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A recent structure of Cp,M,(NO), and a comparison with other Cp,M,(CO),(NO),_, structures showed that the two metal
atoms and the bridging carbonyls or nitrosyls in nearly all cases lie in a single plane. However, the isolobal compound
Co,(CO)g and related structures with terminal carbonyls have the inner rhomboid puckered. The reasons for the presence
or absence of the puckering deformation are traced to the slightly different symmetry properties of the frontier orbitals
in the MCp or M(CO), cases. Metal-metal bond-length differences with electron count are examined, leading to an apparent
contradiction between the theory and the structural facts known for this series of compounds.

There are many dibridged binuclear complexes of type 1,
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with X and X’ = CO, NO, PR,, NR,, SR, OR, and halogen.
These have proved a fertile source for experimental and
theoretical studies of metal-metal interactions. In particular
Dahl and co-workers have most effectively exploited bond-
length changes upon oxidation or reduction to deduce the
symmetry properties and bonding characteristics of the frontier
molecular orbitals (MO’s) of the molecules.!

In some previous work we and others? have attempted to
delineate the role of metal monomer geometrical preferences,
the bonding opportunities offered by the bridging groups, and
the direct metal-metal interactions in M,L, complexes. The
present work was motivated by an interesting structural
observation made by Bernal and co-workers? in the course of
a crystallographic study of Cp,Co,(CO)(NO) and Cp,Co,-
(NO),. A comparison was made of the structures of these
compounds with those previously determined for Cp,Fe,-
(NO),* and Cp,Co,(C0O),".> These compounds all have the
basic geometry 2, and in fact three of them are isomorphic.
Some geometrical parameters are compared in Table I.
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If an electron-counting formalism of Cp~ and NO* is
adopted, the metal atoms have the configuration shown in the
table. The 18-electron rule would imply a metal-metal double
bond in the d®-d® complex, a bond order of 1.5 in the d*-d°
complexes, and a single bond in the d°-d° complexes.
However, Bernal and co-workers noted that the metal-metal
separation in the d®-d® complexes is essentially the same as
in the d°-d® compounds® and the d®-d® separation is only
marginally shorter. This runs counter to the accepted notions
of metal-metal bonding and the 18-electron rule and thus
attracted our attention.

There is still another interesting aspect of these complexes.
In all but one of the structures listed in Table I the inner
MAMB rhomboid is planar; i.e., the dihedral angle between
the M-A-M and M-B-M planes 6, as defined in 3, is 180°
or close to it. The exceptlon is Cp,Ni;(CO), where both
independent molecules in the asymmetric unit are puckered,
with § = 140 and 147°. If one makes the standard isolobal
replacement of three carbonyls for a Cp~, one realizes that the
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d°—d° systems are analogous to Co,(CO);. However, the inner
rhomboid in Co,(CO)gy, 4, is not planar, but highly puckered,
f = 127°, Some of the many other complexes of type 1 are
puckered and some are planar.? What influences the distortion
of the inner rhomboid in these systems? We decided to probe
this question at the same time as we analyzed the metal-metal
bonding.

Inner-Ring Puckering

The variation in 8 with d-electron count has been studied
earlier by Burdett for Fe,(CO)4(PR,), complexes.”® A mo-
lecular orbital scheme was provided which gave puckering, its
magnitude a function of R, for d’-d” complexes and planarity,
6 = 180°, for d®~d® complexes. One might have thought that
the MO scheme of Burdett could be taken over directly for
the present problem, but unfortunately this is not so. As was
pointed out by us earlier,2 the ordering of the metal orbitals
depends critically on the nature of the bridging ligands. In
particular it is expected to differ greatly from the donor, PR,
to the 7 acceptor, CO or NO, case.

