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Abstract: The stereoselectivity of metathesis of c/s- and trans-RCH=CHCH; has been determined by the trans/cis ratios of
2-butenes (Cy4) at 0% conversion; the catalytic systems used were M(NO),X5(PPh3); + EtAICl; (M = Mo, W; X = C}, Br,
1) (1); M(CO)s(PPh3) + EtAICl; + O (M = Mo, W) (2); (arene)M(CO); + EtAICI, (arene = benzene, mesitylene; M =
Cr, Mo, W) (3). For I, M = Mo, X = Cl, and R = Et, the trans/cis ratios of C4 are equal to 0.20 and 12.5, respectively, for a
cis and a trans olefin; increasing the bulkiness of R above R = Et resuits in a significant decrease of selectivity (and activity);
with a cis olefin, the trans/cis ratio of C4 increases when the bulkiness of R increases above a certain size (trans/cis ratio of C4
=0.44 for R = t-Buand 1, M = Mo, X = Cl); with a trans olefin, the trans/cis ratio of C4 decreases when the bulkiness of R
increases above a certain size (trans/cis ratio of C4 = 8.3 for R = ¢-Bu and 1, M = Mo, X = Cl). This effect does not seem to
be the result of an electronic effect of the R group since similar stereoselectivities are obtained with 1, M = Mo, R = ¢-Bu, phe-
nyl, or benzyl; changing the coordination sphere of the precursor catalyst (1, M = Mo, W; X = Cl, Br) does not result in a
meaningful variation of stereoselectivity. For cis- and trans-2-pentene, a comparison was made between the trans/cis ratios
of C4 and the trans/cis ratios of Cg: for 1, M = Mo, W; X = Cl, Br, the trans/cis ratio of Cg is always higher than the trans/cis
ratio of C4. This result, which seems to be related to 1-2 a—e = e-a repulsive interaction in the metallocyclobutane transition
state, is corroborated by the stereoselectivities of the metathesis of « olefins propylene, 1-butene, and 1-pentene: for 1, M =
Mo, X = Cl, the trans/cis ratio of the products increases in the order 2-butene (1.1) < 3-hexene (1.42) < 4-octene (2.0). The
stereoselectivity of metathesis of acyclic olefins is explained on the basis of many competitive interactions occurring during ole-
fin coordination to the metallocarbene and in the metallocyclobutane transition state: 1-3 diaxial interaction, 1-2 equatorial-
axial interaction, and olefin-metal (and/or its ligands) interaction M4—C;-C,-C3). Comparison of the stereoselectivities be-
tween Cr, Mo, and W was carried out with R = Etand 1 (M = Mo, W; X = Cl), 2 (M = Mo, W), and 3 (M = Cr, Mo, W:
arene = mesitylene). The variations of stereoselectivity observed (Cr > Mo 3> W) may be explained on the following basis: the
Mo-C distance is smaller than the W-C distance in the metallocyclobutane; this would result in an increase of the 1-3-diaxial

interaction,

The stereochemistry of olefin metathesis has been the
subject of recent publications!-® which tried to rationalize the
behavior of tungsten-based or molybdenum-based calatysts
with acyclic olefins. Most tungsten-based catalysts exhibit a
very weak stereoselectivity corresponding to an almost random
coordination and/or reaction of the olefin with the metallo-
carbene.2 However, steric factors are not completely negligible
even in the case of tungsten-based catalysts since cis olefins and
trans olefins exhibit respectively a slight cis or trans stereose-
lectivity.”* Many hypotheses have been advanced to account
for the stereoselectivities observed: steric effects during the
coordination of the olefin to the metallocarbene,? stability of
the various conformations of the “metallocyclobutane’” tran-
sition state, steric effect of the ligands on the tungsten or steric
effect of a surface,® opening of the carbon-metal bond in the
metallocyclobutane forming a substituted metallopropyl cation
in which the remaining bonds rotate.! If model reactions of
W(CO)sCH(C¢Hs) and W(CO)sC(CgHjs), with olefins have
suggested the validity of the minimized 1-3 diaxial repulsive
interaction in the metallocyclobutane intermediate leading to
cyclopropane derivatives,®® the observed stereoselectivities are
in this particular case much higher than in olefin metathesis
as though the same intermediates were not involved in both
reductive elimination leading to cyclopropane and ring
cleavage leading to metathesis. Besides, recent results obtained
with various olefins of the type cis- or trans-RCH=CHCH3
have indicated that increasing the bulkiness of R results in a
decrease of stereoselectivity with tungsten-based catalysts’
(trans/cis ratio of C4 tends toward unity for R = tert-butyl).
This result is not explained either on the basis of the 1,3 min-
imized diaxial repulsive interaction of the metallocyclobutane
only2:3 or on an asymmetric ligand arrangement in the coor-
dination sphere of tungsten.2 Obviously more data related to
the influence of the structure of the olefin on the resulting
stereoselectivity were needed before reaching any valid con-
clusion.
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We report in this paper a series of experiments carried out
with various chromium, molybdenum, and tungsten catalysts.
Chromium- and molybdenum-based catalysts were selected
because they give rise to much higher selectivitjes than most
tungsten-based catalysts;> and consequently the use of these
group 6 transition metal compounds would lead to more sig-
nificant conclusions. The various olefins used were selected
with respect to the information they could supply with regard
to 1-3, 1-2, or 3-4 interactions in the metallocyclobutane
which is supposed to be the intermediate step in the carbene
mechanism of metathesis,'©

