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[ !
Titanacyclic compounds of the formula Cp*:Ti(CH:CH2:C(CH:CHR)CHz) (5a; R=H and 5b; R=CsHs,
| I

Cp*=pentamethylcyclopentadienyl), the first stable titanacyclopentanes, have been prepared by the reaction of
bis(pentamethylcyclopentadienyl)titanium—ethylene complex (3) with methylenecyclopropanes (4), and their struc-

tures were determined based on both spectroscopic data and X-ray crystallography.

Complex 5b crystallized in

space group P21/a (Z=4) with cell constants, a=21.832(3), b=8.580(1), c=14.759(2) A, $=96.81(1)°, U=2744.9(6) As
(4261 reflections, R=0.053). The reaction of 5 with carbon monoxide afforded spiro[2.4]heptan-5-ones in 98%
yield. The thermal decomposition of 5 has been investigated, and possible mechanisms of the reactions have been

proposed based on deuterium-labeled experiments.

A novel formal reductive elimination of organic ligands giving

1-phenylspiro[2.4]hexane has been observed in the thermolysis of Sb. A structure-reactivity relationship has been

discussed.

The chemistry of metallacyclic compounds has been
the subject of considerable interest since many syntheti-
cally important organic reactions mediated by transi-
tion-metal complexes proceed via metallacyclic interme-
diates. Although numerous metallacyclic compounds
have been known, only a limited number of such com-
pounds of the first transition series elements have been
isolated and characterized.2® Metallacyclopentanes,
when they are heated in solution or in solid state, suffer
from several kinds of thermal reactions which can be
classified into three modes of reactions (paths A, B, and
C), as shown in Scheme 1. A simple reductive elimina-
tion produces cyclobutane (mode A), while a S-
hydrogen elimination followed by a reductive elimina-
tion (mode B) gives rise to 1-butene. The third impor-
tant reaction is the B-carbon-carbon bond fission (mode
C) giving two moles of olefins, which is sometimes
reversible; an oxidative coupling of two olefins on a
metal gives back metallacyclopentanes. The product
distribution varies depending on the nature of metals,
ligands, and other experimental conditions. Usually,
compounds of the late transition elements suffer from
mode A and B reactions, while those of the early transi-
tion elements tend to decompose by paths B and C.

Bis(cyclopentadienyl)titanacyclopentane (1) (Cp=
cyclopentadienyl) has been known to be unstable in
solution, even at —30°C, and all attempts to isolate 1
have been unsuccessful. A facile B-elimination reac-
tion (mode B reaction) and a B-carbon-carbon bond
fission (mode C reaction) giving 1-butene and ethylene,
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respectively, might be the major reason of its instability
(Eq. 1).3 Isolation of complex 2 (Cp*=pentamethyl-
cyclopentadienyl) is also very difficult because it is in
equilibrium with ethylene complex 3 and free ethylene
(Eq.2). Here, a selective cleavage of the 8-C-C bond is
the main pathway of decomposition.39 We thought
that if a strained olefin is used in place of ethylene, this
equilibrium will be forced to shift to the left-hand side so
that the strain of the olefin would be released. Such an
effect would stabilize the titanacyclopentane 2. For the
purpose of carrying out detailed structure-reactivity
studies on this class of compounds, we have investigated
this subject. We describe here the isolation, structures,
and some reactions concerning new stable titanacyclo-
pentanes derived from 3 and methylenecyclopropanes
4.4
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> -30 °C
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Results and Discussion

Synthesis and Characterization of Stable Titanacy-
clopentanes 5. Decamethyltitanocene—ethylene com-
plex 3 has been conveniently prepared in 43% isolation
yield by a reaction of Cp*;TiCl; and two equivalent of
butyllithium under atmospheric pressure of ethylene.
When a mixture of 3 and an excess amount of methyl-
enecyclopropane (4a) in hexane was stirred at —10°C
for 48 h under an argon atmosphere, titanacyclopentane
5a was obtained as orange needles in 65% yield after
recrystallization of the crude product from hexane at
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—80°C (Eq. 3). Complex 5a melted at 156—158°C

with decomposition, while slowly decomposing in
toluene at 95 °C (t12=91 min).

The structure of 5a was supported by its spectral data.
The THNMR spectrum of 5a in toluene-ds showed that
each methylene proton is magnetically equivalent and
exhibited no substantial change down to —90 °C; this
indicates that the conformational change of the titana-
cyclopentane ring is rapid, even at —90°C. Similarly,
the phenyl derivative Sb was prepared as deep-red
prisms in 839 yield by treatment of 3 with 2-phenyl-1-
methylenecyclopropane (4b) at 20°C for 48 h. The
half-life of 5b in toluene at 95°C is ca. 3 min. The
structure of 5b was determined by its spectral data and
X-ray crystallography.

The molecular structure of 5b is shown in Fig. 1.
Selected bond distances and angles are summarized in
Tables 1 and 2. Complex 5b is monomeric and has the
coordination geometry of a distorted tetrahedron
defined by two pentamethylcyclopentadienyl ligands
and two carbon atoms of the metallacyclopentane ring.
The bond lengths of 1.513(5) A for C(3)-C(4), 1.529(5)
A for C(3)-C(7), and 1.527(4) A for C(6)-C(7) are
comparable, which is in contrast with the fact that the
stable metallacyclopentanes of the first transition ele-
ments such as Fe,2) Co,25 and Ni%»»®) have a tendency
for the bond distances of Cg—Cg’ to usually be shorter
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Table 1. Selected Bond Distances (&)
and Their esd’s for 5b”

