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Abstract - Alkoxide ligands, which are n-donating ligands, complement the
behavior of traditional organometallic ligands, which are wm-acceptors.
Steric control in the determination of coordination number and substrate
binding can be introduced by the specific choice of alkoxide ligand. The
compounds W,(OR), contain two important functionalities, the alkoxide
group and the (W=W)%* unit, and form versatile templates for
organometallic chemistry. The reactions between W, (OR). compounds and
alkynes give rise to a variety of products derived from either metathesis
of the W=W and C=C bonds, carbon-carbon or carbon-tungsten coupling
reactions depending upon the alkoxide ligand and the substituents on the
alkyne. The addition of ethylene to W,(OR). compounds proceeds via a

sequence of reversible steps involving olefin adducts,
metallacyclopentanes and ultimately alkylidyne ligands by C-H activation
and elimination of ethane. The compounds 1,2- Ry, (OR), contain three
functionalities of interest: (1) the ancillary alkoxlde ligands, (ii)

the central (W=w)®* moiety and (iii) metal-alkyl bonds. The reactions
between 1,2-R;W,(OR), compounds and alkynes give rise to a variety of
products depending upon the steric properties of R and R’', the lack or
presence of JA-H atoms in the R’ group and the nature of the alkyne.
Examples include (i) (prt O)Z(MeSCCH YW=CEt by W=W and C=C bond metathesis,
(1i) W,(p- CCMe, )y (H) (oPrt Y,(u-GMe,) by C-H actlvation and C-C bond
formation (111) alkyne adduct formatlon, e.g. W, (OPr Y, (CH Ph), -(n2-
csz)z' where R = Me and Et, and (iv) W (p- C,Me ) (OPr ) by alkyl group
disproportionation or M-C bond homolys1s Mechanlstic studies of the
above are discussed on the basis of results obtained from both isotopic
labelling experiments and kinetic studies.

1. INTRODUCTION

Organometallic chemistry has developed largely through the use of soft n-acceptor
ligands such as carbon monoxide, tertiary phosphines, m-olefins, -cyclopentadienes
and -carbocyclic systems (ref. 1). The use of ancillary hard =-donor ligands such
as oxo, imido and alkoxido ligands has only recently attracted attention (ref. 2).
Soft m-acceptor and hard x-donor ligands complement each other. Both sets of
ligands behave as n-buffers and whereas the =-acceptors stabilize d-electron rich
metal centers in low oxidation states, the n-donor ligands stabilize d-electron poor
metals in high oxidation states.

The alkoxide ligand is a particularly attractive spectator or ancillary ligand since
the specific choice of R may greatly influence the coordination number of the metal
and the binding of a substrate. Moreover, the electron releasing property of the
RO™ ligand is dependent on the M-0-C angle (ref. 3). The maximum =n-donation of 4
electrons correlates with a linear M-0-C moiety while a bent M-0-C group has two
inequivalent lone pairs, one of wm-donating character, the other, a mixture of oxygen
2s and 2p, 1s poised to form a metal-alkoxide bridge. The flexibility of the M-0-C
angle, coupled with the ability of metal-alkoxide bridge formation affords the metal
atom a unique degree of freedom to respond to the electronic changes that may occur
upon substrate uptake or elimination.

The favorable properties of alkoxide llgands coupled with the inherent reactivity of
the inorganic functional group (W=)®* of M-M valence configuration o?x* make the
compounds W,(OR). some of the most versatile templates for organometallic chemistry
(ref. 4). 1In this short account I recall how this has been seen in the reactions
between W,(OR). compounds and alkynes and ethylene and, furthermore, in the
chemistry of 1,2-R)W,(OR), compounds, where R' = an alkyl group (ref. 5).
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2. W,(OR)s + R’'C = CR’

Three types of reactions have been observed.

