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The organization of cations and anions in the crystalline salts of transition-metal carbonyl cluster anions 
of nuclearity six and ten has been investigated by means of approximate atom-atom potential energy 
calculations and computer graphics. It has been shown that large carbonyl anions establish intermolecular 
interactions that closely resemble those observed in molecular crystals of neutral species. A clear tendence 
to form anion piles surrounded by cation belts has been observed. The structure of the anionic piles depends 
on the size of the cation and on the actual free charge. Preferential anion-cation pairing has been observed 
only in the [(PhCH2)Me3N]+ and [Ph,P]+ salts of the dianion [Rh&(C0),,l2-. 

Introduction 
Most high-nuclearity transition-metal carbonyl clusters 

are ions;' hence, a large portion of the structural charac- 
terization by diffraction methods in this field is carried out 
on salts. These crystalline materials have been named "soft 
salts" to account for the large size of the component ions 
compared with that of the particles forming simple solid 
salts.2 That "large cations are stabilized by large anions" 
was recognized long ago by B a s o l ~ . ~  He pointed out that 
this empirical relationship could be effectively exploited 
to isolate metal complexes in the form of stable Crystalline 
salts. Such a simple rule has been applied (without much 
awareness, perhaps) by cluster chemists over the past three 
decades to isolate and characterize an enormous number 
of new species. However, no systematic study of the effect 
of the counterion choice on the crystallization process has 
ever been carried out, the crystallization of new species 
(and the consequent structural characterization) being 
usually based on the "fiist come (crystallized) first served 
(put on a diffractometer)" principle. 

In spite of early indications4 that metal clusters would 
provide valuable model systems for chemisorption on metal 
surfaces and a bridge between molecular and solid-state 
chemistry, the solid-state properties of these materials have 
not been given much attention. Research in this area of 
organometallic chemistry has only recently begun. For 
example, the multiple-redox properties of solid cubanelike 
clusters have been studied,2 while correlations between 
crystalline structures and phase-transition phenomena 
have been used to study thermochromic  material^.^ EPR 
measurements and studies of the magnetic behavior of 
high-nuclearity clusters of various metals (Os, Pt, Pd, Au, 
etcJ6 have also afforded the first fascinating indications 
that metal clusters in the solid state can show properties 
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(4) Muetterties, E. L. Science 1977,196,839; Chem. Eng. News 1982, 
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that are neither those of bulk metals nor those of dispersed 
metals.' 

In previous papers"12 we have investigated the rela- 
tionship between the structure of neutral organometallic 
molecules and the structure of their crystals. This ap- 
proach has been fundamental in the appreciation of the 
differences between the collective molecular properties of 
the crystalline assemblage and the properties of the in- 
dividual molecular entity replicated by space-group and 
translation symmetry within the lattice. We have been 
able to tackle various aspects of the (rather unexplored) 
solid-state organometallic chemistry field such as the effect 
of intermolecular (packing) forces on the molecular 
structure and dynamic behavior shown by neutral binary 
carbonyls in the solid statespg and the occurrence of re- 
orientational phenomena in mononuclear and polynuclear 
organometallic complexes.1° The molecular organization 
in crystalline arenes and in mononuclear arene complexes, 
and the presence of well-defined and recurring packing 
motives in metal carbonyls and in carbonyl-arene clusters, 
have also been investigated." 

Further, new insights into the bonding in CO&O)~ have 
been gained, leading to the discovery of a channeled crystal 
lattice which offers possibilities for diffusion and reactivity 
in the solid state.I2 This has all been achieved essentially 
by expanding our way of looking at  the result of a dif- 
fraction experiment, from the single molecule "denuded" 
of its crystalline environment to the entire molecular en- 
semble constituting the crystalline material. 

In an attempt to broaden this perspective further, we 
now wish to extend this approach to the study of ionic 
carbonyl clusters. Our aim is to answer the following 
questions: 
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J.; Waszczak, J. V.; Longoni, G.; Ceriotti, A. Inorg. Chem. 1986,25,2265. 
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Table I. Crystalline Deca- and Hexametallic Cluster Salts" 

[ O S ~ ~ C ( C O ) ~ ] [ P P N I ~ ~  (13) pi 27.157 (5) (96.37 (2)) 17.535 (4) (100.71 (2)) 10.470 (2) (85.92 (2)) 
[H4O~io(CO)uI[PPNlz (14) Pi 26.940 (3) (96.17 (1)) 17.421 (2) (100.68 (1)) 10.601 (2) (86.47 (1)) 
[RuioC(CO)uI [ P W z  (15) Pi 17.520 (5) (100.61 (3)) 27.102 (9) (96.28 (3)) 10.444 (2) (85.74 (6)) 
[OsioC(CO)z2(NO)Il[PPNlz (16) Pi 27.366 (3) (96.57 (2)) 17.569 (3) (100.39 (3)) 10.459 (2) (85.74 (2)) 