Ti-C4 22143)  Ti-C6 2.189(3)
Ti-Cpl 2483(3)  Ti-Cp2 2.449(3)
Ti-Cp3 2451(3)  Ti-Cp4 2.442(3)
Ti-Cp5 2468(3)  Ti-Cpll 2.490(3)
Ti-Cpl2 2480(3)  Ti-Cpl3 2.431(3)
Ti_Cpl4 2472(3)  Ti-Cpl5 2.441(3)
Ti-Cp*1 2.146 Ti-Cp*2 2.150
Cl-C2 1516(5)  CI-C3 1.536(4)
Cl-CBI1 1.483(6) C2-C3 1.509(5)
C3-C4 1.513(5) C3-C7 1.529(5)
C6-C7 1.527(4)

CBI-CB2 1378(7)  CBI-CB6 1.384(5)
CB2-CB3 1.380(7) CB3-CB4 1.351(6)
CB4-CB5 1360(7)  CB5-CB6 1.395(6)
Cpl-Cp2 1.412(4)  Cpl-Cp5 1.408(4)
Cpl-Cpé 1510(5)  Cp2-Cp3 1.409(4)
Cp2-Cp7 1.508(5)  Cp3-Cp4 1.416(4)
Cp3-Cp8 15105)  Cp4Cps 1.404(5)
Cp4-Cp9 15145  Cp5-Cplo  1.516(5)
Cpll-Cpl2  1408(4)  Cpli-Cpl5  1417(4)
Cpll-Cpl6  1511(4)  Cpl2-Cpl3  14li(4)
Cpl2-Cpl7  1.509(5)  Cpl3-Cpld  1.422(4)
Cpl3-Cpl8  1.501(5)  Cpla-Cpl5  1.403(4)
Cpld-Cpl9  1.491(5)  Cpl5-Cp20  1.502(5)

a) Cp*1 and Cp*2 are the centroids of two cyclopenta-
dienyl rings, Cp1-Cp5 and Cp11-Cpl5, respectively.

than those of Co—Cpg. This relatively long Cg-Cg’ bond
distance in Sb might be related to an easy cleavage of
the Cp-Cg” bond of titanacyclopentanes. The five-
membered ring of 5b is fixed in a puckered form and the
C(1)-C(3) bond occupies a pseudoequatorial position.
The C(4)-Ti-C(6) angle is 80.6(1)°, showing that this
angle is considerably distorted from the ideal value of
110° calculated for CpsTiH2.” This deformation of

Fig. 1.
hydrogen atoms were omitted for clarity.

ORTEP drawing of 5b with the labeling scheme. The
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Table 2. Selected Bond Angles (degree)

and Their esd’s for 5b”

C4-Ti-C6 80.6(1) C4-Ti-Cp*1 106.3
C4-Ti-Cp*2 106.1 C6-Ti-Cp*1 105.9
C6-Ti-Cp*2 105.8 Cp*1-Ti-Cp*2 137.6
C2-C1-C3 59.2(2) C2-C1-CBl 122.7(4)
C3-C1-CBI 1229(3) Ci1-C2-C3 61.1(2)
C1-C3-C2 59.7(2) C1-C3-C4 121.3(3)
C1-C3-C7 115.2(3) C2-C3-C4 120.0(3)
C2-C3-C7 116.3(3) C4-C3-C7 114.0(3)
C3-C4-Ti 109.8(2) C7-Co6-Ti 107.2(2)
C3-C7-Cé6 109.0(3)
C1-CB1-CB2 124.8(3) C1-CBI1-CB6 119.7(4)
CB2-CB1-CB6 115.5(4) CB1-CB2-CB3 122.7(4)
CB2-CB3-CB4 120.7(5) CB3-CB4-CBS5 118.8(4)
CB4-CB5-CB6 120.5(4) CBI1-CB6-CB5 121.8(4)
Cp2-Cpl1-Cp5 107.7(3) Cp2-Cpl-Cpb 125.4(3)
Cp5-Cpl1-Cpb 126.5(3) Cpl-Cp2-Cp3 108.1(3)
Cpl1-Cp2-Cp7 126.3(3) Cp3-Cp2-Cp7 125.1(3)
Cp2-Cp3-Cp4 107.93) Cp2-Cp3-Cp8 124.7(3)
Cp3-Cp3-Cp8 125.5(3) Cp3-Cp4-Cp5 107.8(3)
Cp3-Cp4-Cp9 126.8(3) Cp5-Cp4-Cp9 123.7(3)
CP1-Cp5-Cp4 108.5(3) Cpl-Cp5-Cpl0 126.9(3)
Cp4-Cp5-Cpl0 123.9(3)
Cpl2-Cpl11-Cpl5 107.5(3) Cpl2-Cpll1-Cpl6 126.2(3)
Cpl5-Cpl1-Cpl6 125.1(3) Cpl1-Cpl2-Cpl13 108.5(3)
Cpl1-Cpl12-Cpl7 126.9(3) Cpl13-Cpl2-Cpl7 122.9(3)
Cpl12-Cp13-Cpl4 107.6(2) Cpl2-Cpl13-Cpl8 124.2(3)
Cpl4-Cpl13-Cpl8 127.1(3) Cpl3-Cpl4-Cpl5 107.7(3)
Cpl13-Cpl14-Cpl9 125.8(3) Cpl5-Cpl4-Cpl9 124.6(3)
Cpll-Cpl5-Cpl4 108.5(3) Cpl1-Cpl5-Cp20 124.8(3)
Cp14-Cp15-Cp20  126.3(3)

a) Cp*l and Cp*2 are the centroids of two

cyclopentadienyl rings,
respectively.

