protocol and was used as a key
reaction for the comstruction of carbocyclic skeletons
in natural product syntheses.”’

Co,(CO)g
/—‘:___._':-—“R
.
AN

In this short review, 1 briefly summarize the early
research on the catalytic Pauson—-Khand reaction
prior to 2000, and then summarize the recent reports,
most of which were published after 2000.”

2 The Road to the Catalytic
Pauson-Khand(-Type) Reaction

The proposed mechanism of the Pauson-Khand reac-
tion is shown in Scheme 1.1 It suggests that a catalyt-
ic reaction could be possible under an atmosphere of

- carbon monoxide; however, there have been only a

few limited examples, in which large excess amounts

- of active alkenes were needed under a high pressure

of carbon monoxide. This would be probably because
[Co,(CO),] is readily transformed into more stable
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1 R’

R =\
l Co,(COJg R?
e Y e
Il —2¢Co ] /00(00)3 -Co
Co
(CO)s
R R
co N
Coco) SO Co(CO)
|/ Co(CO),
Co(cO),
z RZ
_ 2
R
(COY 1
Co; R? R
co
B —] O m—— 0]
~[Cox(CO))
R2 R2

Scheme 1. Proposed mechanism of the Pauson-Khand reac-
tion.

oligomeric cobalt complexes prior to the complexa-
tion with the alkyne.

In 1993, Iwasawa reported a Co-catalyzed rear-
rangement of alkynylcyclopropanols to cyclopenten-
ones. Use of a triaryl phosphite as a ligand of the

Adv. Synth. Catal. 2006, 348, 2328 -2336
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cobalt carbonyl complex realized a catalytic reaction
[Eq. (3)].5

R Coy(COYg + 2 P(OAT); o
N on  (6-10mol %) R

DME, reflux
Ar= 2'(/’PT)C6H4

3

R= Ph, Alkyl, TMS 62 - 95%

In 1994, Jeong disclosed a catalytic carbonylative
coupling of enynes using Co,(CO), with triphenyl
phosphite under the condition of pressurized carbon
monoxide [Eq. (4)].) This report represented the

R
=R C0y(CO)g + 3 P(OPh);
7 (3 mol %)
> Z o (4
\——\ DME, 120 °C
R=Ph, Me, H CO (3 atm) 51 - 04%

Z= C(CO,Et), CMe,, O, NTs

starting point for catalytic and practical Pauson—
Khand reactions, and various reaction conditions
using a catalytic amount of cobalt carbonyl complexes
were published.™

In another approach to the synthesis of bicyclic cy-
clopentenones from enynes, Negishi reported a Zr-
mediated reaction. The reaction of two-valent zirconi-
um, which was prepared in situ from Cp,ZrCl, and n-
Buli, with an enyne gave the metallacyclopentene,
and this was readily transformed into a bicyclic cyclo-
pentenone under an atmospheric pressure of CO [Eq.

).

CpZrCly + 2n-Buli

. T™S
=—TMS
paZr
{ )n > ( - ZrC
-78 °C to RT P2
S 1009
n=1,2 90 - %
T™S
co
— o (5
55 - 85%

In 1996, Buchwald reported a Ti-catalyzed intramo-
lecular coupling of various enynes under an atmos-
phere of carbon monoxide, and bicyclic cyclopenten-
ones were directly obtained in good to excellent
yields [Eq. (6)].”! The present reaction is recognized
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—_ Cp,TI(CO), R
/T R (5_20mol%)
z _— e 7 o) (6)

toluene, 90 °C

CO (1.22 atm) 72 - 95%

R= Ar, Me, H
Z= C{CO,EL),, CHy, O, NPh

as the first catalytic Pauson-Khand-type reaction,
which means a carbonylative coupling of an alkyne
and an alkene catalyzed by transition metal com-
plexes except for cobalt ones.

Ru,;(CO),, operated as an efficient catalyst under a
high pressure of carbon monoxide at high tempera-
tures [Eq. (7)]."! In the case of [RhCI(CO),],, the car-

R
STT=—""R  Rus(CO)4z (2 mol %)
Z -
\.\ dioxane, 160 °C, CO (10 atm) z o
> or DMAG, 140 °C, CO (15 atm)
57 - 95%

()

R= Ar, Alkyl, TMS
Z= G(CO,Et),, O, NTs

bonylative coupling proceeded more smoothly under
a lower partial pressure of carbon monoxide, probably
because excess amounts of carbon monoxide deacti-
vate the Rh catalyst by coordination to the metal
center [Eq. (8)].l"!

