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Pyrolysis of Ru,(CO),,,(dppf) (cyclohexane, 81 "C, 2 h) gave six major products, of which the title complexes 
were fully characterized by X-ray crystallographic studies. Structural features include metalated 7'- and 
p-71,72-C6H4 groups, p3-71,7',72- and ~ ( ~ - ~ ~ , ~ ~ , ~ ~ , ~ ~ - b e n z y n e  ligands, and a metalated ferrocene nucleus that 
further interacts with an Ru, cluster via a direct Fe-Ru donor bond. These complexes are formed by reactions 
involving addition of C-H bonds to clusters, C-H, P-(C5 ring), and P-(c6 ring) bond cleavage, and migration 
of H to C5 ring carbons to give ferrocenyl (Fe(q-C5H4)(q-C5H5)) groups. Crystal data are as follows. 
RU~(~-H)I~~-(~',~~-C~H*)PP~(~-C~H~)F~(~-C~H~PP~~))(CO)~: monoclinic, space group F'Zl/c, a = 17.318 
(4) A, b = 11.635 (2) , c = 21.009 (9) A, p = 110.72 ( 2 ) O ,  V = 3959.4 A3, 2 = 4; 3472 data with I L 2.5g(Z) 
were refined to R = 0.071, R, = 0.071. RU~((~-(C~H~)P-~-C~H~)F~(~-C~H~PP~,))(~-CO)(CO)~: monoclinic, 
space group C 2 / c ,  a = 16.050 (4) A, b = 12.982 (7) A, c = 35.317 (10) A, (3 = 101.29 ( 2 ) O ,  V = 7216.3 A3, 
2 = 8; 2932 data with I L 2.5a(Z) were refined to R = 0.048, R, = 0.039. Ru3(p3- ',?71,72-C&4)(p- 
PPh2)(p-PPhFc)(C0)7: monoclinic, space group PZ1/c, a = 11.090 (4) A, b = 14.337 (3) x, c = 24.680 (6) 
A, p = 94.42 (4)", V = 3912.4 A3, 2 = 4; 5887 data with I 1  2 . 5 ~ ~ ( 0  were refined to R = 0.066, R, = 0.066. 
RU~(~-H){~-(~*,~~-PP~~C~H~)F~(~-C!~H~PP~~))(C!O)~: monoclinic, space group F'Zl/c,.a = 13.166 (5) A, b 
= 14.665 (3) A, c = 22.832 (10) A, 0 = 96.59 (3)", V = 4379.3 A3, 2 = 4; 3421 data with I L 2.5a(Z) were 
refined to R = 0.068, R, = 0.072. RU~(~,-PFC)(~~-C~H~)(~-CO)(C~)~~: monoclinic, space group F'Zl/c, a 
= 14.872 (14) A, b = 9.008 (6) A, c = 22.600 (28) A, /3 = 91.8 (l)", V = 3026.1 A3, 2 = 4; 1993 data were 
refined to R = 0.111, R, = 0.114, as a result of difficulties with modeling disordered electron density peaks 
associated with the heavy atoms. 

Introduction 
Evidence for the activation of group 15 ligands by co- 

ordination to metal cluster carbonyls was first provided 
in the early 1970~.~3~ Of particular relevance to the present 
work, Nyholm and co-workers isolated and characterized 
nine products from the reaction between Os3(CO)12 and 
PPh, carried out in refluxing xylene.2 Deeming and co- 
workers4 showed that six of these products were derived 
from Os,(CO)lo(PPh3),. The structures of the products 
indicated that C-H and P-C bond cleavage and, in one 
case, C-C bond formation had occurred. Thermolysis of 
an analogous ruthenium system, R u ~ ( C O ) ~ ( P P ~ ~ ) ~ ,  af- 
forded mainly complexes containing two ruthenium atoms, 

although RU~(~~-C~H~)(~~-PP~~)~(C~), (la), containing a 
cluster-stabilized benzyne ligand, was formed in moderate 
yield.5 This type of complex appears to be stable toward 
further rearrangement, a t  least under these reaction con- 
ditions, and both the ruthenium6 and osmiumh6 complexes 
la and lb  have been the subject of X-ray studies, as has 
the ruthenium-ferrocenylphosphine derivative lc.' 

Many other group 15 ligand derivatives of metal cluster 
carbonyls have been the subject of similar investigations, 
and this chemistry has been largely summarized in Gar- 
rou's review on P-C bond-cleavage reactions.6 In the 
course of these studies, the ease of P-C bond breaking has 
been established as P-C(sp) > P-C(sp2) > P-C(sp3). 
Carty's group,s and later ours, have used this feature to 
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Pyrolysis of Ru,(p-dppfl(CO),o 

advantsge to prepare novel polynuclear ruthenium and 
osmium cluster carbonyls containing unusually reactive 
aeetylidederived ligands. Central to these studies has been 
the development of methods of preparations, under mild 
conditions,of the precursor group 15 ligand complexes from 
(particularly) Ru,(CO),, and 

The fascinating derivative chemistry of Ru,(p-dppm)- 
(CO)10.12 which on pyrolysis affords Ru,lp,-PPhCH,PPh- 
(C,H,)I(CO), (W3 or on hydrogenation Ru,(p-H)(p,- 
PPhCH,PPh2)(C0)9, for which an extensive chemistry has 
heen developed," is not paralleled by that of Ru,(p- 
dppe)(C0),o.14J5 We considered that a useful extension 
of these reactions might he achieved using ligands with a 
different backbone, such as that found in 1,l'-his(di- 
pheny1phosphino)ferrocene (dppf); here, the ferrocene 
nucleus would not be prone to dehydrogenation and might 
be expected to produce some kinetically stable interme- 
diates on the way to the final alteration products. In 
addition, the ferrocenyl nucleus is known to be an excellent 
electron donor, which might facilitate C-H bond-cleavage 
reactions by more electron-rich metal cluster atoms. 

Before this work was begun, no metal cluster carbonyl 
complexes containing ferrocenylphosphines had been de- 
scribed, although many mono- and binuclear derivatives 
are known.I6 Work in our laboratories has since resulted 
in the identification of several iron and ruthenium cluster 
carbonyl complexes containing PPh,.Fc. (n = 1-3) and 
PBuPhFc, as well as the dppf complex used in the present 
study.'? 

Results and Discussion 
The [ppn] [OAcI-catalyzed reaction between RU,(CO)~, 

and dppf affords Ru,(pdppf)(CO),, (3) in 76% yield in 
the form of long, dark reddish purple needles of an unusual 
bis(cyc1ohexane) solvate. Complex 3 was fully identified 
by an X-ray structural study and has the familiar trian- 
gular Ru, core with the dppf ligand bridging one Ru-Ru 
vector.'? 

The pyrolysis of 3 under mild conditions afforded many 
products. We have not succeeded in characterizing all of 
those formed when 3 is heated in refluxing cyclohexane 
for a short period, preparative TLC revealing at least 18 
multihued components of the reaction mixture. However, 
about one-third of the isolated reaction mass is found in 
the five complexes 4-8, which have heen fuUy characterized 
crystallographically; a sixth, 9, has been partially identifed. 
Interestingly, two of these were obtained in much higher 
amounts (about 50% isolated yield) after heating for longer 
periods, and other experiments (see below) suggest that 

(10) (a) Bruce, M. I.; Williams, M. L.; Patrick, J. M.; White, A. H. J .  
Chem. Sac., Dalton Tmns. 1985,1229. (b) Bruce, M. I.; Snow, M. R.; 
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309. 157. (e) Bruce, M. 1.; Williams, M. L. J .  Orgonomef. Chem. 1985. 
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Figure 1. ORTEP plot of Ru,(p-H)lps-PPh(n',sz-C,H,)(~-C,H,)- 
Fe(q-C5H,PPh2)l(CO)8 (4) showing the atom-labeling scheme. 
Phenyl rings are omitted for clarity. 

Scheme I 
Ph-P 

1 "  3 
/ 

6 

several of the minor components eventually transform to 
either complex 6 or 7. The following is a description of 
the molecular structures of complexes 4-8, together with 
a discussion of possible reaction courses. 

The molecular structure of complex 4 is shown in Figure 
1. One edge of the triangular Ru, core is bridged by the 
two P atoms (Ru(l)-P(l) = 2.330 (4) A, Ru(2)-P(2) = 2.316 
(4) A) of a dppf ligand modified by addition of an ortho 
C-H bond to Ru(1) (Ru(l)-C(28) = 2.12 (2) A). The 
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Figure 2. ORTEP plot of RuQ(P-P(C6H,)(?-CSH,)Fe(?- 
C,H,PPhz)l(r-CO)(CO), (5) showing the atom.labebng scheme. 

metalated C, ring is also attached to  Ru(3) by C(27) and 

A), so that the latter bridges the Ru(l)-Ru(3) vedor. The 
C6 ring forms an unusual p-?',nZ-vinyl group in that the 
carbon bonded to P(2) is involved. 