Cpl-Cp5 and Cpll1-Cpl5,

angle C(4)-Ti~C(6), however, is not considered to desta-
bilize the complex very much, since the difference in the
total energy of the complex was calculated to be only
within 3 kcal mol—! over the range 75—130°.9

Complex 5 can be considered to arise from a mixed-
ligand complex of type 6 by oxidative coupling of the

Cp*zTiD
A%
R

two ligands on titanium or by migratory insertion of the
olefin into the Ti—C bond.®) Selective formation of a
related mixed-ligand complex has been proposed for a
[2+2] cyclocoupling of norbornadiene and methylene-
cyclopropane (Eq. 4), in which a subtle balance of the
coordination abilities of the two olefins is considered to
be an important factor.? On the other hand, another
possible mechanism is a direct [212] suprafacial reac-
tion of the olefinic part of methylenecyclopropane and
the strained Ti-C bond of 3.8

Stable Titanacyclopentane, Titanocene-Ethylene Complex,
Methylenecyclopropane, Titanocene—Allene Complex
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When 2,2-diphenyl-1-methylenecyclopropane (4c)
was stirred with 3 in toluene at room temperature, no
reaction took place, which can be ascribed to a steric
repulsion between bulky pentamethylcyclopentadienyl
ligands and two phenyl substituents of 4c. At an ¢le-
vated temperature (70 °C), however, 4c isomerized cata-
lytically to 1,3-butadiene derivative 7 in quantitative
yield (Scheme 2). The catalytic conversion of 4¢ to 7
can be viewed as proceeding by the mechanism shown
in Scheme 2, which involves a cyclopropylmethyl—
3-butenyl rearrangement. Titanium hydride 8 is consid-
ered to be a catalytically active species.111)

The reaction of 3 with phenylallene has also been
investigated; only a ligand-exchange reaction occurred
to give a new titanocene-phenylallene complex 9 (Eq.
5). The structure of 9 was determined by a comparison
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of the 1H and ¥*C NMR chemical shift values as well as
the C-H coupling constants of 9 and those of free
phenylallene.3” No stereochemical assignment has been
performed, though the structure of a sterically less-
hindered isomer has been tentatively presented. Phen-
ylallene was released from 9 when it decomposed upon
exposure to air.

Reactions of 5a and 5b. Complexes 5 are quite
stable in dilute hydrochloric acid. However, when a
benzene solution of 5a was treated with silica gel or
alumina, a smooth hydrolysis occurred to give 1-ethyl-1-
methylcyclopropane (10a) in 96% yield (Eq. 6). A sim-
ilar treatment of 5b in benzene with silica gel afforded r-
l-ethyl-1-methyl-s-2-phenylcyclopropane (10b) in 88%
yield. Compounds 10a and 10b were also obtained in
quantitative yields when 5a and 5b were treated with
hydrogen (3 atm).

H,0/A1,05,
H,0/Si0,, H
. or H, (3 atm)
Cp*,Ti ) 6)
i R
R™ H 10
5 a:R=H
a:R=H b: R = CgHs
b: R = CgHg

When 5a or 5b in hexane was exposed to three
atmospheric pressure of carbon monoxide at room
temperature, cyclopentanone derivative 11a or 11b was
obtained in almost quantitative yields, respectively (Eq.
7).1218)  This is in contrast with the reported fact that

1
the reaction of complex Cp*:TiCH2(CHz):CH: (2)
with carbon monoxide did not give cyclopentanone,

but resulted in the formation of ethylene and Cp*.Ti-
(CO)p.39

Cp*,Ti _c° . Cp*,Ti(CO), + O @]
rt, CgHg
R H R '-H
5
aaR=H 11
b: R = CgHsg a:R=H
b:R= CSHS

Thermal Decompositions of 5a and 5b. Thermal
reactions of complexes 5 were carried out by rapidly
heating a solid sample at 200 °C under reduced pressure;
the resulting organic products were collected and ana-
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lyzed. The results are summarized in Schemes 3 and 4.
Two pathways were observed for 5a, in which a S-
carbon-carbon bond cleavage occurred predominantly
to give ethylene (43%), butadiene (31%), and methylcy-
clopropane (19%) (Scheme 3). 1,3-Diene 12 (16%) was
also obtained, which is considered to arise from a cleav-
age of the C(1)-C(3) bond of the spiro[2.4]heptane ring.
No products arising from a simple 8-hydrogen elimina-
tion were detected. In contrast, the thermolysis of
complex 5b did not undergo via the S-carbon-carbon
bond fission, but gave 1,3-diene 13 in 70% yield (Scheme
4). Interestingly, the reductive elimination product, a
cyclobutane derivative 14 (6%), was also obtained. To
our knowledge, this is the first example of a direct
reductive elimination of cycloalkanes from the metalla-
cycles of group-4 transition metals. Recently, an oxida-
tive decomposition of titanacyclobutanes has been
reported to give cyclopropanes.’¥ The remarkable dif-
ferences in the reaction modes observed for 5a and 5b
might be partly attributed to the presence of a weak
benzylic carbon-carbon bond in 5b. Another possible
factor is the fact that the bulky phenyl substituent
deforms the titanacyclopentane ring so that it occupies a
pseudoequatorial position, which might make the S-
carbon—carbon bond fission more difficult to occur. A
similar structure-reactivity relationship has been dis-
cussed for the transition-metal-catalyzed valence iso-
merization of 1,8-bishomocubane.15

NP

—
Cp*,Ti : | 12 16%
5a D
e Cp*,Ti
VA
6a
= + N + %
43% 31% 19%
Scheme 3.
> \JJ\/\
CeHs
Cp*,Ti 13 70%
C5H5 "H CSHS
_.__».
5b
H
14 6%
Scheme 4.
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The formation mechanism of the 1,3-dienes 12 and 13
is worthy of further consideration. Three machanisms,
Schemes 5—7, can be considered, a priori, whose stereo-
chemical courses are shown for deuterium-labeled com-
plex 15. Mechanism A shown in Scheme 5 involves an
initial rearrangement of complex 15 to 16, followed by
B-hydrogen elimination and reductive elimination.
The formation of six-membered metallacycle 16 can be
accounted for by a skeletal rearrangement from a cyclo-
propylmethyl to a 3-butenyl structure.’®) A number of
examples of this type of rearrangements have so far been
presented for the transition-metal-catalyzed reactions of
methylenecyclopropanes.’’~21)  From 16, in which the
bulky phenyl substituent occupies an equatorial posi-
tion, the 1,3-diene 17 with deuterium at the terminal
position will be formed by an elimination of the axial
deuterium atom followed by a reductive elimination
reaction.

