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voked to explain exchange in a sterically hindered alcohol. 
The dihydrogen ligand in IrH(H2)(bq)(PR3),+ is more 
acidic than in the tungsten complex and more easily de- 
protonated. 

It has been suggested* that adventitious water mediates 
the enigmatic H/D scrambling observed on our dihydmgen 
complexes, poesibly by a deprotonation mechanism similar 
to the above. However, the relatively slow rate (days) of 
D2/H20 exchange determined in solutions containing 
W(C0)3(P-i-Pr3)2(D2) would argue against this. Even 
though the M-t12-D2 + H2 - M-r12-HD + HD statistical 
scrambling occurs over a similar time frame (ca. 1-2 days 
for bulk reaction, solution or solid state), a very fast rate 
of D2/H20 reaction would be required for a trace amount 
of water to actively exchange with a much larger amount 
(up to 10 "01) of hydrogen. Furthermore, we have found 
that H2/D2 scrambling occurs over catalytic amounts of 

solid W(CO)3(PCy3)2 thoroughly dried in uacuo, which 
surely would preclude deprotonation by HzO." Additional 
studies of these isotopic exchange processes are planned 
to obtain mechanistic information. 
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Oxidation of [(&&¶edMo(CO)& by air in CHC13 gave [ c , M e 6 o ] [ ( ~ c ~ e d M ~ o l ~ ] ,  in an unprecedented 
reaction in which an oxygen atom was inserted into a Cs ring. The previously reported complexes [(q- 
C,M~,)MO(O)~]~(~-O) and (r&,Me,)M0C1(0)~ were also obtained from the oxidation. The structure of 
[C,MeaO][(tpC Me&fO&,] has been determined by X-ray diffraction (orthorhombic, a = 15.971 (1) A, 
b = 16.825 (1) 1, c = 23.597 (1) A, space group Pcab, 2 = 8, R'= 0.051). The anion is a derivative of the 
classic I[MO(0)01-o)2]e01e-o))2-, in which a terminal oxygen has been replaced by tpC&fep The strong 
trans effect of M d  manifests itself a m  the Moe(rC90) octahedron to the Mo-(~pC&ld unit Irradiation 
of [(~pC~Me~)Mo(C0)~1~ in the presence of O2 gave syn-[(~-C,Me,)M0C1]~01-Cl)~~-O) and syn-[ (7- 
C,M~,)MOC~]~~~-C~)O~-CO,H)G~-O), whose structures have been determined by X-ra dlffraction. syn- 
[(rl-C,Me,)MoCl],(cc-Cl)z(r-O) is orthorhombic, with a = 8.581 (7) A, b = 39.610 (6) 4 c = 56.650 (8) A, 
space group F2dd, 2 = 32, and R = 0.195. [(rl-C6Me6)MoC1]2(cc-C1)01-C03H)01-O) is monochic, with a 
= 8.451 (8) A, b = 28.771 (16) A, c = 10.925 (14) A, /3 = 107.2 ( l O ) O ,  space group P21/c, Z = 4, and R = 
0.073. Thew diamagnetic dinuclear compounds have long Mo-Mo dietancea (2.72 and 2.80 A, respectively). 
Extended Hackel calculations show that there is very little Mo-Mo bonding, and the formal Mo-Mo 
description required by the 18-electron rule is incorrect. 

Introduction 
Cubanes of general formula [(s-C6R6)M(cc3-A)I4 (M = 

d-block element; A = pblock element, usually from group 
16) have interesting electronic and magnetic properties. 
In the cases where M = Mo, Fe and A = S, they may also 
be models for the active sites of ferridoxins and nitroge- 
nase.l As part of ow research into cyclopentadienylmetal 
oxides, we have discussed the molecular and electronic 
structures of [ (V-C~R~)C~(P~-O) ]~  (R = H,2 Me;3 R, = 
H4Me4). An extremely desirable cubane for comparison 
purposes would be [ (~-C,R,)Mo(r,-O) 1,. However, this 

(1) Holm, R. H. Chem. SOC. Reo. 1981,10,455. 
(2) Bottomley, F.; Paez, D. E.; Sutin, L.; White, P. S.; Kbhler, F. H.; 

Thompson, R. C.; Westwood, N. P. C. Organometallics 1990, 9, 2443. 
(3) Bottomley, F.; Chen, J.; MacIntoeh, S. M.; Thompson, R. C. Or- 

ganometallics 1991,10,906. 
(4) Eremenko, I. L.; Nefedov, S. E.; Pasynskii, A. A.; Orezeakhatov, 

B.; Ellert, 0. G.; Struchkov, Yu. T.; Yanovsky, A. I.; Zngorevsky, D. V. 
J .  Organomet. Chem. 1989,368, 185. 
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molecule presents a considerable synthetic challenge. The 
route used to prepare [(~pC&)Cr(p~-0)]~, namely oxida- 
tion of (7-C&J2Cr with N20t cannot be used for molyb 
denum since (11-C,Rs)2M0 compounds are unknown. The 
routes used to prepare [(q-C&,)Mo(p,-S)], (the reaction 
between [ (~-C,R,)MO(CO)~]~ and [ (~&R~)Mo(p-q~- 
SC3&S)]$ or between [ (~pC,R,)Mo(p-C1)~1~ and LiSH7) 
are also not available because the starting materials do not 
exist or because they do not react in an analogous manner 
when oxygen replaces sulfur. 

In the absence of (7&&)&o, the carbonyl dimers 
[(T~C,R,)MO(CO),]~ (n = 2, 3) are attractive candidates 
for oxidation to [ (q-C&)MO(p,-O)],. The oxidation of 
[(tpCd-idM~(CO)~]~ by O2 was first investigated by Green 

(5) Bottomley, F.; Paez, D. E.; White, P. 5. J. Am. Chem. SOC. 1882, 
104, 5651. 
(6) Wfiama, P. D.; Curtis, M. D. Znorg. Chem. lSW,25,4562. 
( 7 )  Bandy, J. A.; Daviee, C. E.; Green, J. C.; Green, M. L. H.; h u t ,  

K.; Rodgers, D. P. S. J.  Chem. SOC., Chem. Commun. 1988,1395. 
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Figure 1. Structure of the [(q-C6Me6)M%O18]- anion as deter- 
mined by X-ray diffraction. 

and co-workere.88 The producta were syn- [ (tpC,H,)Mo- 
(O)Gc-O)le [ ( & ~ W 0 ) 2 1 2 b - O ) ,  and (~C&Md=l(o)p 
More recently, oxidation of [ (q-CSMedMo(CO)&, to [(q- 
C&ledM0(0)~]~(p-O) and (q-CaMe6)MoCl(0)2 has been 
reported.1° These oxidations were all exhaustive; that is, 
they were conducted under conditions of an unlimited 
supply of 02. No attempts to characterize intermediates 
were recorded. We therefore decided to investigate the 
oxidation of [(q-C&le6)Mo(CO)Z]2 further, with a view to 
isolating intermediates and possibly clusters such as [ (7- 
C&ledMo(p3-O)lr. These investigations have resulted in 
the new compounds syn-[(q-CaMea)MoC1]2(p-C1)2(~~0), 
~yn-[(q-C~Me~)MoCl]~(p-Cl)(p-CO~H)(p-O), and 
[C&lesO][(tpC&ledM%Old, which are reported here. The 
insertion of an oxygen atom into a Ca ring, as in the for- 
mation of [CaMeaO]+, is an unprecedented reaction. 