This same bonding is seen in 10 and 11, which are py- 
rolysis products of Os3(CO),,(PMePhz) and O S ~ ( C O ) ~ ~ -  
(PPhJ2, r e s p e c t i ~ e l y . ~ ~ J ~  The initial metalation in the 

C(28) (Ru(3)-C(27) = 2.49 (2) A, Ru(3)-C(28) = 2.34 (1) 

10 11 

12 

formation of 4 probably takes place at Ru(3) (see also 
Scheme I), with bond redistribution following subsequent 
carbonyl displacement. This would be expected for 11 also. 
Compound 12, an unsturated product from the pyrolysis 
of Os3(CO)lo(p-dppm),21 is an intermediate case with 
symmetrical binding of the ortho-metalated phenyl group 
following CO elimination. 

The hydride ligands in 4 and 10-12 were not located in 
the structure determinations; the relatively long Ru(1)- 
Ru(2) separation (3.000 (2) A) suggests that the hydrogen 
atom bridges this bond, so that the same basic structures 
are found for 4, 10, and 11. 

(18) Deeming, A. J.; Kabir, S. E.; Powell, N. 1.: Batea, P. A,; Humt- 

to the P(OPh), group that form the n2 attachment. 
(20) (a) FarNgia, L. J.: Miles, A. D.; Stone, F. G.  A. J.  Chem. Soc., 

Dalton Trans. 1984. 2415. (b) BNce. M. I.: Howard. J.: Nowell. 1. W.: 
Shaw, G.; Woodward, P. J,'Chem. Soe., Chem. Commhn. 1972, 1041: 

(21) Clucas. J. A,; Foster, D. F.; Hading, M. M.; Smith, A. K. J.  Chem. 
Sue.. Chem. Commun. 1984.949. 

Figure 3. ORTEP plot of Ru,(rr,d,nl,nz-C~~)(p-PPhz)(r- 
PPhFc)(CO), (6) showing the atom-labeling scheme. 

The other spectroscopic properties of 4 (IR and 'H and 
I3C NMR) are consistent with the structure shown in 
Figure 1 but of themselves did not enable any deductions 
regarding the molecular structure to be made. In the FAB 
MS spectrum, recognizable fragmentation of the molecular 
ion centered on m/z 1083 is by stepwise loss of the eight 
CO ligands and three Ph groups. 

Figure 2 shows a plot of the molecular structure of 
complex 5. The three ruthenium atoms define an isosceles 
triangle, with two short Ru-Ru bonds (Ru(l)-Ru(2) = 
2.837 (1) A, RuWRu(3)  = 2.836 (1) A) and one longer 
bond (Ru(l)-Ru(3) = 2.869 (1) A). The Ru(l)-Ru(2) 
vector is bridged by the phosphorus atom of a phosphido 
erOuD (Ru(lbP(1) = 2.396 (3) A. Ru(Z)-P(l) = 2.335 (3) 
1) i n d  is bridged asymmetricaiy by a CO ligand (Ru- 
(1)-C(3) = 1.988 (13) 4 Ru(2)<(3) = 2.415 (12) A), which 
gives rise to the v(C0) absorption a t  1870 cm-'. The 
phosphido group is formed by loss of a phenyl group from 
one of the PPhz groups of the original dppf ligand; the 
remaining PPhz group is attached equatorially to Ru(1) 
(Ru(l)-P(2) = 2.354 (3) A). A metalated C,H, group 
bridges Ru(3) and P(1) (Ru(3)-C(10) = 2.15 (1) A). TWO 
terminal CO ligands are attached to Ru(1) and three each 
to Ru(2) and Ru(3). No metal-bonded hydrogen is indi- 
cated by the 'H NMR spectrum; the complex is electron 
precise, but there is electron imbalance between Ru(3) 
(17e) and Ru(1) (19e) that is compensated by the asym- 
metric p-CO group mentioned above. Analogow structures 
have been found for Os3(p,-C,H,PMe)(CO),oL8 and 0%- 
(p3-C,H,PPh)(~-Ph)(r-PPhz)(C0)9,2 decomposition prod- 
ucts of Os3(CO)11(PMePh2) and Os3(CO),o(PPh3)2, re- 
spectively. In the former molecule, not surprisingly, the 
bonding is totally symmetrical. 

Complex 6 has the molecular structure shown in Figure 
3 and is of the well-known type containing a p,-benzyne 
ligand; previously characterized examples containing ru- 
thenium include la and le, and many other osmium 
analogues are known.'lz2 The Ru3 triangle bas two short 
Ru-Ru separations (Ru(l)-Ru(2) = 2.794 (1) A, Ru(2)- 
Ru(3) = 2.779 (1) A) that are bridged respectively by PPhz 

2.251 (2) A) and a long Ru-Ru bond (Ru(WRu(3) = 2.938 
(1) A). The C,H, ligand is u-bonded to Ru(1) and Ru(3) 
(Ru(l)-C(8) = 2.138 A, Ru(3)-C(9) = 2.116 (8) A) and 
$-bonded to Ru(2) (Ru(2)-C(8) = 2.313 (8) A, Ru(2)-C(9) 
= 2.374 (8) A). There are two CO ligands each on Ru(1) 

and PPhFC groups (Ru(l)-P(Z) = 2.314 (2) A, Ru(3)-P(2) 
= 2.378 (2) A, Ru(1)-P(l) = 2.320 (2) A, Ru(Z)-P(l) = 

(22) Deeming, A. J. Ad". Organornet. Chem. 1986.26, 1. 
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Figure 4. ORTEP plot of Ru,(r-H)lrs-PPhz(?1,?6-C6H3)Fe(?- 
CSH,PPhZ)l(CO), (7) showing the atom-labeling scheme. 

and Ru(2) and three on Ru(3); one of these, C0(6), is bent 
toward Ru(2) (Ru(3)-C(6)-0(6) = 169.8 (9)o). as found for 
la and le. The localized bonding in the benzyne fragment 
noted in le  is apparent in 6, and generally speaking, the 
structures of these two molecules are very similar. Al- 
though variable-temperture studies were not undertaken, 
the 'H NMR spectrum of 6 in the benzyne region at am- 
bient temperature seems broader than that of IC, indi- 
cating that the motion of this fragment around the Ru, 
triangle is also facile. 

The ferrocenyl group is on the same side of the Ru, 
triangle as the benzyne moiety. There was no indication 
of the trans isomer in the NMR spectra of this fraction 
(6(C& 4.3 ppm, 6(C5H5) 70.32 ppm). This observation 
may be of relevance to  the mechanism of formation of 6, 
as described below. The FAB MS spectrum contains a 
molecular ion centered on m / z  1055, which fragments by 
stepwise loss of CO ligands and three Ph groups. 

The yellow-green complex 7, which is formed in the 
largest amount during the prolonged pyrolysis of 3, has the 
unusual structure shown in Figure 4. The Ru, core is 
attached to eight terminal CO ligands and a metalated 
dppf ligand, which is axially bonded to Ru(1) by one of 
the PPhz groups (Ru(l)-P(l) = 2.366 (4) A); the second 
PPhz group is equatorially bonded to Ru(2) (Ru(2)-P(2) 
= 2.306 (5) A). The C5 ring bearing P(1) asymmetrically 
bridges Ru(ZI-Ru(3) with C(9) (Ru(Z)-C(9) = 2.45 (2) A, 
Ru(3)<(9) = 2.14 (2) A), this mode of attachment bringing 
the iron atom within bonding distance, 3.098 (3) A, of 
Ru(2). 

A few M-Fe (M = Pd, Pt) bonds in ferrocene derivatives 
have been describedz3 notably the X-ray determination 
of the structures of MFe(SC5HJz(PPh$ (M = Pd, Pt),w 
which have dative Fe-M bonds of lengths 2.878 (1) A (Pd) 
and 2.935 (2) A (Pt). The short M-PPh, bonds (2.241, 
2.201 (3) A) in thew molecules are said to be a consequence 
of weak donation from the iron. The same may be true 
for the short P(2)-Ru(2) bond in 7. The cyclopentadienyl 
rings in 7 are only slightly opened up (ring plane dihedral 
angle 19.7') as a consequence of the interaction, as are 
those of the Pd complex. If this Fe-Ru bond is included 

(23) (a) Serferth. D.: Hama. B. W.: Rucker. T. G.: Cowie. M.: Dickson. 
R S. Orgonimorollira 1983.2,412. (b) S a 6  M.; Sekino.'M.iAkabori: 
S. J. @ROmmol. Chem. 1988. C3I. 344. (4 %to. M.; Suzuki. K.:Akabori. 
S. Chem. Lor,. I¶W. 2239 ldl Atahoh. S.: Kornavai T Shirah8.e T .  