Results and Discussion

1. Determination of the Stereoselectivity in Metathesis of
Acyclic Olefins. In a previous paper,2 we proposed a model of
olefin coordination (or reaction) to the metallocarbene. This
model accounts for the simultaneous occurrence of formal
metathesis, degenerate metathesis, and cis-trans isomerization
which are found to occur simultaneously in metathesis of ole-
fins.2:10.11 From this kinetic model it was possible to derive a
mathematical equation which could apply to metathesis of any
internal olefin. When applied to cis-2-pentene metathesis it
was observed that a linear relationship could be observed by
plotting trans-/cis-C4 (C4 = 2-butene) vs. trans-/cis-Cs (Cs
= 2-pentene).

The linear relationship observed indicates in fact that cis-
trans isomerization of the starting olefin as well as cis-trans
isomerization of the products is a competitive reaction during
propagation. The extrapolation of the experimental data to 0%
conversion seems to be a very good measure of the stereose-
lectivity of the reaction. In Figure 1, we have plotted a typical
result obtained in cis-2-pentene metathesis with a zerovalent
complex of tungsten (W(CO)sPPh;, C;HsAICI,, O,), with a
hexavalent complex of tungsten (WClg, CoHsOH, C,HAIC,
data taken from Calderon’2), and with a nitrosyl complex of
molybdenum (Mo(NO);Br,(PPh;),, C,HsAICI,). In a very
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Figure 1. Determination of the stereoselectivity of metathesis of cis-2-

pentene with the catalytic systems: O, W(CO)sPPh; + EtAICiy; &, WClg
+ EtOH + EtAICly; 0, Mo(NO),Bry(PPh3), + EtAICh.

wide range of conversions, a linear relationship is observed and
the intercepts at a trans/cis ratio of Cs equal to zero (that is,
for a 0% conversion) give a very precise value of the stereose-
lectivity of the propagation step. If one considers the real ex-
perimental data obtained at very low conversion (Figure 1),
it appears in some cases that there is some deviation between
these values and those obtained by the extrapolation procedure.
The reason for such deviations probably has many origins.
Determinations at low conversion involve low concentrations
of products and high experimental errors. It has been
shown2'0¢ also that initiation, which corresponds to the for-
mation of the first metallocarbene catalyst, is probably very
complex and may produce some metallocarbene fragments
different from those observed during propagation, resulting
in a different stereoselectivity. It may happen that the olefins
produced at low conversion are the result of the first turnover
of the catalyst. Consequently the stereoselectivity observed at
very low conversion measured that from initiation and not from
the desired propagation step. Therefore, in any case, we have
considered the extrapolated values rather the values obtained
at low conversion.

1t must be pointed out here that a kinetic model very similar
to our model was also used by Grubbs et al.!% in the case of
metathesis of cis,cis-2,8-decadiene. By plotting trans-/cis-Cy
vs. trans-/cis-Cyy (2,8-decadienes = C,g) they obtained a
linear, calculated, and experimental relationship over a large
range of conversion. The real stereoselectivities were obtained
as in our case by extrapolation of the linear plot to a trans/cis
ratio of C,g equal to zero,

As a consequence of the above considerations, it is necessary
to carry out a detailed kinetic analysis before drawing any
conclusion with respect to real stereoselectivity in metathesis.
This requirement is particularly true with some catalysts of
poor activity (W(CO)sC(Ph),)! or with some olefins of low
reactivity, e.g., bulky olefins; in the latter case, the cis-trans
isomerization of the olefin produced by metathesis may occur
much faster than metathesis of the bulky olefin itself so that
values close to thermodynamic ratios may be reached at low
conversion without giving information about the stereoselec-
tivity of the propagation step. Let us mention also that in the
case of some trans olefins it was not possible to measure the
cis/trans ratio of the starting olefin with enough accuracy at
the beginning of the reaction. The stereoselectivities were then
determined by plotting the trans/cis ratios of the products vs.
percent conversion of “formal metathesis” and by extrapolation
to 0% conversion.

