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Alkynylcarbene complexes (CO)5MdC(OEt)CtCPh (10) (M ) Cr, W) react with tertiary

1-aminocycloalkenes CHdC(NR2)CH2 17-23 (cyclopentenes, -hexenes, and -heptenes,
dihydronaphthalenes and -phenanthrenes; NR2 ) NMe2, pyrrolidino, and morpholino) to
afford cyclopentadiene annulation products 24-30 in an overall [3 + 2] cycloaddition process.
The reaction is highly regioselective and proceeds under very mild conditions in 60-99%

yields. 1-Metalla-1,3,6-heptatrienes (CO)5MdC(OEt)CHdC(Ph)-CHC(NR2)dCH (G) and

1-metalla-1,3,5-hexatrienes (CO)5MdC(OEt)CHdC(Ph)-CdC(NR2)CH2 (H) are formed as
key intermediates. Compounds H cyclize to give cyclopentadiene complexes as precursors
to the cyclopentadienes 24-30. Hydrolysis of 1-metalla-1,3,6-heptatrienes G leads to the
production of pyran-2-ylidene complexes, e.g., 32a,b.

Due to the importance of five-membered carbocycles
as part of biologically relevant compounds, e.g., steroids
and prostaglandins, methods for their preparation
remain an area of continuous attention in organic
chemistry. Typically, five-membered carbocycles are
constructed by condensation or rearrangement of an
acyclic precursor or by ring contraction.2 Among or-
ganometallic methods, the cocyclization of alkynes with
alkenes and carbon monoxide in a [C2 + C2 + C1] process
by cobalt to form cyclopentenones (known as the Pau-
son-Khand reaction) has received widespread applica-
tion.3 However, there are few examples only of simple
[C3 + C2] cycloadditions for the generation of five-
membered carbocycles as a synthetic counterpart to the
Diels-Alder [C4 + C2] cycloaddition reaction. This is
mainly due to considerable difficulties in creating the
odd-numbered carbon unit.4,5

The utility of Fischer carbene complexes to yield a
rich source of novel and synthetically valuable reactions
has become established.6 In the past 10 years, R,â-
unsaturated carbene complexes () 1-metalla-1,3-buta-
dienes)7 of chromium have gained critical acceptance as
efficient tools for ring annulation reactions, which have
greatly simplified the ability to assemble a variety of
cyclic and polycyclic structures from acyclic precursors.8
A most widely utilized method is the [C3 + C2 + C1]
benzannulation of R,â-unsaturated carbene complexes
of chromium with alkynes by concomitant carbonyl
insertion (known as the Dötz reaction).6,8,9 Although
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this reaction is usually considered to yield six-membered
1,4-dioxyaryl compounds, a number of cases are re-
ported where five-membered-ring carbocycles are pro-
duced by insertion of carbon monoxide10 (e.g., cyclopen-
tenones,11 cyclopentadienones,12 and cyclopentendiones13)
or without insertion of carbon monoxide14 (e.g., indene
derivatives,7,15,16 cyclopentenes,17 cyclopentylidenes,18
cyclopenta[b]pyranes,19 and coordinated fulvenes20 ).
Addition of alkynes to 1-metalla-1,3-dienes A may

proceed in two different fashions (Scheme 1). It is
generally assumed that Dötz-type reactions are initiated

by the exchange of a cis carbon monoxide ligand of A
for an alkyne followed by regioselective insertion of the
alkyne into the MdC bond to produce a cyclic 3,4-η2-1-
metalla-1,3,5-hexatriene B.8,21 The latter compound
may either subsequently undergo an insertion of carbon
monoxide into the MdC bond to give products of type
D or form cyclization products without insertion of
carbon monoxide. The ultimate product distribution of
the reaction depends upon both the nature of substit-
uents on each of the reaction partners and the condi-
tions under which the reaction is conducted. Although
1-metalla-1,3,5-hexatrienes B have long been postulated
as intermediates in these processes,22 to date, few
examples have been experimentally observed.23 A
second type of alkyne insertion into the MdC bond of
compound A is observed with electron-rich alkynes, e.g.,
1-aminoalkynes. It seems to occur without prior loss of
a cis carbon monoxide ligand by a nucleophilic addition
of the alkyne to the carbene carbon atom and thus does
not afford a chelated 1-metalla-1,3,5-hexatriene of type
B but leads to formation of an open chain 1-metalla-
1,3,5-hexatriene of type C () butadien-1-ylcarbene
complex).24 Moreover, in contrast to tetracarbonyl-
metallatriene complexes B, pentacarbonyl-1-metalla-
1,3,5-trienes of type C have been isolated in crystalline
form and have been characterized crystallographically.
The most prominent feature of compoundsC is that they
do not undergo an insertion of carbon monoxide but
readily cyclize to give cyclopentadiene complexes E
(Scheme 1).25

The latter process is illustrated by the regioselective
insertion of the alkyne Et2NCtCMe (2) into the MdC
bond of metalladiene 1 to give 1-tungsta-1,3,5-hexatriene
3, which has been characterized by X-ray structural
analysis.24 This compound subsequently undergoes a
smooth ring closure under very mild conditions (t1/2 )
14 h, 20 °C), without loss of carbon monoxide, to give
the novel type of zwitterionic η1-cyclopentadiene com-
plex 4whose structure has also been elucidated by X-ray
analysis.25 The cyclopentadiene 5 is finally obtained by
a thermally induced disengagement of the metal unit
from complex 4 (Scheme 2).
Interestingly, a variety of other reactions involving

the formation of the cyclopentadiene moiety from penta-
carbonyl R,â-unsaturated carbene complexes and alkynes
have been reported recently.26 These processes, the
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W. D. J. Am. Chem. Soc. 1986, 108, 5229-5236. (b) Kalinin, V. N.;
Shilova, O. S.; Kovredov, A. I.; Petrovskii, P. V.; Batsanov, A. S.;
Struchkov, Y. T. Organomet. Chem. USSR 1989, 2, 268-271. (c) Chan,
K. S.; Yeung, M. L.; Chan, W.; Wang, R.-J.; Mak, T. C. W.; J. Org.
Chem. 1995, 60, 1741-1747. (d) Choi, Y. H.; Kang, B. S.; Yoon, Y.-J.;
Kim, J.; Shin, S. C. Synth. Commun. 1995, 25, 2043-2050.

(15) (a) Foley, H. C.; Strubinger, L. M.; Targos, T. S.; Geoffroy, G.
L. J. Am. Chem. Soc. 1983, 105, 3064-3073. (b) Yamashita, A.
Tetrahedron Lett. 1986, 27, 5915-5918. (c) Chan, K. S.; Peterson, G.
A.; Brandvold, T. A.; Faron, K. L.; Challener, C. A.; Hyldahl, C.; Wulff,
W. D. J. Organomet. Chem. 1987, 334, 9-56. (d) Aumann, R.; Jasper,
B.; Fröhlich, R. Organometallics 1995, 14, 231-237.
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Dötz benzannulation processes: (a) Dötz, K. H. J. Organomet. Chem.
1977, 140, 177-186. (b) Dötz, K. H.; Dietz, R.; Kappenstein, C.;
Neugebauer, D.; Schubert, U. Chem. Ber. 1979, 112, 3682-3690. (c)
Wulff, W. D.; Tang, P. C.; Chan, K. S.; McCullum, J. S.; Yang, D. C.;
Gilbertson, S. R. Tetrahedron 1985, 41, 5813-5832.
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1995, 489, C84-C86.
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Ed. Engl. 1991, 30, 1658.
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942; Angew. Chem., Int. Ed. Engl. 1989, 28, 908-910. (b) Hoffman,
P.; Hämmerle, M.; Unfried, G. New J. Chem. 1991, 15, 769-789.

(22) (a) Fischer, H.; Mulheimer, J.; Märkl, R.; Dötz, K. H. Chem.
Ber. 1982, 115, 1355-1362. (b) Casey, C. P.; Cesa, M. C. Organo-
metallics 1982, 1, 87-94.

(23) A 3,4-η2-metallatriene complex of tungsten related to B has
been isolated: Garrett, K. E.; Sheridan, J. B.; Pourreau, D. B.; Feng,
W. C.; Geoffroy, G. L.; Stanley, D. L.; Rheingold, A. L. J. Am. Chem.
Soc. 1989, 111, 8383-8391. An amino vinylketene complex, from the
insertion of carbon monoxide into a complex related to B, has also been
isolated: (a) Anderson, B. A.; Wulff, W. D.; Rheingold, A. L. J. Am.
Chem. Soc. 1990, 112, 8615-8617. (b) Chelain, E.; Goumont, R.;
Hamon, L.; Parlier, A.; Rudler, M.; Rudler, H.; Daran, J. C.; Vaisser-
mann, J. J. Am. Chem. Soc. 1992, 114, 8088-8098.

(24) Aumann, R.; Heinen, P.; Hinterding, P.; Sträter, N.; Krebs, B.
Chem. Ber. 1991, 124, 1229-1236.

(25) Aumann, R.; Heinen, H.; Dartmann, M.; Krebs, B. Chem. Ber.
1991, 124, 2343-2347.