Figure 5. ORTEP plot of Rlq(r4,-PFc)(rcCsH,)(r-CO)(CO)l~ (8) 
showing the atom-labeling scheme. Unlabeled atoms are cnrlmns. 

in the electron count, an electron-precise structure is ob- 
tained if one hydride from the original ortho metalation 
remains in the cluster. Individual electron counts at the 
Ru atoms suggest that the H atom bridges Ru(l)Ru(3) or 
RuWRu(3). Evidence for its location is seen in the IH 
NMR spectrum, which shows a doublet of doublets at 6 
-12.01 ppm. This hydrogen atom was not located in the 
structure determination of 7; the geometry suggests that 
it bridges Ru(l)-Ru(2). Ortho metalation of ferrocene 
derivatives is not unusual.16" 

The last complex that we have structurally characterized 
from these reactions is the tetranuclear cluster 8 shown 
in Figure 5. This structure determination is of limited 
accuracy (see Experimental Section), but we are confident 
that the essential structural features have been determined 
unambiguously. The IR and FAB MS data are consistent 
with the solid-state structure, which is very similar to those 
found for molecules 13a-c obtained by thermal decom- 

h 

A 
13a.R.Ph 

b . R = M e  
c. R = CHZNPb 

position of R U ~ ( C O ) ~ , P P ~ ~ R  (R = Ph, Me, CHzNPhz)."*" 
The yellow compound 8 contains an irregular rhombus of 
four ruthenium atoms, on one face of which is attached 
a p4-phcephinidene group, while the opposite side is capped 
by a w&H4 ligand. Thus, C(2) is bonded to Ru(4) and 
Ru(3) (Ru(4)<(2) 2.15 (3) A, Ru(3)-C(2) = 2.28 (3) A). 
The corresponding bond lengths in 13c are 2.117 (3) and 
2.301 (4) A, re~pectively.2~ The Ru(3)-C(3) bond length 
of 2.61 (3) A in 8 has its equivalent in 13c of 2.634 (4) A. 
The pattern of bond lengths in the C6H, moiety of 13 is 
quite different from that observed for Id. In 13 the ben- 

(24) Knox, S. A. R.: Lloyd, B. R.: O w n ,  A. G.: Viiias. J. M.: Weber, 
M. J. Chem. Soc., Chem. Commun. 1987.1498. 

(25) The structure of 8 is incorrectly drawn in ref I .  
~ D_.. .., ~ - ,  

&to, S.; Kawazce. K:: Tarnura. C.; Sato, M. Orgammetollies 1981,6,5! 
- .. 
26. 



2914 

zyne ligand shows a localization of multiple bonding, as 
indicated in the diagram; in 1 the bonds are localized in 
the opposite sense, as shown. The longest bonds in the 
benzyne moiety of 1 are those between the carbon atoms 
that correspond to the q2-bonded atom in 13.l7vZ4 The 
bridging carbonyl of 8, v(p-CO) 1826 cm-l, spans one of the 
longer Ru-Ru bonds (Ru(l)-Ru(3) = 2.938 (8) A, Ru- 

(3)-Ru(4) = 2.984 (5) A). In 13a the v(p-CO) frequency 
is the same, but this group bridges the shortest Ru-Ru 
bond, 2.791 (1) A.24 

In the structures of 13a and 13c the bridging phosphi- 
nidene is approximately symmetrically bound to the four 
ruthenium atoms (e.g. in 13c the P-Ru distances range 
from 2.47 to 2.36 A). In 8 these values are Ru(l)-P(l) = 

and Ru(4)-P(1) = 2.30 (1) A, indicating a less symmetrical 
mode. The ferrocenyl group lies below and between the 
carbonyl groups of Ru(4) and Ru(2); the resulting repulsive 
interaction bends the ferrocenyl group away from the 
horizontal. 

The spectroscopic properties of 8 include a relatively 
simple IR v(C0) spectrum, containing five strong terminal 
v(C0) bands together with the bridging CO absorption at  
1826 cm-' mentioned above. The FAB MS spectrum 
contains a parent ion centered on mlz 1008 and ions 
formed by loss of CO, Ph  (presumably C6H4 + cluster- 
bound H), and Fc groups. The small amount of this 
complex that was obtained has precluded our recording 
any NMR spectra. 

One other complex, orange 9, has been isolated but did 
not afford any X-ray-quality crystals. The FAB MS 
spectrum contains as highest ion one centered on mlz 
1160, which corresponds to a formulation such as Ru4- 
(dppf-Ph)(CO),,; other ions include the stepwise loss of 
10 CO and two Ph groups. Several reasonable structures 
can be proposed at  this stage, but we have been unable to 
distinguish between them. 

The results of an FT IR study of the changes occurring 
as a solution of 3 was heated in refluxing cyclohexane can 
be summarized as follows. Complex 3 had disappeared 
after 4.5 h, while 7 began to precipitate after 2 h. The 
maximum amount of complex 5 is formed after 2 h and, 
once formed, appears to be relatively stable toward further 
rearrangement. After 1 h, the amount of 4 increases 
steadily to maximum after 6 h. Between 7 and 15 h, the 
IR v(C0) peaks of 6 are the most prominent in the spectra. 

Possible routes to these products are outlined in 
Schemes I and 11. The first step, movement of one end 
of the ligand to an axial site (as in A), seems to be necessary 
to account for the final geometry found in 4,5, and 6. The 
intermediate B results from ortho metalation of one of the 
P-Ph rings. Similar intermediates have been proposed12 
to account for the products obtained by heating Ru3- 
(CO)&-dppm). However, in this case the analogue of B 
was drawn with two axial phosphorus atoms to account for 
the elimination of a phenyl group from the unmetalated 
side of the ligand to produce 2. Also of relevance to B is 
the molecule Os,(p-H) (p-C6H4PPh2)(CO)9(PPh3) of known 
structure2 isolated from the thermolysis of OS,(CO),~- 
(PPh,),; here the group 15 ligands are both equatorial, 
there being no need for motion as a consequence of, or 
prelude to, ortho metalation. 

Precedents for the formation of 4 from B are found in 
10-12 as described above. 

The suggestion that 5 arises from 4 via elimination of 
C6H6 and addition of CO from solution is based on the 
observation of Deeming and co-workers18 that 10 reacts 
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(1)-Ru(2) = 2.886 (6) A, Ru(2)-Ru(4) = 2.953 (6) A, RU- 

2.48 (1) A, Ru(2)-P(1) = 2.38 (1) A, Ru(3)-P(1) = 2.54 (1) 

Bruce et al. 

Scheme I1 

A 

c \  Ph 
H transfer \, / 
via cluster Fc p 

6 D 

CC 

in this way. In the present case there is the difficulty that 
the phenyl group in 4 that is lost in forming 5 is pointing 
away from the metal centers.26 The alternative path B - 5 directly does not rely on the presence of CO in solu- 
tion; however, the problem with the orientation of the 
phenyl group remains. 

Compound 10 and its PPh, analogue decompose ther- 
mally to the benzyne derivatives containing open Os3 
clusters (14).18,27 Derivatives related to this are not ob- 

R 

14a, R = Me 

tained from the pyrolysis of O S ~ ( C O ) ~ ~ ( P P ~ ~ ) ~ ~  or, more 
interestingly, R u ~ ( C O ) ~ ~ ( P P ~ ~ R ) . ~ ~  Decomposition of the 
last-mentioned compounds affords 13a-c, pentanuclear 
derivatives, and la.24928 Thus, derivatives related to 14 
are not expected from the pyrolysis of 3, whereas tetra- 
nuclear species such as 8 could arise by extensive rear- 
rangement of the appropriate fragments. This is the ra- 
tionale behind the sequence A - C - D - 8 in Scheme 
11. 

The formation of bridging phosphido groups results from 
the cleavage of a P-Ph bond, presumably via oxidative 

b , R = P h  

(26) This same problem arises in lo,'* although it is lees serious here 

(27) Brown, S. C.; Evans, J.; Smart, L. J. Chem. Soc., Chem. Commun. 

(28) Presumably la is formed by pyrolysis of the redistribution 

because rotation about the Ru-P bond will not be restricted. 