2.1. A metathesis of the W=W and C=C bonds

This was first noted by Schrock and coworkers in the reactions between W, (OBu® )g and
R’CsCR’', where R’ = Me, Et and Pr, eq. (1) (ref. 6). Reaction (1) is rapld at room

W,(0Bu®), + R'C=CR’ - 2(Bu®0),/W=CR’ (1)

temperature in hydrocarbon solvents but has steric limitations. For example, there
is no reaction between WZ(OBu )s and Bu®C=CBu® or Me SlC=CSlMe though the

alkylidyne compounds (Bu® 0), W=CR' can be made from reactlons between W,(0Bu®), and
R'C=CH, where R' = Me,S1 or Bu (ref. 7). Several of the (Bu"‘O) W=CR' compounds are
of interest as alkyne metathesis catalysts (ref. 8 & 9).

2.2 Carbon-carbon coupling reactions

With less sterically demanding alkoxide ligands such as Pr'0 and Me,CCH,0, alkyne-
alkyne coupling reactions are generally favored over the W=W and C-C metathesis
reaction. Products such as WZ(OPr) (p- C Me )(n -G,Me ) have been isolated and

fully characterized (ref. 10). Even in the reactlon between W, (OBu®)_ and ethyne
(the least sterlcally encumbered alkyne), carbon-carbon bond formation is favored
giving W, (OBu) (- CH) which has been isolated and fully characterized as a

carbonyl adduct (OBu) (u- CH )(CO) (ref. 10 & 11). The structure of

WZ(OBut)s(p-C,‘H“)(CO) is deplcted by I below.

When C-C coupling occurs there is evidence for the initial formation of a W, (OR) (i~
C,R;) compound and several of these have been structurally characterized as pyrldlne
adducts (ref 12). 1In each there 1s a u-perpendicular alkyne ligand. The central
W,(u-C,R)) moiety, which may be termed a dimetallatetrahedrane, is supported by one
or two alkoxide bridges. The GC-C distances of the alkyne are the longest reported
for M,(p-C,) containing compounds, e.g. C-C = 1.44(1) A in W, (OBu® ) g {p- -C,H )(py),
and have very small values for Jlac 18 for the p-C, moiety, ca. 10 15 Hz This
contrasts with carbonyl supported Mz(p C2 ) containing compounds, e.g. 1J13C-13C =
56 Hz in Co,(CO) (p-C,H,) (ref. 13 & 14).

There is evidence in a number of instances for the existence of an equilibrium
between the Wz(}t-Csz;) containing compound and the alkylidyne derivative, eq. (2)
(ref. 12, 15 & 16).

2[(RO) W=CR'] = W,(OR) (u-C,R}) 2)

2.3. Carbon-to-tungsten bond formation

In certain instances the C=C and W=W metathesis reaction noted in 1 above gives rise
to a highly reactive (RO),W=CR’' intermediate that reacts rapidly with the W,(OR),
compound to give alkylldyne capped tritungsten complexes, W,(p,-CR' Y(OR), (ref. 17).
The latter adopt the structure depicted by II.

{ e,
-

RO Q2 OR
R=Pr,XaCMe

R = CH,Bu', X = CEt or CPh
11
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The successful synthesis of W, (p,-CR') (OR), compounds may be achieved by reactions
(3) and (4), where R = pr! and CH CMe, and R’ = Me, Et and Ph (ref 15).

3W,(OR) (py), + 2R'C=CR’ = 2W, (4-CR')(OR), + 6py (3
2W,(0R)(py), + W,(OR) (4-C,R})(py), ~ 2W,(s;-CR')(OR), + 6py (&)

In certain instances all three types of reactions (1 to 3 above) are competitive and
different products are obtained under d1fferent experimental conditions. Such is
the case in the reactions between WZ(OPr )s(HNMez)2 and EtC=CEt which can lead to
(a) [(MezNH)(Pr 0),W=CEt],, (b) W,(4;- CEt) (OPrt )g and (¢ W, (0Pr*) (u-C,Et,) (n2-
CzEtz) (ref. 16 & 18).

3. W,(ORJ)g + CzH,

A general reaction between W, (OR), compounds and ethylene occurs according to the
stoichiometry shown in eq. 3, where R = Pr! CH,CMe,, cy-C/H, and cy-C.H,, (ey is
cyclo).
22°¢C
W,(OR)¢ + 3CH, ————» W,(OR) (u-CCH,CH,CH)) + CH (5

28
hexane

There is no reaction between W (OBu )s and ethylene under comparable conditions.