Et
/T — Et [RhCKCONI,
z —_— T e 7 o (8)
BUQO

Rh cat. (1 mol %), C
Rh cat. (5 mol %), C

(1 atm), 130 °C: 90%
(0.1 atm), 60 °C: 91%

(o)}

3 Enantioselective Pauson-Khand(-Type)
Reaction

Diastereoselective Pauson-Khand reactions using
enynes with chiral auxiliaries on the alkyne or alkene
terminus or tethers have been reported as have also
enantioselective reactions using a stoichiometric
amount of chiral cobalt complexes.**¥ However, a
catalytic and enantioselective reaction had to wait till
Buchwald’s report in 1996.21 A highly enantioselec-
tive reaction under a CO atmosphere using a transi-
tion metal catalyst with a chiral ligand is rather diffi-
cult because the chiral ligand is dissociated from the

2330 www.asc.wiley-vch.de
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metal center by excess amounts of CO and part of the
reaction proceeds by an achiral metal catalyst.!'”
Buchwald overcame the difficulty by using a chiral Ti
complex in which the metal center and chiral moiety
were connected by a o-bond [Eq. (9)]. Various enynes

o0

vl
ocwli=~co

- (S,S)-(ebthi) TI(CO), R

Z/ — R (5 - 20 mol %) 9
\ toluene, 90 °C =z : o ( )

AN CO (1.22 atm) &
R = Ar, Alkyl, H

: AL 77 - 94%
Z = C(CO,Et), CHy, O, NBoc 50 o6o T

were transformed into chiral bicyclic cyclopentenones
by the chiral Ti-catalyzed highly enantioselective in-
tramolecular Pauson-Khand-type reaction. However,
several steps were needed for the preparation of the
chiral ligand, and the Pauson-Khand-type reaction
must be conducted in a glovebox because the low-
valent Ti complex with a Ti—C o-bonds is very sensi-
tive to air and moisture.

In 2000, Jeong reported a cationic Rh-catalyzed,
enantioselective Pauson-Khand-type reaction. The
chiral catalyst was prepared in situ from [RhCI(CO),],
and BINAP by the addition of AgOTf [Eq. (10)].1
Recently, a spiro-monophosphoramidite was reported

_ [RhCKCO),], (3 mol %) R
/T R4 3(S)}BINAP + 4 AgOTS
Z - 7 o (10)
\—\ THF, reflux Y
R =Ph, M €O (1 atm) 61 - 96% ee
S e 67 - 99%

Z= C(COzEt)Z, O, NTs

to be a chiral ligand for the Rh catalyst but the enan-
tioselectivity did not exceed that achieved by
BINAP!

Quite independently, Shibata reported the catalysis
by Ir-tolBINAP. The chiral Ir catalyst was readily pre-
pared in situ from [IrCl(cod)], and tolBINAP, both of
which are commercially available and air-stable [Eq.
(11)].U9 The condition of low partial pressure of CO
(0.2 atm) worked well also in the Ir-catalyzed enantio-
selective reaction: higher yield and enantioselectivity
were achieved than under an atmospheric pressure of
CO [Eq. (12)].
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R

— [IrCl(cod)lo+ 2(S)-tolBINAP
/=—="R (10 mol%) Gé:
Z > Z O
\__\ toluene, reflux, CO (1 atm)
\ *
R = Ar, Alkyl gz - gg‘;ﬁ’ ee
Z = C(CO,Et),, O, NTs B
(1)
L [IrCl(cod)lo+ 2 (S)-tolBINAP Ph
/=—=""Ph (10 mot %)
o) > 0 o]
\ ( toluene, reflux
Me Me  (12)

CO (1 atm): 30%, 88% ee
CO (0.2 atm): 86%, 93% ee

The chiral Ir catalyst was also used in the desym-
metrization of meso-dienynes."? A highly enantio-
and diastereoselective Pauson—Khand-type reaction
proceeded to give vinyl-substituted bicyclic cyclopen-
tenones with two chiral centers [Eq. (13)].

[IfClcod)]+ 2 (S)-tolBINAP

S—=="Me (15 mol %)

TsN

O

-

toluene, reflux, CO (1 atm)

(13)

75%, 96% ee

Prior to the Rh- and Ir-catalyzed reactions, Hiroi
reported a Co,(CO)s-BINAP complex-catalyzed reac-
tion."! High enantioselectivity was achieved; howev-
er, substrates were limited to enynes with no substitu-