2, Influence of the Cis or Trans Nature of the Olefin on the
Stereoselectivity. Among the parameters which play a role in
determining stereoselectivity, the most commonly considered
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Figure 2. Metallocyclobutanes involved in cis-2-pentene (left) and in
trans-2-pentene (right) metathesis.?3

is the influence of the cis or trans nature of the starting olefin
on the distribution of the geometric isomers in the products.
In most cases, a cis olefin gives preferentially a cis olefin and
a trans olefin a trans olefin.!7 This phenomenon, which is quite
general, will be verified during metathesis of almost any olefin
considered later in this paper. However, the retention of the
configuration of the starting olefin is rather small with many
tungsten-based catalysts. With molybdenum and chromium
the stereoselectivities are much more pronounced (vide supra)
and in most cases there is also retention of the cis or trans
configuration of the starting olefin. It is also worth mentioning
here that stereoselectivities observed with trans olefins are
higher than those observed with cis olefins, using molybdenum
and chromium catalysts (vide supra).

The explanation for the retention of configuration of the
starting olefin must be deduced from the possible conforma-
tions of the metallocyclobutanes using the analogy with 1,3-
disubstituted cyclobutane derivatives.!? In this type of com-
pound, it has been shown that the order of stability of the
various isomers was the following: cis-e,e > trans-e,a > cis-
a,a.

In Figure 2 we have summarized the four possible transition
states observed in cis-2-pentene metathesis (left) and in
trans-2-pentene metathesis (right). Among the various in-
teractions which may be considered (1-2, 1-3, 3-4, 2-4) (i),
only the 1-3 or 3-4 interactions are able to supply a satisfac-

- tory explanation for the retention of configuration. The possible

2-4 repulsive interaction between an axial substituent in the
2 position and the transition metal or its ligands is t ‘¢ same in
the transition states leading to cis olefins and in the transition
states leading to trans olefins: it is a “nonstereoselective in-
teraction”. The possible 1-2 equatorial-axial or axial-equa-
torial interaction between two substituents in 1-2 position is
a stereoselective interaction; if such interaction occurred alone,
it would favor the transition states with two R group in equa-
torial-equatorial, axial-axial position. Regardless of the cis
or trans nature of the olefin, the favored isomer in the products
should be a trans isomer, which is usually not the case; we will
see later that this effect really occurs to a certain extent, but
in most cases it is not the major effect, especially when the
substituents in 1-2 position are small (methyl). The possible
3-4 interaction is able to account for the retention of config-
uration if one assumes an asymmetric ligand distribution
around the metallocarbene; representative configurations for
reactions of cis and trans olefins are given in Figure 3. In this
model, the bulkiness of the ligands on the transition metal in-
duces the R’ groups of the coordinated carbene as well as the
R group of the olefins away from the ligands.
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Table I. Influence of the Substituents in « Position to the Double Bond. Metathesis of cis- or trans-RCH=CHCH; with Tungsten

Catalyst (W(CO)sPPh; + EtAICl; + O3)

trans/cis ratio
of 2-butene

trans/cis ratio
of 2-butene

cis olefin at 0% convn trans olefin at 0% convn
equilibrium: 3.0 equilibrium: 3.0

cis-2-pentene 0.73 £ 0.02 trans-2-pentene 1.25 £ 0.05

cis-2-hexene 0.79 £ 0.02 trans-2-hexene 1.25 £ 0.05

trans-2-heptene 1.25 £ 0.05

trans-2-octene 1.25 £ 0.05

trans-1-phenyl-2-butene 1.21 £0.05

cis-4-methyl-2-pentene 1.02 £ 0.05 trans-4-methyl-2-pentene 1.16 £ 0.05
cis-4,4-dimethyl-2-pentene 1.00 £ 0.02 trans-4,4-dimethyl-2-pentene 1.10 £ 0.1

cis favored coordination of a cis olefin trans favored coordination of a trans olefin

Figure 3.

It is impossible at this stage to rule out completely such a
model. However, it is possible to predict on the basis of such
a model the steric behavior of various olefins: by increasing the
R size of cis or trans olefins RCH=CHR’, one should pro-
gressively increase the stereoselectivity, especially when R’ is
small {(we will see later on that this prediction is not verified).
The stereoselectivity of « olefins should lead to cis olefins (we
will see later on that this is not verified).

Let us consider now the 1-3 diaxial interaction. It appears
that among the four transition states observed in cis-2-pentene
metathesis, the most favored metallocyclobutane is the one
with one methyl and one ethyl group in 1-3 diequatorial po-
sition; this conformation leads to cis-Cy4. In the case of trans-
2-pentene metathesis, the most favored metallocyclobutane
is the one with three substituents (two methyl and one ethyl
group) in 1-2-3 triequatorial position; this leads to trans-Cs.
The consideration of the minimized 1-3 diaxial interaction was
already considered by Katz,!-1% Casey,’ and us.2

As a conclusion, the retention of configuration observed in
metathesis of acyclic olefins can be explained either on the basis
of the 1-3 diaxial interaction or on the basis of a 3-4 effect,
assuming in the latter case an asymmetric ligand distribution
around the metallocarbene. We will see later on that the results
rule out the second hypothesis.