The variation in the MO schemes with the nature of the
bridging ligand, the factors determining the puckering of the
inner rhomboid, and the metal-metal distances are probed in
this paper by means of extended-Hiickel calculation. The
parameters are given in the Appendix. The initial set of
calculations is on Cp,Co,(CQO),* and (CO)4Co,(CO),» with
inner-ring geometries identical with that shown by one of the
structures.” The initial geometries are shown schematically
in 5 and 6. The cyclopentadienly complexes have the rings
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staggered in the observed structures. However, the barrier
to Cp rotation cannot be high, and we have made them eclipsed
0 as to maintain the highest possible symmetry, C,,, while
bending. The flapping or puckering motion is studied by
moving the bridging groups in the +z direction while keeping
M-C distances constant.

© 1979 American Chemical Society



Dibridged Binuclear Complexes

Table I. Structural Parameters of Some
Cp,M, (AO)(BO) Complexes

M-M, M-A-M, A-M-B,

molecule confign® A deg deg  ref
Cp,Fe,(NO),  d%-d* 2326 823 977 4 .
Cp,Co,(NO)-  d*-d® 2370 807 993 3

(CO)
Cp,Co,(CO),” d®-d® 2372 803 998 5
Cp,Co,(NO),  d*~d® 2372 811 990 3
Cp,Ni,(CO),b  d°-d°® 2.357 784 943 6
(MeCp),Ni-  d°-d® 2.390 797 1003 6

(CO),

9 Geo text, P Average of two molecules in an asymmetric unit.

9
2k by
az
>
[+
>
g ¥
L
c
uj
_ls -
by
bz
o
E b,
-4 L L i
180 150 120 90

Flap Angle (8), deg

Figure 1. Walsh diagram for the bending of the bridging carbonyls
out of the plane for Co,(CO)s. 0 is defined in structure 3.

For the d°-d’ complexes a comparison of Co,(CO)g and
Co,Cp,(CO),* vields a calculated optimum flap angle of 143°
for the former and 179° for the latter. Thus the former is
correctly predicted to be puckered and the latter planar. To
obtain an understanding of the differences we turn to the
Walsh diagrams for the flapping motion, Figures 1 and 2.
Both molecules contain a set of low-lying levels (below ~12.5
¢V) which are metal-ligand bonding or “t,,” orbitals and above
them a set of three important frontier orbitals of a;, a,, and
b, symmetry. These become occupied as the metal exceeds
a d®-dS electron count. All levels are occupied in the d°~d°
complex.

Where do these orbitals come from? The easiest way to
see them is to first form the M;(CO)s or M,Cp, unit.”!¢ This
is done schematically in Figure 3. Each M(CO); or MCp
unit has three low-lying orbitals, the remnants of the octahedral
tg set and three hybrids, relatively high lying.!! These combine
to give a nest of six ty, levels and six high-lying MO’s. One
of these, the M—M ¢* level, is too high in energy to enter into
bonding. Thus five high-lying orbitals remain. These interact
with the bridging carbonyl lone pairs-and their #* orbitals in
such a way as to send two way up in energy and keep three
down. These are the upper a, + a, + b, orbitals of Figures
1 and 2. It is here also that the difference between various
bridging ligands enters. The phosphido group, lacking acceptor
character, destabilizes three, not two, of the five upper orbitals,
leaving only the a; and b, at accessible energy.

The three valence orbitals of Cp,Co,(CO),>~ and Co,(CO);
show different behavior with puckering. The b, orbital favors
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Figure 2, Walsh diagram for the bending of the bridging carbonyls
out of the plane for Cp,Co,(CO),*. 8 is defined in structure 3.
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Figure 3. Schematic representation of the orbitals of Co,(CO); built
up from those of two Co(CO), fragments. The energy scale markings
are in eV.

distortion from planarity, the a; orbital likes to retain a planar
rhomboid, and the a, orbital shows a variable pattern generally
favoring 8 = 180°, but taking an important slight dip only in
the Co,(CO); case. These general trends.are easiest un-
derstood by referring to the shapes of the orbitals, given in
7-9 for the Cp case, with only the metal contribution shown

Ly oo 8% -

7.b, 8,0, 9,q,

in each. In fact the b, orbital cannot interact, by symmetry,
with any bridging #* orbital, while the a, and a, orbitals carry
substantial contributions. This is shown from a different
viewpoint, along the z axis, in 10 and 11.

