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Abstract

The bis(alkene)tetracarbonyl complexes of tungsten were identified as olefin isomerization and metathesis catalyst
precursors whose activities are based on the formation of a -allyl hydride intermediate. It has been observed that the
B-hydrogen atom of coordinated olefin may migrate to the metal giving m’-allylic hydrides which have been characterized
by their 'H NMR spectra. This is the first case where the rearrangement of tungsten(0) alkenes coordinated to a -allylic
hydrides intermediate, fundamental to many catalytic mechanisms, can be observed directly. In the presence of Lewis acid
the same alkene complexes are catalytically active toward olefin metathesis. It seems reasonable that the catalytically active
alkylidene compounds are formed from the coordinated alkene via w-allylic hydride and metallacyclobutane precursors.
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1. Introduction

Tungsten carbonyl compounds are known to
catalyse several olefin reactions e.g., isomeriza-
tion (cis—trans and double bond migration),
metathesis, and polymerization [1,2] but mecha-
nistic data are scarcely available. During our
continuing study of the W(CO), photocatalytic
activity in reaction of alkenes we set out to
prepare bis(alkene)tetracarbonyltungsten com-
plexes, which can be the prototypical catalyst in
the photocatalytic reaction of alkenes with
W(CO), [3]. We have, therefore, undertaken a
study to establish the nature of the species
produced from the reaction of bis(alkene)tetra-
carbonyltungsten complexes. Here we report our
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initial results on the thermal reaction of those
compounds. These shed much light on the na-
ture and method of formation of the catalytic
species and provide some evidence on the
mechanism of the isomerization and metathesis
reaction. We have found that thermal reaction
of bis(alkene) compounds leads to the formation
of m-allylic hydride derivatives of tungsten.
These studies are described below.

2. Results and discussion
2.1. Isomerization of alkenes

The thermal and photochemical isomerization
of external olefins into the thermodynamically
favored internal olefins in the presence of
M(CO), (M =W or Mo) has been extensively
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studied as a model process in homogeneous
catalysis [1,2]. A key step in this isomerization
of olefins under hydride-free conditions is be-
lieved to be the oxidative addition of a transi-
tion metal complex to an allylic carbon—hydro-
gen bond of olefinic substrate and formation of
w-allyl hydride intermediate [4]. Reductive
elimination of the olefin from this intermediate
can then result in isomerization if the hydrogen
moves to C, instead of returning to C; (in the
case of terminal olefin). While a [HM(CO) (=-
allyl)] intermediate has been invoked to account
for the alkene isomerization, the only metalcar-

bonyl species observed in photochemical reac-
tion of M(CO)4 with alkene are [M(CO)4(n?-al-
kene)] and M(CO),(m?*-alkene),] complexes
[1-31

The synthesis of the bis(alkene)tetracarbonyl
complexes of tungsten trans-[W(CO),(n?-al-
kene),], where alkene = 1-pentene, 1-hexene,
2-hexene, 1-heptene, 1-octene, 1-decene, cy-
clopentene, cyclohexene, cycloheptene, and cy-
clooctene has been described recently [3]. These
are soluble in aliphatic and aromatic hydrocar-
bons and the solutions are thermally stable at
room temperature in oxygen free atmosphere. A
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Fig. 1. Variable temperature ' H NMR spectrum at 300 MHz of trans{W(CO),(1-pentene),] (1) in toluene-ds showing the thermolysis
products. (a) At the beginning at 293 K, (b) after 6 h heating at 348 K, (c) after 29 h heating at 348 K. The signals are labelled as follows:
(S) proton impurities in the solvent; (1) protons of free 1-pentene; (2) protons of free 2-pentene; (X ) grease; (+) '*3W satellites. The
resonances in the range 8 6-3.5 ppm (b) and about § —3.0 ppm (c) are shown with scale expansion in the insets.
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trans structure has been assigned to these com-
pounds on the basis of their IR and NMR
spectra. Interestingly, the alkene molecules are
staggered with respect to one another and eclipse
the CO-W-CO vectors. Rapid rotation about
the metal—olefin bond occurs at 293 K with an
estimated barrier of 39-49 kJ mol~' [3]. We
used the compounds, trans-[W(CO),(1-
pentene), ] (1), trans-{W(CO),)(1-hexene), ] (2),
and trans-{[W(CO),(2,2,dimethyl-2-butene), ] (3)
as the models in investigation of the mechanism
of isomerization and metathesis reaction of
olefins. We have studied the thermal decompo-
sition of bis(alkene) derivatives by '"H NMR
measurement and GC-MS analysis.