Co,(CO)g + (S)-BINAP H

/ H (20 mol %)
z —> 7 o (14)
\__\ toluene, 80 °C .
~ CO (1 atm) 90 - 93% ee

Z = C(CO,Et)y, NTs 53 - 60%

ent on the alkyne terminus [Eq. (14)]. A Co,(CO)s
chiral phosphite catalyst was also reported but the
enantioselectivity and generality of enynes were infe-
rior to those with chiral Ti, Rh and Ir catalysts as
mentioned above [Eq. (15)]."
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Co,(CO)g + chiral phosphite
(6 mol %)

/———E—Ph
4

AN

Z = C(CO,E),

LT
*

75%, 75% ee

toluene, 95 °C
CO (1 atm)

(15)

ee O'P.(-) o QQ
3

4 Pauson-Khand-Type Reactions Using
Aldehydes as a CO Source

The transition metal-catalyzed decarbonylation of car-
bonyl compounds, such as aldehydes, ketones and
acid chlorides, was already reported in the 1960s, and
it was a key step in transition metal-catalyzed unique
transformations.”” However, the use of generated
carbon monoxide by a decarbonylation step was
largely neglected.

Rh complexes catalyze both the decarbonylation of
aldehydes and the Pauson-Khand-type reaction,
namely carbonylative coupling of enynes; therefore, a
Pauson—Khand-type reaction using aldehydes as a CO
source would be possible [Eq. (16)].

@ Rhcat.

R'H
R' H :

R
——R "CO"
Z e
\_\ Rh cat. z z‘a
~

Morimoto realized the reaction using pentafluoro-
benzaldehyde as a CO source. Enynes were trans-
formed into the corresponding bicyclic cyclopenten-
ones under an atmosphere of nitrogen [Eq. 17)].#
Shibata independently disclosed the same type of re-
action using cinnamaldehyde as a CO source [Eq.

(16)

R
— [RhCl(cod)}, + 2 DPPP
/ - (5 mol %)
zZ A ¢]
\___\ xylene, 130 °C
~ F o 74 - 97%
R = Ph, Alkyl, H -
Z = C(CO,Et)y, O, NTs H 2 equivs) 17)
F F
F
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(18)].2 The reaction efficiently proceeded without
solvent under an atmosphere of argon.

R
— Rh(dppp).Cl
/T R (5 mol %)
z —— 7 o
\ No soivent, 120 °C
AN X _CHO 56 — 98%
R = Ph, Me P X ’
Z = C(CO,Et), CHy, O, NTs (1.2 - 20 equivs.) (18)

The reaction using cinnamaldehyde as a CO source
could be applied for the enantioselective reaction
using Rh-tolBINAP catalyst under no solvent condi-
tions™! and Rh-BisbenzodioxanPhos catalyst in tert-
amyl alcohol® [Eq. (19)].

Ph
O/-——_—’—:—Ph [RhCi(cod)], + 2 chiral ligand ©j>:
. Ao TR
N Ph ¢}
[o O PPh, ")
(SHOIBINAP [Z S -

No solvent, 120 °C
89%, 82% ee

tert-amyl alcohol, 100 °C
70%, 86% ee

The present reaction provided a new protocol for
carbonylation without the use of toxic carbon monox-
ide gas.” However, from the viewpoint of atom-
economy, pentafluorobenzene and styrene were
wasted. Morimoto further developed the Pauson-
Khand-type reaction using formaldehyde as a CO
source under the aqueous conditions.” The com-
bined use of hydrophobic [DPPP =1,3-bis{diphenyl-
phosphino)propane] and hydrophilic (TPPTS =triphe-
nylphospholane-3,3',3"-trisulfonic acid trisodium salt)
phosphines with a surfactant (SDS=sodium dodecyl
sulfate) was essential for high yield. Morimoto pro-
posed that decarbonylation and carbonylation take
place independently, and that the former proceed in
an aqueous phase and the latter in a micellar phase
[Eq. (20)]. In place of DPPP, tolBINAP was used as a

/——:'::—R
z
\——\ [RhCl(cod)], + 2 DPPP + 2 TPPTS R
. (5 mol %)
HCHO aq, SDS, 100°C, H,0 . ©
(5 equivs.) 81 - 96%
R = Ph, Alkyl (20)

Z = C{CO,Et),, O, NTs
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chiral and hydrophobic phosphine, and a highly enan-
tioselective Pauson—Khand-type reaction using for-
malin (37% aqueous solution of formaldehyde) and
sodium octadecyl sulfate (SOS) was achieved under
the aqueous conditions [Eq. (21)].12

/_“_T'R R
z [RhCl(cod)], + 2 (S)-tolBINAP + 3 TPPTS
0,
\—\ (5 mol%) : . <:©:o
. S08, 100 °C, Hy0 L
HCHO ag. 47 - 83%
(5 equivs.) 74 - 95% ee
R = Ph, Alkyl

Z = C(CO,Et),, O, NTs (21)

The most atom-economical reaction is when an o,3-
unsaturated aldehyde is used as both CO source and
alkene moiety. Co/Rh heterobimetallic nanoparticles,
derived from Co,Rh,(CO),,, catalyzed the reaction of
a,p-unsaturated aldehydes with alkynes to give cyclo-
pentenones [Eq. (22)].%”) Chung ascertained that the

Co,Rh; R!