Results and Discussion 

of a chloroform solution of [(q-C6Me5)M~(CO)2]2 by air 
gave a mixture of [(q-CaMea~Mo~O~212(p-O~ and (7- 
C&ledM0Cl(0)~, ae waa previously reported by Faller and 
M a . ' O  Hawever, we noticed that a third product was 
formed. The amount of this product increaaed with time 
and also increased as the initial concentration of [(q- 
C&ledM0(C0)~]~ was increased. There was no reaction 
betwean [(tpC&ledMo(CO)d2 and NzO. The new product 
was considerably leas soluble in CHC13 than [ (q-C6Mes)- 
MO(O)~]~(~-O) or (vC&ledMoCl(0)p It waa purified by 
recryatahation from acetone/chloroform and shown by 
spectroecopy, elemental analyeis, and X-ray crystallogra- 
phy to be the salt [C&lesOI [(tpC&ledMosOld (Figures 
1 and 2). The structure of this salt is discueaed below. 

Further investigation showed that a mixture of [(q- 
C&fedMo(O)&(p-O) and (tpC,@e,JMoCl(O), (1:2 ratio), 
when dieealved in chloroform, acetone, or ether, gave 
[C~esO][(tpC&le,)Mo601a] on exposure to air over a 
lbday period, in the complete absence of [ (tpC&le6)Mo- 
(C0)2l2. Solutions of [(tpC&leJM0(0)~]~(-0) in hexane 
or benzene did not give [C&le50] [ (tpC&ledM%O,d when 

Formation Of [c&@][(&sbf06)MO@la]. oddation 

(8) Cousins, M.; Green, M. L. H. J. Chem. SOC. 1964,1567. 
(9) Cousins, M.; Green, M. L. H. J.  Chem. Soc. A 1969,16. 
(IO) Faller, J. W.; Ma, Y. J. Organomet. Chem. 1986,340,59. 

Figure 2. The [CSMeSO]+ cation associated with [(tpC6Me5)- 
M O ~ O ~ ~ I - .  

exposed to air for any length of time. On the other hand, 
solutions of (~pC~Me~)MoC1(0)~ did give the salt when 
exposed to air, but only very slowly and in low yield. 
Molybdenum blue" was also formed. In dry chloroform, 
(tpC&le6)MoC1(0)2 did not give the salt when exposed to 
dry Op It was found previously that (q-C6Me6)MoC1(0)2 
wae converted into [(tpC6Me6)Mo(0)212(~-0) by H20.12 
We conclude that [C&le60] [ (tpC&le6)MosO18] was formed 
from a mixture of (q-C6Me~)M~C1(0)2, [ (q-C6Mea)Mo- 
(0)2]2(p-0), and O2 and/or H20. The salt was not formed 
directly from [ (q-C6Me6)Mo(C0)212. 

The mechanism of this remarkable reaction, in which 
an oxygen atom was' inserted into the C6 ring of C5Me6, 
remains obscure. However, some relevant observations are 
of interest. It was observed previously that (tpC6Mea)- 
MoC~(O)~ was a catalyst for the epoxidation of olefins by 
alkyl  hydroperoxide^.^^ No oxidation of the tpCSMeS 
ligand of (q-C6Me5)MoC1(0)2 was observed during the 
epoxidation. The k n 0 ~ n ' ~ J ~ J ~  peroxo complex (7- 
C6Me5)MoCl(q-02)(0) was inert toward  olefin^.'^ In 
agreement with this, we found that a mixture of (q- 
CaMe6)MoC1(q-02)(0) and [(q-CaMes)Mo(0)2]2(p-O) did 
not give [C&le60] [(q-C6Me6)M~O18]. Also, oxidation of 
[(tpC6Me6)Mo(CO)2]2 with H202 and HC1 gave a mixture 
of (s-C6MeS)MoC1(0)2, [(q-C,MedMo(O)2I2~-O), and (q- 
CaMedMoC1(02)(0), but no [C@%OI [(~-C&le~)MosOlal. 
We conclude that (q-C6MeS)MoC1(0)2 catalyzed the slow 
insertion (via epoxidation) of an oxygen atom into the 
q-C&le6 ligand of [(q-C&le,)M~(O)~l~(r'O). The lack of 
any product containing chlorine, other than (q-C6Mea)- 
MoC1(0)Z, is further evidence for the catalytic role of this 
complex. However, the remarkable insertion reaction 
appeared to require the concomitant formation of [(q- 
C6Me6)Mo6Ol8]- by an equation such as (1). The reason 
the formation of [(VC&ledM%OlJ is 80 important to the 
insertion remains a mystery. 

Formation of syn -[ (q-C6Me5)MoC1],(p-Cl)(p- 
CO&) (P-0) and eyn - [ ( ~ C S M ~ ~ ) M O C ~ ~ ~ ( P ~ ~ ) ~ ( P - O )  by 
Irradiation and Oxidation of [ (q-C6MeS)Mo(CO),],. 

(11) Cotton, F. A.; Wilkineon, G. Advanced Inorganic Chemistry, 5th 

(12) Faller, J. W.; Ma, Y. J. Organomet. Chem. 1989,368,45. 
(13) 'host, M. K.; Berg",  R. G. Organometallics 1991, 10, 1172. 
(14) LegLdine, P.; PhU@, E. C.; Rettig, S. J.; Sanchez, L.; "rottar, J.; 

(15) hgdine, P.; Phillips, E. C.; Sanchez, L. Organometallics 1989, 

4.; Why: New York, 1988; p 808. 

Yee, V. C. Organometallrce 1988, 7, 1877. 

8, 940. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 3

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

04
6a

04
5



3406 Organometallics, Vol. 11, No. 10, 1992 Bottomley and Chen 

d 
Figure 3. Structure of [(rl-CSMeS)MoC1]2(r-C1)(r-C0,H)(~-O) 
(hydrogen atoms omitted). 

n n I: 
;B 

LJ W 

When a solution of [ ( T ~ C ~ M ~ ~ ) M O ( C O ) ~ ] ~  in CH2C12 was 
irradiated with a 450-W lamp in the presence of a re- 
stricted supply of O2 for 9 h, C02 was evolved and the 
solution turned from deep red to burgundy. Two products 
were obtained from this burgundy solution. The first was 
orange syn- [ (q-C&ie6)MoC1] 2(p-Cl) b-C03H) (p-0). This 
was identified by infrared, NMR, and mass spectroscopy, 
as well as by X-ray *action (Figure 3). The second was 
green-blue syn-[ (~-CsMe,)MoCl]2(p-Cl)2(p-O), which was 
identified by X-ray diffraction (Figure 4). Independent 
experiments showed that [ (~-CsMe,)MoCl]2(p-C1)(p- 
CO,H)(p-O) reacted with CH2C12 to form [(v-CSMeS)- 

The irradiation of [(tpCsRs)Mo(CO)3]2 (R = H, Me) in 
inert solvents such as xylenes, and in the absence of 02, 
has been investigated previously.le18 The only product 
was [(~-C&)MO(CO)~]~, which must be assumed to be 
stable to irradiation under these conditions. Irradiation 
of [(q-CsH6)M~(CO)3]2 in the presence of an unlimited 
supply of O2 gave [(s-CsHs)Mo(0)(r-O)12, [(T-C~H,)M~- 
(0)2]2(p-0), and (q-C6Hs)MoC1(0)2.8 It appears that the 
only investigation of the irradiation of [ (q-CsMe6)Mo- 
(CO)2]2 in the presence of O2 was in a mixture with Fe2- 
(CO)* The product was the cluster [(&Me6)Mo- 
(CO)2]2[Fe(CO)3](p3-0).19 Irradiation of [(q-CsMes)Mo- 

Figure 4. Structure of [(rl-C~Mea)MOC1]z(r-C1)2(1(-0). 