3. Influence of the Substituents in « Position to the Double
Bond on the Stereoselectivity. This study was carried out with
various olefins of the type cis- or trans-RCH=CHCHj3; in
which R was equal to H, ethyl, n-propyl, n-butyl, n-pentyl,
isopropyl, tert-butyl, phenyl, or benzyl. The stereoselectivities
were determined by the trans/cis ratio of 2-butenes (C4) ex-
trapolated to zero conversion.

The results reported in Table I were obtained with a zero-
valent complex of tungsten, W(CO)sPPhj, associated with an
organoaluminum compound and molecular oxygen. This
catalytic system, which is highly active in metathesis,'3 exhibits
a weak stereoselectivity regardless of the cis or the trans nature
or the olefin.

First it is noteworthy that the rrans-/cis-2-butene ratio
obtained starting from either trans- or cis-2-pentene is less
than the equilibrium ratio. It is also interesting to note that the
length of the unsubstituted R group (R = H) has no effect on
the stereoselectivity; similar conclusions were recently obtained
by Grubbs et al.'%8 The most important phenomenon occurs

for highly crowded olefins: for R = isopropyl or tert-butyl, the
trans/cis ratios of 2-butene tend toward unity regardless of the
cis or trans nature of the olefin; simultaneously, the rate of
metathesis is highly decreased. For R = H, it was not possible
to get reliable data for the stereoselectivity owing to a strong
degenerate metathesis (in the case of these tungsten-based
catalysts, the conversion to C4 was too low to get an accurate
value of the sterecoselectivity of the propagation).

More drastic changes of stereoselectivities were obtained
with molybdenum-based catalysts (Tables I1 and 111). With
the olefins of the type cis- or trans-RCH=CHCH3, no steric
effect occurs for R = H (trans-/cis-Cg is equal to unity); in the
case of the molybdenum-based catalysts used, conversions were
high enough to get very reliable data on the stereoselectivity
of the propagation step. For R s H, cis and trans olefins ex-
hibit respectively a high cis or trans stereoselectivity. The
stereoselectivity is much more pronounced for trans olefins
than for cis olefins (trans/cis ratios of C4 are equal to 12.5 and
0.20 for trans-2-pentene and cis-2-pentene, respectively).
Increasing the size of the R group, the reactivity of the olefin
was observed to decrease considerably. This effect was quite
noticeable for R = isopropyl or zert-butyl, indicating that the
steric effect of R not only induces a different stereoselectivity
but also a different reactivity.

As for tungsten-based catalysts, with a cis olefin the
trans/cis ratio of C4 increases when the bulkiness of R in-
creases above a certain size; with a trans olefin the trans/cis
ratio of C4 decreases when the R size increases above a certain
size. Unexpectedly, increasing the size or the R group above
a certain value decreases the stereoselectivity. This variation
does not seem to be the result of an electronic effect of the R
group since similar stereoselectivities are obtained for trans-
RCH=CHCH; when R = rert-butyl, phenyl, or benzyl. These
results rule out first the model of asymmetric ligand arrange-
ment as being responsible for the stereoselectivity of metath-
csis. One should obtain a continuous increase of stereoselec-
tivity by increasing the bulkiness of R. Propylene should also
exhibit a cis stereoselectivity whereas a ratio of unity, lower
than equilibrium, is obtained. Figure 4 suggests in fact that two
types of effect are competing: one tends to lead to a retention
of configuration, whereas the other tends to attenuate this
retention by increasing the R size. This is particularly true for
a very bulky R group. The first effect seems to be the 1-3
diaxial repulsive interaction, whereas the second effect is
probably a repulsion between the R group and the transition
metal and/or its ligands. Such an effect will also account for
the marked decrease of the rate of metathesis observed with
bulky R groups. One may assume that, when the R size in-
creases above a certain value, besides the 1-3 diaxial interac-
tion, another type of repulsive interaction occurs, during
coordination and/or reaction, between the R group of the olefin
cis- or trans-RCH=CHCHj; and molybdenum, tungsten,
and/or their ligands (Figure 5).