R o
[
s THF, 130 °C

R2 R Rr? )

cat.

R' R?= Ph, Me, H
R3= Ph, Akyl, TMS

reaction is a carbonylative coupling of an alkyne and
alkene, and that it is not a hydroacylation along with
a cyclization.

5 Pauson-Khand-Type Reactions of
Allenes

The Pauson-Khand-type reaction of an allene moiety
as the ene component has been an intriguing topic.?’l
In the case of an intramolecular reaction of allenynes,
there are two possible reaction pathways (Scheme 2).
The reaction of an external m-bond of the allene
moiety gives a bicyclic dienone (product A). On the
other hand, the reaction of an internal n-bond gives a
bicyclic cyclopentenone with an alkylidene substituent
(product B).

Narasaka and Shibata reported the first intramolec-
ular Pauson-Khand-type reaction of allenyne using
an iron carbonyl complex under irradiation condi-
tions. Independent of the length of the tether between
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— R R
7 ’ CcO 7 o
Nl -M -
/ —=—R product A
Zz M
‘—\\ R
X R
/=" co . °
LM T
\.§
product B

Scheme 2. Two reaction pathways of allenynes.

the allene and alkyne, bicyclic dienones (product A)
were obtained [Eq. (23)].”"! Brummond reported an
Mo-mediated reaction in which a-methylene cyclo-
pentenone (product B) was obtained [Eq. (24)].
But these are both stoichiometric reactions.

Fe(CO),(NMe3) @b o (23)
THE, RT

photo-irradiation

MeS

n=1-3 47 - 60%
T™MS
— TMS Mo(CO)s, DMSO
I (1.2 equivs.) (10 equivs.)
> o (24)
toluene, 100 °C
~,
x> 68%

In the catalytic reaction using a Ti®® or Rh'®! com-
plex, product A was obtained. In the case of an Rh-
catalyzed reaction, the construction of seven-mem-
bered ring systems was also possible [Eq. (25)].PY

[RhCICONL, A
(2.5 mol %) £
—_— T e o)
toluene, reflux E
CO (1 atm)
SO,Ph
70-84% (25)

When allenynes with two-atom tethers were used
under an atmospheric pressure of CO, the Mo(CO),-
catalyzed reaction also gave product A because prod-
uct B has a strained [3.2.0Jheptenone skeleton [Eq.
(26)].7

Recently, Mukai reported an Rh-catalyzed reaction
of allenenes.”™ An intramolecular carbonylative cou-
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R%0 R
1 Mo(CO)s . DMSO "
(10 mol %) (3.5 equivs.) e o
toluene, 50 - 60 °C  Me
CO (1 atm)
R'= Ph, n-Bu, CO,Et, H 79-91%  (26)
R?=TBS, H

pling of an allene-alkene, which is tethered by three
or four atoms, gave a bicyclic cylopentenone with a 6
5 or 7-5 fused ring system along with the double
bond isomerization [Eq. (27)].

/H__/ [RhCKCO),),
ZVn (2.5 - 10 mol %) zZ7'nm
- o]
L . toluene, 120 °C
PhO,S CO (5 - 10 atm) Zo,pn
n=1,2 33-89% (27)

Z = C(COsMe),, CHy, O, NTs

An Ir-catalyzed Pauson—~Khand-type reaction re-
sulted in a different regioselectivity. When allenynes
with two substituents on the allene terminus were
used under a low partial pressure of CO, the internal
ni-bond of allene moiety was the major reaction site
and bicyclic cyclopentenones with an alkylidene sub-
stituent were obtained [Eq. (28)]. When, in place

R
——=—R IFCI(COXPPh3),
Z (5 mol %) 28
N—n—\ xylene, 120 °C z o (298
\'Y CO (0.2 atm) n \
n=1,2
R = Ar, Me, SiMe,Ph 52 - 91%

Z = C(CO,EL),, O, NTs

of IrCl(CO)(PPh;),, RhCl{CO)(PPh;), was used as a
catalyst under the same reaction conditions, reaction
of the external n-bond of the allene moiety was the
major pathway. The present transformation realized
the first example of an enantioselective Pauson—
Khand-type reaction of an allenyne, although the re-
action conditions have not been optimized yet [Eq.
(29)].59