1980, 1021. 

product Ru3(CO)lo(PPh3),. 
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Table I. Crystal Data for 4-8 
4 5 6 7 8 

formula C4zHd'e08PzRu3 C3,HaFeOa2Ru3 CllHz8Fe07P2R~3 C,zHzeFe08PzRu3.CH3CHzOH CnH13FeOllPRu4 
fw 1081.6 1031.6 1053.6 1127.7 1004.5 
cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic 
space group 
a,  A 17.318 (4) 16.050 (4) 11.090 (4) 13.166 (5) 14.872 (14) 
b. A 11.635 (2) 12.982 (17) 

P21/~ (C$, NO. 14) C ~ / C  (Caul, NO. 15) P 2 1 / ~  (C$, NO. 14) P 2 1 / ~  (CSyl, NO. 14) m l / c  (C", No. 14) 

c ,  A 
6 ,  deg v, A 3  
Z 
D,, g 
F(000) 
p ,  em-' 
max, min transmissn 

28 limits, deg 
no. of data collected 
no. of unique data 
no. of unique data used, 

R 
k 
g 
R w  
pmu, e A-3 

factors 

I > 2.5u(O 

21.009 igj 
110.72 (2) 
3959.4 
4 
1.815 
2128 
15.60 
0.9083, 0.6875 

1-22.5 
9317 
6767 
3472 

0.071 
12.15 
0.0002 
0.071 
0.97 

35.317 (IO) 
101.29 (2) 
7216.3 
8 
1.899 
4032 
17.11 
0.8651, 0.7485 

1-22.5 
7778 
4621 
2932 

0.048 
1.0 
0.0001 
0.039 
0.78 

14.337 i3j 
24.680 (6) 
94.42 (4) 
3912.4 
4 
1.789 
2072 
15.75 
0.7627, 0.4838 

1-25 
9380 
8332 
5887 

0.066 
5.55 
0.0005 
0.066 
1.49 

14.665 (5) 
22.832 (10) 
96.59 (3) 
4379.3 
4 
1.709 
2232 
14.13 
0.9058, 0.6336 

1-22.5 
6671 
5737 
3421 

0.068 
1.28 
0.0024 
0.072 
1.48 

. .  

9.008 (6) 
22.600 (28) 
91.8 (1) 
3026.1 
4 
2.205 
1920 
24.62 
0.8317, 0.7042 

1-20.0 
4227 
2819 
1993 

0.110 
1.0 
0.0329 
0.114 
3.24 

addition. The Ph group can be lost as PhH or retained 
as a cluster-bound benzyne. The sequence A - C - D - 6 is one that allows the breaking of a P-(C5 ring) bond 
and the formation of a P-Fc moiety. The sequence also 
accounts for the bridging phosphido groups found in 7. 
The same sequence of reactions can account for the for- 
mation of the many p3-q2-benzyne complexes isolated from 
the pyrolysis of M3(CO)& (M = Os, Ru) and Ru3(C0)&. 
Compound 6 could also arise from 4 (Scheme I), and in- 
deed, it is produced when 4 is heated. The latter route 
may be more attractive because it seems to account for the 
Fc group in 6 being adjacent to the benzyne fragment. 
This is a difficulty with the D - 6 rearrangement. 

Compound 7, which is formed slowly, is a major product; 
its formation is simply accounted for by ortho metalation 
of the bridging Fc' group, followed by a second CO dis- 
placement as the Fe--Ru bond is formed.29 

Compounds 4, 5, 6, and 9 have a limited stability in 
refluxing cyclohexane for 2 h: 6 and 8 are produced from 
4 ,8  is obtained from 6, and 6 is produced from 9. These 
products fit into Schemes I and I1 reasonably well. 
Somewhat surprisingly, 5, which has lost a phenyl group, 
decomposes to 6, which necessitates the gain of a phenyl 
group. The other products from 5 are 8 and 9, which 
require extensive molecular reorganization. 

Conclusion 
The chemistry of the ruthenium cluster complex Ru3- 

(p-dppf)(CO)lo differs substantially from that of Ru3(p- 
dppm) (CO)lo, mild pyrolysis affording several complexes 
containing a number of known and novel structural fea- 
tures. These include examples of p-q1,q2-c6H4, p3-q2-c6H4, 

(29) Activation of bridgin alkyl C-H bonds is found in the thermo- 
lysis of Osa(CO)ro(p-dppm)~ Ru3(CO)lo(pdmpm),31 and Ru3(CO)&- .. ~ ~ . ~. 
dppm)2.3* 

SOC., Dalton Trans. 1987,931. 
(30) Hodge, S. R.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R. J. Chem. 

(31) Cluces. J. A.: Foster, D. F.: Hading, M. M.: Smith, A. K. J.  Chem. 
SOC., Dalton Trans: 1987, 277. 

(32) Bergounhou, C.; Bonnet, J.-J.; Fompeyrine, P.; Lavigne, G.; Lu- 
gan, N.; Mamilla, F. Organometallics 1986,5, 60. 

(33) Bruce, M. I. In Comprehensive Organomeallic Chemistry; Wil- 
kinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon: Oxford, Eng- 
land, 1982; Vol. 4, pp 843-887. 

' - 

and p4-q4-C6H4 ligands and a C-metalated ferrocene de- 
rivative that also contains a Fe-Ru bond. Reactions in- 
volved include C-H, P-(C5 ring), and P-(c6 ring) bond- 
cleavage reactions and migration of H to C5 ring carbons, 
together with cluster disproportionation. In these reac- 
tions, formation of benzyne is preferred over that of the 
still elusive "ferrocyne",' although the ring metalation 
found in 7 encourages us further in the search for this 
ligand. P-(C5 ring) cleavage is not facile, however. 

The reactions outlined in Schemes I and I1 account for 
most of the products found from this and related inves- 
tigations. One noteworthy exception is Os3(p-C6H5)(p- 
PPhJ (p3-PPhC6H4) (CO)s,2 which contains a bridging 
phenyl group that is probably formed from O S ~ ( C O ) ~ ~ -  
(PPh3)2 via P-Ph bond cleavage without elimination of 
PhH. Other examples of this type of derivatives are rare 
in cluster chemistry. Finally, the nonproduction of open 
cluster derivatives of ruthenium of the type known for 
osmium, e.g. 14, is noteworthy, considering that some are 
documented that contain ligands with donor atoms other 
than P.22923 

Experimental Section 
General Conditions. All reactions were run under nitrogen; 

no special precautions were taken to  exclude air during workup, 
since these complexes proved to be stable in air as solids and for 
short times in solution. 

Instruments: Perkin-Elmer 683 double-beam spectrometer, 
NaCl optics (IR); Bruker WP80 spectrometer ('H NMR a t  80 
MHz, 13C NMR at 20.1 MHz); GEC-Kratos MS3074 mass spec- 
trometer (mass spectra a t  70-eV ionizing energy, 4-kV accelerating 
potential). 

FAB mass spectra were obtained on a VG ZAB 2HF instrument 
equipped with a FAB source. Argon was used as the exciting gas, 
with source pressures typically lo4 mbar; the FAB gun voltage 
was 7.5 kV and the current 1 mA. The ion accelerating potential 
was 8 kV. The matrix was 3-nitrobenzyl alcohol. The complexes 
were made up as ea. 0.5 M solutions in acetone or dichloromethane; 
a drop was added to a drop of matrix, and the mixture was applied 
to the FAB probe tip. 

Pyrolysis of Ru3(pL-dppf)(CO),, (3). (i) Under Mild Con- 
ditions. A sample of R~,(pdppf)(CO)~0" (500 mg, 0.44 mmol) 
was heated in refluxing cyclohexane (200 mL) for 2 h. IR and 
TLC studies showed that reaction hail taken place. Evaporation 
and preparative TLC (silica gel; petroleum ether/acetone/diethyl 
ether 60:20:20) gave 18 bands. Bands 1, 2, 5, 6, 7, 8, 11, 12, 14, 
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Table 11. Fractional Atomic Coordinates (XlO') for 
R~S(~-H)~~S-PP~(~~',$-C~H~)(~~-C~H~)F~(~-C~H,PP~~)J(CO)~ (4) 

atom X Y 2 

3006 (1) 
1218 (1) 
2407 (1) 
2721 (1) 
3553 (3) 
1690 (2) 
3972 (12) 
4554 (9) 
2697 (10) 
2551 (10) 
1606 (12) 
1120 (9) 
3290 (13) 
3815 (9) 
2373 (13) 
2329 (10) 
336 (12) 

-202 (9) 
479 (12) 
-35 (10) 

1035 (12) 
878 (10) 

4638 ( 7 )  
5222 (7) 
6025 ( 7 )  
6244 (7) 
5660 (7) 
4857 (7) 
3099 (5) 
3584 (5) 
3211 (5) 
2353 (5) 
1868 (5) 
2241 (5) 
992 (6) 

1032 (6) 
425 (6) 

-222 (6) 
-262 (6) 
345 (6) 

