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The structure of 2 has been determined and 
shown to have a bent Cp*-MO-MO-Cp* axis (o = 
168”)” The MOGMO bond length [2.488(3)A] 
is somewhat longer than the 2448(1)A observed 
for 1.2 

The compound originally reported’ ’ as (inden- 
yl),Mo,(CO), has been shown by X-ray crystallo- 
graphy to be the triply:bonded tetracarbonyl 
In,Mo,(CO), (3).12 The overall structure closely 
resembles that of 2 in that only two of the four 
COs are semi-bridging and the InMoMoIn axis 
is nonlinear (Fig. 1). The MO-MO distance is 
2.500(l) A. The triply-bonded tetracarbonyl reacts 
readily with CO at room temperature to give 
authentic In2M02(C0),.‘2 The latter is also 
obtained from ferricenium ion oxidation of 

InMo(C0); [eqn (l)]. 12(b)+) Thermolysis of the 

purified hexacarbonyl dimer gives the highest yields 

of triply-bonded 3 [eqn (211: 

ZlnMo(CO); + 2Cp,Fe+ 

llO-l&C 
In,Mo,(,CO),, - 

- 2co 

- In,Mo,(CO),> (1) 

lOh( (2) 

(3) 

To date, no “indenyl effect” on the reactivity of 
3 vis-his 1 has been observed, probably because 
the unsaturation inherent in the Mo=Mo triple 
bond overides any such effect.r2’“’ 

Oxidation of the TpMo(C0); anion with 
Cp,Fe+ gives the mononuclear, 17e radical 
TpMo(CO), (4) (Tp = hydridotrispyrazolylborato) 
[eqn (3)].13 Refluxing acetonitrile solutions of (4) 
gives the triply-bonded dimer 5 [eqn(4)]: 

TpMo(C0); + Cp,Fe+ - Cp,Fe + l-pMo(CO), (3) 

4 

2TpMo(CO), a_ Tp(CO)IMoEMo(CO),Tp (4) 

5 

Fig. 1. ORTEP plot of (indenyl),Mo,(CO)d(MoEMo). 

The Tp-MO-MO-Tp axis in 5 is also nonlinear 
and only two of the four carbonyl groups are semi- 
bridging. The MoGMo distance is 2.507(1)A. The 
coordination about each MO is quasi-octahedral if 
the metal-metal bond is considered to occupy one 

coordination site. 
The chemistry associated with the MO-MO 

bond in 5 is rather disappointing. No reaction was 
observed with acetylenes, Ph,CN,, CH,N,, Ss, 

propylene sulfide, P(OMe), or H,. Even CO does 
not react with 5 at atmospheric pressure. Prolonged 
reaction of 5 with CO (172 atm, 35°C) gave MO 
(CO), as the only carbonyl-containing product. In 
its reactions with Br, or I,, 5 resembles 2 in that 
CO transfer occurs and RMo(CO),X (R = Tp or 
Cp*) are the only carbonyl products isolated. 

A mixed MosW triply-bonded compound may 
be prepared by refluxing a diglyme solution of 

Cp,Mo,(CO), and Cp,W,(CO), according to eqn 
(5).14 The use of diglyme as solvent also gives an 
improved synthesis of compound 1.14 A mixed Tp- 
Cp dimer could not be prepared either by heating 
a solution of TpMo(CO), and Cp,Mo,(CO), or by 
mixing TpMo(C0); with C~MO(CO),BF,.‘~(~’ In 
the former case, only 1 and unreacted TUMOR 
were recovered, while the latter reaction gave 
TpMo(CO), and Cp,Mo,(CO), by an electron- 
transfer process. 

- co 
Cp,Moz(CO), + Cp,W,(Co),> - CpZM,(CO)a 

A 

+ Cp2MoW(C0& (5) 

M = MO or W 

The R,M,(CO), compounds described in this 
section all display the same basic structure. How- 
ever, the details of their reactivity seem to be 
influenced enormously by subtle changes in the 
steric and electronic properties of the groups R. We 
turn now to a survey of the chemistry associated 

with the metal-metal multiple bonds. Where warr- 
anted, the chemistry of some of the more interesting 
compounds prepared from 1 and its homologs will 
also be described. 

NUCLEOPHILIC ADDITIONS TO THE 
MrM BONDS 

Molecular-orbital basis for reactivity 

In molecular-orbital parlance, a molecule inter- 
acting with a nucleophile must possess a relatively 
low energy acceptor orbital. Both the Fenske-Hall6 
and EHM05*15 calculations on Cp,Mo,(CO), 
show the rr$ MO to be the LUMO when the Cp 
rings are centered on the MO-MO axis. The n!J, 
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orbital lies at slightly higher energy. When the rings 
are tilted off the MO-MO axis as shown in Fig. 2, 
the energy of the rrz! orbital drops and it becomes 
the LUMO. 

An inspection of the structures of the products 
of a variety of nucleophilic additions suggests that 
the regioselectivity of nucleophilic addition may be 
controlled by either rr$ or n$. The energy barrier 
to bending the CpMoMoCp axis is apparently 
quite low,’ so that either path A or path B 
(Scheme 1) may be followed, depending on subtle 
electronic and steric requirements of the reactants. 
Path A seems to be followed by bulkier nucleo- 
philes, e.g. phosphines and phosphites,**r4 whereas 
bridging ligands, e.g. cyanide ion,3 alkynes and 
diazoalkanes, seem to prefer path B (see below). 
Isomerization of the products has been noted in 

some instances (see below), so that the observed 
geometries of the isolated products may not corre- 
spond to those of initial, kinetic products, however. 

In any event, simple electron counting suggests 
that an M=M double bond should result if the net 
result of a reaction is the addition of two electrons 
to the dimetal unit, an M-M single bond results 
from adding 4 electrons net, while donation of six 
electrons disrupts the metal-metal bonding. 

Reactions with sulfur-containing reagents 

Molybdenum is the chief constituent of many 
hydrotreating catalysts, especially those used for 
hydrosulfurization (HDS).16 The reactions of the 
MoEMo bond with sulfur-containing molecules 
has therefore been of interest. Alper and coworkers 

Path A 

Fig. 2. MO energy levels of Cp,Mo,(CO), as a function of the Cp-MO-MO angle (w). 
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have shown that organosulfur compounds bind to 
the dimetal framework of 1 to give unusual struc- 
tures [eqns (6)-(8)] [M = Mo(CO),Cp]: 

RR’CS + 1 - RR’C--S 

\/\ 
M-M 

.lsR, + 1 25°C R’s\c, llO°C 

- Ri\/“\M - PhMe 

S 

I’ R 

“Yu/AM/Cp 

OC’ ‘,‘I 
I P 
I b 
R’ . 

(6)” 

(7SK 

2 + 1 - M- 

, 
(8) 1m 

With Ph,PS, 1 gives an unusual l,l-disubstituted 
product [eqn (9)] rather than the usual 1,Zproduct 
shown in path A of Scheme 1.” 