With a symmetric ligand arrangement around the metal-
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Table II. Influence of the Substituents in & Position to the Double Bond. Metathesis of cis-RCH=CHCH 3. Values of the Trans/Cis
Ratios of C4
catalyst
olefin Mo(NO),Cl,(PPh;), Mo(NO),Br2(PPh;), Mo(NO),I,(PPh3),

propene 1.1 £0.1 0.95+0.10

cis-2-pentene 0.20 £ 0.02 0.205 £ 0.02 0.17 £0.05

cis-2-hexene 0.22 £ 0.02

cis-4-methyl-2-pentene 042 +£0.02 0.38 £0.02

cis-4,4-dimethyl-2-pentene 0.44 £ 0.02 0.41 £0.02

Table II1. Influence of the Substituents in & Position to the Double Bond. Metathesis of trans-RCH=CHCH;. Values of the Trans/Cis

Ratios of C4

catalyst
olefin MO(NO)2C12(PPh3)2 MO(NO)zBrz(PPh3)2 MO(NO)zlz(PPh3)2
trans-2-pentene 12.5 £ 0.5 12.5+£0.5 10+2
trans-2-hexene 11.1 £0.5
trans-2-heptene 125+ 0.5
trans-2-octene 10.9 £ 0.5
trans-4,4-dimethyl-2-pentene 83+0.5
trans-1-phenyl-1-propene 8.0+0.5
trans-1-phenyl-2-butene 82+0.5 7.940.5
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Figure 4. Influence of R on the stereoselectivity of metathesis of ¢is- and
trans-RCH==CHCHj; (molybdenum-based catalyst).

locarbene, this repulsion is nonstereoselective: whether a cis
olefin coordinates and/or reacts in a cis or trans position with
respect to the metallocarbene will be equally probable, since
the main steric effect will occur between the R group and the
group 6 metals and/or their ligands. The same applies to a
trans olefin: equally probable coordination and /or reaction of
the olefin with respect to the metallocarbene. It is therefore
logical to observe a decrease of stereoselectivity with a bulky
cis or trans olefin. This “nonstercoselective” repulsive 3-4
interaction starts to compete with the 1-3 diaxial interaction
for rather bulky olefins. Besides, it is possible that the bulkiness
of the olefin makes the transition state more difficult to be
reached, favoring thus the rotation of the carbene about the
metal-carbon double bond. This would result in a decrease of
stereoselectivity.

A limiting situation is the case of propylene, for which
trans/cis ratio is equal to unity within experimental error
(trans-/cis-C4 = 1.1 £ 0.1). Here the absence of stereoselec-
tivity indicates the very small 1-3 diaxial interaction: no sub-
stituent in the 3 position.

At this point, it is necessary to consider the absence of effect
of the ligands on the transition metal which should be of ste-

C1S COORDINATION OF A CIS OLEFIN CIS COORDINATION OF A TRANS OLEFIN

Figure 5.

reochemical importance {e.g., the halogens): theoretically,
increasing the size of such ligands should result in the same
“nonstereoselective” effect as increasing the size of the R group
(for the 3-4 interaction). However, it is not surprising that such
an effect does not occur since there are only small variations
of covalent radii between Cl, Br, and I, compared to large
modification of bulkiness in the R groups considered in the
present study. Another explanation would be to consider that
the halogens are not present on the coordination sphere of the
“living” catalyst owing to the double alkylation of the metal
by the cocatalyst, this alkylation resulting in the first metal-
locarbene.21:22

Finally, it is also possible that there is a rapid exchange of
halogen between Mo(NO),X,(PPh3); and EtAICl; (sixfold
excess of the cocatalyst), leading to an absence of effect of the
halogen.

For cis- and trans-2-pentene, retention of the configuration
(Table IV) of the starting olefin was also observed with the Cg
alkenes produced but the trans/cis ratio of 3-hexenes was al-
ways higher than the trans/cis ratio of 2-butenes, whether the
catalyst was derived from molybdenum or tungsten.

We have represented in Figure 6 the eight transition states
leading to C4 and to Ce. Each transition state leading to cis and
trans isomers of C4 and Cg has the same substituent in the 1-3
positions (A-A’, B-B’, C-C’, and D-D’) so that the difference
of stereoselectivity between C4 and Cg must therefore be at-
tributed to the presence of a substituent of greater size in po-
sition 2 (Et vs. Me in position 2).

Two effects may be put forward:

(1) Repulsive 1-2 (a-e or e-a) interactions: when one sub-
stitutes methyl for ethyl in the 2 position, C’ and D’ leading to
trans-Cg are progressively favored.

(2) Repulsive 2-4 (a) interactions: when one substitutes
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of the Trans/Cis Ratios of C4 and C¢ Starting from 2-Pentenes

catalyst
olefin W(NO),Cly(PPh3), Mo(NO),Cl,(PPh3), Mo(NO),Br,(PPh;),
cis-2-pentene trans/cis ratio of 2-butenes 0.44 £ 0.02 0.20 £ 0.02 0.205 £ 0.02
trans/cis ratio of 3-hexenes 0.74 £ 0.05 0.45 £ 0.05 0.43+0.05
trans-2-pentenc trans/cis ratio of 2-butenes 62%1.0 125+0.5 125+£0.5
trans/cis ratio of 3-hexenes 11.4£1.0 25+1.0 25+1.0
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Figure 6. Mctathesis of cis-2-pentene: (left) transition states leading to
Cy: (right) transition states leading to Cg.
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Figure 7. Transition states with « olefins.

methyl for ethyl in the 2 position, B’ and C’ leading respectively
to cis- and trans-Cg are progressively favored.