MoCU ~(P-CU&P-O) - 

(16) Ginley, D. 5.; Bock, C. R.; Wrighton, M. 5. Inorg. Chim. Acta 

(17) Hooker, R. H.; Rest, A. J. J. Chem. SOC., Dalton Trans. 1990, 

(18) Hooker, R. H.; Mahmoud, K. A.; Reat, A. J. J. Orgonomet. Chem. 

(19) Gibson, C. P.; Huang, J.-5.; Dahl, L. F. Organometallics 1986,5, 

1977, 23, 86. 

1221. 

1983,5,1676. 

1676. 

Table I. Important Average Dirtanaxa (A) and Anglen (dog) in 
the C(n-CJMes)Mo.Ol.l- Anion 

MO(l)'-Mo(2,4-6) 3.263 (2, 16)b Mo(3)--(pd-O) 2.498 (9) 
M0(2-6)-M0(3-6) 3.314 (2, 15) Mo(2,4-6)-&-0) 2.343 (9, 15) 
M0(1)-&-0) 1.967 (9, 58) MO(l)4pc 2.091 (15) 
MO(2,4-6)-&z-O) 1.921 (10, 88) M d  1.688 (11, 23) 
Mo(l)-(&-O) 2.134 (9) 

153.1 (4, 2) (~z-O)-Mdl)-Olp-O) 
(~z-o)-Mo(2,4-6)-&o) 152.0 (4, 20) 
(~~-0)-M0(3)-bz-0) 149.9 (4) 
M0(1)-&2-0)-M0(2,4-6) 116.5 (5, 16) 
Mo(3)-(&-0)-Mo(2,4) 120.4 (5, 9) 
Mo( 2,4-6)-&-0)-MO( 2,4-6) 117.7 (6,361 

"For the numbering scheme BBB Figure 1. bThe tint numeral in 
parentheses b the mean eed; the second nunerd is the maximum de- 
viation from the mean. Cp is the centroid of the C5 ring of tpC&fe,. 

Table 11. Important Dirtancer (A) and Angler (dog) in 
t(r)-CsYes)MoClli(r-Cl)(rGO,H)(r-O) 

Mo(l)--M0(2)' 2.799 (4)b Mo--0(1,2) 2.124 (21, 3) 
Mo-C1(1,2) 2.388 (16, 14) M A P '  2.04 (3) 
M A l ( 1 2 )  2.420 (8, 1) C(1)-0(1,2) 1.22 (3, 2) 
Mo-O(l2) 1.860 (20, 22) C(1)-0(3) 1.74 (4) 

Mo(l)C1(12)-M0(2) 70.6 (2) 
Mo( 1)4( 12)-M0( 2) 
0(1)4(1)-0(2)  132 (3) 

97.6 (12) 

See Figure 3 for the numbering scheme. Esd's in pluentheaee. 
Cp is the centroid of the C5 ring of q-C&e& 

1.956(9) MNI) I sss(9) 

0(18) 0 0 6 )  

I . W 9 ) /  1.881(9) 

Mo(6) MN4) MN5) MN2) 

W12) O(m O(W 
I 902(12) \ Md3) /?(I0) 1.869(10) 

/ \  
1.921(9) MNl) 2.025(10) 

O(13) / 'O(8) 
I.Sso(l0) I \1.853(9) 

1.933(11) \ /1.948(10) 1.942(10) \ /1.9Lz(ll) 

1.8%(> MN3) 

I955(9) MO(4) 
/ qW9) 

0(9) 
I 8 8 8 ( 1 0 ~ ~  1 1984(9) 

MO(5) MNZ) 

~ 1 4 )  WII) 

I 8 9 8 ( 1 b  Mo(6)<w(io) 

2 ~ ( 1 1 )  \ /I W 9 )  

Figure 5. Alternating M o - 0  bonds in [(~-C,Mes)M~O18]-. 

(CO)2]2 in toluene containing water gave the cluster [(q- 
C,M~&MO]~(CO),(~-H)(~~-O).~ The related cluster { [(p 
C&)MO(CO)~]~(~~O))+ was obtained from ((&H,)Mo- 
(CO),)+ and water. These clusters all contain carbonyl 
ligands, which are readily identifiable by infrared spec- 
troecopy, No carbonyl complexea were obtahed under the 
conditions described in the present work. 

Both [(q-C6Me,)MoC1]2(p-C1)(p-C0,H)(p-O) and [ (7- 
C,MedM0Cl]~(p-Cl)~(p-0) formally contain Mo(W. They 
are syn complexes and are related in that a p-q2-C03H- 
ligand replaces a bridging C1-. The restricted supply of 
O2 has clearly prevented the formation of M O O  or M O O  
compounds. It is also noteworthy that there is a greater 
abstraction of chlorine from CH2C12 under these condi- 
tions, compared to those of exhaustive oxidation, pl.eaum- 
ably because oxidative addition of low-valent (&MdMo 
derivatives can still occur. The oxidation of CO to C02 
and C032- has been observed previously for cyclo- 

(20) Gibson, C. P.; Rae, A. D.; Tomchick, D. R.; Dahl, L. F. J. Orga- 

(21) Schloter, K.; Nagel, U.; Beck, W. Chem. Ber. 1980, 113, 3775. 
nomet. Chem. 1988,340, C23. 
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Organometallic Oxides 

pentadienyltitanium2zea and -molybdenuma carbonyls. 
Structure of [ (s-C6Me6)Mo6018]-. The structure of 

the [(pc&fe6)M0&8]- anion is shown in Figure 1, which 
also gives the necessary labels. Important distances and 
angles are listed in Table I and shown in Figure 5. The 
anion is an g-C6Me6 derivative of the polyoxometalate 
anion MosOlS2- and is closely related to [(g-CsHs)Ti- 

0)120.(g0) core of [(g-CsMea)M~O18]- is distorted relative 
to that in MO~O,~~-,  partly because of the increased coor- 
dination number of Mo(1) (the molybdenum caflying the 
g-C&Ie6 ligand) but mainly because of the very low trans 
influence of g-C&les relative to that of a terminal oxygen 
ligand. This influence has been noted previously in mo- 
nonuclear compounds such as (g-C&JMC12(0) (M = V,% 
M O , ~  FW) but appears here in a polynuclear derivative. 
In the parent MosOlS2-, the distances from the Mo atoms 
to the central oxygen (the ps-O) average 2.319 (4, 7)32 or 
2.315 (1,12) kB In [(q-C&Ie&M~O,&the Mo(l)-&-O) 
distance is 2.134 (9) A, but the distance between the mo- 
lybdenum atom trans to Mo(1) in the octahedron (Mo(3)) 
and ps-O is 2.498 (9) A. The distances between the mo- 
lybdenum atoms cis to Mo(1) and k-0 average 2.343 (9, 
15) A. Thus, ps-O is displaced considerably away from 
Mo(3) toward Mo(1). This must be due to the high trans 
influence of M d  versus Mo-(tpC Mes). The Mo(1)- 
b o )  distances average 1.967 (9,58) the Mo(3)-&-0) 
distances 1.891 (10,221 A, and the cis-Mo-&-O) dishcea 
1.921 (10,88) A. In Mo601s2- the Mo-(p2-O) distances 
average 1.927 (4, 77)32 or 1.916 (9,35) A,B in good agree- 
ment with the ck+Mo-(pz-O) distances in [(g-C6Me6)- 
M0&8]-. We believe that the relatively short Mo(3)- 
b2-0) distances are due to the reduction in nonbonding 
0-0 repulsions because of the long Mo(3)-&-0) dis- 
tance. The long Mo(l)-(p2-O) distances are due to the 
increase in coordination number to 8 at Mo(l), combined 
with an increase in nonbonded 0-0 repulsion due to the 
short Mo(l)-(&-O) distance. The analysis is supported 
by changes in the 0-Mo-0 and Mo-O-Mo bond angles 
(Table I), but these are relatively minor compared to the 
changes in the distances. The difference in the trans in- 
fluence between M d  and Mo(NC$14Me) appears to 
produce a similar distortion in the Mo~&-O),~~.(~O) core 
of the recently prepared {(MO~O~B)MO(NC~H~M~))~-.~ 

The M0-(p2-0) distances are in agreement with the 
trans-bond alternating diecuaeed by Klemperer 
and co-workers.26 This is clear from the three [Mo&-O)14 
rings of [(g-C@e6)MOsOl8]- depicted in Figure 5. 