15 16

CeHs
—

17

Scheme 5.

D
-Til, CeHs
—_—
20
Scheme 6.
CeHs o
CP'2Ti \\‘ o ﬁ]/\/CsHs
y-Elimination D
D ‘-H artd .redljlctive
elimination 17
15
Scheme 7.
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Mechanism B is illustrated in Scheme 6. This reac-
tion is initiated by a heterolytic cleavage of the Ti-C
bond, giving zwitterionic species 18. In the next step,
this eclipsed conformer 18 proceeds to a more stable
gauche conformer 19 by least motion, so that the phenyl
substituent at C(1) comes to the s-trans position. Sub-
sequent trans hydride abstraction by titanium gives an
alkyltitanium hydride species, and reductive elimination
affords the 1,3-diene product 20 with deuterium at the 2-
position.

Mechanism C (Scheme 7) involves a direct y-elimina-
tion of one of the two C(2) methylene hydrogens, lead-
ing to 17. Here, deuterium abstraction by titanium is
also expected, since the Ti-D distance (4.39 A) is shorter
than that of Ti-H (4.74 A). This mechanism can not be
ruled out, even though such an elimination process
seems to be unlikely in view of the long distances
between Ti and these hydrogens.

In order to obtain information concerning the reac-
tion mechanism, we studied the stereochemical course of
the reaction using deuterium-labeled complex 15.
When isolated complex 15 was heated at 200 °C under
vacuum, 1,3-diene 20 was obtained as the major prod-
uct. Thus, the formation of 20 could be reasonably
explained by mechanism B shown in Scheme 6.

CeMs H D
+ T3 B o
Cp*,Ti 200 °C /\n/&/csHs ®
0" " 20
15

As a result, all of the three reactions (A—C illustrated
in Scheme 1) are possible for titanacyclopentanes 5, and
the product distributions are highly dependent on the
substituent on the metallacycles. The difference in the
conformation of the five-membered ring of 5 as well as
the presence of substituents in the ring may, at least in
part, be a factor which controls the reaction modes.

Experimental

General. All manipulations involving air- and moisture-
sensitive organometallic compounds were carried out by the
use of the standard Schlenk technique under an argon atmo-
sphere purified through a BASF-Catalyst R3-11 column. All
solvents were purified by distillation under argon after drying
over calcium hydride or sodium benzophenone ketyl. 'H
NMR spectra were recorded on a Varian EM-390 (90 MHz), a
JEOL EX 270 (270 MHz), or a JEOL GX400 (400 MHz)
spectrometer. 3CNMR spectra were measured on a JEOL
EX 270 (67.5 MHz) or a JEOL GX400 (100 MHz) spectrom-
eter. Other spectra were recorded by the use of the following
instruments: IR, Hitachi 295; low-resolution mass and high-
resolution mass spectra, JEOL D300 (70 eV); gas chromato-
graphic (GLC) analyses, Hitachi 263-30 equipped with a flame
ionization detector. [Elemental analyses were performed by
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the Wako Pure Chemical Ind. Ltd. All melting points were
measured in sealed tubes and uncorrected. Methylenecyclo-
propane,?? 2-phenyl-1-methylenecyclopropane,?® and 2,2-
diphenyl-1-methylenecyclopropane®) were prepared by the
modified literature methods. Cyclobutanone was obtained
from Aldrich Chem. Co.

Preparation of Decamethyltitanocene~Ethylene Complex 3.
To a solution of Cp*;TiCls (2.65 g, 6.8 mmol) in toluene (100
mL) was added dropwise a solution of butyllithium (15 mmol)
in hexane (10 mL) at —78°C. The reaction mixture was
exposed to an atmospheric pressure of ethylene; the tempera-
ture was then allowed to rise to 20°C. After stirring the
mixture for a period of 2 days, all volatiles were removed
under reduced pressure. The resulting residue was extracted
with hexane (200 mL); the hexane solution was then filtered
through a pad of Celite 545. The filtrate was concentrated to
ca. 30 mL, and the solution was kept at —20 °C overnight to
afford the ethylene complex 3 (1.01 g, 43% yield) as light-green
crystals, whose NMR spectral data were superimposable with
those reported.3°)

Preparation of 5a. To a solution of decamethyltitanocene-
ethylene complex 3 (0.43 g, 1.24 mmol) in hexane (50 mL)
(0.43 g, 1.24 mmol) cooled at —70 °C was added methylenecy-
clopropane (4a) (2 mL, excess) by a trap-to-trap method.
When the reaction mixture was slowly warmed up to —20°C
during 2 h, the light-green color changed to orange. This
homogeneous solution was further stirred at —20°C for a
period of 48 h. The resulting deep-red solution was concen-
trated under reduced pressure; crystallization of the residue
from hexane at —80 °C gave 5a (0.32 g, 65% yield) as orange
needles, mp 156—158°C (decomp). 'HNMR (400 MHz,
CsDs) 6=0.37 (s, 2H; and 2H3), 0.62 (s, 2H4), 0.63 (t, 2Hs,
Js7=6.8 Hz), 1.79 (t, 2H7), and 1.87 (s, CsMes). BCNMR
(100 MHz, CsDs) 6=12.32 (CsMes, Jc-x=126 Hz), 20.48 (C;
and Cs, 157 Hz), 25.01 (C3), 41.59 (Cr, 123 Hz), 63.48 (125 Hz)
and 65.60 (125 Hz) for C4 and Cs, and 120.82 (CsMes). IR
(KBr) v 3045 (w), 2960 (s), 2880 (s), 2800 (s), 1492 (w), 1434
(m), 1375 (s), 1314 (w), 1260 (w), 1180 (m), 1017 (m), 992 (m),
827 (w), 801 (w), 626 (w), 587 (w), 532 (w), 479 (w), 440 (w),
400 (m), and 370 (w) cm™l. Mass spectrum m/z, 400 (M™),
398 (M* — 2), 318 (Mt — CgHio, base peak), 181 (Mt — 219).
Exact mass spectrum m/z, Calcd for CosH40*8Ti: M, 400.2609.
Found: m/z 400.2584. Found: C, 77.56; H, 9.58%. Calcd
for C26H40Ti: C, 77.98; H, 1007%