(26) (a) Duetsch, M.; Lackmann, R.; Stein, F.; de Meijere, A. Synlett
1991, 324-326. (b) Harvey, D. F.; Grenzer, E. M.; Gantzel, P. K. J.
Am. Chem. Soc. 1994, 116, 6719-6732. (c) Flynn, B. L.; Funke, F. J.;
Silviera, C. C.; de Meijere, A. Synlett 1995, 1007-1010. (d) Wulff, W.
D.; Bax, B. M.; Brandvold, T. A.; Chan, K. S.; Gilbert, A.M.; Hsung, R.
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Scheme 1. Insertion of Alkynes into the MdC
Bond of a 1-Metalla-1,3-diene A with and without

Prior Loss of Carbon Monoxide
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“alkyne routes” to cyclopentadienes, are based upon the
annulation of a C3 unit of a metalladiene complex to a
C2 unit of an alkyne, and 1-metalla-1,3,5-hexatrienes,
formed by insertion of the alkyne into the MdC bond,
may conceptually be assumed as key intermediates,
though experimental evidence has not been presented
in these cases.
A 1-metalla-1,3,5-hexatriene/cyclopentadiene ring clo-

sure has been found to occur also with aza hetero-
metallatrienes. It was shown that, e.g., addition of the
alkyne 2 to the 3-aza-1-tungsta-1,3-diene 6 leads to
production of a (crystalline) 5-aza-1-tungsta-1,3,7-
hexatriene 7,27 which in solution cyclizes smoothly to a
(crystalline) 2H-pyrrole complex 828 from which a pyr-
role 9 is finally obtained (Scheme 3).29-31

While we were studying the scope of reactions of
1-metalla-1,3,5-hexatrienes, a novel entry into the
formation of these compounds was found. Other than
by addition of alkynes to alkenylcarbene complexes
(Scheme 1 and 2), such compounds became available in
our hands also by addition of (electron-rich) alkenes to
alkynylcarbene complexes, for example, by the Michael-
type addition of open chain secondary (NH)-enamin-3-
ones 11 to alkynylcarbene complexes 10 (M ) Cr, W) to
generate open-chain-conjugated metallatrienes 12
(Scheme 4).32 Other than reactions of enamines with
alkenylcarbene or phenylcarbene complexes,33 studies
on reactions of enamines with alkynylcarbene complexes
had not been previously reported.
1-Metalla-1,3,5-hexatrienes 12 generated from sec-

ondary enamines have been utilized in a variety of

reactions. For instance, they can be readily cyclized
under the influence of a base as catalyst to give pyran-
2-ylidene 15 and 1,2-dihydropyridin-2-ylidene 16 com-
plexes,32 but when heated in absence of a base they quite
unprecedently formed 2,3-homopyrroles 13 in high
yields32b (Scheme 5). Conceivably, formation of a cyclo-
pentadiene 14 in an analogous manner to that depicted
in Scheme 2 may have occurred but ultimately was not
observed due to the mobility of the hydrogen atom
attached to the nitrogen atom in compound 12 and the
probably diminished double bond character in the distal
CdC(N) π-bond due to (vinylogous amide) resonance of
the enaminone part of this molecule.
However, and contrastingly, when open-chain tertiary

enamin-3-ones,34 or simple open-chain tertiary enam-
ines,35 were reacted with alkynylcarbene complexes 10,
cross-conjugated metallatrienes () butadien-2-ylcarbene
complexes) resulting from a formal metathesis reaction
of the CdC(N) bond at the CtC bond were isolated
instead of (conjugated) 1-metalla-1,3,5-hexatrienes needed
as precursor to the formation of a cyclopentadiene ring.
This type of reaction is assumed to proceed via the
formation of a cyclobutene ring by [2 + 2] cycloaddition,
as has been previously reported for reactions of open-
chain enol ethers with compounds 1.36 The relative
rates of the competing reactions leading to formation
of conjugated and cross-conjugated metallatrienes, re-
spectively, on addition of enamines or enaminones to
alkynylcarbene complexes 1, seem to be strongly influ-
enced by the orientation of the CdN+ iminium bond,

(27) (a) Aumann, R.; Heinen, H.; Goddard, C.; Krüger, C. Chem. Ber.
1991, 124, 2587-2593. (b) Aumann, R.; Heinen, H.. J. Organomet.
Chem. 1990, 389, C1-C6. (c) Aumann, R.; Heinen, H. J. Organomet.
Chem. 1990, 391, C7-C11.

(28) Aumann, R.; Heinen, H.; Krüger, C.; Betz, P. Chem. Ber. 1990,
123, 599-604.

(29) (a) Aumann, R.; Heinen, H.. J. Organomet. Chem. 1990, 389,
C1-C6. (b) Aumann, R.; Heinen, H. J. Organomet. Chem. 1990, 391,
C7-C11.

(30) Dragisich, V.; Murray, C. K.; Warner, B. P.; Wulff, W. D.; Yang,
D. C. J. Am. Chem. Soc. 1990, 112, 1251-1253.

(31) Funke, F.; Duetsch, M.; Stein, F.; Noltemeyer, M.; de Meijere,
A. Chem. Ber. 1994, 127, 911-920.

(32) (a) Aumann, R.; Roths, K.; Grehl, M. Synlett 1993, 669-671.
(b) Aumann, R.; Kössmeier, M.; Roths, K.; Fröhlich, R. Synlett 1994,
1041-1044.

(33) For reactions of enamines with vinyl- and phenylcarbene metal
complexes see: (a) Dorrer, B.; Fischer, E. O.; Kalbfus, W. J. Organomet.
Chem. 1974, 81, C20-C22. (b) Dötz, K. H.; Pruskil, I. Chem. Ber. 1981,
114, 1980-1982. (c) Wulff, W. D.; Yang, D. C.; Murray, C. K. Pure
Appl. Chem. 1988, 60, 137-144. (d) Barluenga, J.; Aznar, F.; Martı́n,
A.; Garcı́a-Granda, S.; Salvadó, W. A.; Pertierra, P. J. Chem. Soc.,
Chem. Commun. 1993, 319-321. (e) Barluenga, J.; Aznar, F.; Valdés,
C.; Martı́n, A.; Garcı́a-Granda, S.; Martı́n, E. J. Am. Chem. Soc. 1993,
115, 4403-4404.

(34) Aumann, R.; Roths, K.; Läge, M.; Krebs, B. Synlett 1993, 667-
669.

(35) Roths, K. Dissertation Münster, 1996.
(36) Faron, K. L.; Wulff, W. D. J. Am. Chem. Soc. 1988, 110, 8727-

8729.

Scheme 2. Cyclopentadiene Formation by
Cyclization of a 1-Tungsta-1,3,5-hexatriene 3

Scheme 3. Pyrrole Formation by Cyclization of a
3-Aza-1-metalla-1,3,5-hexatriene 7

Scheme 4. Generation of
1-Metalla-1,3,5-hexatrienes by the Enamine Route

Scheme 5. Cyclization Products from
1-Metalla-1,3,5-hexatrienes 12
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syn or anti, relative to the central carbon atom of the
allene unit in the zwitterionic allene intermediate (a syn
type species of which is represented by intermediate F
in Scheme 8), generated in the initial reaction step (vide
infra). Since a syn arrangement of the CdN+ bond, as
it is achieved in an intermediate F under the influence
of the ring tether, is expected to be less favorable for
generation of a transition state geometry leading to a
cyclobutene ring (which is considered to be a prerequi-
site for formation of a cross-conjugated metallatriene)
than an anti arrangement of the CdN+ bond would be,
the syn configuration depicted for intermediate F should
favor a reaction path leading to generation of a conju-
gated 1-metalla-1,3,5-triene.

Cyclopentadiene Annulation to Cyclic Tertiary
1-Aminocycloalkenes

A logical progression of our studies toward the forma-
tion of cyclopentadiene rings involved reacting alkynyl-
carbene complexes 10 with tertiary 1-aminocyclo-
alkenes. This was expected to produce 1-metalla-1,3,5-
hexatrienes (analogous to compounds 12, Scheme 4)
that would conceivably lead to cyclopentadienes in an
overall [C3 + C2] annulation of carbon templates.37 The
annulation was found to proceed readily with a variety
of cyclic five-, six-, and seven-membered ring tertiary
enamines 17-23.38 The resultant cyclopentadiene prod-
ucts 24-30 were shown to be produced in good yields,
most often at ambient temperature, and in an entirely
regiospecific manner (Scheme 6). Bicyclic ring systems
reported herein are widely found as skeletons in a
diverse array of natural products. For example, the type
[3.3.0] is present as diquinanes3a and the type [5.3.0]
as hexahydroazulenes.
It should be noted that this annulation reaction, the

“enamine route” to cyclopentadienes, stands alone as the
first to be described where the C3 unit is derived from
an alkynylcarbene complex and the C2 unit from an
(electron-rich) alkene (i.e., it can be considered to be an
annulation such that each carbon template is related
in a converse sense to the assembly of templates in the
“alkyne route” to cyclopentadienes, shown in Scheme
2, in which case a cyclopentadiene ring is formed from
an alkenylcarbene ligand and an alkyne). The high
regiospecificity of this reaction combined with the ready
availability of both the enamines and the alkynylcar-

bene complexes39 serves to further enhance the nature
and attractiveness of this template-assembling process.
The cyclopentadienes derived from the annulation

reaction to five-membered ring tertiary enamines 17a,c
(entries 1a,b, Table 1), although readily observable by
1H NMR spectra in the original reaction mixture, could
not be isolated by chromatography on silica gel. Due
to the lability of the enol ether unit on silica in the
presence of water, cyclopentenones 31a and 31c were
obtained instead (Scheme 7). Furthermore, and supris-
ingly, reaction of the analogous five-membered pyrroli-
dine enamine 17b in our hands resulted only in an
intractable mixture of products. Only ca. 5% of 4-pyr-

(37) It should be pointed out that this type of reaction is in marked
contrast to the reaction of simple propargylic esters (instead of
alkynylcarbene complexes) with similar cyclic enamines where seven-
membered ring products, resulting from [2 + 2] cycloaddition followed
by ring opening, are isolated: (a) Berchtold, G. A.; Uhlig, G. F. J. Org.
Chem. 1963, 28, 1459-1462. (b) Huebner, C. F.; Dorfman, L.; Robison,
M. M.; Donoghue, E.; Pierson, W. G.; Strachan, P. Ibid. 1963, 28, 3134-
3140. (c) Brannock, K. C.; Burpitt, R. D.; Goodlett, V. W.; Thweatt, J.
G. Ibid. 1964, 29, 818-823. A further example, which ultimately gives
pyridones, is: Pettit, G. R.; Fleming, W. C.; Paull, K. D. J. Org. Chem.
1968, 33, 1089-1092.