2694 (9) 
3277 (8) 
4090 (10) 
4350 (10) 
3745 (10) 
2925 (11) 
1779 (9) 
1504 (10) 
1634 (11) 
1976 (13) 
2075 (11) 
3569 (9) 
3881 (9) 
3921 (10) 
3609 (11) 
3393 (10) 

1977 (1) 
2058 (1) 
613 (1) 

5636 (2) 
3757 (4) 
3047 (4) 
1105 (15) 
535 (12) 

1597 (13) 
1408 (13) 
-144 (15) 
-695 (12) 
-258 (17) 
-811 (12) 
-229 (17) 
-954 (12) 
1354 (17) 
1039 (13) 
3186 (16) 
3781 (14) 
1018 (18) 
457 (15) 

3718 (9) 
4492 (9) 
4480 (9) 
3693 (9) 
2919 (9) 
2931 (9) 
4456 (11) 
5009 (11) 
5656 (11) 
5751 (11) 
5198 (11) 
4551 (11) 
2929 (9) 
2049 (9) 
1960 (9) 
2751 (9) 
3631 (9) 
3720 (9) 
2495 (15) 
2219 (12) 
2034 (14) 
2126 (15) 
2433 (16) 
2639 (16) 
4588 (14) 
5329 (15) 
6489 (16) 
6496 (19) 
5291 (15) 
4942 (14) 
4922 (13) 
6085 (16) 
6808 (15) 
6128 (14) 

3170 (1) 
3017 (1) 
3951 (1) 
3976 (1) 
3045 (2) 
4039 (2) 
3352 (8) 
3455 (8) 
2220 (10) 
1659 (7) 
4213 (10) 
4327 (7) 
4591 (10) 
4939 ( 7 )  
3185 (11) 
2801 (8) 
3234 (11) 
3360 (9) 
2471 (10) 
2169 (9) 
2270 (11) 
1785 (9) 
3116 (6) 
3519 (6) 
3514 (6) 
3106 (6) 
2703 (6) 
2708 (6) 
2209 (6) 
1896 (6) 
1308 (6) 
1033 (6) 
1347 (6) 
1935 (6) 
4527 (6) 
4989 (6) 
5281 (6) 
5111 (6) 
4649 (6) 
4357 (6) 
4558 (10) 
4230 (9) 
4714 (8) 
5414 (9) 
5684 (8) 
5290 (9) 
4013 (9) 
3421 (10) 
3668 (12) 
4391 (13) 
4618 (10) 
3587 (9) 
4345 (9) 
4574 (10) 
3995 (11) 
3376 (10) 

16, 17, and 18 contained trace amounts of unidentified complexes. 
Band 3 (Rf  0.82, yellow) gave RU~(C(~-C~H~)(C~~-PFC)(C~~-CO)- 

(CO)lo (8; 10 mg, 2.3%), recrystallized from n-hexane. Crystals 
suitable for X-ray analysis were grown from slow evaporation of 
a n-hexane solution of 8. IR (cyclohexane): u(C0) 2076 vs, 2043 
vs, 2014 vs, 1997 w, 1985 vs, 1974 vs, 1826 m cm-I. FAB MS (m/z ,  
ion, relative intensity): 1008, [MI+, 2; 924, [M - 3CO]+, 7; 847, 
[M - 3CO - Ph]', 39; 791, [M - 5CO - Ph]+, 37; 763, [M - 6CO 
- Ph]+, 85; 735, [M - 7CO - Ph]+, 62; 707, [M - 8CO - Ph]+; 679, 
[M - 9CO - Ph]+, 100. 

Band 4 (R, 0.80, yellow) was unidentified. IR (cyclohexane): 
v(C0) 2074 vs, 2047 vs, 2037 vs, 2009 s ,  2004 m, 1984 s, 1958 m 
cm-l. 

Band 5 ( R  0.76, purple) gave R u ~ ( ~ ~ - C ~ H ~ ) ( C ( Z - P P ~ ~ ) ( C ( ~ -  
PPhFc)(CO), (6 45 mg, 9.7%), mp 130 "C dec, recrystallized from 
CH2CI2/MeOH. Anal. Calcd for C41HZ8Fe07PZRu3: C, 46.74; H, 
2.68. Found: C, 47.41; H,  2.84. IR (cyclohexane): v(C0) 2055 
s, 2015 s, 2006 vs, 1997 s, 1965 m, 1958 m, 1953 m cm-'. 'H NMR 

Table 111. Fractional Atomic Coordinates (XIOs for Ru, 
XlO' for Other Atoms) for 

R~~IC(-P(C~HI)(~~-C~HI)F~(~~-CSH~PP~,)~(~-CO)(CO)B (5) 
atom X Y z 

29258 (7) 
38370 (7) 
26316 (8) 
2978 (1) 
2592 (2) 
2699 (2) 
3222 (10) 
3418 (9) 
1794 (10) 
1137 ( 7 )  
4167 (10) 
4842 (7) 
3537 (9) 
3328 (8) 
4649 (10) 
5164 (8) 
4702 (11) 
5192 (8) 
3495 (11) 
3980 (9) 
1775 (12) 
1228 (9) 
2841 (11) 
2951 (9) 
1676 (8) 
1691 (9) 
1051 (9) 
399 (10) 
403 (11) 

1026 (11) 
2521 (9) 
1841 (9) 
2093 (10) 

3170 (10) 
3120 (8) 
3935 (10) 
4069 (9) 
3321 (10) 
2740 (9) 
3155 (6) 
3831 (6) 
4170 (6) 
3833 (6) 
3157 (6) 
2818 (6) 
1586 (5) 
1367 (5) 
525 (5) 
-98 (5) 
121 (5) 
964 (5) 

2873 (9) 

41087 (9) 
41620 (9) 
25727 (9) 
7473 (2) 
5069 (3) 
5505 (3) 
3139 (12) 
2566 (10) 
3498 (12) 
3216 (9) 
4353 (11) 
4396 (9) 
4116 (13) 
4197 (11) 
5256 (13) 
5866 (9) 
3072 (12) 
2494 (10) 
1781 (13) 
1278 (10) 
1608 (13) 
1054 (10) 
1976 (13) 
1604 (11) 
3483 (10) 
4565 (10) 
5195 (13) 
4751 (13) 
3665 (18) 
3039 (14) 
6426 (11) 
7117 (11) 
8140 (12) 
8136 (12) 
7111 (11) 
6730 (10) 
6922 (12) 
7998 (12) 
8473 (13) 
7724 (11) 
5305 (6) 
5911 (6) 
5755 (6) 
4994 (6) 
4389 (6) 
4544 (6) 
5813 (7) 
6219 (7) 
6482 (7) 
6339 (7) 
5934 (7) 
5670 (7) 

10765 (3) 
18504 (3) 
16194 (3) 
1300 (1) 
1607 (1) 
642 (1) 
732 (5) 
508 (4) 
966 (4) 
828 (4) 

1218 (4) 
1148 (3) 
2331 (5) 
2629 (3) 
1981 (4) 
2076 (4) 
1946 (5) 
2029 (4) 
1425 (5) 
1314 (4) 
1421 (5) 
1332 (4) 
2116 (6) 
2412 (4) 
1812 (4) 
1775 (4) 
1877 (5) 
2031 (5) 
2056 (5) 
1952 (5) 
1638 (5) 
1443 (4) 
1566 (5) 
1825 (5) 
1874 (5) 
812 (4) 

1061 (5) 
1116 (5) 
923 (5) 
720 (4) 
214 (2) 
148 (2) 

-182 (2) 
-447 (2) 
-382 (2) 
-51 (2) 
439 (2) 
67 (2) 

136 (2) 
508 (2) 
659 (2) 

-a4 (2) 

(6, CDCI,): 3.8-4.6 (m, 9 H, C,H4),6.3-7.8 (m, 19 H, Ph + C6H4). 
FAB MA (rn/z, ion, relative intensity): 1055, [MI+, 16; 999, [M 
- 2CO]+, 8; 971, [M - 3CO]+, 21; 943, [M - 4CO]+, 32; 915, [M 
- 5CO]+, 47; 887 [M - 6CO]+, 32; 859, [M - 7CO]+, 89; 782, [M 
- 7CO - Ph]+, 71; 705, [M - 7CO - 2Ph]+, 79; 628, [M - 7CO - 
3Ph]+, 100. 

Band 6 (R, 0.61, yellow) was unidentified. IR (cyclohexane): 
v(C0) 2062 m, br, 2017 s, 2002 m, 1973 s cm-'. 