The compounds W,(OR) (u- CCHZCHZCHZ) are similar (based on spectroscopic studies) and
adopt the structure dep:.cted by III below. A pyridine adduct has been structurally
characterized by an X-ray study. The latter contains a weakly coordinated py
molecule, as evidenced by the long W-N bond distance, 2.41 A, attached to W(1l) of
the novel 1,6-ditungstablicyclo[3.1.0]lhex-1(5)-ene moiety.

g
HQC’Y'—'CHQ
o Ly
\W/C\ e
O..._ ———— ~-.-
o D / \
0 = O'Pr
III

A general reaction pathway for the formation of the alkylidyne bridged complexes can
be formulated and this is shown in Scheme 1.

Scheme 1

Wo(OR)g + 2 CpH, T {Wy(OR)g(CoHy) + CiH) =&

H C _"C\H2 C\z + 02H4 ,C 2

N / > H,C. , > HuCe, W
W—_W 2 '.W_W M W_
: \,C
OH, ¢
CH,4 QM

C --—C\H2
+ O, Hg



1710

M. H. CHISHOLM

There is an initial reversible binding of two equivalents of ethylene and this can
be monitored for the neopentoxide, eq. (6) (ref 20).

W,(OCH,CMe,), + 2C,H, = W,(OCH,CMe ) (n2-C,H,), (6)

Studies of eq. (6) reveal no evidence for the intermediacy of a monoethylene adduct
wz(OCHzCMes)s(czHA)' and the use of labelled ethylenes, cis, trans, and gem- C,H,D,
shows that no isotopic scrambling occurs. This rules out C-H bond activatlon and
olefin metathesis reactions competing with (6). However in the presence of excess
ethylene W, (OCH CMe ) (n2- GH, ) reacts further to give W (OCH CMe ) (p- -CCH, CH,CH )
via the intermedlacy of W (OCH CMe, ) (CH ) (n? -G, H, ). Though the latter compound
has not been isolated for the neopentoxlde the reactlon between WZ(OPr ) and
ethylene leads to the reversible formation of W, (oprt )s (CH ), (n? -C,H,), eq. (7),
which has been characterized by an X-ray study (ref 19) Diagramatically the
structure is shown in IV.

W,(OPr'), + 3C,H, = W,(OPr') (CH,),(n2-C,H,) N
Cﬁ-'-cd C\ v
/ \ SN /\C7
C‘I;\ , /W=
AN /

v

There are a number of interesting questions that are raised in Scheme 1 concerning
how the carbon-carbon bonds are formed and broken and how carbon-hydrogen bond
activation occurs at the dinuclear metal center. These questions also are raised in
our studies of the reactions involving 1,2-(R')2W2(0R)A compounds outlined below.

4. 1,2-(R'),W2(OR), + ALKYNES

4.1 General comments

These reactions reveal the greatest sensitivity to steric and electronic factors
that we have seen. For example, ethyne, diphenylacetylene, di-t-butylacetylene and
terminal acetylenes do not react (except to form polyacetylenes) yet MeC=CMe, MeC=
CEt and EtCwCEt all show reactivity that is dependent upon the nature of R and R’
(ref. 21). The extreme sensitivity to steric factors is seen in the stoichiometry
of the reactions between 1,2- (Me CCH, ) (OPr )A and MeC=CMe and EtC=CEt which
proceed according to eqs. (8) and (9), respectively. In each case the ditungsten
compound is isolated in greater than 60% yield and by !H NMR studies each product is
formed rapidly. [The use of only one equivalent of alkyne in (8) lead to a mixture
of starting material and product (ref. 21).]

1,2- (Me,CCH,) W, (OPr'), + 2MeCmCMe -+ W,(H)(u-GCMe,) (s-CMe ) (OPr'), + CMe,  (8)
1,2-(Me,CCH,),W,(OPr'), + EtC=CEt - [EtCmW(CH,CMe,)(OPr'),], )

The WsmW and C=C metathesis reaction (9) parallels those described in the reactions
between certain W,(OR), compounds and alkynes in section 2.1.