Preparation of 5b. A light-green solution of 3 (1.68 g, 4.86
mmol) and 2-phenyl-1-methylenecyclopropane (4b) (1.0 mL,
6.3 mmol) in hexane (50 mL) was stirred at 20°C. After 48 h,
a deep-red solution was obtained. All volatiles were removed
under reduced pressure and the resulting residue was crystal-
lized from hexane at —80 °C to give 5b (1.92 g, 83% yield) as
red plates. An analytical sample of 5b was obtained by
recrystallization from toluene at —80°C as deep-red prisms,
mp 122—124°C (decomp). HNMR (400 MHz, CsDe)
6=—0.13 (ddd, He., Jeaer=11.0 Hz, Jemn=5.5 Hz, and
Jea7:=5.5 Hz), 0.09 and 0.39 (ABq, 2H4, Jues=11.9 Hz), 0.88 (dd,
Hacis, J1,2¢5=6.1 Hz and Jocisowans—4.1 Hz), 0.97 (dd, Hatrans,
J1,2ta0s=8.6 Hz), 1.33 (ddd, Hev, Jer7=11.0 Hz, Jebm=5.8
Hz), 1.53 (ddd, H7, J7,w=12.3 Hz), 1.63 (dd, Hi), 1.69 (s,
CsMes), 1.87 (s, CsMes), 2.31 (ddd, Hm), 7.10—7.30 (m, CsHs).
Stereochemical assignments of the ring methylene protons
have not been performed. BCNMR (100 MHz, CsDs) 6=
12.08 (CsMes, Jo-u=127 Hz), 12.33 (CsMes, 127 Hz), 28.74
(Cq, 157 Hz), 34.17 (C4, 154 Hz), 34.85 (Cs), 44.15 (Cr, 122 Hz),
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55.36 (C4, 125 Hz), 64.98 (Cs, 123 Hz), 120.89 (CsMes), 121.02
(CsMes), and aromatic carbons at 124.49, 127.49, 128.38, and
142.52. IR (KBr) v 3045 (w), 2970 (s), 2900 (s), 2800 (s), 1640
(m), 1601 (m), 1497 (m), 1445 (m), 1378 (s), 1304 (w), 1077 (w),
1063 (w), 1019 (m), 821 (m), 774 (m), 737 (m), 697 (s), 636 (m),
401 (w) cm~!. Mass spectrum m/z, 476 (M%), 318 (M*+ —
Ci2Hiq), 158 (M* — Cp*eTi), 129 (M* — 347, base peak).
Exact mass spectrum m/z, Calcd for CaaH44%Ti: M, 476.2921.
Found: m/z 476.2900. Found: C, 80.17; H, 9.95%. Calcd
for Cs2HyTi: C, 80.65; H, 9.31%.

X-Ray Structure Determination of 5b. Deep-red crystals
of 5b were grown from a saturated toluene solution at —20°C
overnight. The crystals were mounted in thin-walled glass
capillaries under argon and then flame-sealed. Pertinent
details concerning the data collection and the final cell dimen-
sions, which were obtained from a least-squares refinement of
26 values of 50 independent reflections in the range of
19°<26<30°, are given in Table 3.

The 4261 unique raw intensity data were converted to values
of the structure factor by corrections for Lorentz and polariza-
tion effects. Inspection of the standard three reflections
((8 00), (04 0), and (0 0 4)) measured after every 50 reflections
showed no systematic variation in the intensity. A systematic
absence, (A 0 ]) with ~=odd and (0 &k 0) with k=odd, indicated
the space group P2i/a.

The location of the titanium atom was determined by a
direct method (MULTAN-78 program).25) A series of stand-
ard block-diagonal least-squares refinements and Fourier syn-
theses revealed the remaining carbon atoms as an anisotropic
temperature factor. The hydrogen atoms were located both
by the difference Fourier syntheses and calculations. All
non-hydrogen atoms as an anisotropic and hydrogen atoms as
an isotropic temperature factor were refined to R=X1|| F—
| Fell/ 2| Fo|=0.053 and Ru=[2Iw(|Fo|—| F.|)2/ 2w | Fo|2v2=
0.056. A weighting scheme, 1/w=o2+ (0.015|F,|)2, was
employed. A final difference Fourier map indicated that no

Table 3. Crystal Data and Data Collection Parameters of 5b
Formula CseHyqTi
Fw 476.58
Crystal system Monoclinic
Space group P2i/a
alA 21.832(3)
b/A 8.580(1)
c/A 14.759(2)
B/deg 96.81(1)
U/ A3 2744.9(6)
z 4
Dearca/ gem ™2 1.154
Crystal size/ mm 0.22X0.32X0.40
#(Mo Ka)/cm! 3.42
Diffractometer Rigaku AFC-5
Scan type w-20
Scan range/deg 1.14+0.5tan @
bkgd/sec 8 at each end of the scan
Scan speed/deg min—! 3
Data collected +hk, 1
20max/ deg 60.0
No. of reflctns 4938

No. of unique reflctns, | Fo|>30(Fo) 4261

No. of variables 475
R 0.053
Ry 0.056
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significant residual peak remained. The selected bond
lengths and angles are listed in Tables 1 and 2, respectively.