MEM + PhaPS - 
cp\ 

CP 

Ph,PS 
r\\L.o /+o 

SPPhs 0” ’ 

(9) 

Isothiocyanates react with (C,Me,),Mo,(CO), 
(2) according to eqn (10). With a lo-fold excess of 
RNCS, only the dithiocarbamate was isolated. With 
a 1:l ratio of RNCS and 2, the p,$-isocyanide 
was produced with a conversion of 6°h.20 Similar 
isonitrile complexes are produced directly in high 
yield from the reaction of RNC with 1.21 

U’=M* + RNCS - - 

2 

(IO) 

Refluxing a CS, solution of 1 gave the CS, 
adduct in ca 20% yield [eqn (1 1)]:22 

M-M + CS2 - 

I 

Cp\M~(CO&-Mo(CO) Cp SXC-- 

‘S’ 

3 (11) 

Reactions with phosphorus-containing nucleophiles 

Most simple phosphines or phosphites react with 
1 to give the disubstituted dimers corresponding 
to path A of Scheme 1. The cyclic phosphite (6) re- 
acts with 1 with CO substitution and retention of 
the MO-MO triple bond [MO-MO distance in 
7 = 2.506(l)A] [eqn(12), L = 6].23 

6 I 

Compound 7 reacts with CO and isonitriles in 
the same manner that the parent 1 reacts [eqns (13) 
and (14)], but with P(OMe),, the ligand 6 is 
displaced [eqn (15)]. 23 There is no ready explana- 
tion for the unusual behavior of phosphite 6. 

7 + 2co - Cp(C0)2LMo-Mo(Co)sCp 

7 + RNC - 

7 + P(OUe), - 

c~(co)[(M~o),P]MEEu~CO)~CP + 6 

(13) 

(14) 

(15) 

The reactions of MEM with ylides are of con- 
siderable interest since such reactions could lead to 
new routes to alkylidene complexes. Unfortunately, 
these reactions are exceedingly messy and interest- 
ing. products cannot be obtained in high yield.* 

M* = Uo(co)&' 
*Reactions of 1 with Me,PCH, or Me,P(CH& gave 

very complex mixtures.24 
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The products, 8 and Ph,P, show that extensive 
fragmentation of the ligand occurs.25 The Mo=Mo 
distance in 8 is 2.885(l) A. 

I + PhsPCHz - 

Ph,P + Ph,MePO + CplMol(CO), + CplMol(CO),(PPhS) 

(2%) (3%) (10%) 

Ph\ /p” 
+ o\\M-gziMo/cp 

Cp' 'HC f 'CO 

(16) 

\CHPh 

(1%) 

8 

The phosphaalkyne ‘BuCEP reacts with 
give an adduct with the same tetrahedrane 
structure obtained from 1 and alkynes:26 

‘BuC-P: + M-M - M (17) 

R 

Reactions with alkynes and alkenes 

1 to 

type 

At room temperature, 1 reacts rapidly with all 
but the most hindered alkynes to give tetrahedrane- 
type adducts [eqn (18)]. **27-2g These adducts typ- 
ically have the following bond lengths (A): Mo- 
MO, 2.98; MO-C, 2.18; and C-C, 1.33. The 13C 
chemical shifts of the acetylenic carbons of a variety 
of adducts of type 9 are collected in Table 1. The 
values range from 6 29 for a silyl-substituted carbon 
to ca 140 for stannyl substitution. Large differences 
between two differently substituted carbons in the 
same coordinated acetylene are evident, viz. 100.7 
and 29.3 for HCCSiMe,, and 117 and 40 for 
MeCCSiMe,. The usual range for C- or H-substi- 
tution is 60-90ppm. 

c” 
M-M + RC-_CR' - M 

/\ 

\"/" + 
(18) 

L 

R’ 

9 

These alkyne adducts show interesting reactivity. 
At higher temperatures (> lOO”C), they lose CO 
and react with additional alkynes to form new 

Table 1. 13C NMR chemical shifts of acetylene and 
acetylide dimolybdenum complexes 

R” R’ 6C 6 c’ Reference 

H H” 61.9 - 27 
Me Me* 82.6 - 27 

Co,Me Co,Me 62.0 - 27 
H CH,CH,OH 87.2 ? 27 
H Et 86.0 60.9 29 

Me SiMe, 117.4 40.4 28 
Ph,Sn Ph,Sn 140.4 - 29 

H SiMe,Ph 100.7 29.3 28 
_c Ph 185.8 101.8 40 

“R and R’ are acetylenic substituents in structure 9. 
*Free acetylenes resonate at 71.6 and 73.9, respectively. 
’ Acetylide structure 23. 

ligands derived from sequential coupling of two- 
four alkyne ligands. 2**30-33 The structural types so 
produced are indicated by lo-13 shown below: 

10 11 

12 13 

When terminal alkynes (RCCH) are employed, 
the C,-ring in 10 shows predominate head-to-tail 
coupling of the two alkynes. The isomers of 11-13 
which are formed by the reaction of alkynes with 
10 show that the new alkynes which are incorpor- 
ated may enter at either MO-C bond in the MoC, 
ring [eqn (19)]. Structures of type 12 are also formed 
by one electron reduction of the mononuclear, 
CpMo(RCCR)2(NCMe)+ complexes.34 

In addition to the main products shown above, 
smaller quantities of compounds of type 14 and 15 
may be isolated from the reaction mixtures. These 
compounds are probably formed by the reaction of 
the triply-bonded precursors 10 and 11 with CO 
as has been demonstrated in one instance [eqns 
(20) and (21)]:32 
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R&R, 
CpMf&, + R&CR3 - 

\ 

‘co 

CP 
10 + 2L - A 

‘I 

ai"cp 'MO- 
I 

(20) 

oc L L 

L = co or RNC 14 

end of the &-chain are q3-bonded to one metal 
each and the two halves are joined by a C-C 
single bond. This description of the bonding differs 
from that originally proposed.30*31 

In both isomers, 12 and 13, the electron count 
demands a Mo=Mo double bond to achieve an 
18-electron count at each MO.’ The Mo=Mo 
distances31s34 range from 2.595( 1) to 2.635(l) A. 
This distance compares with ca 3.OA for bridged 
M-M single bonds and 2.448(l) I$ for the MosMo 
bond in 1. 

The mono-alkyne adducts (9) are readily proton- 
ated by strong acids to produce the p,$,q2-vinyl 
complexes 16. 2g*38 The stereochemistry of the pro- 
tonated product suggested that the proton was 
delivered to the alkyne moiety via the metal in an 
intermediate, e.g. 17. The tungsten analogue of 
17 was subsequently observed as a product of 
the protonation of the carbyne complex 
Cp(CO)2W=CR.3g 

11 
5’ 

+ 2co - 

Mhl + HX - M-_M 
+ 
‘C’ 

R X 

15 

The details of the structures of these alkyne 
adducts show some interesting features. The 
terminal carbons of the C,-fragment in 10 are 
symmetrically bonded to both metals [d-(Cr- 
C) = 2.025(7) bi avg.] and thus appear to be bridg- 
ing alkylidene carbons. Their i3C NMR resonance 
(6 -2lOppm) is consistent with this description.35 
The middle carbons of the M,C4 fragment are q2- 
bonded to the M2 metal [d(M,-C) = 2.23 A]. The 
M,C4 ring system itself appears to be delocalized36 
with equal C-C bond lengths (z 1.42 A avg.). 