(38) Meyer, A. G.; Aumann, R. Synlett 1995, 1011-1013.

(39) (a) Fischer, E. O.; Kreissl, F. R. J. Organomet. Chem. 1972,
35, C47-C51. (b) Aumann, R.; Hinterding, P. Chem. Ber. 1993, 126,
421-427.

Scheme 6. Regioselective [C3 + C2]
Cyclopentadiene Annulation to Tertiary

1-Aminocycloalkenes, e.g., 18, with Alkynylcarbene
Complexes 10

Table 1. Reaction Conditions and Yields of the
Cyclopentadiene Annulationa

a Conditions: (A) To a CH2Cl2 solution of complexes 10, in a
screw-top vial, was added 1.0 equiv of the enamine, and the
reaction shaken briefly and allowed to stand at 25 °C for 15 h. (B)
As for A except at 25 °C for 5 min. (C) As for A except warmed at
50 °C for 1 h. (D) As for A except at 25 °C for 30 min. These
reactions were also performed in diethyl ether and found to proceed
in the same manner as that reported for CH2Cl2, although
generally the isolated yields were marginally lower. b Isolated after
chromatography on silica gel. c Isolated as cyclopentenones 31a,b
after chromatography on silica gel.

Scheme 7. Reaction of 1-Aminocyclopentenes
17a,c with Alkynylcarbene Complex 10b
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rolidino-1-pentacarbonyltungsta-1,3-diene was isolated
that presumably resulted from the partial decomposition
of the enamine substrate to the parent amine and its
subsequent Michael addition to the alkynylcarbene
complex.40 This was despite the reaction visually
proceeding in a similar manner to that which occurred
for the other two cases (i.e., immediate color change
from brown to red/maroon upon reaction of enamine 17b
with the alkynylcarbene complex 10b followed by pre-
cipitation of W(CO)6 within 30 min).

Mechanistic Considerations

A logical reaction pathway is shown in Scheme 8. The
reaction is initiated by a Michael-type addition of the
nucleophilic tertiary cycloalkenylamine to the electro-
philic alkynylcarbene complex 10 resulting in the
formation of a zwitterionic allene-type intermediate F.41
This would subsequently undergo a base-catalyzed
intramolecular hydrogen transfer to give a 1-metalla-
1,3,6-hexatriene G (kinetically favored path) or yield a
1-metalla-1,3,5-hexatriene H (thermodynamically fa-
vored path). The (Z)-configuration of species H is a
geometric prerequisite for its cyclization to a cyclopen-
tadiene. Considering the mild reaction conditions, it is
assumed that the cyclization of a 1-metalla-1,3,5-
hexatriene does not involve an intermediate loss of
carbon monoxide. Thus, perhaps an intermediate such
as I (structurally analogous to the structurally fully
characterized compound 4, Scheme 2) could be formed
and undergo a rapid decomplexation via an intermedi-
ateK to give the cyclopentadiene product. Importantly,
all of the steps depicted in Scheme 8 are based upon
structures of species analogous to previously isolated
and fully characterized compounds (F,41 H,24,32b I25 ) or
they were observed directly. Experimental proof for the
intermediacy of a metallatriene H in this process was

obtained from low-temperature (238 K) 1H NMR meas-
urements. For example, when enamine 21b was re-
acted with alkynylcarbene complex 10b in CDCl3, a
singlet at δ 8.19 (3-H) in the 1H and a signal at δ 290.1
(WdC) in the 13C NMR spectrum were observed, which
we assign to a metallatriene of type H, on the basis of
similar shifts observed for previously isolated and fully
characterized species such as (3Z)-5-acetyl-2-ethoxy-4-
phenyl-6-(p-tolylamino)-1-pentacarbonyltungsta-1,3,5-
heptatriene (12) (3-H δ 8.02, WdC 306.2).32b When the
sample was allowed to warm to 20 °C, while undergoing
measurement, a smooth conversion of the intermediate
H to the cyclopentadiene 28b was noted.
We were intrigued to find that during the course of

several of the annulation reactions, particularly of six-
membered-ring enamines (entries 2a,c,d, Table 1),
formation of a transient organometallic species was
observed in the 1H and 13C NMR spectra. These species
could be induced to disappear with extended reaction
times at 20 °C or with mild heating for short periods
(ca. 1 h at 50 °C). For example, when enamine 18d was
reacted with alkynylcarbene complex 10a at 0 °C and
the reaction followed by 1H NMR spectra, a complex that
can reasonably be ascribed the structure of a noncon-
jugated 1-metalla-1,3,6-heptatriene G was observed.
Such a complex was readily characterized by a clearly
resolved triplet of the HCdC(N) proton 7-H (δ 4.95, 3J
) 3.8 Hz) in the 1H NMR spectrum. Evidence for this
structure was also gained from the 13C NMR spectrum
(WdC: δ 313.3, C3: 147.9, C7: 103.7, C5: 44.2).42
Presumably, complexG arises via a 1,5 H-transfer from
the secondary carbon of the allene intermediate F,43 a
process that should be kinetically favored over a 1,3
H-transfer from the tertiary carbon to give 1,3,5-
metallatriene H. It should be noted that similar types
of nonconjugated 1-metalla-1,3,6-trienes have been
previously reported to be formed in the reaction of
alkynylcarbene complexes 10 with enol ethers. How-
ever, in such cases the isomers reported were assigned
the (E) configuration.44 From our results that under
mild conditions all of 1-metalla-1,3,6-hexatriene G is
converted to a cyclopentadiene, we conclude that this
complex must exist in the (Z) configuration (as has been
demonstrated by X-ray structure analyses to be the case
with conjugated metallatrienes, e.g., compound 12). Two
different reaction paths could be operating in tandem
with both a conjugated (H) and a nonconjugated (G)
metallatriene species being formed from intermediate
F. It seems that, once formed, conjugated 1,3,5-metalla-
triene H reacts rapidly to produce a cyclopentadiene,
whereas the nonconjugated 1,3,6-heptatriene species G
must first be converted by a (catalyzed) 1,3 hydrogen
transfer to the more stable conjugated metallatriene
isomer.
As an alternative to the reaction course depicted

above, it might be postulated that the reaction may
involve 1-metalla-1,3,5-hexatrieneH undergoing loss of

(40) (a) Fischer, E. O.; Kalder, H. J. J. Organomet. Chem. 1977, 131,
57-64. (b) Deutsch, M.; Stein, F.; Lackmann, R.; Pohl, E.; Herbst-
Irmer, R.; de Meijere, A. Chem. Ber. 1992, 125, 2051-2065. (c) Stein,
F.; Deutsch, M.; Pohl, E.; Herbst-Irmer, R.; de Meijere, A. Organo-
metallics 1993, 12, 2556-2564. See also ref 39b.

(41) Structural evidence for the intermediacy of allene-type com-
plexes arises from the isolation of zwitterionic phosphonium allenide
complexes from the Michael-type addition of tertiary phosphanes to
alkynylcarbene complexes 10, which were characterized crystal-
lographically: Aumann, R.; Jasper, B.; Läge, M.; Krebs, B. Chem. Ber.
1994, 127, 2475-2482.

(42) Cf. 13C NMR: δ 306.9 (WdC), 144.7 (CH, C3), 140.2 (Cq, C5),
17.8 (NCH3) for pentacarbonyl[(3Z)-5-acetyl-2-ethoxy-4-phenyl-6-(p-
tolylamino)-3,5-hexadienylidene]tungsten in ref 32b.

(43) In general, these types of processes have been termed ene
reactions; however, the belief that these metallatrienes are generated
via allenylidene complexes renders this terminology somewhat mis-
leading.

(44) (a) Faron, K. L.; Wulff, W. D. J. Am. Chem. Soc. 1990, 112,
6419-6420. (b) Camps, F.; Jordi, L.; Moreto, J. M.; Ricart, S.; Castano,
A. M.; Echavarren, A. M. J. Organomet. Chem. 1992, 436, 189-198.

Scheme 8. Intermediates in the Cyclopentadiene
Annulation
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carbon monoxide to give a 16-electron metallacyclohexa-
diene L (Scheme 9).26d This intermediate may then
isomerize to give the 18-electron η4-bound cyclopenta-
diene complexM. However, this pathway rests uneasily
with the fact that the cyclopentadiene annulations
reported herein generally take place under very mild
conditions (20 °C) and Dötz-type processes normally
proceed at elevated temperatures (ca. 80 °C) in order
to promote the rate-limiting loss of the cis carbon
monoxide ligand.22a

Pyran-2-ylidene Complexes 32 from
1-Metalla-1,3,6-heptatrienes

As indicated in Scheme 5, pyran-2-ylidene complexes
15 are formed from the reaction of (NH)-enamin-3-ones
with alkynylcarbene complexes 10 via 1-metalla-1,3,5-
trienes.32,45 This methodology has been applied to our
present studies to give experimental proof of the inter-
mediacy of 1-metalla-1,3,6-heptatrienes G in the cyclo-
pentadiene annulation reaction. Due to the slightly
enhanced stability of G generated from a reaction of
1-cyclohex-1-enylmorpholine enamine 18c (entry 2c,
Table 1) with the alkynylcarbenetungsten complex 10b,
intermediate G, as evidenced by the characteristic
HCdC(N) vinyl triplet signal in the 1H NMR spectrum
(vide supra), could be hydrolyzed if the reaction mixture
after 5 min at 25 °C was subjected to rapid flash
chromatography on silica gel. In addition to the ex-
pected cyclopentadiene derivative 25c, a nonpolar red
oil was then collected from the eluting column, which
was subsequently identified as pyranylidene complex
32b. This complex could also be obtained (albeit only
in ca. 40% yield) by addition of water to the reaction
mixture of 10b and 18c after 5 min at 25 oC. Complex
32b quite obviously arises from hydrolysis of the enam-
ine functionality of the 1-metalla-1,3,6-heptatriene G

to give ketone N. Subsequent cyclization of N via the
enol O by elimination of ethanol then yields complex
32b. Furthermore, the reaction of 1-cyclohex-1-enyldi-
methylamine (18a) with alkynylcarbenechromium com-
plex 10a and similar subsequent rapid chromatography
affords pyran-2-ylidene complex 32a (Scheme 10). The
structure of both pyran-2-ylidene complexes was con-
firmed by spectral and X-ray crystallographic data.
What can be inferred from this observation is that since
the intermediate metallatrienes can be trapped as
pyran-2-ylidene complexes 32, the argument that the
process of cyclopentadiene formation proceeds through
metallatriene species is strengthened.46