Although the above considerations seem to indicate that the
1-2 interaction is more trans stereoselective than the 2-4 in-
teraction, a clear-cut decision was not possible owing to the
simultaneous presence of the 1-3 diaxial interaction.

In order to avoid such mechanistic inconvenience the me-
tathesis of various « olefins {propylene, 1-butene, 1-pentene)
was carried out. The results given in Table V indicate that the
trans/cis ratios of the products increase in the order 2-butene
< 3-hexene < 4-octene.

We have given in Figure 7 the various transition states to
be considered in the case of « olefins. In any case, the 1-3
diaxial interaction is negligible, since the substituents in po-
sition 3 is H. Let us consider the 2-4 effect: upon increasing
the R size, transition states B and C leading to cis and trans
isomers will be equally favored. Let us consider the 1-2 effect:
upon increasing the R size, transition state D or C leading to
trans olefin will be progressively favored.

Consequently the transition state in which the two R groups
do not interact at all (a-a) is the most stable one. This explains
the appearance of more trans isomers in the products with in-
creasing the R size of various « olefins. Again propylene is a
remarkable case since the 1-2 effect is very small for two
methyl groups in 1-2 position. Propylene is therefore a unique
case since it does not show any of the various repulsive effects
which progressively appear in the stereochemistry of metath-
esis of acyclic olefins: 1-3 (a-a), 3-4, and 1-2 (e-a), (a-e).

Table V. Comparison of the Trans/Cis Ratios of C4, Cg, and Csg
with the o Olefins RCH=CH, (Catalyst: Mo(NO),Cl;(PPhs);
+ EtAICly)

propene trans/cis ratio of 1.1 £0.1
2-butenes (equilibrium: 3.0)
I-butene trans/cis ratio of 1.42 £ 0.05
3-hexenes (equilibrium: 6.0)
I-pentene trans/cis ratio of 20+0.2
4-octenes (equilibrium: 4.7)
w ) —scisCg i U : —=cis Cg
€ Me a
1 1 Me
Iy Iy
—cisCg —scisCg
w £) w e
e Me e
w e g —trans Cg —etrans Cg

—=trans Cg — trans Cg

Figure 8. Metathesis of cis-4-methyl-2-pentene (left) and irans-4-
methyl-2-pentene (right).

At this point, it is necessary to consider to what extent the
various effects observed are competing. In most cases, there
is a retention of the configuration of the starting olefin: with
the cis olefins, the 1-3 diaxial interaction will be more effective
than the 1-2 (e-a or a—e) interaction; with the trans olefins,
the two simultaneous interactions will favor the formation of
trans products. This accounts for the fact that trans olefins
exhibit a higher degree of stereoselectivity than cis olefins.

For very bulky olefins, the 1-3 diaxial interaction in the
transition state leading to C4 can be progressively erased by
a 3-4 interaction with a substituent on the metal.

Finally, there are also some cases for which the 1-2 inter-
action may become more important than the 1-3 interaction:
recently, Calderon and co-workers!* reported that metathesis
of 4-methyl-2-pentene yielded zrans-2,5-dimethyl-3-hexene
with a trans/cis ratio equal to 99, regardless of the cis or trans
nature of the starting olefin. (The equilibrium ratio was in-
dependently established to be 13.2.)

If one considers the various transition states leading to cis-
or trans-Cg starting from cis- or trans-Cg (Figure 8), it ap-
pears that the 1-3 diaxial interaction is negligible compared
with the 1-2 interaction: the transition state where the two
isopropyl groups are in (a-a, e-¢) position is then favored. This
is a limiting case where the 1-2 interaction prevails over any
other interaction.