Structure types 12 and 13 are isomeric. In 12, 
both termini (C,) of the Cs-ligand are very tightly 
bonded to one metal [d(M,-C,) = 2.08& d(M,- 
C,) = 2.23 A]. The Mi-C, distance approaches that 
expected for Mo=C double bonds,37 while the 
M,-C, distance is in the range found for MO-C 
single bonds. M, is q3-bonded to opposite ends 
of the &-fragment while M, is also q2-bonded 
to the two central carbons. 

In 13, the two terminal carbons bridge the two 
metals in a nearly symmetrical manner (the M2C2 
rhombus has essentially C,-symmetry with two 
opposite M-C bonds of length 2.18 w and another 
opposite set of two M-C bonds of length 2.14 8) 
(cf. structure 10). The next three carbons from each 

/ 16 (22) 

17 

Excess acid protonates the trifluoroacetate group 
(“X” in 16) giving coordinatively unsaturated inter- 
mediate 18 which is fluxional on the NMR scale. 
The coordination unsaturation of 18 allows for the 
oxidative addition of H2 and subsequent stoichio- 
metric hydrogenation of the alkyne. Under catalytic 
conditions with a large excess of alkyne, the excess 
alkyne inhibits the oxidative addition of hydrogen 
and the alkyne is polymerized instead [eqn (23b)].2g 

Methoxyallene reacts with 1 to give the adduct 
19 [eqn(24)]. Fluoroboric acid reacts with 19 to 
give MeOH and the cation 20. Cation 20 is also 
obtained from the reaction of the adduct of methyl 
propargyl ether (9: R = H, R’ = CH,OMe) with 
HBF, [eqn(25)].40 Figure 3 is a PLUTO drawing 
of 20. This perspective shows that 20 may be 
regarded as a cationic ~-$,#,~3-allenyl complex 
in which the C,-fragment is n-bonded to Mol and 
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2HX + MS-M + X (234 

H H 

16 + HX - M- 
+ 

(23b) 

Fig. 3. PLUTO drawing of the cation, C~,MO,(CO)~- 

(@X-W+ W). 

two C-H bonds of the n-ally1 group have been 
replaced with two Mo2-C o-bonds. 

Me0 

M-M + 
\ 
C=C=CHI - 

H' 
1 

Me0 
‘C . /CHz 

H--c’ \ \ 
M-M (2.4) 

19 

19 + HBFn 

CH 

M' \CH OMe 
\M/ 2 + 

1 
+ 
BFT (25) 

9 (R = H, R' = CH,OMe) 

Complex 20 is fluxional on the ‘H NMR time 
scale (AC* = 16.9 kcal mol-’ at 338 K). At -6O”C, 
the spectrum is consistent with the solid-state 
structure (two types of Cp groups): 66.76 (d, 
J = 1.7Hz, =CH), 5.33 (d, J = 1.7, -CH2), 5.05 
(s,--CH,). At 75”C, the Cp groups are equivalent 

but the signals due to the C,H, fragment do not 
vary with temperature. The dynamic process shown 
in Scheme 2 interconverts enantiomers of 20 via 
the symmetrically bridged intermediate in which 
the plane of the C,H, fragment is perpendicular to 
the MO-MO bond. This process resembles the 
higher energy fluxional processes27*2* in the acetyl- 
ene adducts (9) and p-vinyl complexes (16).2g*38 

The 13C NMR shifts of the C,-fragments in 20 
and its precursor complexes 19 and 9 (R = H, 
R’ = CH,OMe) show interesting trends. We label 
the MeO-bearing carbon Ca in the precursors. 
Upon loss of MeO- to form 20, Ca of 19 but Cy 
of 9 become Cl of 20. These relationships and the 
chemical shifts of corresponding carbons are shown 
below (see Fig. 3 for numbering scheme of 20): 

19 20 9 (R = H, R’ = CH,OMe) 
38 (Cy) + 76 (C3) c 76 (Ca) 

176(C/3)+ 118C2)+56(Cj?) 
101 (Ca) + 81 (Cl) c 86(Q) 

Insofar as these chemical-shift changes reflect 
charge redistribution, it is seen that the electronic 
structure of the C,-fragment in 20 resembles more 
closely that of the acetylene adduct 9 than the 
allene adduct 19. In particular, the deshielding of 
Cy in 19 suggests that positive charge is transferred 
from Ca to Cy in the transformation 19 + 20. This 
conclusion is borne out by the reactivity of 20 
toward nucleophiles [eqn (26)].40 Even hindered 
bases, e.g. ‘Pr,NLi, attack the terminal carbon, 
C3, to yield alkyne complexes 21. We have been 
unsuccessful in attempts to remove a proton from 
20. 

CH,-B? 

I- ’ 
/K + B-” - M 

\,r + 
(26) 

H H 

20 21 

B = Py, 'PrzN-, MeO-, CN-or RaP 
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Ha Hb 

\2 

F’ 

IC 

Scheme 2. 

Metal carbonyl anions react [eqn(27)] with 20 
in a redox manner to give the bis-adduct (22)” of 
1,5-hexadiyne;previously prepared from 1 and the 
free diyne. JO The reduction of 20 to give 22 is also 
accomplished with Na amalgam. Figure 4 is a 
PLUTO drawing of the structure of 22. 

2 20 + ZCpFe(C0); - 

Cp,Fe,(CO), t Hc$CCH$H~C$CH (27) 

M M 

22 

Complexes (9) of terminal alkynes react with 
strong bases, preferably ‘Pr,NLi or NaNH,, to 
produce &,v2-acetylide complexes (23) [eqn 
(28)].*l The molecular structure of 23 (R = CH,- 

? 

M’ ’ \,/” + B- - + + BH 

ii 

R = Ph or CH,OMe 

23 

(28) 

OMe) is shown in Fig. 5. The counter ion in this 
crystal is Na(lS-crown-5)+. The Na+ ion is also 
chelated by the methoxy oxygen and to one car- 
bony1 oxygen in the solid state. Similar coordination 
of alkali cations to carbonyl groups has been 
observed previously. 42 These ~-$,~2-acetylide 
complexes exhibit the same “windshield wiper” 
fluxional motion previously established for the 

Fig. 4. PLUTO drawing of the 1,5-hexadiyne adduct (22) of Cp2Moz(CO)*. 
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C27 

Fig. 5. ORTEP plot of Na(lS-crown-5) C~,MO~(CO)~ (p-CCCH,OMe) (23) showing the coordina- 
tion of Na+ to the methoxy and carbonyl oxygens of the anion. 
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cyanide adduct of 1 and for other p-$,$-acetylide 
adducts?3*44 

M--M + &Ha 

The Mol-CS distance in 23 (Fig. 5) is 2.03(l)& 
a distance approaching those observed for Mo=C 
double bonds.41 The Mo2-C5 and Mo2-C6 dis- 
tances [2.285(6) and 2.318(6) A, respectively] are 
not unusual for MO bound to Ir-systems. The 13C 
NMR chemical shifts of the acetylide carbons show 
a remarkable downfield shift in comparison to 
those in the parent complex 9 (cf. Table 1). The 
resonances due to C5 and C6 occur at 6 186 
and 102, respectively. 41 The former resonance lies 
toward the downfield side of the range of chemical 
shifts observed for bridging methylene groups3’ 
Thus, both the Mol-C5 distance and the 13C 
NMR chemical shift suggest considerable “carbene” 
character for the terminal carbon of the acetylide 
bridge in 23. 