Complex 32b (Figure 1) is considered to be a reso-
nance hybrid between a pyranylidene and a pyrylium
ylide. The pyrylium character is indicated by the
pattern of (essentially) nonalternating bond distances
between the ring atoms [C(1)-O 1.364(7) Å, C(1)-C(2)
1.407(9) Å, C(2)-C(3), 1.373(9) Å, C(3)-C(4) 1.416(8)
Å, C(4)-C(9) 1.343(9) Å, C(9)-O 1.360(7) Å] found by
X-ray structural analysis (Figure 1, Tables 2 and 3),
which is closely related to that found for pentacarbonyl-
(5-acetyl-6-methyl-4-phenyl-2H-pyran-2-ylidene)-
tungsten.45b Furthermore, the distance W-C1 2.190(6)
Å is significantly longer than the distance WdC 205 pm
in, e.g., (CO)5WdC(OMe)Ph.47

(45) (a) Wang, S. L. B.; Wulff, W. D. J. Am. Chem. Soc. 1990, 112,
4550-4552. (b) Aumann, R.; Roths, K.; Jasper, B., Fröhlich, R.
Organometallics 1996, 15, 1257-1264 and literature cited therein.

(46) Pyran-2-ylidene complexes 32 cannot be derived from decom-
position of the enamine substrate because the parent amine would
react much faster with the alkynylcarbene complex than the enam-
ine: see ref 40. Furthermore, the base-catalyzed Michael-type addition
of cyclohexanone to the alkynylcarbene complex has been found not
to occur under these conditions.

(47) Mills, O. S.; Redhouse, A. D. Angew. Chem. 1965, 77,1142;
Angew. Chem., Int. Ed. Engl. 1965, 4,1082.

Scheme 9. Consideration of a Different Reaction
Course

Scheme 10. Pyran-2-ylidene Complexes 32a,b from
Hydrolysis of 1-Metalla-1,3,6-heptatriene G

Figure 1. Molecular structure of 32b.

Table 2. Selected Bond Lengths (Å) and Angles
(deg) for 32b

W-C(1) 2.190(6) C(4)-C(5) 1.515(9)
C(1)-O 1.364(7) C(5)-C(6) 1.520(10)
C(1)-C(2) 1.407(9) C(6)-C(7) 1.502(12)
C(2)-C(3) 1.373(9) C(7)-C(8) 1.519(11)
C(3)-C(4) 1.416(8) C(8)-C(9) 1.509(9)
C(3)-C(31) 1.499(8) C(9)-O 1.360(7)
C(4)-C(9) 1.343(9)

O-C(1)-C(2) 112.8(5) C(3)-C(4)-C(5) 122.3(6)
O-C(1)-W 118.1(4) C(4)-C(5)-C(6) 111.9(6)
C(2)-C(1)-W 129.1(5) C(7)-C(6)-C(5) 110.5(7)
C(3)-C(2)-C(1) 124.3(6) C(6)-C(7)-C(8) 110.4(7)
C(2)-C(3)-C(4) 118.8(6) C(9)-C(8)-C(7) 109.5(6)
C(2)-C(3)-C(31) 119.8(6) C(4)-C(9)-O 121.9(6)
C(4)-C(3)-C(31) 121.3(5) C(4)-C(9)-C(8) 125.6(6)
C(9)-C(4)-C(3) 117.3(6) O-C(9)-C(8) 112.5(6)
C(9)-C(4)-C(5) 120.4(6) C(9)-O-C(1) 124.9(5)
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Further indication of the pyrylium character of 32b
is based upon the strong deshielding of NMR signals of
C9 (δ 176.1) and 2-H (δ 7.89) and a significant upfield
shift of C1 (δ 251.4) compared to the carbene carbon
atom of (CO)5WdC(OEt)Ph (δ 319.6).48

Experimental Section

All operations were carried out under an atmosphere of
argon. All solvents were dried and distilled prior to use. In
particular, dichloromethane was dried and distilled from P2O5

and stored over 4 Å molecular sieves. Hexane (bp 70 °C) was
distilled and stored over sodium wire prior to use. Pentane
refers to that fraction boiling between 40 and 60 °C. All 1H
(300 MHz) and 13C (75.5 MHz) NMR spectra were recorded
on a Bruker ARX 300 instrument in CDCl3, unless otherwise
indicated, and all chemical shift values refer to δTMS ) 0.00.
13C NMR multiplicities were determined by DEPT (distortion-
less enhancement by polarization transfer) measurements.
NOE, DR spin decoupling, and low-temperature 1H NMR
measurements were carried out on a Bruker AM 360 instru-
ment. IR spectra were recorded on a Biorad Digilab Division
FTS-45 FT-IR spectrophotometer. GC/IR spectra were re-
corded on a Shimadzu gas chromatograph GC-14A coupled to
a Biorad digilab division GC/C32. GC analyses were conducted
on a Shimadzu GC-14A. Elemental analyses were determined
on a Perkin-Elmer 240 elemental analyzer. Analytical TLC
plates, Merck DC-Alufolien Kieselgel 60F240, were viewed by
UV light (254 nm) and stained by a 5% aqueous acidic
ammonium molybdate solution. Rf values refer to TLC tests.
Chromatographic purifications were performed on Merck
Kieselgel 100. Parent ketones of all enamines synthesized and
enamines 17b, 18b,c, 19, and 21bwere obtained commercially
and used without purification. Enamines 17a and 18a,49
18d,50 20b, 22, and 2351 were synthesized according to

literature procedures. The parent ketone of enamine 22 was
generated using a modified Haworth synthesis.52

Preparation of Enamines 20a and 21a. To a dry 250
ml two-necked flask, fitted with a reflux condenser and
magnetic stirrer and containing hexane (100 ml), was added
dimethylammonium dimethylcarbamate (68.4 mmol) and cooled
to 0 °C with an ice bath. Titanium tetrachloride (1.0 M
solution in dichloromethane) (17.8 mmol) was then added
dropwise over 10 min. Once the addition was complete, R- or
â-tetralone (13.7 mmol) was added in one portion to the dark
red solution, and the reaction was heated to reflux for 10 h.
After being cooled to 20 °C, the reaction was filtered through
a sintered glass filter of porosity 3 and then a filter of porosity
4. The solvent was removed under reduced pressure and the
crude material purified by short-path distillation.
General Procedure for the Synthesis of Cyclopenta-

dienes from Tertiary 1-Aminocycloalkenes and Alkynyl-
carbene Complexes 10. To a (carefully) dried dichloro-
methane solution (0.5 mL) of pentacarbonyl(1-ethoxy-3-phenyl-
2-propyn-1-ylidene)tungsten or -chromium (10) (241 and 192
mg, respectively, 0.50 mmol) in a 1-mL screwtop vessel was
added a solution of cyclic tertiary enamine (0.50 mmol) in 0.5
mL of dichloromethane with efficient stirring at 20 °C. The
brown solution was stirred (or indeed shaken) until a dark
(homogeneous) solution (often red/magenta in color for five-
and black for six-membered ring enamine substrates) was
obtained (after 3-5 min). After the solution was allowed to
stand for varying periods of time (5 min to 15 h) at 25 °C (or
gentle warming for short periods, ca. 1 h at 50 °C), subsequent
TLC analysis revealed the total consumption of 10. A pre-
cipitation of W(CO)6 and Cr(CO)6, respectively, which indicated
that the reaction was complete, was removed by centrifugation.
After a small sample was taken for NMR analysis, solvent was
removed (10-3 kPa, 20 °C), and the residue was separated by
column chromatography on silica gel (column 15 × 2 cm) by
elution, first with pentane, then with pentane/dichloromethane
(3:1 to 1:1), and finally with dichloromethane to first afford
colorless W(CO)6 and then Cr(CO)6, respectively, and minor
amounts of colored products, which were discarded. The
cyclopentadiene products were then eluted with pentane/
diethyl ether (9:1) and generally obtained as pale yellow oils.
Higher purity products were obtained by further chromatog-
raphy of these oils with pentane/ethyl acetate (9:1). For the
cyclopentadiene products 28a and 28b, further purification
was achieved by recrystallization.
(4-Ethoxy-6-phenyl-2,3-dihydro-1H-pentalen-3a-yl)

dimethylamine (24a). Pentacarbonyl(1-ethoxy-3-phenyl-2-
propyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol) was
reacted as described above with (1-cyclopent-1-enyl)dimethyl-
amine (17a) (51 mg, 0.50 mmol) for 15 h at 25 °C. Solvent
was removed, and the crude reaction mixture was character-
ized spectroscopically. 1H NMR (C6D6): δ 7.26, 7.09, and 7.00
(2:1:2 H, m each, Ph), 5.11 (1 H, s, 5-H), 3.45 (1 H each, m
each, diastereotopic 4-OCH2); 2.48, 2.12, 1.99, 1.78, and 1.03
(2:1:1:1:1 H, m each, 1-H2-3-H2), 2.40 [6 H, s, N(CH3)2], 0.98
(3 H, t, 3J ) 7.2 Hz, CH3). 13C NMR (C6D6): δ 169.0 (Cq, C4);
143.5, 136.8, and 134.7 (Cq each, C6, C6a, and i-C, Ph); 128.5,
127.4, and 126.9 (2:2:1, CH each, Ph), 98.2 (CH, C5), 80.8 (Cq,
C3a), 64.9 (CH2, OCH2), 39.4 [N(CH3)2]; 30.5, 29.7, and 23.2
(CH2 each, C1-C3), 14.9 (CH3).
4-(4-Ethoxy-6-phenyl-2,3-dihydro-1H-pentalen-3a-yl)-

morpholine (24b). Pentacarbonyl(1-ethoxy-3-phenyl-2-pro-
pyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol) was reacted
as described above with (1-cyclopent-1-enyl)morpholine (17b)
(77 mg, 0.50 mmol) for 15 h at 25 °C. Solvent was removed,
and the crude reaction mixture was characterized spectro-
scopically. 1H NMR (C6D6): δ 7.42, 7.27, and 7.12 (2:1:2 H, m
each, Ph); 5.24 (1 H, s, 5-H), 3.66 (1 H each, m each,
diastereotopic 4-OCH2), 3.62 (4 H, m, morpholine), 3.02 and
2.69 (2 H each, m each, morpholine); 2.61, 2.49, 2.28, 2.06,