Fig. 1 shows a comparison of the '"H NMR
spectral changes accompanying a thermal reac-
tion of trans{W(CO),(1-pentene),] (1 in the
NMR tube. The '"H NMR of 1 in toluene-dy at
293 K (Fig. la) shows resonances of coordi-
nated 1-pentene at 8 299 (=CH), ~24
(CHH), 231 (=CHH), 1.96 (=CHH), 1.42
(CH,), 1.19 (CHH) and 0.90 (CH,). Two
complex signals of equal intensity at § 2.4 and
1.2 ppm are assigned to the nonequivalent
methylene hydrogen atoms of C; carbon. On
heating the toluene-d; solution of 1 in NMR
tube no significant reaction occurs up to 323 K.
At 323 K new resonances grow in at & 5.68
(=CH), 492 (=CHH and 4.86 ppm (=CHH),
due to olefinic protons of free 1-pentene (Fig.
1b). Much more intense signals of free 2-pentene
appear at 6 5.39 (=CH), 1.95 (CH,), 1.55 and
1.48 (=CHC H,) due to methyl protons of trans
and cis-2-pentene respectively, 0.85 and 0.84
due to methyl protons in =CHCH,C H, group
of trans and cis-2-pentene respectively. New
signals at & 4.48, 4.28, 3.70, 3.34, 2.75, 1.03,
0.42, 0.18, —0.10, —0.45 ppm are most proba-
bly due to protons of coordinated to tungsten
w-allyl moieties in 1la~1c¢ (Fig. 1b). After 29 h
of heating at 348 K a broad resonances appear
at & ca. —3 ppm. After cooling the sample to
309 K this broad signal gives two sharp reso-
nances flanked by tungsten satellites (!**W, =
1/2, 14.5% natural abundance); signal at &

—2.814 ppm, with tungsten—hydride coupling
constant 'J'®,, i, =173 Hz and at § —2.966
ppm with 'J'®,, ., = 16.7 Hz; both resonances
in the ratio 1:1.6 respectively (Fig. 1c). Clear-
lythese latter resonances result from a W-H
bond formation.

The reaction of 1 can lead to a mixture of
three isomeric form of w*-allylic ligand, 1a, 1b
and lc. Compounds 1b and 1c¢ are products of
1,3 hydrogen shifts in 1a, and differ in the
configuration of the methyl groups: in lc these
both occupy a syn position while in 1b one
methyl group is syn and the other anti. Pres-
ence of two hydride resonances indicate that
w-allyl hydrides la—1c can exist in isomeric
forms of different relative stabilities which con-
vert at higher temperatures to the most stable
two forms, most probably 1b and 1c.

fll II'I If! N(
H /L /L:\ c /c /{ Me, /: e H /c e
YO Y YTY
}l] H J{ g H ,.I, H

la b 1c 3a

The new resonances which appear in the 'H
NMR spectra of 1 in the range 4.5 to —0.45
ppm (Fig. 1b, ¢) are readily assigned to m*-allyl
metal hydrides 1a, 1b, and 1¢ which are formed
from coordinated 1-pentene.