(COT) c’ ‘c 
0 0 

1 

(29) 

M-M t 1.5-COD - 

The early papers on the reactivity of the MocMo 
triple bond reported that 1 does not react with 
alkenes.8*27 It was later shown that more severe 
conditions (1-21 days, 1 lo-130°C) gave complex 
mixtures from which low yields of structurally 
interesting compounds could be isolated [eqns (29)- 
(31)1.45*46 

(30) 

Mo(CO)&p 

(10%) 

MS-M •t m- / CpMo--_MoCp (31) 
I \~ 

oc C 
0 
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The alkyne adducts (9) react with cyclic, conju- 
gated dienes to give products with ligands derived 
from formal Diels-Adler condensation of the diene 
with the coordinated alkyne [eqn(32)].47 The 
MozMo bond length in 24 is 2.504(1)A. All of 
these rather complex reactions involving alkenes 
undoubtedly occur with prior loss of CO from 1 
or 9.32 

n 

'AM + 0 - 

E 

n 
7 

24 

The reactions described in the section amply 
demonstrate that the easily prepared alkyne 
adducts of the MorMo triple bond form the 
basis for an extensive chemistry of hydrocarbon 
conversions on a bimetallic center. Even in those 
reactions which require higher temperatures and 
proceed with loss of CO, the strength of the 
Mo=Mo triple bond serves to maintain the integ- 
rity of the dinuclear unit and suppress the formation 
of mononuclear products. 

REACTIONS WITH l&DIPOLES 

The reactions of carbon-carbon multiple bonds 
with 1,3-dipolar reagents have been studied exten- 
sively. 48 For example, alkynes normally react with 
the 1,3-dipole to give the cycloadduct 25. This 
adduct may expel the small molecule YEZ to give 
a three-membered ring (26) [eqn (33)]. 

RCGCR + i-y=i _ 

I_/+ -yz ix\ 
R/ \R - R/c-c\R (33) 

25 26 

It is therefore of interest to determine how metal- 
metal multiple bonds interact with 1,3-dipolar 
reagents. What are the similarities and differences 
in behavior of metal-metal multiple bonds uis-ci- 
uis their well-studied organic counterparts? The 
answers to such questions lead to increased under- 
standing of factors governing chemical reactivity 
and, at the same time, provide the synthetic chemist 
with new routes to molecules of interest in related 
areas. 

Reactions with diazolkanes 

Diazoalkanes (R,C=N,) are prototypal 1,3- 
dipoles. In addition to the interest attached to the 
bonding of the diazoalkane ligand itself to a dimetal 
fragment, loss of N2 from the adduct may give 
metal alkylidene complexes. The latter compounds 
are still of interest in connection with CO reduction 
chemistry.35 

The coordination chemistry of diazoalkanes with 
MrM (1) and related complexes has been both 
rewarding and frustrating in its complexity. No less 
than seven different reaction paths of diazoalkanes 
with MSM have been well characterized. These 
are summarized in Scheme 3. The reaction of 1 
with diaryldiazomethanes was the first reaction of 
this type to be reported and the product was shown 
to have the unusual bonding mode depicted in 27 
(M = Mo(CO),Cp). 4g*50 This structure is isolobal 
and isoelectronic with the bridging alkylidyne 
(2fQ.5' 

N=CAr2 

k 

27 28 

The parent diazomethane (CH2 = N2) reacts 
with 1, but no stable complex could be isolated-N, 
is evolved and polymethylene is formed.’ However, 
CH2N2 reacts with the pentamethylcyclopenta- 
dienyl analog of 1, hereinafter denoted by M*sM* 
[M* = Mo(CO),(C5Me5)], with loss of N, to 
an adduct with either structure 29 or 30.52*53 

give 

/““I\ 
M+NIM’ 

I 
N=CH1 

30 

Diazopropane (Me,C=N,) reacts with either 
MEM or M*3M* to give an adduct in which the 
terminal nitrogen is bonded to both MO atoms, 
and the central nitrogen also bonded to one of the 
MO atoms.54s55 In solution, a second isomer of 
M2(N2CMe2) is present as shown by the NMR 
spectrum.50*54 

Ethyl diazoacetate reacts cleanly with M*-M* 
to give adduct 31 which has the same coordination 
mode as the Me,CN, adducts [eqn(34)].50 An 
ORTEP plot of the structure of 31 is shown in Fig. 
6. The major difference between the structure types 
31 and 27 is that in 27 the terminal N donates a 
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Scl,cmc III M = Mo (CO), Cp 

y, 

f”\ 
M=N=N 0 

I ,N\ 44 

M-M 

k 
N2 

“\ //” 

A”\ 
\ 

‘HE //or, 

NZ 0 

‘i *I\ 
x> 

‘I 

N,CHCO,Ec Ar,CN, ON\ /CT 
M-N-M - MEM -M--M -M--M 

total of four electrons to the dimetal fragment, 
whereas in 31 the terminal N donates two electrons 
and the central N donates two also. In spite of their 
seemingly disparate structures, the bond distances 
and angles in the N,C portion of the molecules 27 
and 31 are virtually identical. 

M*=M* + N#HCO,Et - (341 

Reaction (34) is surprising because previous work 
had shown potential donor groups adjacent to the 
diazo group become coordinated to the metal in 

769 

these diazoalkane adducts. Thus a-ketodiazo- 
alkaness6 and diethyl diazomalonate50*54 react 
with MEM or M*ZM* to give products contain- 
ing a chelate ring which incorporates the keto or 
carboxyl oxygen [eqn(35)]. In these adducts, the 
a-keto or a-carboxyl diazoalkane reacts as a six- 
electron donor so the M-M bond is completely 
disrupted. 

M-M (or M*-_M*) + 
1’ ii 
c-c - 

R' 'E 

M=MZZ/\ 0 (35) 
c7 

x 
R E 

42 

Fig. 6. ORTEP plot of CpfMoz(CO)4(N2CHC02Et) (31). 
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Ethyl diazoacetate reacts with MSM (1) at 
temperatures from -78°C to + 110°C to give 
extremely complex mixtures.54*57 Feasey et al. 
isolated cluster 32 in 5% yield from such a mix- 
ture.” 

32 

The reaction of 1 with the dienophile, diethyl 
azidodicarboxylate, gives a product (33) with a 
structure related to those depicted in eqn (35).5* 
The molecular structure of 33 is shown in Fig. 7. 

M-M + EtO,CN=NCOIEt - 

OEt 

I 

I 
OEt 

33 

(36) 

n 

Reactions of diazoalkane adducts 

By analogy with the organic chemistry of 1,3- 
dipolar cycloadducts depicted in eqn (33), it was of 
interest to investigate the tendency of the diazo- 
alkane adducts of 1 and related compounds to 
lose Nz and form dimetallacyclopropenes, i.e. p- 
alkylidene complexes. 