(48) For similar effects see: Aumann, R.; Hinterding, P. Chem. Ber.
1992, 125, 2765-2772.

(49) Comi, R.; Franck, R. W.; Reitano, M.; Weinreb, S. M. Tetrahe-
dron Lett. 1973, 3107-3109.

(50) Stork, G.; Brizzolara, A.; Landesman, H.; Szmuskovicz, J.;
Terrell, R. J. Am. Chem. Soc. 1963, 85, 207-222. Prepared in the
absence of p-toluenesulfonic acid.

(51) (a) Carlson, R.; Nilsson, A° .; Strömqvist, M. Acta Chem. Scand.
B 1983, 37, 7-13. (b) Carlson, R.; Nilsson, A° . Acta Chem. Scand. 1984,
B 38, 49-53. (52) Drake, N. L.; McVey; W. C. J. Org. Chem. 1939, 4, 464-468.

Table 3. Crystal Data and Structure Refinement
Details for 32b

emp. formula C20H14O6W
formula w 534.16
T (K) 223(2)
wavelength (Å) 0.71073
cryst syst monoclinic
space grp C2/c (No. 15)
a (Å) 25.671(3)
b (Å) 9.322(1)
c (Å) 17.129(2)
â (deg) 113.17(3)
vol (Å3) 3768.4(7)
Z 8
absorptn coeff (mm-1) 6.164
absorptn corr. empirical (0.551 < T < 0.999)
cryst size (mm) 0.4 × 0.3 × 0.1
diffractometer Enraf-Nonius MACH 3
θ-range (deg) 2.35-26.30
collected reflns 3965
unique reflns 3828
reflns with I g 2σ(I) 3060
refined param 244
R1 (all/obsd) 0.064/0.042
wR2 (all/obsd) 0.144/0.111
GoF 1.035
programs used MolEN, SHELXS-86, SHELXL-93, XP
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1.91, and 1.69 (1 H each, m each, 1-H2-3-H2), 1.14 (3 H, t, 3J
) 6.9 Hz, CH3). 13C NMR (C6D6): δ 168.9 (Cq, C4); 142.2,
136.6, and 135.4 (Cq each, C6, C6a, and i-C, Ph), 127.5, 127.4,
and 127.1 (2:2:1, CH each, Ph), 98.3 (CH, C5), 80.7 (Cq, C3a),
65.0 (OCH2), 39.4 and 47.6 (2 CH2 each, morpholine); 30.3,
28.3, and 23.2 (CH2 each, C1-C3), 14.8 (CH3).
(3-Ethoxy-1-phenyl-4,5,6,7-tetrahydroinden-3a-yl)di-

methylamine (25a). Pentacarbonyl(1-ethoxy-3-phenyl-2-pro-
pyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol) was reacted
as described above with (1-cyclohex-1-enyl)dimethylamine
(18a) (63 mg, 0.50 mmol) for 1 h at 50 °C. Chromatography
yielded compound 25a as a pale yellow oil (133 mg, 94%, Rf )
0.6 pentane/diethyl ether 1:1). The analogous reaction was
conducted with pentacarbonyl(1-ethoxy-3-phenyl-2-propyn-1-
ylidene)chromium (10a) (175 mg, 0.50 mmol) to give compound
25a (109 mg, 77%). 1H NMR (CDCl3): δ 7.34 and 7.22 (4:1 H,
m each, Ph), 5.26 (1 H, s, 2-H), 3.88 (1 H each, m each,
diastereotopic 3-OCH2); 2.76, 2.50, 2.14, 1.87, 1.73, 1.48, 1.17,
and 1.07 (1 H each, m each, 4-H2-7-H2), 2.33 [6 H, s, N(CH3)2],
1.37 (3 H, t, 3J ) 6.9 Hz, CH3). 13C NMR (CDCl3): δ 170.7
(Cq, C3); 137.4, 135.1, and 131.8 (Cq each, C1, C7a, and i-C,
Ph); 128.2, 127.9, and 126.3 (2:2:1, CH each, Ph), 98.8 (CH,
C2), 71.7 (Cq, C3a), 64.7 (CH2, OCH2), 38.4 [N(CH3)2]; 34.1,
29.5, 23.6, and 20.3 (CH2 each, C4-C7), 14.8 (CH3). IR (diffuse
reflection), cm-1: 1630.1 (10), 1586.7 (30), 1204.9 (25), 1064.8
(20), 763.4 (100), 747.8 (90), 700.7 (30). GC/MS (70 eV), m/e:
283 (20) [M+], 255 (20) [M+ - C2H4], 254 (100) [M+ - Et], 239
(50) [M+ - N(CH3)2], 238 (25) [M+ - OEt]. HRMS (ref )
280.982 46) for C19H25NO: m/e 283.192 94 (calcd 283.193 61).
1-(3-Ethoxy-1-phenyl-4,5,6,7-tetrahydroinden-3a-yl)-

pyrrolidine (25b). Pentacarbonyl(1-ethoxy-3-phenyl-2-pro-
pyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol) was reacted
as described above with (1-cyclohex-1-enyl)pyrrolidine (18b)
(76 mg, 0.50 mmol) for 5 min at 25 °C. Chromatography
yielded compound 25b as a pale yellow (111 mg, 72%, Rf )
0.6 pentane/diethyl ether 1:1). The analogous reaction was
conducted with pentacarbonyl(1-ethoxy-3-phenyl-2-propyn-1-
ylidene)chromium (10a) (175 mg, 0.50 mmol) to give compound
25b (135 mg, 87%). 1H NMR (CDCl3): δ 7.33 and 7.19 (4:1 H,
m each, Ph), 5.28 (1 H, s, 2-H), 3.84 (1 H each, m each,
diastereotopic 3-OCH2), 2.89 and 2.57 (2 H each, m each,
pyrrolidine); 2.74, 2.43, 2.13, 1.81, 1.46, and 1.15 (1:1:1:2:1:2
H, m each, 4-H2-7-H2), 1.68 (4 H, m, pyrrolidine), 1.33 (3 H,
t, 3J ) 6.9 Hz, CH3). 13C NMR (CDCl3): δ 170.4 (Cq, C3);
137.5, 136.1, and 130.6 (Cq each, C1, C7a, and i-C, Ph); 128.1,
127.8, and 126.2 (2:2:1, CH each, Ph), 98.8 (CH, C2), 70.2 (Cq,
C3a), 64.6 (OCH2), 43.5 and 24.4 (2 CH2 each, pyrrolidine);
35.3, 29.3, 23.9, and 20.7 (CH2 each, C4-C7), 14.7 (CH3). GC/
IR, cm-1: 1637.3 (20), 1584.7 (100), 1199.0 (75), 1061.3 (50),
789.2 (100), 760.8 (95), 698.9 (25). GC/MS (70 eV), m/e: 309
(60) [M+], 281 (55) [M+ - C2H4], 280 (100) [M+ - Et], 264 (95)
[M+ - OEt], 239 (60) [M+ - NC4H8]. HRMS (ref ) 304.982 46)
for C21H27NO: m/e 309.208 55 (calcd 309.209 26).
4-(3-Ethoxy-1-phenyl-4,5,6,7-tetrahydroinden-3a-yl)-

morpholine (25c). Pentacarbonyl(1-ethoxy-3-phenyl-2-pro-
pyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol) was reacted
as described above with (1-cyclohex-1-enyl)morpholine (18c)
(84 mg, 0.50 mmol) for 15 h at 25 °C. Chromatography yielded
compound 25c as a pale yellow oil (111 mg, 82%, Rf ) 0.6
pentane/diethyl ether 1:1). 1H NMR (CDCl3): δ 7.34 and 7.24
(4:1 H, m each, Ph), 5.29 (1 H, s, 2-H), 3.88 (1 H each, m each,
diastereotopic 3-OCH2), 3.68 (4 H, m, morpholine), 2.69 (4 H,
m, morpholine); 2.69, 2.48, 2.16, 1.86, 1.72, 1.45, and 1.19 (1:
1:1:1:1:1:2 H, m each, 4-H2-7-H2), 1.38 (3 H, t, 3J ) 6.9 Hz,
CH3). 13C NMR (CDCl3): δ 170.7 (Cq, C3); 143.0, 141.0, and
132.5 (Cq each, C1, C7a, and i-C, Ph); 128.2, 127.8, and 126.4
(2:2:1, CH each, Ph), 98.6 (CH, C2), 70.1 (Cq, C3a), 68.2 and
46.2 (2 CH2 each, morpholine), 65.4 (OCH2); 32.8, 30.8, 29.6,
and 23.6 (CH2 each, C4-C7), 14.8 (CH3). IR (diffuse reflec-
tion), cm-1: 1632.7 (5), 1588.4 (15), 1262.9 (25), 1114.9 (20),
763.2 (40), 744.3 (100), 701.7 (25). GC/MS (70 eV), m/e: 326
(10) [M+ + 1], 325 (35) [M+], 297 (25) [M+ -C2H4], 296 (100)