The allyl complexes formed are too dilute for
accurate integration and specific coupling con-
stant calculation but resonances were observed
for most of protons in the molecule 1a, 1b and
1c. The most characteristic feature in the ' NMR
spectra of thermolysis products of 1 are signals
of m-allyl ligands which appear in the range
4.5-3.3 ppm. This region does not overlap the
resonances of 1 and of the free 1-pentene and
2-pentene. The signal at 3.70 ppm appears as a
quintet with coupling constant J= 5.8 Hz. The
signal at 3.35 ppm is a well resolved doublet of
doublets with J=6.5 Hz. These spectra are
closely analogous to those of other ar-allylic
moieties, for example, some [W(m*-C;H,),(n*-
1,3-Me,C;H,;)] complexes (for m°-1,3-
Me,C;H, isomer anti signals at & 4.33, 3.53,
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1.52, 1.45, 0.63 ppm, and for isomer syn, sig-
nals at 6 4.28, 3.25, 1.92, 1.51, —0.13 ppm
were observed [5]) and are comparable to the
spectrum of [W(m?*-C,H,),] [6] with signals at
0 3.89, 2.82, 1.66, —0.19 ppm. However, prob-
lems of overlap with the resonances of other
species hampered identification and precluded
definitive characterization of the allyl fragments
in 1la~1c. Signals due to methyl of 1la—1¢ were
less easy to detect. With position close to those
of the coordinated and free alkene, these were
most probably obscured by other more intense
signals.

Similar spectral changes occur upon heating
the other alkene complexes, including the te-
tramethylethylene compound 3. The "H NMR
of 3 at 313 K in toluene-d; shows the metal—
hydride resonance as a triplet ('J'®,, 1, = 16.3
Hz) at 8 —3.05 ppm which suggests formation
of m-allyl complex type 3a.

In addition to the expected trans-
[W(CO),(1-pentene),] and signals of the m-al-
lylic moieties, the NMR spectrum of the reac-
tion mixture exhibits very low intensity signals
of free 1-pentene (Fig. 1b) and much more
intense signals of free 2-pentenes (Fig. 1c). This
assignment is supported by the almost quantita-
tive formation of 2-pentenes (identified by gas

Table 1

chromatography and mass spectrometry) upon
thermolysis of trans-[W(CO),(1-pentene),] in a
sealed ampule (Table 1).

There is a marked change in the trans to cis
ratio of 2-pentenes with variation of temperature
and reaction time of 1. In the initial stages of
thermolysis of 1, the major product is cis-2-
pentene. But as time progresses, the thermody-
namically more stable isomer trans-2-pentene
gradually accumulates at the expense of cis-
pentene. The initial ratio of trans- to cis-pentene
obtained at 315 K was lower than 1 (= 0.6-0.9).
At higher temperature (348 K) trans-2-pentene
increased and after 4 h reaction time ratio of
2-pentenes reached 3.4 (Table 1). The experi-
ments described so far, clearly illustrates that
the kinetically controlled product distribution is
enriched in the thermodynamically less stable
isomer, cis-2-pentene, compared to what the
ratio (4.4) would be at thermodynamic equilib-
rium [7] (2.3% 1-pentene, 79.6% trans-2-
pentene and 18.3% cis-2-pentene). The ratio of
the trans- to cis-2-pentenes is readily obtained
also from '"H NMR integration of CH, signals
at 1.55 and 1.48 ppm of trans- and cis-2-pentene
respectively (Fig. 1¢).

The intermediate thermally generated from 1
in the presence of 1-pentene at 348 K leads to

Comparison of 1-alkene isomerization using [W(CO),(1-pentene), ] (1) and [W{(CO),(1-hexene), ] (2) catalyst precursor

Alkene complex Molecular ratio T Time Conversion * trans /cis ° 2-alkene
free 1-alkene /alkene complex X ()] (%)
W(CO),(1-pentene), c 315 1 355 0.8
c 315 4 78.0 0.9
c 348 1 74.0 1.9
c 348 4 95.5 34
10 315 4 1.8 14
10 348 1 37.0 0.6
10 348 4 90.6 1.7
W(CO)(1-hexene), c 348 1 74.9 24
c 348 4 95.1 31
10 315 4 1.0 1.8
20 348 4 16.5 0.6
40 348 4 8.8 0.8
560 348 4 35 20

? 9% of 1-alkene isomerized to internal alkenes.
® Ratio of trans to cis isomers of 2-alkene.