(MO&)]*  2(r27 and (g-C&h6)2W601p28 The MOg(p2' 

Organometallics, Vol. 11, No. 10, 1992 3407 
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(22) Fachinetti, G.; Floriani, C.; Chiesi-Via, A.; Guaetini, C .  J. Am. 

(23) Bottomley, F.; Lin, I. J. B. J.  Chem. SOC., Dalton Trona. 1981, 
Chem. Soc. 1979,101, 1767. 
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Figure 6. Geometry and axes for the model compound [(y 
CSHa)MoCl],(~Cl),(~c-O), of idealized Czu symmetry. 

Structure of ~ y n - [ ( ~ ~ ~ ) M O c l ] ~ ~ - C l ) ~ ~ - O ) .  The 
crystals of this compound were of very poor quality, and 
the data could only be refined to R = 0.20. The analysis 
clearly eatabliehed that the dinuclear complex adopted the 
syn (eclipeed) configuration (Figure 4); the Cl(termi- 
nal)-Mo-Mdl(terminal) torsion angle was 0 within the 
limits of error. The Mo-Mo distance was 2.72 (1) A. 

Structure of syn -[ ( q-C6Me6) MoCl],(p-Cl) (p-  
COtH)(p-O). Crystals of this compound decomposed 
rapidly in the X-ray beam (they were also light-sensitive). 
A full data set could not be obtained. The X-ray analysis 
unequivocally defined the syn-([ (g-CsMe&MoC1]2(pC1)- 
Gc-CO&pO))+ fragment of the molecule, with a Mo-Mo 
distance of 2.799 (4) A. This fragment was also the peak 
of highest masa in the electron ionization maw spectrum. 
The method of preparation of the compound, ita dia- 
magnetism and infrared spectrum, and ita chemical 
properties allow three formulations: ([ (g-C&fea)MoC1I2- 
(~-C1)G-CO2)G-O)I+IOHl-, [(g-CsMes)MoCl12Gc-C1)G- 
C03H)oC-O), and fH}+([(g-C6Me,)MoC1]2Gc-Cl~Gc-COB)Gc- 
O))-. Isotropic refinement of the { [ (g-C6Mes)MoC1]2(p- 
Cl)Gc-CO&Gc-O))+ fragment proceeded to R = 0.10. A 
difference Fourier synthesis showed, as the highest peak, 
a region of electron density corresponding to atom O(3) 
of Figure 3. Refinement of this atom as oxygen gave R = 
0.08 but resulted in a large thermal parameter (V = 0.18 
A2) and a long C(1)-0(3) distance (1.78 A). A difference 
Fourier revealed two regions of electron density: X(1), of 
height 0.85 e A+, 1.75 A from O(3) and X(2), of height 0.66 
e A+, 1.50 A from O(3). The C(1)-0(3)-X(l) angle was 
98" and the C(1)-0(3)-X(2) angle 1 1 1 O .  The X(1)0(3)X(2) 
plane made an angle of 22O with the plane of the {M%- 
(02C)) fragment. The peaks X(1) and X(2) were too in- 
tense to be hydrogen atoms. We believe that a true de- 
scription of the crystal would require contributions from 
all three formulations. However, the data were not of 
sufficient quality for a detailed analysis. For simplicity 
the formula [(tpC&fe&MoC1]z~-C1)~-C03H)Gc-O) is used 
here. 

Bonding in syn -[(r)-C6Me6)MoCl]t(p-Cl)r(p-O) and 
syn -[ (r)-C,Me,)MoCl],(r-Cl)(p-CO~H)(p-O). Both di- 
nuclear complexes were diamagnetic, and both contained 
two formally Mo(IV) (d2) ions. Conventionally the com- 
plexes would be assigned a Mo-Mo double bond to give 
an 18-electron configuration about each molybdenum 
atom. However, such an assignment is not in agreement 
with the Mo-Mo distances of 2.72 (1) A in syn-[(q- 
C6Me6)MoC1I2Gc-C1),Gc-0) and 2.799 (4) A in syn-[(g- 

be compared to the Mo-Mo single bond in [(g- 
C6H4Pri)Mo(p-C1)2]2 (2.607 (1) As@), syn-[(g-C6Ha)Mo- 

C&I~~MOC~]~~-C~)OI.-CO~H)(C(-O). Th- diatancee may 
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(O)(p-O)] (2.602 (1) An), ~ n t i - [ ( ~ C ~ M e ~ M o ( O ) ( p - 0 ) 1 ~  
2.647 (3) b), and ont i - ( (~&fedMo(O)b-S) l2  (2.904 (1) k?. The Mo-Mo distance in syn-[(q-C&Me)Mo- 

(O)(p-S)] is 2.873 (1) A, whereaa in the anti isomer it is 
2.886 (1) ka The molecular and electronic etntctures of 
[(q-C&)MC1J2 (M = Mo, W with a formal MmM triple 
bond) have been analyzedam The tungeten-tungstan die- 
tan- in [(q-C&Pr')WCl2J2 was 2.368 (1) and in the 

with a formal MFMO double bond have not been 
etructurally characterized previoue to the  present work. 
An extended Hackel molecular orbital analysis of the 

model compound [ (~-C~~)MOC~]~~-C~)~(~-O), with 
idealized CL eymmetry, waa performed ueing the  axis 
syetem shown in Figure 6. The analysis showed that the 
two occupied orbitale of hi@& en- wem al at -10.4486 
eV and at -10.1793 eV (me Figure 7). The a1 orbital 
contained contributions of approximately 48% from d,r, 
17% from d+,a and 22% from dyI; the a ( ~  orbital contained 
76% d, and 17% d,. As ie clear from Figure 7, the a1 
orbital LB symmetric with respect to the plane which re- 
flecta the molybdenum atoms. There waa a net Mo-Mo 
overlap in- of 0.118 for the  three major contributom 
to this orbital. Thus, the electrons in the  al orbital r e p  
resent considerable direct bonding between the molybde- 
num atoms. The a2 orbital, on the  other hand, is anti- 
symmetric with reapect to the plane which reflecte the 
molybdenum atoms. There waa a net overlap integral of 
-0.048 for the two main contrRHltoTB to thie e orbital, and 
the electrons in thie orbital have an antibonding effect on 
the two molybdenum atom. The net bonding between 
the two molybdenum atoms is thue emall (net Mo-Mo 
overlap population of 0.062, which may be compared to 
a value of 0.270 for the  Mo-Cl(terminal) interaction). 
Thie is clearly considerably lese than a eingle bond, let 
alone the double bond implied by the conventional rep- 
reeentation. 

related ([( .&MOc12]2(p'c1)~ the MFMO dietance WBB 
2413 (1) ic" It appears that [(&&MoX], derivativea 

(36) Gmboaik, P. D.; Green, M L H.; I z q M o ,  h; Mt4taa, V. 9. B.; 
(38) Gmn, J. C.; Green, M. L H * Mountford, P.; Parkington, M. J. 