[M+ - Et], 280 (20) [M+ - OEt], 239 (40) [M+ - N(CH2)4O].
HRMS (ref ) 318.979 27) for C21H27NO2: m/e 325.203 18 (calcd
325.204 18).
Dibenzyl(3-ethoxy-1-phenyl-4,5,6,7-tetrahydroinden-

3a-yl)amine (25d). Pentacarbonyl(1-ethoxy-3-phenyl-2-pro-
pyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol) was reacted
as described above with dibenzyl(cyclohex-1-enyl)amine (22d)
(126 mg, 0.50 mmol) for 1 h at 50 °C. Chromatography yielded
compound 25d as a pale yellow oil (179 mg, 82%, Rf ) 0.6
pentane/diethyl ether 1:1). 1H NMR (CDCl3): δ 7.37-7.07 (15
H, m, 3 Ph), 5.32 (1 H, s, 2-H), (2 H, br s, CH2Ph), 3.68 (2 H,
d, 2J ) 14.3 Hz, diastereotopic 3-CH2Ph), 3.91 (2 H, q, 3J )
7.2 Hz, OCH2); 2.62, 2.07, 1.75, 1.27, and 1.12 (2:1:2:1:2 H, m
each, 4-H2-7-H2), 1.41 (3 H, t, 3J ) 6.9 Hz, CH3). 13C NMR
(CDCl3): δ 171.4 (Cq, C3); 141.6, 141.2, 135.4, 137.3, and 132.8
(Cq each, C1, C7a, and 3 i-C, Ph); 128.4, 127.6, and 126.1 (4:
4:2, CH each, 2 CH2Ph); 128.1, 128.0, and 126.3 (2:2:1, CH
each, Ph), 98.9 (CH, C2), 73.5 (Cq, C3a), 64.9 (CH2, OCH2),
54.2 (2 CH2Ph); 35.5, 30.0, 24.4, and 20.5 (CH2 each, C4-C7),
14.9 (CH3). IR (diffuse reflection), cm-1: 1624.9 (15), 1599.3
(45), 1585.5 (55), 1205.6 (45), 1062.1 (35), 764.5 (60), 742.6
(100), 699.1 (75). MS (70 eV), m/e: 436 (40) [M+ + 1], 407
(50) [M+ - C2H4], 390 (40) [M+ - OEt], 239 (60) [M+ - N(CH2-
Ph)2], 91 (100) [C7H7

+]. HRMS (ref ) 430.972 89) for C31H34-
NO [M+ + 1]: m/e 436.262 64 (calcd 436.264 04).
4-(3-Ethoxy-1-phenyl-5,6,7,8-tetrahydro-4H-azulen-3a-

yl)morpholine (26). Pentacarbonyl(1-ethoxy-3-phenyl-2-pro-
pyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol) was reacted
as described above with (1-cyclohept-1-enyl)morpholine (19)
(82 mg, 0.50 mmol) for 30 min at 25 °C. Chromatography
yielded compound 26 as a pale yellow oil (129 mg, 76%, Rf )
0.5 pentane/diethyl ether 1:1). 1H NMR (CDCl3): δ 7.35 and
7.23 (4:1 H, m each, Ph), 5.18 (1 H, s, 2-H), 4.88 (1 H each, m
each, diastereotopic 3-OCH2), 3.66 (4 H, m, morpholine), 2.77
and 2.65 (2 H each, m each, morpholine); 2.34, 2.13, 1.89, 1.65,
and 1.50 (1:1:1:3:4 H, m each, 4-H2-8-H2), 1.37 (3 H, t, 3J )
6.9 Hz, CH3). 13C NMR (CDCl3): δ 168.2 (Cq, C3); 137.4, 136.7,
and 135.6 (Cq each, C1, C8a, and i-C, Ph); 128.1, 127.6, and
126.4 (2:2:1 H, CH each, Ph), 98.5 (CH, C2), 76.0 (Cq, C3a),
68.2 and 47.2 (2 CH2 each, morpholine), 64.8 (OCH2); 33.0,
29.4, 26.9, 25.4, and 23.8 (CH2 each, C4-C8), 14.8 (CH3). IR
(diffuse reflection), cm-1: 1624.9 (50), 1600.1 (55), 1585.6 (60),
1202.5 (85), 1063.6 (75), 788.7 (35), 767.5 (80), 699.7 (100). MS
(70 eV), m/e: 339 (75) [M+], 311 (100) [M+ - C2H4], 294 (65)
[M+ - OEt], 253 (85) [M+ - N(CH2)4O]. HRMS (ref )
330.979 27) for C22H29NO2: m/e 339.218 99 (calcd 339.219 83).
(1-Ethoxy-3-phenyl-4,5-dihydrocyclopenta[a]naphtha-

len-9b-yl)dimethylamine (27a). Pentacarbonyl(1-ethoxy-3-
phenyl-2-propyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol)
was reacted as described above with (3,4-dihydronaphthalen-
1-yl)dimethylamine (26a) (87 mg, 0.50 mmol) for 15 h at 25
°C. Chromatography yielded compound 27a as a pale yellow
oil (139 mg, 84%, Rf ) 0.5 pentane/diethyl ether 1:1). 1H NMR
(CDCl3): δ 7.73 (1 H, m, o-Ph), 7.33 (4 H, m, 6-H-8-H), 7.16
(4 H, m, Ph), 5.44 (1 H, s, 2-H), 4.07 (1 H each, m each,
diastereotopic 1-OCH2); 3.53, 2.95, 2.83, and 2.73 (1 H each,
m each, 4-H2 and 6-H2), 2.29 [6 H, s, N(CH3)2], 1.51 (3 H, t, 3J
) 5.2 Hz, CH3). 13C NMR (CDCl3): δ 167.2 (Cq, C3); 140.3,
137.5, 136.8, 134.7, and 133.0 (Cq each, C1, C3a, C5a, C9a,
and i-C, Ph); 128.1, 127.9, and 126.5 (2:2:1, CH each, Ph);
127.9, 127.6, 127.2, and 125.3 (1:1:1:1, CH each, C6-C9), 100.2
(CH, C2), 76.1 (Cq, C9b), 65.1 (OCH2), 39.4 [N(CH3)2], 29.5
and 22.8 (CH2 each, C4 and C5), 15.0 (CH3). IR (diffuse
reflection), cm-1: 1625.3 (30), 1580.0 (60), 762.7 (95), 735.9
(100), 698.7 (70). MS (70 eV), m/e: 332 (15) [M+ + 1], 331
(55) [M+], 302 (70) [M+ - Et], 287 (50) [M+ - N(CH3)2], 286
(75) [M+ - OEt], 91 (100). HRMS (ref) 318.979 26) for C23H25-
NO: m/e 331.194 57 (calcd 331.193 61).
1-(1-Ethoxy-3-phenyl-4,5-dihydrocyclopenta[a]naph-

thalen-9b-yl)pyrrolidine (27b). Pentacarbonyl(1-ethoxy-3-
phenyl-2-propyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol)
was reacted as described above with 1-(3,4-dihydronaphthalen-
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1-yl)pyrrolidine (20b) (99 mg, 0.50 mmol) for 5 min at 25 °C.
Chromatography yielded compound 27b as a pale yellow oil
(177 mg, 99%, Rf ) 0.6 pentane/diethyl ether 1:1). The
analogous reaction was conducted with pentacarbonyl(1-ethoxy-
3-phenyl-2-propyn-1-ylidene)chromium (10a) (175 mg, 0.50
mmol) to give compound 27b (168 mg, 94%). 1H NMR
(CDCl3): δ 7.80 (1 H, m, o-Ph), 7.33 (4 H, m, 6-H-8-H), 7.16
(4 H, m, Ph), 5.46 (1 H, s, 2-H), 4.00 (1 H each, m each,
diastereotopic 1-OCH2); 3.52, 2.92, 2.83, and 2.74 (1 H each,
m each, 4-H2 and 6-H2), 2.96 and 2.41 (2 H each, m, 2 NCH2,
pyrrolidine), 1.67 (4 H, m, 2 NCH2CH2, pyrrolidine), 1.48 (3
H, t, 3J ) 6.9 Hz, CH3). 13C NMR (CDCl3): δ 167.0 (Cq, C3);
144.4, 140.0, 138.2, 136.9, and 133.8 (Cq each, C1, C3a, C5a,
C9a, and i-C, Ph); 128.0, 127.6, and 126.4 (2:2:1, CH each, Ph);
127.8, 127.3, 127.0, and 125.3 (1:1:1:1, CH each, C6-C9), 100.2
(CH, C2), 73.5 (Cq, C9b), 65.0 (OCH2), 46.8 and 24.3 (2 H each,
m each, pyrrolidine), 29.9 and 23.3 (CH2 each, C4 and C5),
15.0 (CH3). IR (diffuse reflection), cm-1: 1624.6 (45), 1585.9
(95), 1203.9 (100), 1043 (90), 787.4 (45), 763.3 (95), 749.7 (85),
697.4 (95). MS (70 eV),m/e: 358 (30) [M+ + 1], 357 (45) [M+],
329 (35) [M+ - C2H4], 328 (80) [M+ - Et], 312 (100) [M+ -
OEt], 286 (80) [M+ - HNC4H8]. HRMS (ref ) 368.976 08) for
C25H27NO: m/e 357.210 28 (calcd 357.209 26).
(3-Ethoxy-1-phenyl-4,5-dihydrocyclopenta[a]naphtha-