¢ 1-Alkene originating only from decomposition of started alkene complexes.
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significant isomerization of the uncomplexed
1-pentene (TON = 5).

A similar isomerization reaction is observed
with trans-[W(CO),(1-hexene),] (2). Thermal
decomposition at 348 K of 2 leads to a mixture
of 1-hexene, cis- and ftrans-2-hexene and 3-
hexene. Thermally formed intermediates initiate
isomerization of 1-hexene added in an excess.
The ratio of trans- to cis-2-hexene obtained
from decomposition of 2 is similar to that of
2-pentene (Table 1). Further, it is to be noted
here that 3-hexene is formed in a substantial
amount from 1-hexene.

It is concluded that olefin bond-migration
takes place in an m’-allylmetal hydride interme-
diate produced from a trans-[W(CO),(1-
alkene),]. Noticeable changes of in the colour
of the solution from pale yellow to dark yellow
occurred and the reactions often become hetero-
geneous after a number of hours. In addition,
the '"H NMR spectra of the decomposition prod-
ucts, which precipitated from solution after dis-
solving in acetone-d, indicate the presence of
other, unidentified species.

These data, taken together, imply that the
bis(alkene) complexes of tungsten can be used
as catalyst precursor. However, it must be real-
ized that [W(CO) (alkene),] itself must be at
least one step away from the active alkene
isomerization catalyst. We believe that loss of a
second alkene must occur in order to actually
effect catalysis. There is some evidence in 'H
NMR (Fig. 1b) and GC—MS measurement (Ta-
ble 1) for loss of alkene from bis(alkene) com-
plexes. W-alkene bond fission creates the va-
cant coordination site. The resulting 16-valence
electron species can reversibly form either a
syn- or an anti-w-allyl hydride as a precursor to
the cis- and trans-2-pentene complexes, respec-
tively (Scheme 1). Formation of the m-allyl
tungsten hydride can proceed by an internal
oxidative addition of an allylic carbon—hydro-
gen bond of complexed alkene to the five coor-
dinated d°, W complex [W(CO),(1-alkene)] to
give six coordinate d* W™ complex [WH(n?-
allyl(CO),]. Reductive elimination of the olefin
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Scheme 1.

from this intermediate can then result in isomer-
ization if the hydrogen moves to C, instead of
returning to Cj.

2.2. Metathesis of alkenes

Whereas it has become established that the
olefin metathesis reaction is initiated by coordi-
nated carbenes [8], there is no evidence on the
formation of the first carbene from the olefin.
According to the work on metallacyclobutanes
reported by Green and coworkers [9] and sup-
porting evidence by Sherman and Schreiner [10]
initial carbene can come from the coordinated
alkene via m-allylic hydride and metallacy-
clobutane precursors (Scheme 1). Thus this
mechanism predicts the first-formed olefins from
I- and 2-pentene to be ethylene, propylene, and
1-butene (Scheme 1).

The tungsten carbonyl compounds are well-
known as olefin metathesis catalysts; [2,11,12]
however, their activity depends upon additives,
namely, electron withdrawing compounds
(Lewis acids). Additives affect the catalytic ac-
tivity of tungsten carbonyl compounds in one of
two ways. A basic requirement for activity of a
transition-metal complex toward catalytic alkene
reaction is the presence of an open coordination



208 T. Szymariska-Buzar et al. / Journal of Molecular Catalysis A: Chemical 112 (1996) 203-210

site for the reversible binding of alkene. Photol-
ysis of tungsten carbonyls or Lewis acid interac-
tion with ligands as CH,CN, Cl™ etc. creates
the free coordination site at tungsten to the
incoming alkene [12]. The interaction of the
Lewis acid via a CO or other ligand creates an
electron deficiency at the tungsten. This facili-
tates reductive a-elimination processes of (W
— WY) causing alkene loss and carbene forma-
tion and easier electrophilic atack of the carbene
complex on the reactant olefin. However, be-
yond this, relatively little is known about the
nature of catalytic sites, and little information is
available concerning the mechanism except to
say, that the metathesis products have been
identified.