4.2. Alkyne adducts and studies of their thermolysis

The reaction (8) requires a number of fundamental steps and the order in which these
steps occur can not be inferred from literature precedent. However, with less
sterically demanding alkyl ligands, R’, e.g. Ph, PhCH, and Pr and Et, it is possible
to isolate intermediates of formula W,(R") (OPr )s (aﬁkyne) and structure type V
(ref. 21 & 22).

RH2C CH2R
\ A/
W WS, [o = oprl)
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In compounds of formula WZ(R’)2(01=‘ri),'(a1kyne)2 the alkyne ligand may be considered
a metallacyclopropene moiety having relatively short W-C distances, 2.05 A, and G-C
distances of 1.31 A for the nz—Cz carbons. The W-W distances of 2.67(1) A are
effectively single bond distances consistent with the oxidation of the (W=W)®' unit
to (W-W)m+ upon coordination and reduction of two alkyne ligands, one at each metal
center (ref. 3). 1In solution there is rotation about the W-r]"’-c2 axis that can be
monitored on the NMR time-scale.

The compounds Wz(CHZR)Z(OPri)[‘(alkyne)2 react in solution by competitive double a-H
activation pathways. In all cases the major product is the alkylidyne bridged
hydrido compound VI formed by elimination of RCH, and a coupling of the two alkyne
units to give a u-metallacyclopentadiene ligand (ref. 21 & 22).

VI

The rates of thermolysis of the compounds of formula WZ(CHZR)Z(OPri)“(alkyne)2
followed the order kfut > Kgiues > Ky, and for the alkyme K,  poue tomgpy’ 1D

all cases the thermolysis was shown to be 1lst order in WZ(CHZEgZ(OPri)A(alkyne)z. A
small kinetic isotope effect k. /kp - 1.4 was observed when
Wz(CHzPh)z(OPri)d.(MeCCMe)2 and W (CDzPh)z(OPri)h(MeCCMe)2 were compared., The
activation parameters for W (CHZI’hZ)z(OPri)A(MeCCMe)2 (AH'r = 21 kcal mol, AST - -9
eu) and W,(CH SiMea)z(OPri)A%MeCCMe)2 (AH = 23 kcal mol™!, AST = -9 eu) indicate
that the differences in rates of thermolyses are enthalpic in origin. This
observation, together with the rate dependence on alkyne, kMech > kEf.CCEt,' lead us
to believe that the rate determining step is alkyne-alkyne coupiing and that this is
followed by a series of rapid steps some of which involve C-H bond activation.

The minor product in the thermolysis of Wz(CHzR) (OI"r’L),'(alkyne)2 compounds is VII,
formed by elimination of H,. Only in the case oé WZ(CHZSiMes)z(OPri)A(MeCCMe)z does
this reaction pathway contribute significantly and the compound W, (u-
CSiMes)(CHZSiMea)(p-CAMe,’)(OPr")h is even formed slowly (ca. 150 days) in the solid-
state at room temperature (ref. 21).

VII

The position of the terminal hydride 1ligand in VI was not ascertained from
crystallographic studies but was established by NOE difference spectra. In the
single crystal X-ray structural determination of w, (p-CSiMea) (p-
C,‘MeA)(CHzSiMe )(OPri)h we see the remarkable similarity between VI and VII wherein
the CH,SiMe, iigand substitutes for H. All the other structural parameters are
virtuafly identical.
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The competitive elimination of Me Si and H, are intramolecular processes which leads
us to suspect that a common reactive intermediate must be involved since both
processes require «-CH activation (at least as formally defined in mononuclear
chemistry). It is conceivable that the partitioning of the reaction occurs from an
alkyldene-hydride. Furthermore there must be transference of groups from one metal
atom to the other. Scheme 2 presents a plausible pathway for the reaction. The
coupling of the alkynes occurs prior to C-H bond activation. Elimination of alkane
versus H, are competitive from a hydrido-alkylidene-alkyl complex and, as in
mononuclear chemistry, elimination by C-H bond formation is favored to elimination
by H-H or C-C bond formation (ref. 23).