len-3a-yl)dimethylamine (28a).53 Pentacarbonyl(1-ethoxy-
3-phenyl-2-propyn-1-ylidene)tungsten (10b) (241 mg, 0.50
mmol) was reacted as described above with (3,4-dihydronaph-
thalen-2-yl)dimethylamine (21a) (87 mg, 0.50 mmol) for 1 h
at 50 °C. Chromatography yielded compound 28a as a pale
yellow oil (126 mg, 76%, Rf ) 0.6 pentane/diethyl ether 1:1,
pale yellow cubic crystals from diethyl ether, mp 138-140 °C).
The analogous reaction was conducted with pentacarbonyl(1-
ethoxy-3-phenyl-2-propyn-1-ylidene)chromium (10a) (175 mg,
0.50 mmol) to give compound 28a (166 mg, 75%). 1H NMR
(CDCl3): δ 7.36 and 7.25 (2:3 H, m each, Ph), 7.14 (1 H, d, 2J
) 7.7 Hz, 6-H), 7.08 (1 H, d, 2J ) 7.9 Hz, 9-H), 7.00 and 6.84
(1 H each, “t” each, 7-H and 8-H), 5.28 (1 H, s, 2-H), 3.92 (1 H
each, m each, diastereotopic 3-OCH2), 3.13 and 2.84 (1 H each,
m each, 5-H2), 2.60 and 1.72 (1 H each, m each, 4-H2), 2.36 [6
H, s, N(CH3)2], 1.39 (3 H, t, 3J ) 7.2 Hz, CH3). 13C NMR
(CDCl3): δ 169.1 (Cq, C3); 137.6, 136.8, 134.5, 131.8, and 131.6
(Cq each; C1, C5a, C9a, C9b, and i-C, Ph), 128.2 and 125.7
(4:1, CH each, Ph); 128.4, 126.9, 126.5, and 124.9 (1:1:1:1, CH
each, C6-C9), 101.9 (CH, C2), 70.9 (Cq, C3a), 65.0 (OCH2),
38.3 [N(CH3)2], 29.3 and 26.0 (CH2 each, C4 and C5), 14.8
(CH3). IR (diffuse reflection), cm-1: 1620.8 (10), 1599.4 (20),
1574.3 (40), 1283.7 (40), 1203.1 (40), 1071.6 (30), 794.7 (20),
764.4 (100), 745.6 (70), 709.9 (40). MS (70 eV), m/e: 331 (40)
[M+], 302 (100) [M+ - Et], 287 (40) [M+ - N(CH3)2], 286 (60)
[M+ - OEt]. HRMS (ref ) 318.979 27) for C23H25NO: m/e
331.192 98 (calcd 331.193 61). Anal. Calcd for C23H25NO
(331.5): C, 83.33; H, 7.61; N, 4.23. Found: C, 83.23; H, 7.58;
N, 4.24.
1-(3-Ethoxy-1-phenyl-4,5-dihydrocyclopenta[a]naph-

thalen-3a-yl)pyrrolidine (28b). Pentacarbonyl(1-ethoxy-3-
phenyl-2-propyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol)
was reacted as described above with 1-(3,4-dihydronaphthalen-
2-yl)pyrrolidine (21b) (100 mg, 0.50 mmol) for 1 h at 50 °C.
Chromatography yielded compound 28b as a pale yellow oil
(109 mg, 61%, Rf ) 0.6 pentane/diethyl ether 1:1, pale orange
crystals from pentane/ethanol, mp 111-113 °C). The analo-
gous reaction was conducted with pentacarbonyl(1-ethoxy-3-
phenyl-2-propyn-1-ylidene)chromium (10a) (175 mg, 0.50 mmol)
to give compound 28b (134 mg, 75%). 1H NMR (CDCl3): δ
7.36 and 7.27 (2:3 H, m each, Ph), 7.12 (1 H, d, 2J ) 7.4 Hz,
6-H), 7.08 (1 H, “d”, 9-H), 7.00 and 6.83 (1 H each, “t” each,
7-H and 8-H), 5.30 (1 H, s, 2-H), 3.91 (1 H each, m each,
diastereotopic 3-OCH2), 3.15 and 2.82 (1 H each, m each, 5-H2),

2.55 and 1.75 (1 H each, m each, 4-H2), 2.92 and 2.65 (2 H
each, m each, pyrrolidine), 1.60 (4 H, m, pyrrolidine), 1.37 (3
H, t, 3J ) 7.2 Hz, CH3). 13C NMR (CDCl3): δ 168.9 (Cq, C3);
137.8, 137.5, 133.8, 132.4, and 131.8 (Cq, each, C1, C5a, C9a,
C9b, and i-C, Ph), 128.2 and 125.4 (4:1, CH each, Ph); 128.3,
126.9, 126.3, and 124.6 (1:1:1:1, CH each, C6-C9), 102.1 (CH,
C2), 69.5 (Cq, C3a), 65.0 (OCH2), 45.5 (2 CH2, pyrrolidine),
30.5 and 26.5 (CH2 each, C4 and C5), 24.5 (2 CH2, pyrrolidine),
14.7 (CH3). IR (diffuse reflection), cm-1: 1619.3 (15), 1596.8
(35), 1573.6 (100), 1203.3 (60), 1044.6 (30), 792.9 (20), 764.1
(75), 730.3 (45), 699.9 (55). MS (70 eV), m/e: 358 (55) [M+ +
1], 357 (80) [M+], 329 (80) [M+ - C2H4], 328 (100) [M+ - Et],
312 (47) [M+ - OEt], 286 (75) [M+ - HNC4H8]. HRMS (ref )
368.976 08) for C25H27NO: m/e 357.208 53 (calcd 357.209 26).
Anal. Calcd for C25H27NO (357.5): C, 83.98; H, 7.61; N, 3.92.
Found: C, 83.53; H, 7.60; N, 4.05.
1-(15-Ethoxy-17-phenyl-11,12-dihydrocyclopenta[a]-

phenanthren-14-yl)pyrrolidine (29). Pentacarbonyl(1-
ethoxy-3-phenyl-2-propyn-1-ylidene)tungsten (10b) (241 mg,
0.50 mmol) was reacted as described above with 1-(3,4-dihydro-
phenanthren-1-yl)pyrrolidine (22) (125 mg, 0.50 mmol) for 5
min at 25 °C. Chromatography yielded compound 29 as a pale
yellow oil (120 mg, 60%, Rf ) 0.5 pentane/diethyl ether 1:1).
The analogous reaction was conducted with pentacarbonyl(1-
ethoxy-3-phenyl-2-propyn-1-ylidene)chromium (10a) (175 mg,
0.50 mmol) to give compound 29 (132 mg, 65%). 1H NMR
(CDCl3): δ 8.18 and 7.69 (1 H each, d each, 3J ) 8.8, 8.8 Hz,
2-H and 3-H), 7.99 and 7.79 (1 H each, “d” each, 5-H and 8-H),
7.38 and 7.19 (6:1 H, m each, 6-H, 7-H and Ph), 5.44 (1 H, s,
16-H), 4.03 (1 H each, m each, 15-OCH2); 3.64, 3.31, 3.12, and
2.99 (1 H each, m each, 11-H2 and 12-H2), 3.95 and 2.55 (2 H
each, m each, pyrrolidine), 1.70 (4 H, m, pyrrolidine), 1.50 (3
H, t, 3J ) 6.9 Hz, CH3). 13C NMR (CDCl3): δ 167.3 (Cq, C15);
136.8, 134.6, 134.0, 133.5, 132.8 131.9, and 128.3 (Cq each,
C1, C4, C9, C10, C13, C17, and i-C, Ph); 128.3, 128.2, and
126.6 (2:2:1, CH each, Ph); 126.5, 125.6, 125.4, 125.3, 124.0,
and 123.4 (CH each, C2, C3, C5, C6, C7, and C8), 100.8 (CH,
C16), 72.6 (Cq, C14), 65.3 (CH2, OCH2), 46.9 and 24.2 (2 CH2

each, pyrrolidine), 27.9 and 21.8 (CH2 each, C11 and C12), 14.9
(CH3). IR (diffuse reflection), cm-1: 1704.0 (5), 1624.6 (5),
1589.1, 1263.5 (30), 1204.4 (20), 1049.5 (15), 817.5 (15), 764.0
(85), 748.1(100), 700.1 (30). MS (70 eV), m/e: 407 (80) [M+],
378 (80) [M+ - Et], 362 (85) [M+ - OEt], 336 (100) [M+ -
HNC4H8]. HRMS (ref ) 416.976 08) for C29H29NO: m/e
407.225 86 (calcd 407.224 91).
1-(3-Ethoxy-1-phenyl-4,5,6,7-tetrahydroinden-3a-yl)-