Ph
— [IrCl{cod),]PF4 + (S)-BINAP
O/ — h {20 mo! %) -
(. DME, 90 °C © 0 (29)
~ CO (1 atm)

Me

Me
31%, 76% ee
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As a nitrogen analogue of an allene, a carbodiimide
could also operate as an ene moiety in a Pauson—
Khand reaction. After Saito’s report of an Mo-medi-
ated reaction,” Mukai disclosed a Co,(CO)g-cata-
lyzed hetero-Pauson-Khand reaction of an alkyne-
carbodiimide in the presence of TMTU (tetrame-
thylthiourea) [Eq. (30)].1*7

1
=——R" Co,(CO)g, TMTU A
(10 mol%) (60 mol %) %o
N=>=N benzene, 70 °C = N
R? CO (1 atm) R?
R'= Alkyl, TMS 41-69%  (30)
R?= Ar, Me

6 Pauson-Khand-Type Reactions of
Dienes

Wender studied Pauson-Khand-type reactions using
dienes as the ene moiety. When the Rh-catalyzed re-
action of 1,3-diene-yne was examined under an at-
mospheric pressure of CO at 40°C in THF, a [4+2]
cycloaddition proceeded as the major pathway, and
[2+2+1] and [4+2+1] cycloadducts were minor
products. On the other hand, when the reaction was
examined at room temperature in 1,2-dichloroethane
(DCE), a [242+1] eycloaddition predominantly and
diastereoselectively proceeded to give a bicyclic cyclo-
pentenone with an isopropenyl group [Eq. (31)].%¥ In

/%Me RhCKCO)(PPhs),
1 -5 mol %
z { mol %) . (31)
N, solvent (0.1 M)
CO (1 atm)
-Pr
Z = C(COMe),
Me Me Me o)
Z vtz o+ z
i-Pr
Pr i-pr
THF, 40°C: 45% 25% 18%
DCE, RT: 7% 88%

place of 1,3-diene-ynes, 1,3-diene-enes also underwent
the {242+ 1] cycloaddition to give bicyclic cyclopen-
tanones as a single diastereomer [Eq. (32)].F" The
diene component plays a pivotal role in the cycloaddi-
tion, and no cycloadduct was obtained from bis-enes.

2334 www.asc.wiley-vch.de
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[RhCI(COY],

Z 5 mol %)

O™ __, o (32

\’—\\_/< DCE (0.1 M)
CO (1 atm)
R R

n=12
Z = C(CO,Me),, O, NTs 84 - 94%
R = Me, i-Pr, H

A [242+1] cycloaddition of a 1,3-diene-allene was
also possible, and a bicyclic cyclopentanone with an
alkylidene and a vinyl substituent was obtained at
room temperature [Eq. (33)]. The reaction tempera-

>_

Y [RhCKCO)l,
(5 mol %)
TsN DCE (0.1 M)
L\_/< CO (1 atm)
/ l
TsN O * TN (33)
atRT.7h  99% 0%
at80°C,1h  43% 52%

ture determined the cycloaddition pathways, and a
[4+42] cycloadduct was the major product at 80°C.1*
The use of a diene moiety enabled the realization
of an intermolecular Pauson-Khand-type reaction.
The Rh-catalyzed reaction of 2,3-dimethylbuta-1,3-
diene and an alkyne efficiently proceeded at 60°C to -
give a cyclopentenone with an isopropenyl group [Eq.
(34)]. The choice of the reaction temperature was cru-

MeO
[RhCI(CO);],
0,
I l . (5 mol %) (34)
DCE (0.5 M)
) CO (1 atm)
MeG {10 equivs.)
O OM OM OMe
MeO © ©
+ +
OMe OMe OMe OMe
at60°C  >99%
at 80 °C 11% 42% 29%
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cial also in this reaction, and two [4+2] cycloadducts
were major products at 80°C.H!]

7 Conclusion

This manuscript offers a brief summary of the catalyt-
ic Pauson—Khand(-type) reaction and the recent ad-
vances in this reaction type. In the 1990s, the Pauson—
Khand reaction was dramatically developed into the
Pauson-Khand-type reaction, and various transition
metal catalysts including chiral species have been re-
ported. Recently, modified (chiral) catalysts and reac-
tion conditions, and new types of substrates, such as
allenes and dienes, are major topics of interest. How-
ever, the limitation of alkynes and alkenes still exists,
especially in enantioselective and/or intermolecular
reactions. Therefore, further optimization of the cata-
lysts and reaction conditions for the Pauson-Khand-
type reaction is desired.
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