4. Influence of the Nature of the Transition Metal on the
Stereoselectivity of Metathesis. It has been known for a long
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Table VI. Influence of Group 6 Transition Metal on the Stereoselectivity of Metathesis of cis- and trans-2-Pentene
N cis-2-pentene trans-2-pentene
transition M(CO)s(mesitylene)? M(CO)sPPh;? M(NO),Cl,(PPh;),? M(NO),Cl5(PPh3),?
metal M t-/c-Cy t-fc-Cg t-/c-Cy t-/c-Ce t-fc-Cy t-/c-Cg t-/c-Cy t-/c-Ce
A\ 0.80 1.1 0.73 0.88 0.44 0.74 6.2 11.4
Mo 0.60 0.60 0.20 0.45 12.5 25
Cr 0.45
0.42¢

2 With Cr{(CO)3(benzene). ® Catalyst,

time!'? that molybdenum complexes were more stereoselective
than tungsten complexes but no systematic and comparative
studies had been carried out with a single substrate and a set
of group 6 transition metal complexes exhibiting the same li-
gands. This study was carried out with various Cr, Mo, and W
complexes. The olefins used were ¢is- and trans-2-pentene. It
must be pointed out here that a very wide range of catalytic
activities was encountered with group 6 transition metals. Most
chromium complexes were found to be almost inactive except
for the arene complexes (arene)Cr(CO)s, associated with
EtAICI, (arene = benzene, mesitylene). Whatever the set of
complexes used (Table V1), the stereoselectivities observed
with cis- or trans-2-pentene follow the same trend: they de-
crease in the order Cr > Mo > W, chromium being the most
stereoselective. If one assumes the same mechanism for a given
set of ligands, then the variations observed must be ascribed
to the nature of the transition metal itself.

A simple explanation for the very low stereoselectivities
observed with the tungsten-based catalysts would be to consider
that, in the transition state i, the M-C; and M-C; bond length

l\l’[—C|
Cy—Cs
i

would increase from Cr to W. This would increase the C,-C3
distance and decrease the 1-3 repulsion interaction. At this
point -there is no X-ray structure available for
(CsHs)aWC3Hg!6 or related compounds which could indicate
the degree of puckering of such a tungstacyclobutane deriva-
tive. Nevertheless there are some data available for some
platinacyclobutane derivatives which were synthesized first
by Chatt and co-workers.!7 In PtClypy>C3Hg (Figure 9), the
C, carbon of the cyclobutane is only 12°5 above the plane
defined by Pt, Cy, C3, Ny, and N3 (N, and N belong to the
pyridine ligands). With the substituted complexes ii and iii the

py:CL,Pt Ph (PPhy),CLPt CN
L:l:ph CN@CN

CN
i iii

C; carbon is about 28 and 26° above the plane. Obviously more
model compounds are necessary to fully account for the ten-
dency observed with group 6 transition metals.

Conclusion

As a conclusion, the results related to the stereochemistry
of metathesis of acyclic olefins can be rationalized in the fol-
lowing way.

(1) The retention of configuration of the starting olefin can
be explained on the basis of a 1-3 diaxial interaction in the
metallocyclobutane transition state (i).

(2) The lowering of stereoselectivity and activity observed
with bulky olefins (formation of 2-butenes from
RCH=CHCH3;) is due to a nonstereoselective repulsive in-
teraction between the R group of the olefin and the transition

Figure 9. X-ray structure of PtClypy,C3Hg according to ref 17b.

metal and/or its ligands.

(3) The favored formation of trans isomers by metathesis
of « olefins indicates the presence of a repulsive 1-2 (e-a, a-e€)
interaction in the metallocyclobutane transition state. This 1-2
interaction accounts for the higher degree of stereoselectivity
observed in metathesis of trans olefins compared with cis ole-
fins. It also explains why for a given olefin the trans/cis ratio
of the produced heavy olefin is higher than the trans/cis ratio
of the produced light olefin (at 0% conversion).

All these effects are superimposed and contribute to various
degrees to the resulting stereochemistry. Nevertheless there
are some limit cases. Propylene does not give any significant
1-3 nor 1-2 interaction. cis- or trans-4-methyl-2-pentene
affords only trans-2,5-dimethyl-3-hexene,'* due to a 1-2 (a-e,
e-a) interaction which is higher than the 1-3 (a-a) interac-
tion.

Variations of stereoselectivity between Cr, Mo, and W are
explained on the basis of a decreased 1-3 interaction in the

metallocyclobutane transition state when going from Cr to
W.

Experimental Section

1. Materials, (a) Olefins. All the olefins used are commercial sam-
ples. Liquid olefins were dried over 5-A molecular sieves and kept
under argon. Propene and cis- and trans-2-butene were supplied by
Air Liquide, 1-butene by Phillips. 1-pentene, trans-2-pentene, cis-
and trans-2-hexene, trans-2-heptene, trans-2-octene, cis- and
trans-4,4-dimethyl-2-pentene, trans-1-phenyl-1-propene, and
trans-1-phenyl-2-butene were purchased from Fluka AG. cis-2-
Pentene was obtained from Merck and cis- and trans-4-methyl-2-
pentene from Riedel-de Haén AG.