2(S)-(methoxymethyl)pyrrolidine (30). Pentacarbonyl(1-
ethoxy-3-phenyl-2-propyn-1-ylidene)tungsten (10b) (241 mg,
0.50 mmol) was reacted as described above with N-(2S)-
cyclohex-1-enyl-2-(methoxymethyl)pyrrolidine (23) (89 mg,
0.50 mmol) for 5 min at 25 °C. Chromatography yielded a 2:1
diastereomeric mixture of compound 30 as a pale yellow oil
(150 mg, 85%, Rf ) 0.6 pentane/diethyl ether 1:1). 1H NMR
(CDCl3), isomer A:[B]; 2:[1]: δ 7.32 and 7.20 [7.32 and 7.20]
(4:1 H, m each, Ph), 5.28 [5.24] (1 H, s, 3-H); 4.02 and 3.36
[3.84 and 3.06] (1 H each, m each, diastereotopic CH2OMe),
3.84 [3.84] (1 H each, m each, diastereotopic 3-OCH2), 3.35
[3.21] (3 H, s, OCH3); 3.05 [3.13] (1 H, m, NCH); 2.61, 2.35,
2.04, 1.85, 1.44, and 1.14 [2.75, 2.46, 2.26, 1.85, 1.44, and 1.14]
(1:1:1:2:1:2 H, m each, 4-H2-7-H2), 2.75 [2.75] (2 H, m, NCH2),
1.67 [1.67] (4 H, m, (S)-(methylmethoxy)pyrrolidine), 1.32
[1.32] (3 H, t, 3J ) 6.9 Hz, CH3). 13C NMR (CDCl3), isomer
A:[B]; 2:[1]: δ 170.1 [172.1] (Cq, C3); 137.4, 136.0, and 131.3
[137.3, 136.0, and 131.8] (Cq each, C1, C7a, and i-C, Ph); 128.1,
127.9, and 126.3 [128.1, 127.9, and 126.3] (2:2.1, CH each, Ph);
99.2 [98.8] (CH, C2), 71.2 [71.2] (Cq, C3a), 71.2 [71.2] (OCH2),
64.9 [64.7] (OCH2), 58.8 [58.7] (OCH3), 57.5 [56.0] (NCH), 47.8
[48.0] (NCH2); 35.8, 36.8, 28.8, and 21.2 [36.2, 29.9, 29.1, and
21.2] (CH2 each, C4-C7), 24.3 and 24.2 [24.7 and 23.7] (CH2
each, (S)-(methylmethoxy)pyrrolidine), 14.7 [14.7] (CH3). IR
(diffuse reflection), cm-1: 1630.4 (20), 1588.9 (60), 1444.1 (40),
1203.6 (55), 1110.3 (55) 1044.4 (45), 764.8 (70), 742.6 (100),

(53) The yield has been improved significantly compared to that
reported in ref 33. Assignments of 4-H, 5-H, 6-H, and 9-H are based
upon NOE enhancements of 5% between 5-H and 6-H and 3% between
6-H and 5-H.
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700.4 (55). MS (70 eV),m/e: 354 (30) [M+ + 1], 353 (45) [M+],
325 (30) [M+ - C2H4], 324 (60) [M+ - Et], 308 (100) [M+ -
C2H5O]. HRMS (ref ) 342.979 26) for C23H31NO2: m/e 353.2364
(calcd 353.235 48).
6a-(Dimethylamino)-3-phenyl-3a,5,6,6a-tetrahydro-4H-

pentalen-1-one (31a). Pentacarbonyl(1-ethoxy-3-phenyl-2-
propyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol) was
reacted as described above with (1-cyclopent-1-enyl)dimethyl-
amine (17a) (51 mg, 0.50 mmol) for 15 h at 25 °C. Chroma-
tography of the reaction mixture with dichloromethane and
then diethyl ether afforded only W(CO)6 and colored impuri-
ties, which were discarded. Elution with acetone/water (10:
1) yielded compound 31a as a pale yellow oil (80 mg, 73%, Rf

) 0.3 pentane/diethyl ether 1:1). 1H NMR (CDCl3): δ 7.67
and 7.48 (2:3 H, m each, Ph), 6.51 (1 H, s, 2-H), 3.69 (1 H, m,
3a-H), 2.48 [6 H, s, N(CH3)2]; 2.11, 1.86, 1.74, and 1.30 (2:1:
2:1 H, m each, 4-H2-6-H2). 13C NMR (CDCl3): δ 210.7 (CdO),
174.8 and 132.6 (Cq each, C3 and i-C, Ph), 131.5 (CH, C2);
129.0, 127.9, and 127.4 (2:2:1 H, CH each, Ph), 78.0 (Cq, C6a),
49.4 (CH, C3a), 40.3 [N(CH3)2]; 34.4, 29.8, and 23.7 (CH2 each,
C4-C6). IR (diffuse reflection), cm-1: 1692.0 [ν(CtO)] (100),
1594.3 (60), 1570.4 (55), 774.2 (55), 745.1 (30), 690.9 (55). MS
(70 eV), m/e: 241 (90) [M+], 213 (60) [M+ - C2H4], 212 (60)
[M+ - Et], 197 (100) [M+ - N(CH3)2]. HRMS (ref ) 254.985 65)
for C16H19NO: m/e 241.147 17 (calcd 241.146 66).
6a-Morpholin-4-yl-3-phenyl-3a,5,6,6a-tetrahydro-4H-

pentalen-1-one (31c). Pentacarbonyl(1-ethoxy-3-phenyl-2-
propyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol) was
reacted as described above with (1-cyclopent-1-enyl)morpholine
(17c) (51 mg, 0.50 mmol) for 15 h at 25 °C. Purification was
as described for 31a to yield compound 31c as a pale yellow
oil (90 mg, 67%, Rf ) 0.3 pentane/diethyl ether 1:1). 1H NMR
(CDCl3): δ 7.66 and 7.48 (2:3 H, m each, Ph), 6.51 (1 H, s,
2-H), 3.69 (4 H, m, morpholine), 3.62 (1 H, m, 3a-H), 2.86 and
2.63 (2 H each, m each, morpholine); 2.09, 1.76, and 1.33 (2:
3:1 H, m each, 4-H2-6-H2). 13C NMR (CDCl3): δ 211.4 (CdO),
174.4 and 132.7 (Cq each, C3 and i-C, Ph), 131.4 (CH, C2);
129.0, 127.8, and 127.2 (2:2:1 H, CH each, Ph), 78.5 (Cq, C6a),
67.3 and 48.6 (2 CH2 each, morpholine), 48.8 (CH, C3a); 33.6,
29.8, and 23.4 (CH2 each, C4-C6). IR (diffuse reflection), cm-1:
1691.6 [ν(CtO)] (100), 1594.4 (70), 1570.2 (60), 775.0 (60),

748.0 (60), 691.8 (60). MS (70 eV), m/e: 283 (45) [M+], 255
(50) [M+ - C2H4], 197 (100) [M+ - N(CH2)4O]. HRMS (ref )
280.982 46) for C18H21NO2: m/e 283.156 41 (calcd 283.157 23).
Pentacarbonyl(4-phenyl-5,6-cyclohexeno-2H-pyran-2-

ylidene)chromium (32a). Pentacarbonyl(1-ethoxy-3-phenyl-
2-propyn-1-ylidene)chromium (10a) (241 mg, 0.50 mmol) was
reacted as described above with (1-cyclohex-1-enyl)dimethyl-

amine (18a) (63 mg, 0.50 mmol) for 5 min at 25 °C. Immediate
chromatography with pentane/dichloromethane (4:1) afforded
a violet fraction of 32a (83 mg, 30%, Rf ) 0.7 pentane/diethyl
ether 1:1, violet crystals from pentane/diethyl ether 4:1 at -78
°C, mp 118-119 °C). 1H NMR (CDCl3): δ 7.88 (1 H, s, 3-H),
7.48 and 7.35 (3:2 H, m each, Ph), 3.07 and 2.48 (2 H each, “t”
each, 5a-H2 and 5d-H2), 1.95 and 1.72 (2 H each, m each, 5b-
H2 and 5c-H2). 13C NMR (CDCl3): δ 276.6 (CrdC), 224.2 and
218.0 [1:4, trans- and cis-CO], 177.2 (Cq, C6), 145.9 (Cq, C4),
139.1 (CH, C3), 135.5 (Cq, i-C, Ph); 129.8, 128.3, and 128.3
(2:2:1, CH each, Ph), 121.2 (Cq, C5); 29.0, 25.3, 22.0, and 21.5
(CH2 each, C5a-C5d). IR (hexane), cm-1: 2052.2 (30), 1975.5
(5), 1941.6 (100) [ν(CtO)]. MS (70 eV), m/e: 402 (30) [M+],
374 (10), 346 (30), 318 (20), 290 (40), 262 (80) [M+ - 5 CO], 52
(100). Anal. Calcd for C20H14CrO6 (402.3): C, 59.71; H, 3.51.
Found: C, 59.82; H, 3.63.
Pentacarbonyl(4-phenyl-5,6-cyclohexeno-2H-pyran-2-

ylidene)tungsten (32b). Pentacarbonyl(1-ethoxy-3-phenyl-
2-propyn-1-ylidene)tungsten (10b) (241 mg, 0.50 mmol) was
reacted as described above with (1-cyclohex-1-enyl)morpholine
(18c) (84 mg, 0.50 mmol) for 5 min at 25 °C. Immediate
chromatography with pentane/ dichloromethane (4:1) afforded
a red fraction of compound 32b (88 mg, 33%, Rf ) 0.7 pentane/
diethyl ether 1:1, red crystals from pentane/dichloromethane
4:1 at -78 °C, mp 132-133 °C). 1H NMR (CDCl3): δ 7.89 (1
H, s, 3-H), 7.49 and 7.35 (3:2 H, m each, Ph), 3.03 and 2.50 (2
H each, t each, 3J ) 6.7 and 6.0 Hz, 5a-H2 and 5d-H2), 1.96
and 1.74 (2 H each, m each, 5b-H2 and 5c-H2). 13C NMR
(CDCl3): δ 251.4 (WdC), 204.6 and 198.9 [1:4, trans- and cis-
CO], 176.1 (Cq, C6), 149.0 (Cq, C4), 141.2 (CH, C3), 135.5 (Cq,
i-C, Ph); 129.9, 128.8, and 128.0 (2:2:1, CH each, Ph), 122.1
(Cq, C5); 29.1, 25.4, 22.0, and 21.4 (CH2 each, C5a-C5d). IR
(hexane), cm-1: 2059.9 (15), 1982.8 (10), 1936.6 (100) [ν(CtO)].
Anal. Calcd for C20H14WO6 (534.2): C, 44.97; H, 2.64.
Found: C, 45.02; H, 2.64.
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