The contribution of the bridging carbonyl #*, rather than
the metal~metal bonding, dominates the slopes of the crucial
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orbitals. As 6 decreases from 180°, metal-bridging carbonyl
bonding overlap decreases for a; and a,, and so these rise in
energy. The b, orbital has no interaction at 180°, but such
interaction is turned on as # decreases. Consequently, that
orbital falls in energy.

We now return to the differences between the Cp and (CO),
terminal ligands. The three important orbitals of each are
compared side by side in Figure 4. Note the top-bottom
asymmetry in the carbonyl! levels, especially pronounced in the
a, and a, orbitals. This tilting is a consequence of the oc-
tahedral descent of the M(CO); orbitals.!l"'¢ The in-pointing
orbitals are, so to speak, anchored to an octahedral coordinate
system “fixed” by the terminal carbonyls. This constraint is
absent in the cyclopentadienyl case.

The tilting of the M(CQ); vs. MCp orbitals has a critical
effect on the rotational barrier in polyene— and cyclo-
polyene—ML, systems.'? In the present case it influences the
slopes of the three orbitals in the Walsh diagrams and, most
importantly, that of the a, orbital. The best interaction
between the bridging carbonyl 7* and the metal a, combi-
nation in Co,(CO)y is not at § = 180°, the planar geometry,
but at a smaller 4; i.e., the bridging carbonyls rise above the
plane to match the maximum in the a, orbital. This creates
the important initial dip in the a, orbital energy (Figure 1).
In turn this is the main factor in making the Co,(CQO)s
puckered, while the inner rhomboid in Co,Cp,(CO),* is
planar.

In the Cp,M,AB series (M = Fe, Co, Ni; A and B = CO,
NO), structural studies are available for d®-d®, d3-d®, and
d®-d® complexes. The d°-d° system favors 6 = 180°, with one
exception. Since the b, orbital, which is the orbital vacated
as one proceeds to d®—d®, has its maximum energy at § = 180°
(Figures 1 and 2), if the d°~d® system is planar, the d®-d° and
d®-d® molecules should show an even greater preference for
a planar geometry.

The exception referred to is the structure of Cp,Ni,(CO),,
in which the inner rhomboid puckers and at the same time the
cyclopentadienyl rings move below the MAMB plane, 12.°
Two other structures with mixed CpM, M’L; metal envi-
ronment,®™ and one with bridging isocyanides, Cp,Ni,-
(CH;NCQ),,% show a similar distortion.

% J

The particular deformatlon cxhlbltcd by these structures
was not examined by us earlier, since we kept the Cp cen-
ter—Ni~Ni~Cp center axis linear. We proceeded to study this
motion. The energy curves for ring puckering with and without
Cp canting are compared in Figure 5. The potential energy
varies very gently when the Cp’s move to follow the puckering
of the inner ring. For the d°-d° Cp complexes we would
conclude that it is likely that a range of geometries near the
planar structure will be found as further examples are studied.

The tilting of the cyclopentadienyl rings below the MAMB
plane causes the b,, a,, and a, orbitals to look no longer like
those in 7, 8, and 9 but builds up electron density on the top
side of the plane. The bridging carbonyls here, as they did
in the terminal carbonyl case, rise above the plane to match
this maximum and thus flapping occurs.

Allan R. Pinhas and Roald Hoffmann

Cp,Co,(COR” Co,(COl,

Figure 4. Contour maps of the top three occupied orbitals of
Cp;Co,(CO),* and Co,(CO)s, showing only cobalt contributions. The
b, and a; orbitals are in the yz plane, and the a, orbitals are in a plane
parallel to yz and 0.5 A in the +x direction. The contour levels of
Y are 0.4, 0.2, 0.1, 0.05, and 0.025, with negative values in dashed
lines.
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Figure 5. Total energy change for the bending of the bridging
carbonyls out of the plane for Cp,Co,(CO),*. The cyclopentadienyl
rings are canted as indicated in the structures. 8 is defined in structure
3. The energy scale markings are in eV.