Herrmann et al. found that the adduct of 2- 
diazopropane and M*EM* underwent a rear- 
rangement in which the N-N bond was broken, 
one nitrogen then inserting into an MO-CO bond 
to form an isocyanate, and the Me&N fragment’ 
forming a p-imido group [eqn(37)].53 

//CMCMel 

/N\ _ 
M'-M' 

110°C 

34 

Me&N, or CsH4Nz react with the triply-bonded 
tungsten complex, CptWz(CO)4, at ca -20°C to 
give the p-imido isocyanate W complexes analogous 
to 34.SQ 

The doubly-bonded complex 34, and its W 
analog, add one equivalent of CO to form singly- 
bonded 35.53,5Q In order for each metal to maintain 
the 18-electron count during this transformation, 

Fig. 7. ORTEP drawing of adduct (33) of diethyl azidodicarboxylate and Cp,Mo,(CO)~. 
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an internal redox disproportionation must occur 
as illustrated in eqn (38). 

‘c’ ‘c’ 
II II 

cp\M(llgLM(ll/cp + co - cp\M(ll~~Mwcp (38) 

‘I I\, 
cf $J 

C’I’N I’ 
C 0 0 C 

: 0 8 
cO 

0 
0 

34 35 

The adduct with structure 29 or 30 also undergoes 
an isomerization upon heating, but in this case the 
nitrogen inserts into the methylene bridge and two 
methyleneimido ligands are formed [eqn(39)].53 

29 (39) 

CHz 
To date, the only diazoalkane adducts which 

cleanly lose Nz and form p-alkylidene complexes 
were the first to be discovered, viz. the diaryl- 
diazomethane adducts (27).4gS5o Heating 27 
(Ar = phenyl or p-tolyl) to 60°C causes an intra- 
molecular loss of dinitrogen. The resulting p-diaryl- 
alkylidenes were shown to have the structure 
depicted in 36 in which one aryl group has become 
coordinated to one MO. 4g*50 The intramolecular 
loss of Nz from 27 is believed to occur through the 
1,3-dipolar cycloadduct (37). This view is supported 
by the fact that the complexes Mf(,u-N,CAr,) do 
not lose N, cleanly, presumably because attainment 
of the transition state 37 is blocked by steric 

N==i=CArz 

I 

& - M 
b 

21 37 

*I\ /“’ *I\ /D ‘I 
hf c\ cT 

=h4 - M/c-\M 
36 

(40) 

interactions between the bulky Cp* groups and the 
aryl groups. So Conversely, 9-diazofluorene reacts 
with 1 with loss of N, even below room temperature, 
presumably because the steric congestion in inter- 
mediate 38 is less than that in 37 as shown below. 
The product is the p-fluorenylidene complex 39 
which now has a Mo=Mo bond [2.798(l) A] since 
the aryl groups are tied together and cannot bend 
over and coordinate to a metal as does the aryl 
group in 36. The reactions of the p-alkylidenes 36 
and 39 with small molecules, e.g. CO, H,, 
isocyanides and alkynes, are the subject of several 
reports.60-62 

Cp,MoAC0)4 + 

39 

An uncrowded transition state similar to 38 also 
explains the facile loss of N, and subsequent 
formation of 40 when diazocyclopentadiene reacts 
with 1 [eqn(42)].63 
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Reactions with other 1,3-dipoles 

Organoazides are isoelectronic with diazoal- 
kanes. Hence, the interaction of an organoazide 
with the MEM triple bond could lead to a 
dimetallatriazene (the cyclic 1,3-adduct) which 
would be expected to lose N, and form a nitrene 
complex [eqn (43)]. 

M--M + RN3 - - 

(431 

41 

In fact, the reaction of aryl or alkyl azides with 
1 follows a different course.54964 The initial product 
is probably the nitrene adduct (41). However, this 
initial product reacts with additional azide nearly 
as fast as it is formed to give the final complex (42). 

CP 

- co 
41 + RN3 - c,,Co,~M\-,17.-R (44) 

"\\ F-O 
N-N 

'R 

42 

The final product contains a terminal nitrene 
triply bonded to MO [MoGN = 1.75(l) 83 and a 
bridging chelate ring formed by attack of the second 
azide on a coordinated carbonyl. The transforma- 
tion of a bridging nitrene to a terminal nitrene 
upon reaction with excess azide has its exact parallel 
in the transformation of an alkylidene from bridging 
to terminal upon reaction with excess diazoalkene 
[eqn (45)].6’ The major difference is that the carbon 
of the diazoalkane is not sufficiently nucleophilic 
to attack a coordinated carbonyl as does the N in 

eqn (44). 

Cp(CO),Mo-MoCp 

II 
CAr, 

Cyclopropenes and azirines may be regarded 
as “masked” 1,3-dipoles. 48 The cyclopropene is a 
masked vinylcarbene [eqn(46)] and the azirine a 
masked nitrile ylide [eqn(47a)] or a masked vinyl 
nitrene [eqn (47b)]. 

x- - 
J4 - (46) 

. . + - 

. . 
N 
/n e- 

-+‘N’ - 

‘< -cgLc -/ 
+ - \ (47d 

. . 

(47b) 

In fact, 1 reacts with l,l-dimethylcyclopropene 
to give the bridged, vinyl alkylidene (43).65 The 
pattern of MO-C (bridge) distances in 43 are very 
similar to those in 36 as might be expected. Thus, 
cyclopropene adds to the MoGMo triple bond as 
if it were a vinyl carbene [cf. eqn (4611. 
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Me 

Me 

Me M-M + ArNOl - 

(48) 

43 

We have found that the MoZMo triple bond is 
very react ve to wards a&ines. Gmq.7ound 1 reacts 
with 2phenyl-i-azifine to form a red, fnerfnally 
labile complex which decomposes above 0°C to a 
green mixture of pr0ducks.d’ Green and coworkers 
have isolated the azaallyl complex 44 by column 
chromalography $rom rhj, mjzSnreP7 The ezlra 
proton on the azaallyl ligand presumably comes 
from the column packing. 

+ M-M - R 

(49) 

The phenylazirine also reacts with M*EM* 
to give a labile addud. However, Z-phenyl-3J- 
&~rne&$-> -&fine Y$&I JiPGM* &YEAS a %-,Y 

St&k product believed lo have struc1ure 45 on fhe 
basis of its NMR spectra (an X-ray structure 
&etermjnation is @anneb>%& ‘Sr 1bus appRar ha> 
the azirine ring is behaving as a masked vinyl 
nitrene in reactions with MoEMo triple bonds. 

PI1 

d- 
Me 

PC + M'=M' ---_) - M' (so) 

PI1 Me 

45 

Alper et al. 68 have found that nitro arenes 
(ArNOs) react with 1 or the W-analog to give the 
complex shown in eqn (51). Although ArNOz may 
be classified as a 1,3-dipole,4s it is doubtful that 
this property is required for reaction (51) since aryl 
nitroso compounds (ArNO) react with 1 to give the 
same products.68 

The MO-MO single bond distance in 46 is only 
2.65 A, a distance which is shorter than the formal 
Mo=Mo double bonds in compounds 34 and 39 
discussed above. In compounds in which the MO 
is in a high formal oxidation state, e.g. in 46, 

46 

extensive n-bonding with the bridging ligands 
u&ouI7te&y serves to coftkick tIte MO-MO bond 
&ifiance. 