Scheme 2 /
RH2 7/
\ \/ \ / CH2R

O
~

§ w \/

7 ' P

o/w<_7w\ 0 = 0-j~Pr O/W\ / Crgm

R

(2 @R

Although there is no evidence for any intermediate in the reaction between 1,2-
(Me,CCH,) W (OPr ), and MeC=CMe (2 equiv) that gives W,(H)(p-CCMe,)(s-C Me )(OPr )4
even at 7 eq (8), 1t seems likely that this proceeds via a reactlve b:_s alkyne
adduct. Presumably in the reaction with EtC=CEt a bis acetylene adduct is not
formed because its precursor, the monoalkyne adduct W, (CH CMe. ), (OPr) (EtCCEt) is
sterically congested and is kinetically labile toward the W=W and CEC metathesis
reaction, eq. (9).

Clearly very subtle factors are at work in shunting the reaction pathways in
different directions. An example of a 1,2-migration at the ditungsten center was
seen in the reaction between 1,2- (Me) W, (OBu%) (py)2 and MeC=CMe that gave a blue

crystalline compound at low temperatures (<-20°0). This compound was
crystallographically characterized and shown to be (py) (Bu®0) W(p-GMe,) (u- OBu®)W-
(Me), (OBu®) with a p-perpendicular alkyne bridge (ref. 21) Al ove -20°C in

hydrocarbon solvents this compound decomposed to give, amongst others, the well
characterized (Bu"'O) W=CMe (ref. 7 & 24), again implying that the monoalkyne adduct
is the precursor to W-W and C=C bond metathesis.

4.3, Photolysis of 1,2-(PhCH,),W,(OPr')4(RCCR),

The bis alkyne adducts of the benzyl compounds are photolytically sensitive and
eliminate toluene and bibenzyl. The former ellminatlon generates the benzylidyne
hydride, VI, while the latter generates W (OPr) (u- C where R = Me and Et.
The latter are only formed in up to 40% by photolysis of %e benzyl compounds and a
better synthesis is found from 1,2-dialkyl ditungsten compounds that contain g-
hydrogen atoms as described below.

4.4 Thermolysis of 1,2-(RCH2),W,(OPr')4(C2R’,), compounds, where R = Me, Et and Pr' and

R’ = Me and Et

The addition of either MeC=CMe or EtC=CEt to 1,2- (RCH ) (OPri)k compounds, where R
=~ Me, Et and Pr!, gives bis-alkyl bis-alkyne adducts that are spectroscopically
analogous to V and the structure has been established crystallographically for the
compound W, (Pr" ) (OPr )4 (C Me ) (ref. 25). However, these compounds are thermally
unstable and slowly decompose at room temperature in hydrocarbon solvents (ref. 21).
The compounds W, (CH R), (OPr) (MeCCMe) , where R = Me and Et, react thermally to
give 2:1 mixtures of W, (p- CR) (u-C Me ) (n2 -CMe,), (oprt ) and Wz(p.-CzMez)z(OPr)
via competitive a- and ﬂ hydrogen elimination pathways respectively (ref. 21 & %5).
The formation of the tetratungsten compound is accompanied by elimination of 1:1
alkane and PrlOH, and provides a rare example of where a W-O bond is sacrificed to
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form a W-C bond. In the latter reaction 1l:1 alkane and alkene are eliminated. The
thermolysis of WZ(CHZPri) (OPri)a(Csz) gives exclusively Wz(p-Csz)z(OPri)h with
the formation of iso-butyiene and iso-butane, according to eq. (10).

W, (CH,Pr*),(0Pr), (n2-C,R,) = W,(u-C,R,),(OPr'), + Me,C=CH, + Me CH (10)

The structure of the bis-dimethylacetylene bridged compound was determined and is
digramatically depicted by VIII below (ref. 21 & 26).