Band 9 (R, 0.54, orange) contained complex 9 (10 mg, 2%), 
recrystallized from hexane. IR (cyclohexane): v(C0) 2063 w, 2033 
vs, 2021 vs, 2007 w, 1989 m, 1972 w, 1953 w cm-'. FAB MS (m/z ,  
ion, relative intensity): 1160, [MI+, 32; 1132, [M - CO]', 6; 1104, 
[M - 2CO]+, 6; 1076, [M - 3CO]+, 95; 1048, [M - 4CO]+, 45; 1020, 
[M - 5CO]+, 59; 992, [M - 6CO]+, 100; 964, [M - 7CO]+, 27; 936, 
[M - 8CO]+, 41; 908, [M - 9CO]+, 32; 880, [M - loco]+ ,  95; 803, 
[M - lOCO - Ph]', 73; 726, [M - lOCO - 2Ph]+, 55. 

Band 10 (R, 0.48, red) gave RU~{C(~-(C~H~)PFC'PP~~}(C(?-CO)- 
(CO), (5; 20 mg, 4.4%), mp 111-113 "C dec, recrystallized from 
CH2Clz/MeOH. Crystals suitable for X-ray analysis were grown 
from solvent diffusion of CHZCl2/MeOH. Anal. Calcd for 
C37H22Fe09P2Ru3: C, 43.08; H,  2.15. Found: C, 43.08; H, 2.30. 
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31070 (5) 
20649 (6) 
25954 (5) 

1479 (1) 
3135 (2) 
2925 (2) 
4851 (7) 
5876 (6) 
2824 (7) 
2632 (7) 
2872 (11) 
3389 (10) 
790 (9) 

6 (7) 
4270 (8) 
5245 (7) 
2254 (9) 
2065 (9) 
1889 (8) 
1431 (7) 
1224 (7) 
974 (7) 

-234 (7) 
-1175 (7) 
-944 (7) 

224 (7) 
4599 (5) 
5335 (5) 
6499 (5) 
6927 (5) 
6191 (5) 
5027 (5) 
2377 (5) 
2104 (5) 
1517 (5) 
1204 (5) 
1477 (5) 
2064 (5) 
1720 (7) 
601 (8) 

558 (11) 
1705 (10) 
1609 (10) 
1038 (12) 
1818 (13) 
2928 (10) 
2779 (10) 
4463 (7) 
5442 (7) 
6218 (7) 
6014 (7) 
5035 (7) 
4259 (7) 

-114 (9) 

63882 (4) 
75911 (4) 
83524 (4) 
5723 (1) 
6291 (1) 
7074 (1) 
6359 (7) 
6321 (7) 
5140 (6) 
4402 (4) 
8340 (8) 
8828 (6) 
7422 (7) 
7272 (7) 
8754 (6) 
8954 (7) 
9324 (6) 
9972 (5) 
8995 (6) 
9341 (5) 
6692 (5) 
7631 (5) 
7946 (6) 
7323 (7) 
6424 (6) 
6096 (6) 
6367 (3) 
7143 (3) 
7168 (3) 
6418 (3) 
5641 (3) 
5616 (3) 
5395 (3) 
5583 (3) 
4913 (3) 
4055 (3) 
3867 (3) 
4537 (3) 
6848 (5) 
6401 (7) 
6390 (8) 
6850 (7) 
7112 (6) 
4359 (7) 
4463 (8) 
4918 (10) 
5085 (8) 
4742 (7) 
7933 (4) 
7954 (4) 
7189 (4) 
6403 (4) 
6382 (4) 
7147 (4) 

24498 (3) 
16553 (3) 
26813 (3) 
4211 (1) 
1513 (1) 
3288 (1) 
2535 (4) 
2564 (3) 
2646 (4) 
2775 (3) 
1198 (5) 
912 (4) 

1115 (4) 
798 (3) 

2821 (5) 
2900 (4) 
2138 (4) 
1888 (3) 
3258 (4) 
3594 (3) 
2307 (3) 
2446 (3) 
2437 (4) 
2302 (4) 
2156 (4) 
2143 (4) 
1215 (3) 
1327 (3) 
1149 (3) 
860 (3) 
748 (3) 
925 (3) 

1087 (2) 
537 (2) 
202 (2) 
418 (2) 
968 (2) 

1303 (2) 
3722 (4) 
3567 (4) 
4024 (5) 
4460 (5) 
4279 (4) 
4002 (6) 
4490 (7) 
4885 (6) 
4633 (5) 
4100 (5) 
4104 (3) 
4494 (3) 
4556 (3) 
4228 (3) 
3838 (3) 
3776 (3) 

IR (cyclohexane): 1076 vs, 2038 VS, 2024 VS, 2007 s, 1999 sh, 1983 
sh, 1978 s, 1865 w cm-'. 'H NMR (6, CDCIB): 3.4-4.7 (m, 9 H, 
CSH4, 7.1-7.6 (m, 14 H, Ph + CsH4). FAB MS (rnlz, ion, relative 
intensity): 1033, [MI+, 22; 977, [M - 2CO]+, 36; 949, [M - 3CO]+, 
29; 921, [M - 4CO]+, 18; 893, [M - 5CO]+, 65; 865, [M - 6CO]+, 
100; 837, [M - 7CO]+, 3 9  809, [M - 8CO]+, 26; 781, [M - 8CO]+, 
68; 704 [M - 8CO - Ph]+, 43; 627, [M - 8CO - 2Ph]+, 42. 

Band 13 (R, 0.34, orange) was Ru3(p-H)1fi3-(C6H4)- 
PPhFc'PPh2}(CO)8 (4) (60 mg, 12.6%), mp 180 "C dec, recrys- 
tallized from CH2CI2/MeOH. Crystals suitable for X-ray analysis 
were flown from solvent diffusion of CH2C12/MeOH. Anal. Calcd 
for C,2HmFe08P,Ru3: C, 46.68 H, 2.61. Found C, 46.46; H, 2.86. 
IR (cyclohexane): u(C0) 2067 vs, 2027 vs, 2015 vs, 2000 m, 1981 
s, 1966 m, 1950 m cm-'. 'H NMR (6, CDC13): -16.7 (d, d, 1 H, 
RuH), 3.2-4.7 (m, 8 H, C5H4), 7.1-7.7 (m,19 H, Ph + C6H4). FAB 
MS (rn/z, ion, relative intensity): 1083, [MI+, 44; 1055, [M - CO]', 
31; 1027, [M - 2CO]+, 46; 999, [M - 3CO]+, 47; 971, [M - 4CO]+, 
63; 943 [M - 5CO]+, 100; 915, [M - SCO]', 89; 887, [M - 7CO]+, 

Table V. Fractional Atomic Coordinates (XlO') for 
R ~ S ( ~ ~ - H ) ~ ~ ~ - P P ~ ~ ( ~ ' , ~ ~ - C ~ H ~ ) F ~ ( ~ - C ~ H ~ P P ~ ~ ~ ~ ( C O ~ ~  (7) 

atom X Y z 
1090 (1) 
3280 (1) 
2029 (1) 
2909 (2) 
600 (3) 

4066 (3) 
1597 (13) 
1873 (11) 
468 (15) 

3 (12) 
24 (15) 

3697 (13) 
4001 (11) 
4387 (13) 
5096 (11) 
856 (14) 
199 (11) 

2038 (16) 
2031 (14) 
2998 (16) 
3574 (12) 
2264 (13) 
2851 (13) 
2400 (14) 
1586 (14) 
1504 (11) 
3871 (15) 
4405 (14) 
3889 (12) 
3026 (13) 
3023 (15) 
-629 (8) 

-1490 (8) 
-2452 (8) 
-2553 (8) 
-1693 (8) 
-731 (8) 
404 (10) 

-118 (10) 
-263 (10) 

115 (10) 
638 (10) 
782 (10) 

-612 (11) 

3599 (9) 
3100 (9) 
2741 (9) 
2883 (9) 
3382 (9) 
3741 (9) 
5446 (9) 
6067 (9) 
7114 (9) 
7541 (9) 
6920 (9) 
5873 (9) 
4951 (15) 
5770 (31) 
6772 (25) 

1331 (1) 
1996 (1) 
2736 (1) 
3545 (2) 
2532 (3) 
1572 (3) 
407 (13) 

-191 (10) 
444 (13) 

-111 (10) 
1629 (12) 
1758 (9) 
1082 (16) 
532 (12) 

2679 (13) 
3129 (11) 
3442 (12) 
3878 (9) 
1927 (15) 
1478 (11) 
3464 (14) 
3941 (12) 
3401 (11) 
4246 (12) 
4746 (12) 
4275 (11) 
3426 (11) 
4110 (14) 
3435 (13) 
2591 (12) 
2777 (12) 
3695 (13) 
3042 (6) 
2486 (6) 
2824 (6) 
3718 (6) 
4275 (6) 
3937 (6) 
2286 (7) 
2928 (7) 
2779 (7) 
1988 (7) 
1345 (7) 
1494 (7) 
649 (8) 
-78 (8) 