(37) couldwell, C.; Rout, K. Acta CryJtalbgr. 1978, ES4,993. 
(38) de Jwh,  E.; V 4 u a  de Mlgud, k, Royo, P.; Manotti Lanfdi, 

ht, C. K. J. C h m .  Soc., Dalton T r o ~ .  1W7,9. 

J.  Cbm. s~e., Dalton I M , ~ .  

A. M; Tiripicchio, A. J. Chem. Soc., Dalton Tmnr. 19)0, m 9 .  

w m p r ,  R C. Inorg. Chem. 1981, #), 3084. 

Chem. 1988,27,1741. 

1990,3417. 

662. 

(99) Wald DuEoh, M; mi, D. L.; V d h ~ w ,  M. C.; Halti- 

(40) Tnnner, L. D.; Haltinanger, R C.; Rakomki DuBoii, M. Inorg. 

(41) Gmn, M L H.; Mountford, P. J.  Chem. Soc., Chem. Commun. 

(42) Poli, R; Rhoingold, A. L. J. Chem. Soc., Chem. Commun. 1990, 

c t  

c t  

\ / 

'@ 0 

Figure 8. Contributom to the r bonding in the bridging unit of 
[(SC~H~M~C~I~~C-C~)~~C-O). 

The reawn the  a2 orbital ie antisymmetric and anti- 
bonding with respect to the Mo-Mo interaction is that 
the & orbital, which is the major contributor to Q, t ale0 
involved in r bonding to the bridging orygen. Thin OCCUIL) 

in an orbital of bl 0y"etry at -15.7133 eV and requires 
that thie bl orbital be eymmetric with reepect to the mo- 
lybdenum atoms (Figure 8). The a ( ~  orbital is the M A  
r-antibonding counterpart of bl. The d,, orbital, which 
is the &ox contributor to the Q orbital, is involved in the 
Mo-Clfiridge) u bond, aa shown ale0 in Figure 8. Again, 
thie requires that the orbital be symmetric and that the 
az orbital (which is Mo-Cl(bridge) u antibonding) be 
antisymmetric with respect to the  Mo-Mo interaction. 
The major contributor to the destruction of M-M 
bonding is the M - O  r bonding. As in other cam,- the 
Mo-Mo distance is determined primarily by M-O r 
bonding and the geometry at the bridging 0 and Cl lieaads, 
not by the Mo-Mo interaction. 

It ehould be noted that the LUMO orbital, of bl eym- 
metry, ie the direct counterpart to the HOMO a2; i.e., it 
is symmetric with rerpect to the Mo-Mo intaradion, with 
the d,,. contribution being 76% and d, 17%. Thdore ,  
it is predicted that occupation of this orbital by two 
electrone (e.g. on reduction of [ ( ~ C & f e d M ~ C l ] ~ b - C l ) ~ -  
(p-0)) wi l l  increase the Mo-Mo bonding interaction. 

Calculations showed that the syn (eclipeed) form of 
[(~C&IJMaC1]2b-C1)zb-O) had a eiepificantb lower total 
energy than the anti (etageered) form. No particular or- 
bital waa reeponeible for thie difference. A poesible reaeon 

(43) Bottomley, F. Inorg. Chem. 19sS,22,2BM). 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 3

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

04
6a

04
5



Organometallic Oxides 

is intramolecular nonbonded interactions. In the idealized 
~yn-[(eC~dMd=1]~01-C1)~01-0), the closest approach of 
the hydrogen atoms on the T&~-I, rings is 4.7 A. This 
dietance can be increased by cogwhwl rotation ofthe rings. 
In ~nt i - [ ( r l -C~dMoCl]~Gc-Cl )~~-~ )  the H--41 distance 
amom the dinuclear bridge is 4.3 A. This distance cannot 
be increased by rotation. The nonbonded C&l---C 
distance in syn-[(t)-C,MedM~l]2gL-C1)201-o) is 4.2 r d  
~nti-[(eC&ledMo(O)(r-O)]~ the nonbonded Cm*l---Cl 
diswce is 3.6 A.88 The Mo-Mo distances are longer for 
the anti isomera of [(q-C&ledM~(O)b-A)]~ (A = O,= SasN) 
than for the syn forms. Thew differences must be due to 
the nonbonded interactions. 

The Mo-Mo distance in [(11-C6Mes)MoC1l2Gc-C1)Gc- 
COsH)OC-O) (2.799 (4) A) is longer than that in [(q- 
C&fea)MoC1]2~-C1)201-0) (2.72 (1) A). An extended 
Hrickel calculation on the model compound ([(tl-C&J- 
Md=l]2(p-C1)(r-C03)Gc-O))- revealed no significant dif- 
ferencea between the two higheet occupied orbitals of the 
bicarbonate-bridged complex compared to those of the 
chloro-bridged one. Three reasons may be advanced for 
the difference in the Mo-Mo distances. The first is sim- 
ply that the data for [(rl-CsMedMoCl]2(r-Cl)2Gc-O) were 
80 poor that the Mo-Mo distance may be in error. The 
m n d  is that the (q-C&ledMoCl units are forced further 
apart by the increased bite angle of the carbonate ligand 
and ita steric bulk, compared to chloride. The third reason 
is that the involvement of the coordinating oxygen atoms 
of the carbonate ligand in T bonding to carbon reduces 
their ability to T bond to molybdenum; T bonding across 
the bridging ligands is a major contributor to the magni- 
tude of the metal-metal separation. In any event, the 

0) reinforces the conclusion that there is little Mo-Mo 
bonding in these dmuclear compounds. 

Experimental Section 
oeneral C V I U ~ ~ ~ I ~ ~ ~ O M .  A etandard double-menifold vacuum 

line was used for the manipulation of air-sensitive compounds. 
Solventa were predried over molecular sieves and distilled over 
LiAlH4 (ether, THF) or Na (toluene, hexane). Dicbloromethane 
was dried over PzOP Chloroform and acetone were used as re- 
ceived. [ ( ~ p C a e & M o ( C 0 ) ~ ] ~  was prepared by the literature 
method." 

Inetrumente used in thia work were as follows: Varian XL-200 
for 'H NMR spectra; Perkin-Elmer 683 for infrared spectra, as 
KBr pelleta or Nujol mulls, KraW MSM) for "a epectra, using 
E1 or FAB ionization. Microanalyses (C, H, C1) were performed 
by the Beller Laboratorium, Gattingen, Germany. 

dation of [ ( I P C ~ M ~ ~ ) M O ( C O ) ~ ] ~  A solution of [(vCaeS)Mo- 
(CO)z]z (3.90 g, 6.8 mmol) in chloroform (270 cm3) was stirred 
at  room temperature in air for 9 days. Chloroform was added 
occeeionally to keep the volume constant. The chloroform was 
removed under vacuum, leaving an oily brown residue. This was 
extracted with acetone (3 x 100 cms) to give a yellow-brown 
solution. Layeing of the solution with chloroform gave red-orange 
cryatah of [C~e50][(vC&Ies)M%Ol~ (yield 0.50 g, 19% based 
on molybdenum). Anal. Calcd for C&I&o,& C, 20.9; H, 2.6. 
Found: C, 21.1; H, 2.7. NMR (IH, (CW&CO solution; 6): 2.97 
(e, 6 H), 2.51 (E, 3 H), 2.29 (8, 6 H), assigned to the protons of 
the 2,&, 4-, and 3,&methyl groups of [C@e,O]+, respectively; 
2.20 (8, 15 H), assigned to the @,Mes ligand. Infrared (an-'): 
983 (a) and 957 (w), assigned to v(M0-0); 795 (VS) and 780 (vs), 
a a & d  to an antifmdation mode of the M~&-O)&O),, unit. 
The compound was ale0 characterized by X-ray diffraction (see 
Table III). 