Catalytic Isomerization of 2,2-Diphenyl-1-methylenecyclo-
propane (4¢c). A sealed NMR tube containig complex 3 (2.0
mg, 0.057 mmol) and 2,2-diphenyl-l-methylenecyclopropane
(4¢) (35 mg, 0.17 mmol) in toluene-ds (0.5 mL) was heated at
70°C for a period of 1 h. The light-green color changed to
orange. 'HNMR spectrum showed that 4c was converted to
1,1-diphenyl-1,3-butadiene (7),28) which was isolated by pre-
parative TLC (Merck silica gel 60 Fasq). 7: tHNMR (CDCls)
6=5.12 (dd, Hs, J25=10.1 and J34=1.8 Hz), 5.38 (dd, Hq,
J24=16.8 Hz), 6.44 (ddd, Hs, J12=11.0 Hz), 6.71 (d, Hi).
BCNMR (CDCls) 6=118.48 (Cs4, Jc-n=158 Hz), 127.26 (160
Hz), 127.37 (160 Hz), 127.44 (160 Hz), 128.03 (160 Hz), 128.06
(160 Hz), 130.27 (162 Hz), 128.39 (Cs, 155 Hz), 134.85 (Cz, 156
Hz), 139.53, 141.96, 143.02. Mass spectrum m/z, 206 (M*,
base peak), 191 (M+ — 15), 178 (M* — 28), 165 (M* — 41).
Exact mass spectrum, m/z, Calcd for CigHis: M, 206.1095,
Found: m/z 206.1076.

Reaction of 3 with Phenylallene. To a solution of 3 (140
mg, 0.405 mmol) in toluene (10 mL) was added dropwise
phenylallene (304 mg, 2.62 mmol) in toluene (5 mL) at —50 °C.
This solution was stirred at room temperature overnight.
The color of the solution turned from light-green to red. The
resulting solution was concentrated in vacuo; the residue was
then dissolved in hexane (5 mL). Upon cooling the solution
at —20°C, complex 9 (90 mg, 75% purity, 38% yield) precipi-
tated as a green powder. In spite of repeated recrystallization
from hexane, no pure sample of 9 could be obtained.
1H NMR (CsDg) 6=1.67 (s, 2CsMes), 2.60 (d, Hs, J1,5=3.3 Hz,
Hs), 5.12 (d, Hi), 7.0—7.5 (m, Ce¢Hs). BCNMR (CsDs)
6=11.60 (CsMes, Jc-u=126 Hz), 86.54 (Cs, 147 Hz), 119.53
(CsMes), 120.83 (Ci, 156 Hz), 244.15 (Cz), 124.56 (160 Hz),
126.05 (146 Hz), 128.43 (158 Hz), and 142.00 (aromatic
carbons).

Oxidation of complex 9 by Oz in C¢Ds afforded phenyl-
allene in quantitative yield (by 1H NMR).

Hydrolysis of Sa. A solution of 5a (24 mg, 0.06 mmol) in
octane (5 mL) was treated with Al:Os (0.5 g) at room tempera-
ture. The orange-red color changed immediately to pale-
yellow. GLC analysis indicated that 1-methyl-1-ethylcyclo-
propane (10a) was formed in 96% yield. An authentic sample
of 10a was prepared by the Simmons-Smith?? methylenation
of 2-methyl-1-butene. HNMR (CDCls) 6=0.22 (m, cyclo-
propane ring protons, 4H), 0.92 (t, CH3CHs, J=7.32 Hz), 1.02
(s, CHs), 1.25 (q, CHsCHz). BCNMR (CDCl3) 6=10.82
(CH3CHag, Jc-w=125 Hz), 12.61 (cyclopropane ring carbons,
158 Hz), 16.30 (C1), 22.19 (CHs, 126 Hz), 31.97 (CHsCHz, 124
Hz). Mass spectrum m/z, 84 (M%), 69 (M* — CHjs;, base
peak).

Hydrolysis of 5b. Complex 5b (64 mg, 0.13 mmol) in
benzene (5 mL) was treated with AloO3 (0.5 g) to give 1-ethyl-
1-methyl-2-phenylcyclopropane (10b) in 88% yield (deter-
mined by tTHNMR). The stereochemistry of 10b was deter-
mined to be the r-1-ethyl-z-2-phenyl isomer by a comparison of
its GLC retention time and the 1H NMR spectrum with those
of the authentic sample.

Preparation of (E)- and (Z)-2-Methyl-1-phenyl-1-butene.
The title compounds have been reported as being a mixture of
FE and Z isomers.2® These isomers were separated by prepar-
ative GLC (DIDP, 140°C, 0.6 kgcm™!). Z-isomer: :H NMR
(CDCl;) 6=1.09 (t, CH2CHs, J=7.63 Hz), 1.88 (s, CHas),
2.24 (q, CH2CHs), 6.25 (s, -CH=), 7.18—7.31 (m, CgHs).

Stable Titanacyclopentane, Titanocene~Ethylene Complex,
Methylenecyclopropane, Titanocene-Allene Complex
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BCNMR (CDCl) 6=12.74 (Cs, Je-u=127 Hz), 23.43 (CHs,
134 Hz), 25.43 (Cs, 124 Hz), 124.73 (Cy, 153 Hz), 125.72 (162
Hz), 127.93 (158 Hz), 128.39 (155 Hz), 138.48, 140.92. E-
isomer: THNMR (CDCls) 6=1.11 (t, CH3CH,, J=7.63 Hz),
1.86 (s, CHs), 2.18 (q, CH3CH3z), 6.26 (s, olefinic proton),
7.15—7.32 (m, C¢Hs). BCNMR (CDCls) 6=12.65 (Cs, Je-n
=127 Hz), 17.60 (CHs, 127 Hz), 33.24 (Cs, 127 Hz), 123.51
(Ci, 151 Hz), 125.63 (160 Hz), 127.88 (160 Hz), 128.72 (157
Hz), 138.69, 140.70. The stereochemistry was determined on
the basis of 3C NMR spectrum.2® Mass spectrum m/z, 146
(M%), 131 (M* — CHs, base peak).