Thermolysis of 1 in neat 1-pentene gives rise
to the isomerization products cis and rrans
2-pentene. In contrast, reaction of a solution of
1 and TiCl, (1:4) causes smooth evolution of
ethylene, propylene and 1-butene e.g., olefins
which have fewer carbon atoms than were pre-
sent in the original alkene. We have also ob-
served the appearence of isomerization prod-
ucts, internal pentenes and metathesis products:
2-butene, cis and trans-2-hexene, 3-hexene, cis
and trans-3-heptene and 4-octene (Table 2). In
view of the above it seems reasonable that
catalytic active alkylidene complexes (W=CH,,
W=CHMe, W=CHEt, W=CHPr) are formed
from the coordinated alkenes via mr-allyl hy-
dride and metallacyclobutane intermediates
(Scheme 1).

The formation of metallacyclobutane from
w-allyl hydride intermediate can proceed via
hydride-ion migration to the central carbon C,
of the mP-allylic group while H™ addition to the
terminal carbon (C, or C;) would give rise to
the alkene complex. It is of interest to find out
which factors may control the observed re-
giospecificity of H™ addition. In fact, from the
literature [13], the possition of H™ migration
may depends on electron density on the metal
centre.

In previously noted catalytic system contain-
ing tungsten(0) carbonyl compounds and Lewis

Table 2
GC-MS analysis of products formed in the reaction of trans-
[W(CO),(1-pentene), ]

Components * Area (%)
ethene 6.41
propene 8.16
i 0.24
1-butene 10.11
trans-2-butene 295
cis-2-butene 2.15
i 1.04
1-pentene 19.87
i 2.37
trans-2-pentene 12.64
cis-2-pentene 4.84
i 0.47
trans / cis-3-hexene 0.40
trans-2-hexene 2.64
cis-2-hexene 0.86
cyclohexane 21.76
trans-3-heptene 1.11
i 0.40
cis-3-heptene 0.76
trans / cis-4-octene 0.62
i 0.16

Conditions; trans[W(CO),(1-pentene), ] (0.04 mmol), TiCl, (0.16
mmol), 1-pentene (0.4 mmol) and cyclohexane (0.1 mmol) after 4
h reaction time at 348 K.

* i = unidentified products, impurities.

acid, (AXn = metal or non-metal halides) the
role of Lewis acids is to remove electron den-
sity from the metal [2,11,12].

We suggest the following general explanation
concerning the position of hydride-ion addition
to allylic ligand. When the metal centre is elec-
tron rich the hydride-ion addition proceeds on
the terminal carbon of the m>-allylic group. But
in the presence of Lewis acid, which removes
electron density from the metal centre, the hy-
dride-ion addition proceeds on the central car-
bon of the m?3-allylic group.

We propose a mechanism for the formation
of metalacyclobutane from w-allylic hydrides
intermediate which proceeds via attack of the
H~ on the central carbon of the m?*-allylic group,
as shown in Scheme 1. Strong support for this
proposal arises from the observation that as
predicted, the first-formed olefins from coordi-
nated 1-pentene are ethylene, propylene, and
1-butene (Scheme 1, Table 2).
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This mechanism may be relevant as an initia-
tion mechanism for olefin metathesis reactions,
especially those catalysed by tungsten car-
bonyl-Lewis acid systems.

We conclude that our observations on the
decomposition of the bis(alkene)tetracarbonyl
compounds provide strong support for the feasi-
bility of this mechanism.