After removal of [C6Me601 [ ( t ~ - C ~ M e ~ ) M o ~ 0 ~ ~ 1 ,  the acetone- 

MVMO di~tan- in [(11-C,Mes)MoCl]2Gc-Cl)Gc-CO,H)Gc- 

Preporation Of [C6Me60][ (fl&hb6)MO&]. (a) By od- 

Organometallics, Vol. 11, No. 10, 1992 3409 

(44) King, R. B.; Iqbal, M. Z.; King, A. D. J. Orgonomet. Chem. i979, 
171,63. 

Table 111. Crystal and Refinement Data for 
[CsMelPB(~~Mer)MO~oisl  a d  

(Sc&Mei) M~JIAN-C~) (fi-CO,H) (fi-0) 
[CNePl[(r- [(vCNeS)MoCllz- 

CNedMoeO181 b-Cl)b-cO~H)b-O) 
mol formula C z o H d ~ O l B  C21H31C13M%04 
fw 1150.09 645.93 
cryst syst orthorhombic monoclinic 
space group Pcab m l l c  
a, A 15.971 (1) 8.461 (8) 

16.825 (1) 28.771 (16) 
23.597 (1) 10.925 (14) 

b, A 
c, A 
a, dee 90 90 
8, deg 90 107.2 (10) 
Yt del3 90 90 
v, A3 6340.8 (6) 2538 (4) 
z 8 4 
D(calcd), Mg mJ 2.41 1.69 
N(MO Ka), mm-' 2.33 1.78 
temp, K 293 293 
cryst size, mm 

no. of r f h  for cell 23 24 
28 limits for cell, deg 40-50 1 6 2 1  
no. of rflns collcd 5239 1690" 
no. of unique r f h  5223 1450 
no. of obsd rflna 3458 829 
criteria for obeervn Z > 2.5u(r) z > l .OU(r) 

R(F? 0.051 0.067 
RAF? 0.062 0.069 
GOF 3.00 1.84 
no. of refined params 382 131 
max AJu 0.125 0.002 
max A, e A-3 1.03 0.84 

0.40 X 0.28 X 0.20 0.80 X 0.20 X 0.04 
28 limits, deg 2-50 2-w 

W N , :  9.05 6.33 
K (weight modifier) O.OOO1 0.0005 

OThe maximum number of reflections is 2461. Because of crys- 
tal decomposition (see text) only a partial data set waa collected. 
This data set did not represent a complete quadrant. 

chloroform mixture was evaporated under vacuum, leaving a 
mixture of [ (~-C5Mes)Mo(0)z]z(r-O) and (&,MeS)MoC1(0)2. 
These were separated and identified as described by Faller and 
Ma.1o 
(b) From a Mixture of (+C6Me6)MoCl(0)z and [(v 

C,Me6)Mo(o)2]z(p-o). A mixture of (sC&le&MoCl(O), (0.219 
g, 0.77 "01) and [(~-CSMe5)Mo(0),]2(p-O) (0.197 g, 0.37 "01) 
was dissolved in a 1:l mixture of acetone and c ~ r o f o r m  (16 cm3). 
The mixture was stirred, open to the air, for 10 days. The solvent 
mixture was removed in vacuo; the residue was washed with 
hexane (20 cm3) and then extracted three times with CHC13 
(20-ans portions) until the CHC1, extracts were colorless. These 
operations removed unreacted (~&Me~)MoC1(0)~ and [ (7- 
C,M~~)MO(O)~]~(~-O) ,  leaving a light brown residue. This was 
recrystdid from acetone (20 cm9, giving orange crystals (0.038 
g, 84% based on the molybdenum consumed). The product wna 
identified by comparison of its spectroecopic properties and cell 
dimensions with those of a sample prepared as in (a). 

Preparation of [(f16Me6)MoCl]z(p-C1)(~~O~H)(~-O) and 
[ (~ -C,Me6)M~l ]z (r -~ l ) z (~o) .  A solution of [(s-CsMes)Mo- 
(CO)2]2 (6.00 g, 10.4 mmol) in CHzClz (lo00 cm3) was placed in 
a photolysis cell, which was then evacuated. To the cell was 
attached a gas bulb containing O2 (100 "01). A aide arm covered 
by a balloon was attached to the gas bulb to contain the pressure 
of CO and C02 produced on photolysis. The mixture wae irra- 
diated using a Hanovia 679A medium-pmure mercury lamp for 
22 h, giving a very air-sensitive burgundy solution. The gama 
evolved were determined to be a mixture of CO and COz by 
infrared spectroscopy. The burgundy solution was filtered and 
the solvent evaporated from the filtrate under vacuum, giving a 
red-brown residue. The residue was extracted with toluene (3 
X 80 cm3), giving a burgundy solution, which was concentrated 
to 30 cm3. Addition of hexane (30 cm3) gave orange crystale of 
[(~-C,Me6)MoC1]z(p-C1)(p-C03H)~-0) (yield 3.52 g, 52% based 
on molybdenum). Anal. Calcd for Cz1I&M Cl304: C, 39.1; H, 
4.8; C1,16.5. Found C, 39.5; H, 4.8; C1,19.1. 9 H NMR (CaH2C12 
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Table IV. Atomic Parameters x, y ,  P, and BLo for 
[ C ‘ M e , O l t ( ~ ‘ M e , ) ~ ~ O l , l  
x Y z Bk,” A’ 

Mo(1) 0.07752 (7Ib 0.56971 (7) 0.19100 (5) 1.91 (5) 
0.14022 (8) 
0.32189 (9) 
0.14298 (9) 
0.25398 (9) 
0.25193 (9) 
0.1904 (6) 
0.1002 (7) 
0.4103 (7) 
0.1073 (8) 
0.2987 (7) 
0.2914 (7) 
0.2027 (6) 
0.0584 (6) 
0.1105 (6) 
0.2560 (6) 
0.1925 (6) 
0.3375 (6) 
0.1429 (6) 
0.2884 (6) 
0.2502 (7) 
0.1482 (6) 
0.3426 (6) 
0.0520 (6) 
0.9660 (10) 
1.0027 (9) 
0.9912 (9) 
0.9442 (10) 
0.9306 (9) 
0.9639 (13) 
1.0473 (12) 
1.0189 (11) 
0.9136 (13) 
0.8765 (12) 
0.7032 (8) 
0.6659 (11) 
0.7111 (11) 
0.7985 (13) 
0.8379 (10) 
0.7866 (11) 
0.5716 (12) 
0.6653 (13) 
0.8550 (12) 
0.9306 (12) 
0.8073 (13) 

0.57021 (8) 
0.64661 (9) 
0.73634 (7) 
0.64701 (9) 
0.47955 (8) 
0.6047 (5) 
0.5465 (6) 
0.6734 (8) 
0.8317 (6) 
0.6723 (6) 
0.3876 (7) 
0.7406 (6) 
0.6865 (6) 
0.6842 (6) 
0.7382 (5) 
0.4748 (5) 
0.5376 (8) 
0.4740 (5) 
0.5323 (7) 
0.6094 (6) 
0.8088 (5) 
0.6649 (5) 
0.5504 (5) 
0.6004 (9) 
0.5294 (10) 
0.4685 (8) 
0.4996 (10) 
0.5803 (9) 
0.6769 (13) 
0.5203 (11) 
0.3843 (12) 
0.4586 (12) 
0.6326 (11) 
0.1079 (7) 
0.1641 (9) 
0.2139 (10) 
0.2044 (10) 
0.1427 (11) 
0.0946 (9) 
0.1580 (12) 
0.2764 (11) 
0.2621 (11) 
0.1218 (14) 
0.0248 (11) 