5. CONCLUDING REMARKS

From the above it is evident that the (W=W)%* moiety supported by alkoxide ligands
is a most versatile template upon which to carry out organometallic reactions. The
mere addition of ethylene or alkynes to W,(OR), compounds generates W-C bonds in a
variety of ways that are influenced by the nature of the alkoxide. If alkyl groups
are also introduced to the (W=W)%* center, as in the chemistry described for 1,2-
(R)ZWZ(OPri) compounds, then the chemistry becomes even more complex and
fascinating as a plethora of C-H bond activation, and C-C coupling reactions become
possible. Undoubtedly this is a fertile area of organometallic chemistry for the
future and provides tremendous challenges for mechanistic studies.

Acknowledgements

I thank the National Science Foundation for support and my talented co-workers cited
in the references for their endeavors.

REFERENCES

1. J. P. Collman, L. S. Hegedus, R. G. Finke and J. R. Norton, in Principles and

Applications of Organotransition Metal Chemistry, University Science Books,
Mill Valley, California (1987).

2. W. E. Buhro and M. H. Chisholm, Adv. Organomet. Chem. 27, 311-369 (1987).

3. M. H. Chisholm, Polyhedron 2, 681-721 (1983).

4. M. H. Chisholm, Angew. Chem. Intl. Ed. Engl. 25, 21-30 (1986).

5. M. H. Chisholm, B. W. Eichhorn, K. Folting, J. C. Huffman and R. J. Tatz,
Organometallics 5, 1599-1606 (1986).

6. R. R. Schrock, M. L. Listemann and L. G. Sturgeoff, J, Am. Chem. Soc. 104,

4291-4293 (1982).

7. M. L. Listemann and R. R. Schrock, QOrganometallics &4, 74-83 (1985).

8. J. H. Wengrovius, J. Sancho and R. R. Schrock, J, Am, Chem, Soc., 103, 3932-3934
(1981).

9. J. Sancho and R. R. Schrock, J. Mol. Catal, 15, 75-79 (1982).

10. M. H. Chisholm, D. M. Hoffman and J. C, Huffman, J. Am. Chem. Soc., 106, 6806-
6815 (1984).

11. M. H. Chisholm, D. M. Hoffman and J. C. Huffman, unpublished results.

12. M. H. Chisholm, K. Folting, D. M. Hoffman and J. C. Huffman, J. Am. Chem, Soc.
106, 6794-6805 (1984).

13. M. H. Chisholm, B. K. Conroy, D. L. Clark and J. C. Huffman,Polyhedron 7
918 (1988).

14, S. Aime, D. Osella and E. Giamello, J. Organomet. Chem. 262, Cl1-C4 (1984).

15. M. H. Chisholm, B. K. Conroy, J. C. Huffman and N. S§. Marchant, Angew, Chem.
Intl. Ed, Engl, 25, 446-447 (1986).

16. M. H. Chisholm, B. K. Conroy and J. C. Huffman, Organometallics 5, 2384-2386
(1986).

17. M. H. Chisholm, K. Folting, J. A. Heppert, D. M. Hoffman and J. C. Huffman, J.
Am. Chem. Soc. 107, 1234-1241 (1985).

, 903-




1714

18.
19.
20.

21.
22.

23,

25.

26.

M. H. CHISHOLM

R. R. Schrock, J. H. Freudenberger and S, F, Pedersen, Bull., Soc. Chim, France
349-352 (1985).

M. H. Chisholm, M. J. Hampden-Smith and J., €. Huffmen, J. Am, Chem. Soc.,
submitted.

M. H. Chisholm and M. J. Hampden-Smith, Angew. Chem. Intl, Ed. Engl. 26, 903-
904 (1987).

M. H. Chisholm, B. W. Eichhorn and J. C. Huffman, Organometallics, in press.

M. H. Chisholm, B. W. Eichhorn and J. C. Huffman, J. Chem, Soc.. Chem, Commun,
861-863 (1985).

J. R, Norton, Acc, Chem. Res, 12, 139-145 (1979).

M. H. Chisholm, D. M. Hoffman and J. C. Huffman, Inorg, Chem.
(1983).

M. H. Chisholm, B. W. Eichhorn and J. C. Huffman, Organometallics 6, 2264-2265
(1987). .

F. A, Cotton, W. Schwotzer and E, S. Shamshowm, Organometallics 2, 1167-1171
(1983).

2, 2903-2906