-807 (8) 
-808 (8) 
-81 (8) 
648 (8) 

1388 (8) 
1722 (8) 
1543 (8) 
1028 (8) 
694 (8) 
874 (8) 

1825 (14) 
2263 (48) 
2502 (21) 

5584 (1) 
5843 (1) 
4953 (1) 
6716 (1 
6184 (2) 
6757 (2) 
5100 (9) 
4824 (6) 
6015 (9) 
6250 (7) 
4972 (9) 
4612 (6) 
5378 (10) 
5094 (8) 
5688 (9) 
5608 (8) 
4673 (8) 
4491 (6) 
4313 (9) 
3904 (7) 
4648 (10) 
4457 (8) 
5791 (7) 
5928 (8) 
6344 (9) 
6522 (7) 
6216 (7) 
7383 (9) 
7097 (8) 
7180 (7) 
7483 (7) 
7618 (7) 
5919 (5) 
5912 (5) 
5699 (5) 
5492 (5) 
5499 (5) 
5712 (5) 
6955 (6) 
7257 (6) 
7846 (6) 
8132 (6) 
7829 (6) 
7241 (6) 
7189 (3) 
6886 (3) 
7197 (3) 
7812 (3) 
8116 (3) 
7804 (3) 
6847 (5) 
7336 (5) 
7401 (5) 
6977 (5) 
6488 (5) 
6423 (5) 
3768 (9) 
4173 (32) 
4023 (14) 

53; 859, [M - 8CO]+, 88; 782 [M - 8CO - Ph]+, 89; 705, [M - 8CO 
- 2Ph]+, 97. 

Band 15 (Rf0.27, yellowish green) was complex 7 (20 mg, 4.1%), 
mp 210 "C, recrystallized from acetone/n-hexane. Crystals 
suitable for X-ray analysis separated from solution when complex 
3 was pyrolyzed in cyclohexane for 18 h (see (ii) below). Anal. 
Calcd for C42H2sFe08P2R~3: C, 46.62; H, 2.59. Found: C, 45.92; 
H, 2.71. IR (cyclohexane): u(C0) 2076 s, 2038 vs, 2024 vs, 2007 
s, 1999 sh, 1983 sh, 1978 s cm-'. IR (CH2C12): 2060 vs, 2018 vs, 
1999 vs, 1946 m (br) cm-'. 'H NMR (6, CDCI3): -16.47 (d, d, 
J(HP) = 6, 12 Hz, 1 H, RuH), 2.16, 3.26, 3.57, 4.60, 5.15, 5.43 (m, 
H, C5H4 + C5H3), 6.6-8.15 (m, H, P h  + C6H4): 31P NMR (6, 
CH2C12): 4.56,35.38. FAB MS (rn/z, ion, relative intensity): 1080, 
[MI+, 24; 1052, [M - CO]+, 29; 1024, [M - 2CO]+, 25; 996, [M - 
3CO]+, 32; 968, [M - 4CO]+, 60; 940, [M - 5CO]+, 59; 912, [M - 
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6483 (2) 
6393 (2) 
8387 (2) 
8397 (2) 
7740 (3) 
7497 (5) 
6824 (17) 
7810 (17) 
8251 (18) 
7660 (22) 
6822 (18) 
6308 (17) 
6278 (19) 
6103 (15) 
5479 (20) 
4850 (19) 
7434 (15) 
7413 (12) 
6284 (18) 
6124 (15) 
6127 (18) 
5821 (16) 
5171 (19) 
4427 (14) 
8800 (19) 
9078 (14) 
9349 (22) 
9959 (17) 
9604 (21) 

10337 (16) 
8319 (18) 
8242 (15) 
8784 (15) 
9135 (17) 
7669 (18) 
8520 (21) 
8408 (19) 
7422 (19) 
6985 (18) 
7614 (24) 
6866 (21) 
7277 (19) 
8275 (20) 
8451 (24) 

1143 (2) 
-1991 (2) 

1131 (2) 
-2021 (2) 
-2659 (4) 
-879 (6) 
-287 (30) 
-321 (29) 
807 (34) 

1775 (37) 
1793 (30) 
786 (30) 

1790 (30) 
2258 (26) 
2219 (35) 
2922 (33) 
2684 (32) 
4051 (25) 

-3344 (35) 
-3972 (26) 
-3467 (35) 
-4440 (29) 
-1287 (31) 

-967 (22) 
1715 (31) 
2233 (24) 
2237 (35) 
2898 (29) 

-1460 (37) 
-1173 (25) 
-3244 (32) 
-4016 (27) 
-3550 (29) 
-4525 (30) 
-1020 (31) 
-952 (35) 
-853 (32) 
-709 (34) 
-809 (33) 

-4768 (43) 
-4410 (38) 
-4108 (33) 
-4233 (34) 
-4596 (41) 

1160 (1) 
1403 (1) 
1312 (1) 
1568 (1) 
-576 (2) 
827 (3) 

1982 (12) 
2059 (12) 
2461 (13) 
2732 (15) 
2690 (12) 
2322 (12) 
416 (12) 
-69 (11) 

1339 (14) 
1475 (13) 
1333 (11) 
1382 (9) 
2021 (13) 
2452 (10) 
858 (12) 
521 (11) 

1365 (12) 
1386 (9) 
585 (15) 
167 (10) 

1689 (14) 
1835 (11) 
1758 (14) 
1838 (10) 
2208 (13) 
2628 (11) 
1073 (11) 
807 (12) 
65 (13) 

-248 (14) 
-826 (13) 
-975 (13) 
-447 (12) 
-237 (17) 
-701 (15) 

-1197 (12) 
-1121 (14) 
-559 (17) 

6CO]+, 100; 884, [M - 7CO]+, 42; 856, [M - 8CO]+, 49; 779, [M 
- 8CO - Ph]+, 59; 715, [M - 8CO - 2Ph]+, 71; 674, [M - 8CO - 
3Ph]+, 51. 

(ii) Under  Vigorous Conditions. When a solution of 3 (400 
mg, 0.35 mmol) was pyrolyzed in cyclohexane for 18 h, preparative 
TLC still produced 18 bands. However, the only products in 
significant amount were complexes 6 (50 mg, 14%) and 7 (150 
mg, 40%). The maximum amounts of complex 7 were obtained 
after heating for 24 h (55-67%). 

Pyrolyses of Individual Complexes Isolated from t h e  
Above Reactions. Pure samples of complexes 4-6 and 9 were 
heated in refluxing cyclohexane for 2 h, and the resulting mixture 
was separated by preparative TLC (3/1/1 light petroleum eth- 
er/acetone/diethyl ether), with comparison spots of the complexes 
being run on the same plates. The results were as follows: (a) 
complex 4, 10 products, including complexes 4, 6, and 8; (b) 
complex 5, 11 products, including complexes 5, 6, 8, and 9; (c) 
complex 6,4 products, including complexes 6 and 8; (d) complex 
9, 4 products, including complexes 6 and 9. 

Crystallography. Intensity data for each of the crystals were 
measured a t  room temperature on an Enraf-Nonius CAD4F 
diffractometer fitted with Mo K n  (graphite monochromatized) 
radiation, X = 0.71073 A, with the use of the w:2B scan technique. 
The net intensity values of three standard reflections were 
monitored after every 3600 s of X-ray exposure time, and these 
indicated that no decomposition of any of the samples occurred 
during their respective data collections. Corrections were routinely 
applied for Lorentz and polarization effects as well as for ab- 
sorption by employing an analytical procedure.34 Relevant crystal 

Table VII. Selected Bond Lengths (A) and Angles (deg) 
for 4 

Distances 
Ru(l)-Ru(2) 3.000 (2) Ru(l)-Ru(3) 2.736 (2) 
R u ( ~ ) - R u ( ~ )  2.838 (2) Ru(l)-P(l) 2.330 (4) 
Ru(2)-P(2) 2.316 (4) Ru(l)-C(28) 2.13 (2) 
R~(3)-C(27) 2.49 (2) Ru(3)-C(28) 2.34 (1) 
P(l)-C(27) 1.81 (2) 

Angles 
Ru(l)-C(ZS)-C(27) 127 (1) Ru(2)-P(Z)-C(27) 109.3 (6) 
P(2)-C(27)-C(28) 118 (1) Ru(l)-C(28)-Ru(3) 75.4 (4) 

Table VIII.  Selected Bond Lengths (A) and Angles (deg) 
for 5 

Ru( l)-Ru(2) 
Ru(2)-R~(3) 
Ru(Z)-P( 1) 
Ru( 1 )-C (3) 
Ru(3)-C(10) 
P(l)-C(16) 