0.05980 (5) 
0.10061 (6) 
0.13408 (5) 
0.23332 (6) 
0.15904 (6) 
0.1493 (4) 

4.0038 (4) 
0.0681 (5) 
0.1261 (4) 
0.2958 (4) 
0.1648 (5) 
0.2065 (4) 
0.1745 (4) 
0.0664 (4) 
0.1028 (4) 
0.0855 (4) 
0.1183 (5) 
0.1887 (4) 
0.2263 (4) 
0.0420 (4) 
0.2527 (4) 
0.1788 (4) 
0.1106 (4) 
0.2540 (8) 
0.2764 (7) 
0.2359 (7) 
0.1913 (6) 
0.2019 (8) 
0.2862 (9) 
0.3316 (8) 
0.2428 (8) 
0.1404 (9) 
0.1684 (8) 

-0.0216 (5) 
0.0098 (8) 
0.0421 (7) 
0.0426 (6) 
0.0123 (7) 

-0.0202 (7) 
0.0039 (9) 
0.0765 (9) 
0.0749 (7) 
0.0189 (11) 

-0.0562 (8) 

2.65 (6) 
3.61 (7) 
2.84 (6) 
3.29 (6) 
3.36 (7) 
2.8 (4) 
3.8 (5) 
5.4 (6) 
4.6 (6) 
4.3 (5) 
5.7 (7) 
3.2 (4) 
2.9 (4) 
2.9 (5) 
3.2 (4) 
3.1 (5) 
5.4 (7) 
2.7 (4) 
4.0 (5) 
3.8 (5) 
2.6 (4) 
3.6 (5) 
2.5 (4) 
3.9 (8) 
3.6 (8) 
3.1 (7) 
3.5 (7) 
4.2 (9) 
6.8 (5) 
5.0 (4) 
5.4 (4) 
6.7 (5) 
5.4 (4) 
4.0 (6) 
3.6 (9) 
3.6 (8) 
4.2 (9) 
3.9 (8) 
3.6 (8) 
6.1 (11) 
6.5 (11) 
5.5 (10) 
8.6 (14) 
6.1 (11) 

a Bk is the mean of the principal axes of the thermal ellipsoid. * Eed’s in parenthesee refer to the laat digit printed. 

solution, 200 MHz; 6): 2.10 (C5(CH&). Infrared (cm-9: 1724 
(w), 1542 (m), 932 (vel, 911 (e), and 880 (81, assigned to the bridging 
CO& p u p ;  1612 (m), 1445 (m), 1376 (m), and 1023 (m), assigned 
to CaMe6; 802 (m), assigned to the Mo-O-Mo unit. Mass 
spectrum (EI; m/e): 628 (([(c,Me~MoC1]2c1(co~o)+, with the 
appropriate fragmentation and isotope pattem). Crystals grown 
from CH2C&/hexane (1:3 volume ratio) were used to characterized 
the compound by X-ray crystallography (Table 111). 

When a CH2C& solution of [ (q-C,Me6)MoCl],(r-Cl)(~- 
CO,H)(cc-0) was set aside, it slowly became green-blue and de- 
posited crystals. Thew were shown by X-ray clrstauography to 
be [(pC6Mea)MoC1J2(r(-C1)2(r(-O). This compound waa also ob- 
tained by ex t r ac t9  the residue, after extraction with toluene, 
with CH2C12 (30 cm and adding h e w e  (50 cm9 (yield 0.69 g, 
10% based on molybdenum). Anal. Calcd for C2oH&lo&l,O: 
C, 38.7; H, 4.9; Cl, 22.9. Found: C, 38.3; H, 4.4; Q 21.0. ‘H “MR 
(C?H2C& solution, 200 MHZ; 6): 2.28 (C6(CH&& Infrared (cm-9: 
1517 (e), 1480 (e), 1437 (m), 1370 (m), and 1025 (m) assigned to 
C5Me6; 702 (m) assigned to the Mo-0-Mo unit. 

x-ray Crystahgraphy. X-ray diffraction experiments were 
carried out on an Enraf-Noniue CAD-4 diffractometer operating 
under the control of the NRCCAD e~ftware .~  The radiation was 

(45) LePye, Y.; White, P. S.; G a b ,  E. J. Results reported at  the 
Annual Meet~ng of the Amencan Cryatdographic Aseociation, Hamilton, 
Ontario, Canada, 1986. 

x Y z BLP A’ 
0.5153 (6)* 
0.3581 (5) 
0.7618 (20) 
0.5649 (17) 
0.3722 (15) 
0.648 (3) 
0.519 (4) 
0.714 (6) 
0.332 (3) 
0.604 (5) 
0.637 (6) 
0.563 (6) 
0.380 (6) 
0.373 (6) 
0.524 (6) 
0.817 (7) 
0.641 (6) 
0.279 (6) 
0.218 (6) 
0.556 (5) 
0.068 (6) 
0.098 (5) 
0.190 (5) 
0.216 (5) 
0.153 (5) 

-0.020 (5) 
0.026 (6) 
0.228 (6) 
0.294 (6) 
0.158 (5) 

0.34147 (8) 
0.39786 (8) 
0.3249 (3) 
0.3972 (3) 
0.31391 (22) 
0.4037 (7) 
0.4486 (6) 
0.4881 (11) 
0.3791 (5) 
0.4397 (10) 
0.2960 (10) 
0.3308 (9) 
0.3262 (10) 
0.2899 (11) 
0.2681 (9) 
0.2829 (12) 
0.3686 (11) 
0.3567 (13) 
0.2678 (11) 
0.2251 (10) 
0.3922 (8) 
0.4322 (9) 
0.4662 (8) 
0.4480 (9) 
0.4040 (9) 
0.3503 (10) 
0.4355 (8) 
0.5144 (10) 
0.4732 (10) 
0.3717 (9) 

0.36712 (21) 
0.15769 (23) 
0.3131 (9) 
0.0470 (7) 
0.1536 (6) 
0.4342 (16) 
0.2698 (18) 
0.452 (3) 
0.3154 (14) 
0.379 (3) 
0.552 (3) 
0.5906 (23) 
0.527 (3) 
0.452 (3) 
0.4599 (23) 
0.598 (3) 
0.690 (3) 
0.556 (3) 
0.375 (3) 
0.400 (3) 
0.0567 (24) 
0.1366 (24) 
0.0931 (22) 

-0.013 (3) 
-0.0377 (24) 
0.062 (3) 
0.245 (3) 
0.146 (3) 

-0.105 (3) 
-0.147 (3) 

I. 

2.4 (3) 
2.5 (3) 
6.8 (3) 
4.25 (20) 
3.20 (17) 
4.7 (5) 
4.8 (5) 

13.9 (11) 
2.9 (4) 
4.0 (8) 
3.9 (8) 
2.8 (7) 
3.8 (8) 
3.7 (8) 
2.9 (7) 
7.8 (12) 
6.5 (10) 
7.5 (11) 
6.3 (10) 
5.1 (9) 
2.8 (7) 
3.2 (7) 
2.6 (6) 
3.2 (7) 
3.0 (6) 
5.6 (9) 
3.8 (7) 
5.5 (9) 
5.8 (9) 
4.4 (8) 

* Bk is the mean of the principal axes of the thermal ellipsoid. 
Eed’s in parenthesee refer to the last digit printed. 