3. Experimental

Operations were performed under nitrogen.
All the solvents and reagents were dried and
distilled before use.

The bis(alkene)teracarbonyl tungsten com-
plexes trans-{W(CO),(1-pentene),] (1), trans-
[W(CO) (1-hexene),] (2), trans{W(CO) (tetra-
methylethylene),] (3) were synthesized accord-
ing to the literature procedure [3]. Tetrameth-
ylethylene complex 3 was obtained for the first
time and characterized only by '"H and C
NMR spectroscopy. The '"H NMR spectrum of
3 at room temperature consists of one signal at
0 1968 ppm due to the 12 protons of four
methyl groups. The C NMR spectrum of 3 at
223 K shows single resonances for CO groups
at 0 205.81, olefin carbons at 6 68.40 and
methyl carbons at 28.47 ppm.

The analysis of the alkene reaction for start-
ing materials or products was performed on a
Hewlett-Packard GC~MS system. A hydrogen
flame detector was employed in all cases. 'H
and °C NMR spectra were recorded on Bruker
AMX 300 instrument operating at 300 and 75.5
MHz respectively. All spectra were measured in
toluene-d; and calibrated by using the methyl
resonance of the toluene at 2.09 ppm in 'H
NMR as an internal standard.

3.1. Typical procedure

Thermal reaction of bis(alkene) complexes
1-3 were run under nitrogen in hermetically
sealed ampules. The samples were solutions or
suspensions of bis(alkene) complex in neat 1-al-

kene. In a typical experiment, a solid sample of
bis(alkene) complex ( = 5 mg) and alkene (= 10
pl) in molar ratio 1:10 were placed into glass
tubes and sealed. The ampules were then placed
in an oil bath and heated to effect olefin isomer-
ization. The reaction tubes were opened, and the
samples were removed and subjected to GC~-MS
analysis. The metathesis reaction was carried
out in a similar manner except that a fourfold
excess of TiCl, to bis(alkene) complex was
added.

The isomerization reaction of coordinated
alkene was conveniently monitored in a sealed-
tube NMR experiment. The bis(alkene) complex
was taken up in 0.5 cm® of toluene-d; and
sealed. 'H NMR showed that the sample re-
mains unchanged for several days at room tem-
perature. The sealed tube was immersed in an
oil bath (348 K) and periodically monitored by
'"H NMR spectroscopy. After some time, new
signals appeared at the expense of bis(alkene)
complex.

4. Conclusion

The results described above show the reactiv-
ity of bis(alkene)tetracarbonyltungsten com-
plexes as catalyst precursors toward the isomer-
ization and metathesis of olefins.

The catalytic activity of the bis(alkene)tetra-
carbonyltungsten complexes in the isomeriza-
tion of alkenes is based on the formation of
wr-allyl metal hydride.

The trans{W(CO)(1-alkene),] complexes,
by forming the allyl hydride intermediates,
[HW(m-allyl(CO), ], yield cis and trans inter-
nal alkenes.

The key isomerization intermediate implies
that [WH(n’-allyl(CO),] can be formed by
thermal dissociation of an alkene from trans-
[W(CO),(1-alkene),] as was observed by 'H
NMR spectra.

This is the first direct indication for the so-
called ‘m-allyl mechanism’ of olefin isomeriza-
tion by group 6 metal carbonyls. Hence, this
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provides the direct observation of the mr-allyl
hydride formation from coordinated alkene pro-
posal in many catalyzed olefin reactions.

In the presence of the Lewis acid, TiCl,,
alkene coordinated to tungsten rearranges to
give new alkenes, products of metathesis and
cometathesis reaction. This indicates that the
alkylidene ligand initially formed must come
from the olefin through a r-allyl metal hydride
and a metallacyclobutane complex.

These results are in support of the mecha-
nism involving the formation of the initiating
alkylidene from coordinated alkene via a m-al-
lylic hydride and a metallacyclobutane deriva-
tives.
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