(b) Catalysts, M(CO)sL. Complexes. These complexes were obtained
by mixing stoichiometric amounts of M(CO)¢ and the corresponding
ligand in a sealed tube and heating at the desired temperature ac-
cording to a procedure already described.!®

M(CO);L3 Complexes. W(CO);(mesitylene) and Cr(CO);(ben-
zene) were purchased form Strem Chemicals Inc.; Mo(CO);(mes-
itylene) and Cr(CO);(mesitylene) were supplied by Research Or-
ganic/Inorganic Chemical Corp.

M(NO);X2(PPh3); Complexes (M = Mo, W; X = Cl, Br, I). These
catalysts were synthesized according to a procedure described by
Johnson, 1920

(¢) Cocatalysts. EtAICl; was supplied by the Ethyl Corp. It was
purified by vacuum distillation, diluted in anhydrous chlorobenzene,
and stored under argon.

(d) Solvent, Chlorobenzene was a commercial Merck product. 1t
was distilled twice from P»Os under argon. It was stored under argon
over 5-A molecular sieves.

(e) Gases. All the gases used (argon and oxygen) were dried over
5-A molecular sieves.
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2. Apparatus and Procedure. The apparatus used for kinetics ex-
periments included a batch reactor in glass with valves allowing argon
purges, evacuation, and introduction of the various reagents. Various
gases syringes as well as burets allowed given amounts of olefin, O,
alkylaluminum, or solvent to be introduced into the reactor. A sam-
pling valve was connected to the reactor in order to analyze the gaseous
phase or liquid phase at any time during the reaction. Analysis of the
olefins required was performed on an Intersmat IGC 120 flame ion-
ization chromatograph.

In the case of the M(CO)s—, L, catalyst, the precursor complex
was introduced into the reactor, which was then evacuated and care-
fully purged with argon before the solvent was introduced. Then, the
olefin, Oy, and the cocatalyst were introduced. In the case of

M(NO)>X3(PPhs),, the catalyst and cocatalyst were allowed to react
for 30 min before introducing the olefin.

3. Experimental Conditions, All the experiments were carried out
at 25 °C. In all cases 60 mL of chlorobenzene was used. Owing to the
various activities observed, the olefin, catalyst and cocatalyst amounts
could vary with the catalytic systems. The following experimental
conditions were used.

W(CO)sPPh3, E£AICl;, 0 W = 0.167 X 10~2 mol/L, olefin/W
= 100, Al/W = 4, O;/W = 0.5 except for the metathesis of 4,4-
dimethyl-2-pentene, where Al/W = 8 and O,/W = 2,

Mo(CO)sPPhs, EtAICI;, O2: Mo = 0.333 X 10~2 mol/L, olefin/W
=50, Al/Mo = 3,0,/Mo = 3.

M(CO)3(mesitylene), EtAICl;, Oz M = W, W = 0.167 X 102
mol/L, olefin/W =100, Al/W = 2; M = Mo, Mo = 0.167 X 10-2
mol/L, olefin/Mo = 100, Al/Mo = 10,0,/Mo=10; M = Cr,Cr =
0.333 X 1072 mol/L, olefin/Cr = 50, Al/Cr = 4,0,/Cr = 1.

M(NO);X»(PPh3); (M = W. Mo; X = Cl, Br, I), EtAICIz M = 0.167
X 1072 mol/L, olefin/M = 100, Al/M = 6 except in the case of
Mo(NO),15(PPhs); and branched olefins: Al/M = 10.
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Allenes and Acetylenes. 22. Mechanistic Aspects
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Abstract: Four chiral 3-decyn-2-yl derivatives (1a-d, Scheme I) were treated in THF with various aluminum hydride reagents
selected to give high yields of 2,3-decadiene. The preferred mode of substitution was deduced from the known absolute configu-
rations of starting material and product. The effect of the temperature on the stereoselectivity was also studied and the thermo-
dynamic parameters were calculated. The use of hydroxy, tertiary amine, or bromide as the leaving group (in compounds 1a,
1c, and 14, respectively) yielded the allene in a preferred overall syn mode of substitution, the degree of which increased with
temperature. The mesylate (1b) with lithium trimethoxyaluminum hydride yielded the allene in an anti displacement which
was more preferred at lower temperatures. The mechanisms of these reductions are discussed. The chiral allenic alcohols (11
and 12) were also prepared via lithium aluminum hydride reductions of chiral acetylenic derivatives (Schemes Ill and 1V).

Introduction

The stereochemical course of the allene-forming 1,3-sub-
stitution reactions (Sn2’) of chiral propargylic derivatives
presents a problem which is analogous to the Sy2’ reactions

0002-7863/79/1501-7302%01.00/0

in allylic systems. These reactions of allylic derivatives have
been of synthetic and mechanistic interest for years.>* How-
ever, it is only during the last 3 or 4 years that definitive ex-
perimental evidence of the stereochemistry, in cyclic as well
as acyclic systems, has been collected. It is now apparent that
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