Compound 1 reacts slowly with excess carbo- 
c%imi&es in reAuxing toluene to give the products 
shown in eqn (52Jb9 The high temperature and 
slow rate 05 reactjon again suggest Ihat she reactjon 
is proceeding by prior loss of CO from 1 followed 
by coordination of the carbodiimide. The MoSMo 
triple bond in 47 reacts with CO to give a saturated 
derivative [C~,MO,(CO),(RNCNR)].~’ 

M-M+ RN=C=NR - 

Although many interesting structures are formed 
by the interaction of 1,3-dipolar reagents with the 
MEM triple bonds in 1 and related compounds, 
only in the decomposition of the adducts of Ar,CN, 
with 1 [eqn (40)] is there any persuasive evidence 
that 1,3-dipolar cycloadducts are formed. The lack 
of cycloadduct formation is in keeping with the 
different behavior of these MEM triple bonds ois- 
&is CEC triple bonds. Attack of the nucleophilic 
end of the 1,3-dipole on a CZEC bond generates a 
nucleophilic site on the contiguous carbon. Ring 
closure then occurs when this nucleophilic carbon 
reacts with the electrophilic end of the dipolar 
reagent [eqn (53)]. 

+ -n / 
x-YXZ + RC=_CR - - 

,/;-” 
\ > 

z//‘\, 

R/“=‘a - x (53) 

R R 



M-M + Pq - PC&P + M&4 (57) 

P P 
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In contrast, attack by a nucleophile on one 
end of the MEM triple bond in 1 generates a 16- 
electron, electrophilic site on the remote metal 
[eqn(54)] due to collapse of electrons into non- 
bonding levels which are not available to carbon M = CpMotCO), 

(see electron-counting arguments in Ref. 1). Thus, 
there is no charge development which directs ring 
closure to a 1,3-dipolar cycloadduct. Instead, the 
preferred reaction path seems to be first coordina- 
tion of the most nucleophilic portion of the di- 
polar reagent, followed by rearrangements and/or 
coordination of other donor functions on the 
dipolar reagent to eventually “saturate” the MEM 
triple bond according to the scheme in eqn (54) (B 
represents any second donor function, i.e. B and 
B’ may be in the same molecule or on different 
molecules). 

B’: 

Under more forcing conditions, the derivatives 
react to give a mixture of structurally novel com- 
plexes in low yield [eqn(58)].72 Included in the 
products is a triple-decker complex with a P,-ring 
sandwiched between two Cp*Mo moieties. The 
MO-MO distance in this complex is 2.647( 1) A and 
the MO-P avg. distance is ca 2.54A. There is some 
evidence for a ring current associated with the P,- 
ring: the Me groups of the Cp* ligands resonate at 
6 0.47 instead of their more usual value of ca 2. 

B:+M-_M-B-M-M - B-M-M-B’ M’ = M* + P4 s 

(54) 
xylene 

cp’ 
MO 

OXIDATIVE REACTIONS WITH CP’ 

NON-METALS (1%) (5%) 

+ (58) 

In our initial explorations of the chemical 
behavior of compound 1, we were disappointed in 
its lack of reactivity toward molecular Hz. How- 
ever, it was demonstrated recently that photolysis 
of CpW(CO)sH gives the p-dihydride [eqn (55)-J.” 
Compound 48 is unstable in solution, presumably 
dissociating to Hz and Cp,W,(CO),. The C,Me, 
derivatives are stable, however, and may be pre- 
pared by the direct reaction of the M*ZM* bonded 
compounds with Hz under UV photolysis. 

Arsenic and its derivatives also react with 1 [or 
its precursors, Cp,Mo,(CO), or CpMo(CO),H] at 
elevated temperatures to give novel MO-AS clusters 
[eqns (59),73 (60),74 (61),” (62)76 and (63)“]. 

hv 
2CpW(C0)3H - 

/H\ 
2co + cp(co),w\H,w(co)*cp 

14O”C, 12 h 
Cp2M&O)b + As - 

xylem 

48 M = MO, 65% 

(55) 
M = W, 40% 49 (59) 

hv 
Cp;M,(CO),, + Hz - 

/H\ 
Cp*(CO),M\H,M(CO),Cp* 

M = MO or W (56) 

The structure of 49 is similar to that of the 
isoelectronic cation, CpsMoJ(CO)$+ (see below) 
except that in 49 the CpMo(CO)? units are twisted 
relative to one another in such a way that the 
cluster has no symmetry, whereas the sulfur cation 
cluster has approximate C,-symmetry in the solid 
state.‘* 

The multiply-bonded MO dimers show high re- 
activity toward other non-metals, e.g. P, As, S, Se 
etc. With white phosphorus, 1 forms tetrahedrane 
clusters [eqn (57)].71 _ _ _ 

Reactions (61)-(63) do not use the triply-bonded 
dimers as starting material, but the reactions are 
conducted under conditions where 1 (or 2) forms 
raoidlv. In any event, the products are so closely 
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M*-M' + As.,& s AC&As + M<+M* + 

AS 

(26%) 

160°c 
‘A/ ‘cd 

Cp,Mo,(CO), + (MeAs), - 

(60) 

(61) 

\ 
190°C 

CP 
I 

(62) 

53 

Cp,MdCO 1, 
(PhAd,, M/AS\M 

180°C + 
‘AS/ 

54 

related to those obtained from 1 or 2 that they are 
included here for completeness. 

Compound 53 was described originally by the 
authors as having a Mo=Mo double bond. How- 
ever, if the ligands are considered to be p-As:- 
and ~-AS, 4-, then the formal oxidation state of MO 
is + 5(d’) so the maximum MO-MO bond order is 
one. The MO-MO distance [2.75A] is consistent 
with an MO-MO single bond bridged by three 
or four groups.* Complex 53 is quite unusual 

* MO-MO distances in a variety of MO-S dimers and 
clusters show a strong correlation with the number of 
sulfide bridges: ,u-S, MO-MO = 2.9-3.QA; 2~4, Mo- 
MO = 2.75-2.8 A; 3 or 4p-S, MO-MO = 2.65-2.7 A.79 

(63) 

nevertheless. The five As atoms are essentially 
coplanar and the MO-MO bond is perpendicular 
to the As plane. The As atoms are segregated into 
two groups, As, and Ass, and an odd electron is 
apparently localized on the central As of the p,q*- 
As, ligand.76 Reaction 61 is very similar to the 
reaction of MSM with disulfides (RSSR).’ 

The series, M,As,_, (n = l-3), is represented by 
compounds 50,51 or 54, and 49. The n = 0 (As4) 
is known in the gas phase, but there is no convincing 
evidence for the existence of the n = 4 member, 
i.e. M4.8*14 The As-As distance in 54 is 2.31 A, 
commensurate with an As=As double bond. Com- 
plexes 51 and 54 may then be regarded as adducts of 
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MEM with the alkyne analogue ASEAS. Synergic 
bonding reduces the As-As bond order from 3 to 
2 in the same manner that the C-C bond order is 
reduced in the alkyne adducts. 