Distances 
2.837 (1) Ru(l)-Ru(3) 2.869 (1) 
2.836 (1) Ru(l)-P(l) 2.396 (3) 
2.335 (3) Ru(l)-P(2) 2.354 (3) 
1.99 (1) Ru(Z)-C(3) 2.42 (1) 
2.15 (1) P(l)-C(ll) 1.80 (1) 
1.79 (1) 

Angles 
73.7 (1) Ru(l)-C(3)-Ru(2) 79.6 (4) 

153 (1) Ru(Z)-C(3)-0(3) 126 (1) 
120.2 (9) Ru(3)-C(lO)-C(15) 122.3 (9) 

Table IX. Selected Bond Lengths (A) and Angles (deg) 
for 6 

Distances 
Ru(l)-Ru(2) 2.794 (1) Ru(l)-Ru(3) 2.938 (1) 
R u ( ~ ) - R u ( ~ )  2.779 (1) Ru(l)-P(l) 2.320 (2) 
Ru(2)-P(l) 2.251 (2) Ru(l)-P(2) 2.314 (2) 
Ru(3)-P(2) 2.378 (2) Ru(l)-C(8) 2.138 (8) 
Ru(Z)-C(S) 2.313 (8) Ru(2)-C(9) 2.374 (8) 
Ru(3)-C(9) 2.116 (8) 

Angles 
Ru(l)-P(l)-Ru(S) 75.3 (1) Ru(l)-P(Z)-Ru(3) 77.5 (1) 
Ru(l)-C(S)-Ru(Z) 77.7 (3) Ru(~)-C(~)-RU(~)  76.2 (2) 
Ru(l)-C(S)-C(9) 111.1 (5) Ru(Z)-C(S)-C(9) 74.7 (5) 
Ru(Z)-C(9)-C(8) 70.0 (5) Ru(3)-C(9)-C(8) 110.6 (5) 

Table X. Selected Bond Lengths (A) and Angles (deg) for 7 
Distances 

Ru(l)-Ru(2) 3.037 (2) Ru(l)-Ru(3) 2.874 (2) 
Ru(2)-Ru(3) 2.692 (2) Ru(l)-P(l) 2.366 (4) 
Ru(Z)-P(Z) 2.306 (5) Ru(2)-C(9) 2.45 (2) 
Ru(3)-C(9) 2.14 (2) Ru(P).-Fe(l) 3.098 (3) 

Angles 
R~(l)-P(l)-C(l3) 110.4 (5) R u ( ~ ) - C ( ~ ) - R U ( ~ )  71.5 (5) 
Ru(Z)-C(9)-C(13) 113 (1) Ru(3)-C(9)-C(13) 124 (1) 

data are summarized in Table I. 
The structures were solved in each case by direct methods with 

the use of the EEES routine in SHELX.34 Hydrogen atoms were 
included in the models for 5-7 at  their calculated positions (C-H 
= 0.97 A). A weighting scheme, w = k / [ $ ( f l +  gp], was included, 
and the refinements were continued until convergence. No special 
features were noted from the analysis of variance for 5-7, which 
indicated an appropriate weighting scheme had been applied in 
each case. The refinement of 8 was hindered owing to disorder 
of the heavy-atom positions. The structure analysis does, however, 
provide reliable information on the molecular structure. Re- 
finement details are listed in Table I. 

Scattering factors for neutral Ru and Fe (corrected for f' and 
f " )  were from ref 35, and values for the remaining atoms were 

(34) Programs used included the following: ABSORB and SUSCAD, data 
reduction programs for CAD4 diffractometer, J. M. Guss, University of 
Sydney, 1976; PREABS and PROCES, data reduction programs for CAD4 
diffractometer, University of Melbourne, 1981; SHELX, program for crystal 
structure determination, G. M. Sheldrick, University of Cambridge, 1976; 
ORTEP, Report ORNL-3994, C. K. Johnson, Oak Ridge National Labo- 
ratory, Oak Ridge, TN. 

(35) Ibers, J. A., Hamilton, W. C., Eds. International Tables for  X- 
Ray Crystallography; Kynoch Press: Birmingham, England, 1974; Vol. 
4, pp 99, 149. 
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Table XI. Selected Bond Lengths (A) and Angles (deg) 
for 8 

Distances 
Ru(l)-Ru(2) 2.879 (2) Ru(l)-Ru(3) 2.841 (4) 
Ru(2)-Ru(4) 2.993 (4) Ru(3)-Ru(4) 2.897 (3) 
Ru(l)-P(l) 2.495 (7) Ru(2)-P(l) 2.351 (7) 
Ru(3)-P(l) 2.478 (7) Ru(4)-P(l) 2.348 (7) 
Ru(l)-C(l)  2.30 (3) Ru(2)-C(1) 2.10 (3) 
Ru(3)-C(2) 2.32 (3) Ru(4)-C(2) 2.10 (2) 
Ru(l)-C(9) 2.01 (3) Ru(3)-C(9) 1.99 (3) 

Angles 
Ru(l)-C(l)-Ru(B) 81.4 (9) Ru(l)-C(l)-C(2) 108 (2) 
Ru(2)-C(l)-C(2) 110 (2) R u ( ~ ) - C ( ~ ) - R U ( ~ )  81.8 (8) 
Ru(3)-C(2)-C(l) 107 (2) R u ( ~ ) - C ( ~ ) - C ( ~ )  113 (2) 
Ru(l)-C(S)-Ru(S) 90 (1) 

those incorporated in SHELX." Data solution and refinement were 
performed with the SHELX program system on the University of 
Adelaide's VAX11/780 computer system. 

Atomic positions for the complexes 4-8 are given in Tables 

11-VI and selected bond distances and angles in Tables VII-XI. 
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Early-Transition-Metal Ketenimine Complexes. Synthesis, 
Reactivity, and Structural Characterization of Complexes with 

q2( C ,N)-Ketenimine Groups Bound to the 
Halogenobis( (trimethylsilyl)cyclopentadienyl)niobium Unit. 

X-ray Structure of 
Nb(qS-CsH4SiMe3),CI(q2( C ,N)-PhN = C= CPh2) 
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The reaction of Nb(q5-C5HqSiMeJ2X (X = C1, Br) with 1 equiv of various ketenimines, R'N=C=CR2R3, 
leads to the niobium derivatives Nb(v5-C5H4SiMe3)zX(q2(C,N)-R1N=C=CR2R3) (1, X = C1, R' = R2 = 
R3 = C6H5; 2, X = C1, R' = p-CH3-C6H4, R2 = R3 = C H,; 3, X = Br, R' = R2 = R3 = C H,; 4, X = Br, 
R' = p-CH3-C6H4, R2 = R3 = C6H5;.5,.X = C1, R' = RI = C&, R3 = CH,; 6, X = Br, Rq = R2 = CsH5, 
R3 = CH3) with the expected ketenimine C=N bonding mode. Reduction of 1 with 1 equiv of Na/Hg 
gives the complex Nb(q5-C5H4SiMe3)2(v2(C,N)-PhN=C=CPh2) (9) as a paramagnetic compound. The 
reduction of 9 with 1 equiv of Na/Hg and the subsequent addition of a proton source (ethanol) leads to 
the iminoacyl compound Nb(q5-C5H4SiMe3)2(CRNR') (10, R = CH(Phz), R' = Ph). The one- and two-electron 
reductions of 1 have been studied by cyclic voltammetry ex eriments. The structure of 1 was determined 
by single-crystal X-ray diffractometry: a = 24.4904 (14) 1 b = 11.0435 (04) A, c = 26.6130 (15) A, fl  = 
109.890 (5)', monoclinic, space group C2/c, 2 = 8, V = 6768.4 (5) A3, paled = 1.3194 g/mL, R = 0.048, R ,  
= 0.060 based on 4806 observed reflections. The structure contains a niobium atom bonded to two 
cyclopentadienyl rings in a q5 fashion; the coordination of the metal is completed by a C1 atom and a 
q2(C,N)-bonded ketenimine ligand. 

Introduction in the recent years.' Ketenes, ketenimines, and related 
heterwmulenes are very reactive organic molecules whose 
typical reactivity patterns are well-defined.2 Several 

(1) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Prin- 
ciples and Applications of Organotransition Metal Chemistry; Univer- 
sity Science Books: Mill Valley, CA, 1987; Vol. 111, p 669. 

The preparative usefulness of organometallic complexes 
as new reagents in organic syntheses has been increasing 

' Departamento de Quimica Inorghica. * Departamento de Quimica Orginica. 

0276-7333/90/2309-2919$02.50/0 0 1990 American Chemical Society 