Another way of viewing the above is to consider the work
of Hofmann!3 which says that a CpM(CO), fragment with
18 electrons around the metal prefers a “planar” structure!*
vs. a pyramidal one. Some of our previous work pointed to
the importance of monomer geometrical preferences in de-
termining dimer structures. In the present context one could
say that, as the Cp rings move down, the bridging groups must
move up to keep each monomer center locally planar. The
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Table II. Calculated Metal-Metal Distances
confign M-M, A

d°-d®  Cp,Co,(CO),* 2.42
d*-d®  Cp,Co,(CO),”  2.37
d®-d* Cp,Co,(CO),  2.29

molecule M-M, A

Cp,Co,(NO), 240
Cp,Co,(NO),* = 2.33
Cp,Co,(NO),** 2.24

molecule

net result is a puckered dimer.
Metal-Metal Bonding

Given that we understand how the terminal ligands influence
the puckering of the bridged ring, we now return to the
question of the metal-metal separation. In the series of
compounds in Table I both the metal and bridging ligands
change. Since the metal radii are approximately equal,'® we
assume that the change in metal will not have a great effect
on the geometry. Calculations were carried out on two
systems, Cp,Co,(CO); and Cp,Co,(NO),**, to see the effect
of substituting the better « acceptor nitrosyl for carbonyl. In
each case the Co-L-Co and L-Co-L angles were varied in
such a way as to keep the inner ring planar. The optimum
Co—Co separations are given in Table II.

There is some difference between the nitrosyl and carbonyl
d?-d® cases, and detailed examination of the orbitals shows
a not unexpected variation in composition of the a, and a,
orbitals. However, the b, orbital, which is the one responsible
for any changes as one progresses from d®-d® to d°-d°, is
identical in the carbonyl and nitrosyl cases. This of course
is a consequence of the symmetry-imposed absence of any
contribution of the bridging ligands in this orbital.

This b, orbital, illustrated in Figure 4, is clearly metal-metal
« antibonding. How much so? The experimental structural
information in Table I would indicate very little antibonding
character in that MO, since the bond lengths do not vary much
with electronic configuration. The theoretical calculations of
Table IT would have predicted a lengthening of some 0.13-0.16
A on going from d®-d® to d°~d®. Unfortunately we have no
explanation of the discrepancy between the calculated and
observed distances. A speculative idea is that in the d°-d°
dinitrosyl complex some orbitals other than the b,, for instance
those derived from the remaining nitrosyl =* orbitals, are
occupied. We see some such low-lying orbitals in the dinitrosyl
calculation, but (1) if they were occupied one would expect
N-O bond lengthening, which is not observed,!¢ and (2) their
proximity to the b, would make one worry whether
Cp,Co,(NO), might possess a high-spin ground state; however,
Cp,Co,(NO), is diamagnetic.!”

Other Dibridged Binuclear Complexes

Just how critical the role of the bridging groups is may be

seen in a comparison of the Walsh diagram in Figure 1 and

the one in Figure 6 for Co,(CO)s(PH,),, 13. As was
H, H2 H H
/p’\P\\ /S ’S\
L3M/ ML, L,M/\ML3
13 14

mentioned above, the carbonyl bridging case has three orbitals

available (a,, a,, b,) for electrons above the d®-d® count, .

whereas the phosphido analogue has but two, a; and b,. The
slope of the b, level is also reversed between the two cases.
Both these facts are a consequence of the change in character
of the bridging group. In the CO case the acceptor orbitals
stabilize b, with puckering, while in the donor case of PH,"
the b, orbital is destabilized by the same motion.