Preparation of r-1-Ethyl-1-methyl-c-2-phenylcyclopropane
and r-1-Ethyl-z-2-phenyl Isomers.2® Both isomers of the title
compound were prepared by the Simmons—Smith methylena-
tion?" of (E)- and (Z)-2-methyl-1-phenyl-1-butene, respec-
tively. ¢-2-Phenyl isomer: tH NMR (CDClsz) 6=0.74 (dd, Ha,
J3,3=5.89 Hz), 0.79 (t, CHsCHz, J=7.48 Hz), 0.84 (dd, Ha.),
0.93 and 1.13 (ABX pattern, CH3CHz), 1.21 (s, CHs), 1.95 (dd,
Hs, J23=8.24 and J23~5.80 Hz), 7.18—7.35 (m, Ce¢Hs).
1BCNMR (CDClz) 6=10.60 (CHs, Jc-u=124 Hz), 17.20 (Cs,
157 Hz), 23.89 (CHs, 125 Hz), 24.04 (C1), 26.52 (CHg, 123 Hz),
30.42 (Cq, 158 Hz), 125.30 (162 Hz), 127.66 (160 Hz), 128.81
(160 Hz), and 140.02 for aromatic carbons. #-2-Phenyl iso-
mer 10b: tHNMR (CDCls) 6=0.76 (s, CHz), 0.76—0.80 (m,
Ha: and Hac), 1.03 (m, CH2CHs3), 1.32 and 1.53 (ABX pattern,
CH>CHs, J=6.1 and 12.0 Hz), 1.87 (t, He, J=6.0 Hz), 7.17—
7.30 (m, C¢Hs). 1BCNMR (CDClz) 6=10.93 (CHs, Jc-u=125
Hz), 17.09 (CHs, 125 Hz), 17.58 (Cs, 157 Hz), 23.91 (Cy), 28.74
(Cq, 158 Hz), 33.84 (CHz, 123 Hz), 125.30 (160 Hz), 127.69
(160 Hz), 128.87 (160 Hz), 148.15 for aromatic carbons. The
mass spectrum of the trans and cis mixture m/z, 160 (M%), 145
(M* — CHs), 131 (Mt — CgHs, base peak). Exact mass
spectrum m/z, Calcd for Ci2Hie: M, 160.1252. Found: m/z
160.1252.

Reaction of 5a with H,. After placing a solution of 5a (32
mg, 0.081 mmol) in octane (4 mL) into a glass pressure bottle,
hydrogen was introduced up to 3 atm. After 20 h at
room temperature, l-ethyl-1-methylcyclopropane (10a) was
obtained in 86% yield (GLC). The structure was identified by
a comparison of the GLC retention time and the 'H NMR
spectrum with those of the authentic sample.

Reaction of 5b with H,. After placing a solution of 5b (37
mg, 0.078 mmol) in hexane (10 mL) into a glass pressure
bottle, hydrogen was introduced up to 3 atm. Then,
after stirring the mixture at room temperature for 40 h, the
orange-red solution turned to orange. r-1-Ethyl-1-methyl-z-
2-phenylcyclopropane (10b) was obtained in 88% yield (GLC).

Reaction of 5a with CO. An orange solution of 5a (131
mg, 0.327 mmol) in hexane (10 mL) was placed in a glass
pressure bottle (100 mL); carbon monoxide (3 atm) was then
pressured. After stirring at room temperature for 45 min, the
starting complex was converted to spiro[2.4]heptan-5-one
(11a) in 98% yield, the structure of which was confirmed by a
comparison of the 'H, 13C, mass, and IR spectra with the
reported ones.3V

Reaction of 5b with CO. A solution of complex 5b (99.3
mg, 0.21 mmol) in toluene (10 mL) was placed in an autoclave.
Carbon monoxide was then pressured to 30 atm. After 20
min at room temperature, the decrease in the CO pressure
stopped. 1-Phenylspiro[2.4]Jheptan-5-one (11b) was obtained
in 98% yield (GLC) which was isolated by preparative GLC
(SE-30, 220°C) separation. 11b: 1HNMR (CDCl) 6=1.13
(d, Hg, J12=7.64 Hz), 1.91 and 2.04 (ABq, H.), 2.05 (ABX,
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2H7), 2.12 (t, Hy), 2.41 (t, 2He, J67=7.78 Hz), 7.05—7.28 (m,
CeHs). BCNMR (CDCls) 6=16.58 (Cz, Je-u=159 Hz), 27.40
(Cs), 28.61 (Cy, 158 Hz), 33.69 (132 Hz), 39.32 (131 Hz), and
42.05 (131 Hz) for Cs, Cs, and Cr, 125.92 (160 Hz), 127.73 (158
Hz), 128.15 (158 Hz), and 138.69 for aromatic carbons, 217.79
(Cs). IR (neat) v 1747 cm™! (C=0). Mass spectrum m/z,
186 (M1), 142 (M™* — 44), 129 (M* — 57), 91 (Mt — 95, base
peak). Exact mass spectrum m/z, Calcd for Ci3sH14O0: M,
186.1045. Found: m/z 186.1045.