Mo Ka (A = 0.71073 A). Data were collected wing the w / 2 8  scan 
method. Rsfinement ueed the MtCVAX suite of programs.’B 
The weighting scheme was of the form w = 1/(uQ2 + kP). 
Scattering factors for the neutral a t o m  were taken from the 
program. Hydrogen a tom were included, where appropriate, aa 
fued contributors (C-H = 0.96 A, isotropic U equal to 0.01 plus 
the U value of the C atom to which they were attached). Crystal 
and refinement data for [C&4eaO] [(V-c&40~)M0&] and [(q- 
C6Me6)MoC1]2(cc-C1)(r(-C0,H)(r(-O) are given in Table III. The 
structure determination of [ C&4esO] [ (q-C&4edMo601s] was 
uneventful. Atomic positions are given in Table N. As outliued 
above, there was some problem in assigning the structure of the 
C09H portion of [(pC&4edMoClIIG-C1)G~OSH)G-O), but the 
crystallography was in general straightforward. Atomic p i t i ons  
are given in Table V. 

Crystal Data for [(~C,Me,)MoClI,(r-Cr),(r-O). All at- 
tempts to obtain crystals of [(pC&4e~MoC112(r(-Cl)201-O) which 
would be suitable for X-ray diffraction gave thin plates of mar- 
ginally acceptable quality. Moreover, these crystal8 decomposed 
fairly rapidly in the X-ray beam. The structure was ultimately 
obtained by combining data from two crystals, giving a total of 
3390 intedti-which could be& 88 Obearved bythehbrh 
that I > UQ (out of 6045 unique raflections). Becaw of the poor 
data the final R was 0.198. The analysis proved the identity of 
the compound beyond doubt, and the Mo-Mo distance (2.720 
(8) A) is of signifhnce. However, the other parameters are not 
of sufficient accuracy to warrant listing. Therefore, full details 
are given in the supplementary material. Crystal data: Ca- 
HmCl,M%O, M, = 620.2, orthorhombic, a = 8.581 (7) A, b - 39.610 
(6) A, c = 56.650 (8) A, space group F2dd, 2 = 32 (2 independent 
molecules per unit cell). 

Molecular Orbital Calculations. The extended Hackel 
calculations used the programs of Hoffmann and co-workers,” 
with the exponents for molybdenum taken from the literature.” 

(46) G a b ,  E. J.; LePage, Y.; Charland, J. P.; Lee, F. L.; White, P. 5. 

(47) Howell, J.; Rossi, A.; Wallace, D.; Hnraki, K.; Hoffmsnn, R. 
J. Appl. Crystallogr. 1989,22, 384. 

ICON8 and FORTICON& QCPE 1977, I I, 344. 
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Supplemsntpry Material Availablec Figurea with numbering 
schemes and tables of hydrogen atom positions, anisotropic and 
isotropic thermal parameters, and comprehensive bond distancee 
and angles for [CsMe501 [(sCsMes)MoBO181 and [ (&Me&-  
MoCl]~~-Cl)~-CO~H)~-O) and figures mth numbering schemes 
and tables of crystal and refinement data, atomic positions, 
thermal parameters, and bond dietances and angles for [(9- 
C~es)MoC1]2~-Cl)2(~-O)  (22 pages). Ordering information is 
given on any current masthead page. 
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Structure of the [ 1.1]Metallocenophanes of Fe and Ru: 
Single-Crystal X-ray Dlff raction Analysis of 

( C5H4-CH2-C5H4)2Fe2, ( C5H4-CH2-C5H4),FeRu, and 
(C5H4-CH2-C5H4)2RU2 

Arnold L. Rheingold 

DspwbTmt of chemlsby, University of Dslaware, Mwafk, &&ware 19716 

Ulrich T. Mueller-Westerhoff,’ Gerhard F. Swiegers,’ and Thomas J. b a s 2  

Depdlmnent of Chemleby, University of Connedcut, storrs, Connecticut 062693060 

Received my 21, 1992 

Singlecrystal X-ray diffraction studies of the [l.l]metallocenophanes of Fe and Ru [(CpCH&p),MM’, 
1, M = M’ = Fe; 2, M = Fe,M’ = Ru; and 3, M = M’ = Ru] clearly document that all three compounds 
exist only in a syn conformation which, in twisting by angles between loo and 28O, can relieve the steric 
mwding of the inner a-Cp protons. The anti conformation, in which such strain relief is not possible because 
of structural rigidity, does not exist. The structures indicate the presence of two fully independent 
metallocenes in each of these systems and give no obvious indication of any metal-metal bonding: the 
metallocene halves show now sign of distortion, and the Cp rings in them are coplanar. However, the larger 
twist in [l.l]ruthenocenophane indicate a metal-metal interaction which, while leading to a net nonbonding 
situation for the Ru atoms, drastically lowers the redox potential of this compound. Crystal data: compounds 
1-3 crystallize in the monoclinic space group P2Jc with 2 = 4; (1) C&*e2, a = 7.894 3) A, b = 10.530 

6, fl  = 96.76 (2)”; (3) C&&u,, a = 6.003 (3) A, b = 19.472 (7) A, c’ = 14.196 (5) A, fl  = 92.55 (4)O.  

3) A, c = 19.402 (6) A, fl  = 94.57 (3)O; (2) C&&eRu, a = 7.980 (2 A b = 10.724 (3) b. , c =: 19.112 (6) 

Introduction 
The [l.l]metallocenophanes 1-3 of Fe and Ru are an 

intensively studied trio. We here communicate the full 
structural characterization of the three parent systems. 
Although mention, without details, of the structures of 1 
and 2 has already been made in a review of metallmeno- 
phanes? it has only been possible to complete this series 
of structural investigations through an improvement‘ in 
the synthesis of 8. 

Much interest has centered on the poesible interactions 
between the two metals (a) in the neutral species, (b) in 
their monocations, and (c) in the dications or trications 
obtained by chemical or electrochemical means. One aim 

(1) Prerent ad* Vista University, Port Elizabeth, South Africa. 
Part of thir work is contained in the PLD. thesis of G.F.S., University 
of Connecticut, 1991. 

(2) Prewnt addrer. U.S. Coat Guard Academy, New London, Con- 
necticut, 06320-4196. Part of thin work is contained in the Ph.D. theaie 
of T.J.H., University of Connecticut, 1987. 

(3) Mueller-Wwterhoff, U. T. Angew. Chem. 1986,98,700, Angew. 
Chem., Int. Ed. Engl. 1986,26,702. 

(4) Mueller-Wenterhoff, U. T.; Swiegers, G. F. Submitted for publi- 
cation. 

--+- 
M’ 

H 
M 

R 

1: R = H, M = M’ = Fe 
2: R = H, M = Fe, M’ = Ru 
3 R = H , M = M ’ = R u  
4 R = CHS, M = M’ = Fe 

of this work has been to establish and use the structural 
information on the neutral compounds to provide a link 
to the differences in their redox properties, especially re- 
garding metal-metal interactions which might facilitate 
the oxidation and lead to more stable oxidized species. 

Background Information: [ 1.1lMetallocenophanee 
[ l.l]Fenocenophane (1) and Its Derivatives. Until 

we started the present work, the only structurally char- 
acterized [l.l]metallocenophanes were the bridge substi- 
tuted exo,exo-l,l2-dimethyl[ 1.llferrocenophane (4) and 

0276-7333/92/2311-3411$03.00/0 Q 1992 American Chemical Society 
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