Our slopes are somewhat different from those of Burdett,2
since his motion brought the two metals closer together and
ours, as described earlier, did not. This has the effect of
destabilizing the b, orbital more and it also helps stabilize the
a; orbital, so that his a, goes slightly down and ours goes
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Figure 6. Walsh diagram for the bending of the bridging phosphido
groups out of the plane for Co,(CO)s(PH,),. 8 is defined in structure
3

Table III. Extended-Huckel Parameters

exponents?
orbital Hy, eV ¢, $,
H 1s -134 1.3
C2s -21.4 1.625
2p ~11.4 1.625
N 2s -26.0 1.950
2p ~13.4 1.950
02 ~32.3 2.275
2p -14.8 2.275
P3s ~18.6 1.75
3p ~14.0 1.30
S 3s -20.0 1.817
3p -13.3 1.817
Co 4s -9.21 2.0
4p -5.29 2.0
3d -13.18 5.55 (0.5679) 2.10 (0.6059)

% Two Slater exponents are listed for 3d functions. FEach is
followed in parentheses by the coefficients in the double-¢ expan-
sion.

slightly up in energy. In the phosphido bridged system we find
that the d®-d® molecules should be planar and the d’-d’
molecules puckered. This is in complete accord with Burdett’s
theoretical analysis and the available experimental results.'8

A calculation on the thiolate bridged system 14 reveals a
similar situation; i.e., with terminal carbonyls d®-d® is planar
and d’-d” puckered. However, a very interesting situation
occurs here, in that we find no difference in the proclivity of
the internal ring to pucker between terminal carbonyls and
terminal Cp rings. This is a result of the a, no longer being
a filled orbital. Thus, that all important dip in energy that
occurred in Figure 1 is no longer present. Since the HOMO
(b, orbital) goes up in energy for all of these molecules as 6
decreases, when it is filled a planar structure is preferred and
when it is empty the other orbitals dictate the amount of
puckering.
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Appendix

The calculations were of the extended-Hiickel type using
parameters (see Table I1I) taken from previous work.? A
“weighted H,;” formula was used in all calculations.?® Dis-
tances not previously indicated are S-H = 1.33 A, Co-S =
226 A,P-H=144A,CoP=216A,Co-N=1834,and
N-O = 1.19 A,

Registry No. Cp,Co,(CO),>, 68813-14-9; Cp,Co,(CO),,
58543-12-7; Cp,Co,(CO),, 58496-39-2; Cp,Co,(NO),, 51862-20-5;
szCOz(NO)2+, 68875-56-9, Cp2C02(NO)22+, 68813-15'0, COz(CO)g,
10210-68-1; Co,(CO)((PH,),, 68813-16-1.
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Stable gold(T) derivatives of several azoles; [Au(az)],, are obtained by various routes (azH = pyrazole or various 1-unsubstituted
pyrazoles, benzo-1,2,3-triazole, or 1,2,4-triazole). In these compounds the az™ group acts as an exobidentate NV,/V’ligand,;
in several cases n = 3, and a trinuclear, enneaatomic ring structure is suggested. On the other hand, in the monomeric
compounds Ph;PAu(az) where azH is benzotriazole or 3,5-dimethyl-4-nitropyrazole (pz'H) the azolato anion is monodentate.
The compound Ph;PAu(pz’) reacts with [(CO),RhCl], affording (CO),;Rh(u-pz),Rh(CO); and with fluoboric acid or
AgBF, yielding [Ph;PAu(u-pz’) AuPPh;]*BF,, where only one exobidentate pyrazolato-N,/V’bridges two gold atoms. The
trimeric gold(I) pyrazolates, Au,(pz);, react with iodine to give Aus(pz);l,, probably mixed-valence compounds, while with
sym-trinitrobenzene an unstable 1:1 charge-transfer adduct is obtained and with iodine chloride the coordinated ligand
is iodinated in the 4-position affording tris(3,5-dimethyl-4-iodopyrazolato-N, V') trigold(I).

Introduction

Pyrazoles® are weak bases and fair nitrogen ligands thanks
to the tertiary nitrogen atom. 1-Unsubstituted pyrazoles
(pzH)* are also very weak acids. Indeed, they react with
metallic potassium affording K*pz™,* with Grignard reagents,
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PhMgX, yielding pzMgX,® or with certain hydrides, such as
alkali metal borohydrides, to give hydrogen and the corre-
sponding poly(1-pyrazolyl)borate,”® M*[(pz),BH,.,]” (n = 2,
3, or 4 according to the conditions employed®), where the
pyrazolato ligands are monodentate. Other species where the
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