Thermolysis of 5a. The isolated complex 5a (21 mg, 0.053
mmol) was placed in a Schlenk tube and rapidly heated up to
200 °C under reduced pressure in an oil bath. The products
were condensed into an NMR tube, and the tube was sealed.
TH NMR and GLC analysis (Durapak) indicated that methyl-
cyclopropane?®? (19%), butadiene (31%), 2-ethyl-1,3-butadiene
12 (16%), and ethylene (43%) were obtained. These com-
pounds were also analyzed by GC-Mass spectroscopy.

Thermolysis of 5b. Complex 5b (146 mg, 0.31 mmol) was
heated at 200°C under reduced pressure, and the volatile
products were condensed on a liquid-nitrogen cold finger.
GLC and 'HNMR analysis indicated that 1-phenyl-3-ethyl-
1,3-butadiene (13)?® (70%) and 1-phenylspiro[2.3]hexane (14)
(6%) were obtained. The structure of 12 was determined by a
comparision of the tTHNMR and GLC retention time with
those of an authentic sample. 13: tHNMR (CDCl;) 6=1.18
(t, CH2CHs, J=17.5 Hz), 2.37 (q, CH2CHz), 5.09 and 5.14
(=CHy), 6.60 (d, Hi, J=16.3 Hz), 6.84 (d, Hz), 7.21—7.45 (m,
CsHs). BCNMR (CDCls) 6=12.68, 24.66, 115.03, 126.31,
127.24, 127.66, 128.48, 137.42, 147.64. Mass spectrum m/z,
158 (M%), 143 (M* — CHs), 129 (M* — C.Hs, base peak).
Exact mass spectrum m/z, Caled for CisHiae: M, 158.1095.
Found: m/z 158.1089.

Preparation of Benzylidenecyclobutane. In an 80 mL
Schlenk tube equipped with a magnetic stirring bar was stirred
a solution of cyclobutanone (1.0 g, 14 mmol) dissolved in 20
mL of THF. This was cooled to —60°C; then a solution of
benzylmagnesium chloride (15 mmol) in THF (20 mL) was
added dropwise over 0.5 h. When the addition was com-
pleted, the homogeneous solution was slowly warmed to room
temperature over a period of 2 h. The reaction mixture was
poured into ice-water, and the mixture was extracted with
three 50-mL portions of ether. The crude alcohol was treated
with 6 equiv HaSO4 at 70—80°C for 2 h.  The products were
extracted with ether (50 mL). The ether layer was washed
with aqg NaHCOs and dried over sodium sulfate. Crude
benzylidenecyclobutane (0.77 g, 37% yield) was obtained by
short-path distillation and used without further purification.
IHNMR (CDCls) 6=2.09 (m, CH:CH:CHz), 2.87 (t,
CH>CH:CH,, J=7.8 Hz), 3.03 (t, CH:CH2CHz, J=17.9 Hz),
6.06 (s, olefinic proton), 7.11—7.31 (m, CsHs).

Preparation of 1-Phenylspiro[2.3]hexane (14). A mixture
of benzylidenecyclobutane (0.75 g, 5.2 mmol), diilodomethane
(3.0 g, 11 mmol), and zinc—copper (2.49 g, 38 mmol) in ether
(40 mL) was heated at reflux for 30 h. The solution was
filtered and the solid was washed with two 30-mL portions of
ether. The filtrate and washings were treated with aq. sodium
hydrogencarbonate (30 mL, twice), and then with saturated
aq. sodium chloride. The ether layer was dried over sodium
sulfate. Short-path distillation yielded a colorless oil (0.46 g).
A GLC analysis indicated that the product was contaminated
with several impurities. Preparative GLC separation (DIDP
column) gave a pure sample of 14. HNMR (CDCls) §==0.85
(dd, Hatrans, J1,2trans=8.85 Hz, Jocis 21rans=5.49 Hz), 1.06 (dd, Hacis,
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J1,2::=5.80 Hz), 1.83 (dd, Hi), 1.89—2.27 (m, cyclobutane
methylene protons), 6.95—7.27 (m, CesHs). BCNMR
(CDCls) 6=16.49 (Cs, Jc-u=138 Hz), 20.44 (Cz, 160 Hz), 26.38
(132 Hz) and 31.35 (135 Hz) for C4 and Cs, 28.08 (Cy, 158 Hz),
28.54 (Cs), 124.88 (161 Hz), 126.49 (158 Hz), 127.84 (158 Hz),
and 141.28 for aromatic carbons. IR (KBr) » 3058 (m), 3020
(m), 2978 (m), 2942 (s), 2920 (s), 2848 (m), 1602 (m), 1498 (s),
1452 (m), 1204 (w), 1107 (w), 1086 (w), 1062 (w), 1037 (w), 918
(w), 833 (w), 787 (w), 761 (m), 741 (m), 702 (s) cm~. Mass
spectrum m/z, 158 (M%), 143 (M* — CHs), 130 (M* — CoH,,
base peak), 115 (M* — CsHy), 104 (M* — C4He). Exact mass
spectrum m/z, Caled for Ci2Hig: M, 158.1095. Found: m/z
158.1099.

Preparation of cis-3-Deuterio-2-phenyl-1-methylenecyclo-
propane (cis-4b-d;). This compound was prepared by essen-
tially the same method as that described in the literature.24
Only modification is used for the preparation of cis-3-
deuterio-1,1-dibromo-2-phenylcyclopropane with a phase-
transfer catalyst system.232)

Thermolysis of 15. Complex 15 has been thermally decom-
posed as described for 5b. 2-Deuterio-1-phenyl-3-ethyl-1,3-
butadiene (20) was obtained. Within the limit of YH NMR
detection, deuterium was only located at the C(2) position.
The deuterium content of 20 was 88%.

We thank the Ministry of Education, Science and
Culture, Japan, for financial supports of this work (Nos.
59740256 and 03650699).
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