The M-M triple bond is also quite reactive with 
the chalcogens. The reaction of 1 with excess sulfur 
produces red, insoluble polysulfides’* ([CpMoS,],) 
identical to those obtained from the reaction of 
Cp,Mo,(CO), with excess sulfur. However, if the 
stoichiometry is carefully controlled and ASa (solu- 
tion in CH,C12, CS2 or toluene) is added to the 
solution of 1 a surprising disproportionation of two 
dimers into a trimer and a monomer is observed 

Ceqn (6411. 

2M-_M + is, - 

+ 
[ 1 - M/s\ 

\MiM CpMo(Co)3 + 
55 

(64) 

Yields of the cation 55 of 50-70% have been 
realized. The CpMo(C0); anion is easily replaced 
with halide either by adding RX and washing the 
C~MO(CO)~R (R = H or Me) away from the salt 
(55 * X) with petroleum ether. 

The more soluble (and more hindered) Cp* 
complexes of Cr, MO and W react with excess sulfur 
to give discrete tetrasulfide complexes which display 
an interesting series of isomeric forms.” These 
isomers may have different formal oxidation states 
due to the formation of S-S bonds in the ligands 
[eqn (65)]. Prolonged refluxing of the reaction mix- 
ture converts 57 into 56. Under UV photolysis, 58 
is converted into 57 which in turn is converted to 
56. Photolysis of 56 regenerates 58 so that a photo- 
steady-state mixture of all three isomers results.*l 

*MO-MO* + \S, - 

CP',S/\/S,~P' 

//Mo-Mo\s 

,A* 

S 

+ CPM\.<,MOCP* 

56 57 

+ (65) 

58 

The reaction of CpfWJCO), with sulfur pro- 
ceeds as in eqn (66). Compound 60 reacts with excess 
sulfur to form 59.*’ Similar sulfur compounds to 
those shown in eqns (65) and (66) may be obtained 
from either the single-bonded dimers, Cp,M2(CO),, 
or the hydrides, CpM(C0)3H.82 

‘w=w’ + is, - - 

: 

cp\ 
/)” 

/&=& Pp* + cp*\w/s,~, CO 

S w\s // \,/ -lCp’ w) S 

59 60 

The CrECr triple bond in Cp,Cr,(CO),, is re- 
ported to react with sulfur as shown in eqns (67) 
and (68).83 In our laboratory, we have been unable 
to obtain the disulfide 62 according to eqn (68); 
only 61 was isolated. 

CP*Cr2WOM + t S” z Cp(CO),Cr=S=Cr~CO~~Cp 

61 (100%) 

(67) 

Cp*Cr2(C0)4 + ;s, 5 Cp~CO),Cr-S/S\_~~CO~*Cp 
62 (90%) 

(68) 

The more hindered Cp* complex reacts with 
excess sulfur to give a 22% yield of the pentasulfide 
shown in eqn (69). 84(a) The Cr-Cr distance is 
2.489(2)& and the Cr-S distances range from 2.24 
to 2.35 A. The S-S and S=S distances are 2.15 
and 2.10 A, respectively. 

s-s . 
Cp;Cr,(C0)4 + sa - crcp* 

@Fz? 
S 

i 

(69) 

Compound 1 reacts with SO* according to eqn 
(70).85 
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M_ M + SO2 - 

CP 

‘MI/s\//’ 

04 ‘S’ ‘Cp 

+ 2C01 + 2C0 (70) 

Results for the heavier chalcogens is limited to 
the reaction of 2 with Se. 84(b) A short reaction time 
gives a 10% conversion to the tetraselenide (63); 
most of the MO is recovered as unchanged starting 
material. When a toluene solution of 63 was stirred 
at 45°C for 3 days, a 45% yield of 64 was obtained 
following chromatography on silica gel. The source 
of the oxygen is unknown. The tungsten compound 
gave the Se analog of 60 [eqn(73)]. 

63 

45°C SIOZ 
63 - - 

3 days 
(72) 

64 

‘W_W’ + Se - 
Se\ /Se, ,CP' 

cp*/w~w~co (73) 
CO 

10% 

The MEM triple bond in 1 reacts readily with 
halogens to give dinuclear adducts.* With IZ, the 
structure is the p-diiodide (65) but the dichloride is 
suggested to have the unsymmetrical structure (66) 
on the basis of Cl-XPS and NMR data. 

M=M + 12 - - M 

‘1’ 
(74) 

1 65 

F\ 
M=M + PhlCL2 - M-M + Phl 

CL 

(75) 

66 

Hydrogen halides, HCl and HI, react with 1 to 
give the oxidative addition products 67 (X = Cl or 

* Oligomerization of metal-metal multiply bonded 
species upon loss of ligands7”’ or through the formation 

I). These hydrohalide adducts react with excess HX of ligand bridges*7’b)~‘c) has been realized. 

to give their respective dihalides (65 or 66) and 
H 86 2. 

M-_M + HX - 

/H\ HX 
M-M - MzX, + HI (76) 

'X' 

67 

In the oxidative reactions of the type discussed 
above it makes little difference if the starting com- 
plex is saturated CpZM2(CO)6 or CpM(CO)sH, 
or the unsaturated, multiply-bonded derivatives 
CP,M~(CO)~, iE (a) elevated temperatures, or (b) a 
large excess of the non-metal is used in the reaction. 
The utility of the unsaturation in the MrM bond 
is best realized when the reactions are carried out 
under mild conditions with stoichiometric quantit- 
ies of reagents. Then the enhanced reactivity of the 
metal-metal multiple bond is advantageous and 
allows for the isolation of thermally labile or 
kinetically controlled products, e.g. 55, 67 etc. 

CLUSTER-BUILDING REACTIONS 

One of the most useful properties of carbon- 
carbon multiple bonds is their ability to polymerize 
and oligomerize into larger structures which main- 
tain the basic skeleton of the monomers. An ana- 
logous oligomerization of metal-metal multiply 
bonded complexes gives metal clusters. To date, 
the simple olimerization of MEM bonds as depicted 
in eqn (77) has not been observed.14** Nevertheless, 
the MEM triple bond in 1 has served as a 
convenient synthon in the construction of trinuclear 
and tetranuclear clusters containing the M, unit. 

M=M 

2MEM - 1 1 or M<+,M (77) 

M=M 
M 

In our first paper on the reactivity of 1, we noted 
that (R,P),Pt(‘) could be added to the MEM bond 
to give M,Pt triangulo clusters.’ Unfortunately, 
the instability of these clusters has precluded an X- 
ray structure determination. Several clusters of 
types MXs, M2X2 and M3X are produced in the 
oxidative reactions of MEM with non-metals (see 
above). However, the most useful cluster-building 
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reactions of MEM are those which give ligand- 
bridged, bimetallic clusters. 

Thus, 1 reacts with the disulfide linkage in 68 to 
give the isomeric clusters 69 and 70.88*8g Both 69 
and 70 are 62-electron clusters and have five metal- 
metal bonds in accordance with various electron- 
counting schemes. go They differ primarily in the 
disposition of the sulfide ligands-in the planar 
isomer (69), the sulfide ligands are on opposite sides 
of the Mo,Fe, plane (the molecule is centro- 
symmetric) whereas in 70 the sulfurs are cisoid and 
the metals are in the more common butterfly 
geometry. The chromium derivative, Cp,Crz(CO),, 
reacts with 68 to give the Cr butterfly analogous 
to 70 ‘i These Mo,Fe,S, clusters and related 
MO&O& clusters’* are effective catalysts for CO 
methanation and thiophene HDS when supported 
on Al,O, .g3 

M--M + 

1 68 

69 

(78) 

70 

The triple bond in 1 also displaces propene from 
Cp2M02(SCH2CH(Me)S)2 [eqn. (79)] or H2 from 
Cp,Mo,(@H),(@), (71) to give the MO& 
cubane, 72.** This route to these cubanes is the 
most convenient and allows one to control the 
substitution on the Cp rings almost at will. The 
reaction of 71 with CP,W~(CO)~ failed to give the 
Cp,Mo2W2S4 cubane.g4 The Cp4M04S4 cubanes 

are very readily oxidized to mono- or dications, the 
structures of which have been determined.g5 The 
PES of the Mo4S4 cubanes,g5 their cyclic volt- 
ametry, their structural parameters, and an EHMO 
calculationg4 are all consonant with an electron 
configuration of a:e4tz for the six cluster framework 
electron pairs as originally suggested by Trinh- 
Toan et dg6 

Cp;Mo,(CO), 2- 

Cp;Cp;Mo& + 4C0 + 2&H" 

72 

(79) 

A beautiful illustration of the utility of the isolobal 
principle is the addition of a metal carbyne to 
the MEM bond to give trimetalla-tetrahedrane 
structures as shown in eqn (80) [cf. eqn (1811.” 

CR 
M-_M + M'=CR - 

/\ 
M 

\,/"I + 
(80) 

1 73 

M = Cp(C0)2Mo, M' = Cp(CO)2W 

Cluster 73 is obtained in quantitative yield when 
M = MO and M’ = W. The reaction of the W 
carbyne with Cp,Cr,(CO), led to the dimerization 
of the carbyne [eqn(81)]. It was found that the 
CrECr complex catalyzes the dimerization of the 
carbyne.” 

cr=cr 
~IY~W(CO)~-_CR - Cp(C0) 

R 

(81) 

Green et dg7 found that a complex mixture 
resulted when 1 was allowed to react with 
Br(CO),WZCR in ether. A 22% yield of the 
trimetallic cluster 73 [M = M’ = Mo(CO),Cp], 
was obtained by chromatography of the mixture 
over Florisil. Cotton and Schwotzer isolated a 20% 
yield of cluster 74 from the nearly identical reaction 
(THF solvent, followed by chromatography over 
silica gel).” Either the solvent exerts a strong 
influence on the course of this reaction, or the 
reaction mixture reacts further on the chromato- 
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graphy column to give products which depend on Ti(I1) to Ti(II1). Lewis bases (B) cleave the dimeric 
the column packing. structure to give Cp,Ti(B)OC(CO)zMoCp.lol 

M-_M + Br(CO),WZCR - 

1 

74 

The nitrosyl complexes, Cp(CO),MENO 
(M = MO or W) react with CplM;(CO), (M’ = MO 
or W) to give trimetallic nitrido clusters (75) in a 
reaction that is superficially related to the reactions 
of the carbynes above. gg However, the conditions 
(2OOC, sealed tube, 1 h), low yields, and the demon- 
strated cleavage of the N-O bond suggest the 
mechanism of formation of the clusters 75 is not a 
straightforward addition of the MEN0 bond to 
the MrM bond. 

Cp,M;(CO), + CpM(CO),NO’ - 

+ OCO’ (83) 

75 

M and M’ = Moor W 

Attempts to insert the MEM unit into preformed 
clusters by thermal reactions have been largely 
unsuccessful.’ However, 1 does react with Cp*Co 
(C,H.J, under UV photolysis to give the novel 
cluster 76 in 20% yield.“’ 

CP*CO(C~H~)~ + M--M - 

1 CP’ 

76 

(84) 

Finally, a word about the concept of an “in- 
organic functional group” is appropriate. The term 
“functional group”, as derived from organic chem- 
istry, connotes more than a reactive grouping of 
atoms in a larger molecule. The term also suggests 
that a particular grouping of atoms will react in 
certain specified ways when exposed to certain 
conditions and/or reagents. 

Finally, Cp,Ti(CO)z reacts with 1 as shown in Are the MoEMo and WrW triple bonds in 
eqn (85). The carbonyl groups are transferred from Cp,M2(CO), “inorganic functional groups”? They 
Ti to MO and the Ti is formally oxidized from are certainly reactive and some generalizations 

Cp2Ti (co), - + M-M - 

1 

Cp,Ti-OC-Mo(CO)Cp (85) 

I I 

I 
! Cp(CO)Mo-CO- iCp* 

CONCLUSION 

The compounds Cp,M,(CO), (M = MO or W) 
and related substituted-Cp derivatives have proven 
to be extremely versatile reagents for the elabora- 
tion of more complex molecules containing the 
Cp,M, units. The MEM units may be thought of 
as dimetal fragments which have been stripped of 
two ligands (four electrons) and are thus extremely 
electrophilic. Consequently, reactions with nucleo- 
philes often occur under very mild conditions so 
that thermally labile products may be isolated and 
new bonding modes revealed. 

At higher temperatures (> lOOC), or under UV 
photolysis, CO is lost from the MEM unit and 
more complex modes of reactivity are often ob- 
served. Even here, however, the presence of the 
metal-metal triple bond may be instrumental in 
directing the reaction to give dinuclear products. It 
is well known,‘*’ that the MO-MO or W-W single 
bonds in CpIM,(CO), complexes are extensively 
dissociated at elevated temperatures, and these 
single-bonded dimers often form mononuclear 
products as a result. In contrast, there is no evidence 
at all that the triply-bonded dimers dissociate into 
mononuclear fragments either thermally or under 
UV photolysis. lo2 

The CrsCr triple bond in Cp,Cr,(CO), and 
related complexes has hot been as useful a starting 
material as its MO and W congeners. Intractable 
mixtures are often produced. 
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concerning their reactivity can be made. However, 
as the reactions of MEM with diazoalkanes so 
amply demonstrate, the course of the reactions of 
MEM may be greatly altered by subtle changes in 
the reagents, the substitution on the Cp ring etc. 
Under such circumstances, the utility of the func- 
tional group concept is clearly limited. 

The utility of the MEM compounds is not 

restricted by our limited ability to predict the exact 
course of the reactions, however. The rational 
syntheses of the clusters 69-73, or the metallacyclo- 
propene (39) clearly show that the reactivity of the 
MEM unit can be extrapolated successfully to new 
areas. In any event, it is clear that the availability 
of compounds with metal-metal multiple bonding 
opens a new dimension to the synthetic chemist, 
and that the exploration of metal-metal multiple 
bond reactivity will continue to be an exciting area 
of research. 
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