[H20~ioC(CO)z41 (17) c 2 / c  21.479 (6) 9.890 (3) (120.42 (2)) 20.807 (4) 

[HOS~~C(CO)~~I  [Ph3MePl (18) pi 16.211 (85.30) 15.052 (96.38) 12.016 (111.43) 
[HOsi,C(CO)z4I[Ph,Asl (18) P63mc 16.660 16.660 12.070 

[co&(co)i5l[Et4N]z (19) 8.890 (2) 22.790 (10) (96.00 (1)) 20.545 (6) 
[RbC(CO)iJ[PhJ'I, (19) P1 14.784 (8) (96.50 (5)) 18.796 (13) (90.78 (5)) 11.339 (7) (86.35 (5)) 

[C@J(CO)i,I[PPNl (20) Pi 19.686 (8) (95.69 (6)) 9.065 (5) (69.99 (6)) 15.737 (7) (88.31 (6)) 
[RbN(CO)i5I[PPNl (21) Pi 19.841 (5) (95.88 (3)) 9.156 (3) (70.12 (3)) 16.066 (5) (87.99 (3)) 

[Co6C(C0)i5l [(PhCH2)Me3NIi (22) C2/c 21.752 (2) 11.350 (1) (112.28 (1)) 18.099 (2) 
[RbC(CO)151 [(PhCHz)Me3NlzC (23) C2/c 22.17 (2) 11.46 (1) (112.72 (6)) 18.51 (2) 

species (reo space group a, A (a, deg) b,  A (8, deg) c, A (7, deg) 

"Bold cell axes = interanion or intermolecular (in the case of [H20s10C(C0)24]) separations between cluster centers in the lattice (see text). 
bPPN = [(Ph3P)zN]+. cThe separation between next-neighboring anions does not correspond to a unit cell translation (the shortest distance 
between cluster centers is 10.530 A for M = Rh). 

(i) Do crystalline salta of high-nuclearity carbonyl cluster 
anions conform to the same close-packing principle as the 
crystals of neutral molecules? 

(ii) What is the relationship between ion size, shape, and 
stoichiometric ratio and the packing motif in crystalline 
cluster salta? 

(iii) Are there preferential packing motives adopted in 
crystalline salta with respect to crystals of neutral mole- 
cules? (Le. is there a detectable packing effect of the 
presence of the anion and cation charges?) 
Our approach to these problems is basically the same 

as that applied previously to neutral species. It makes use 
of potential energy calculations within the pairwise atom- 
atom method (though only as a convenient tool to inves- 
tigate packing relationships) and relies heavily on (com- 
monly available) molecular graphics software. 

Structure of High-Nuclearity Carbonyl Cluster 
Crystalline Salts and Methodology 

As a first step toward the understanding of the factors con- 
trolling the ion interplay in these "soft salts", we have chosen to 
study two families of well-characterized high-nuclearity carbonyl 
clusters, namely that of the decametallic species containing a 1:36 
close-packed arrangement of metal atoms (a tetracapped octa- 
hedron),l*18 whose prototypical species is represented by the 
dianion [ O S ~ ~ C ( C O ) ~ ~ ] ~ - , ' ~  and that of the hexametallic trigo- 
nal-prismatic ~ l u s t e r s , ' ~ ~  the prototype being represented by the 
dianion [ Rh&(C0)15]2-.23 

(13) Jackson, P. F.; Johnson, B. F. G.; Lewis, J.; McPartlin, M.; Nel- 
son, W. J. H. J. Chem. SOC., Dalton Trans. 1982, 2099. 

(14) (a) Braga, D.; Lewis, J.; Johnson, B. F. G.; McPartlin, M.; Nelson, 
W. J. H.; Vargas, M. D. J. Chem. SOC., Chem. Commun. 1983,241. (b) 
Bashall, A.; Gade, L. H.; Lewis, J.; Johnson, B. F. G.; McIntyre, G. J.; 
McPartlin, M. Angew. Chem., Znt: Ed. Engl. 1991,30, 1164. 

(15) Chihara, T.; Komoto, R.; Kobajashi, K.; Yamazaki, H.; Matsuura, 
Y. Znorg. Chem. 1989,28, 964. 

(16) Goudsmit, R. J.; Jackson, P. F.; Johnson, B. F. G.; Lewis, J.; 
Nelson, W. J. H.; Puga, J.; Vargas, M. D.; Braga, D.; Henrick, K.; 
McPartlin, M.; Sironi, A. J. Chem. SOC., Dalton Trans. 1985, 1795. 

(17) Braga, D.; Grepioni, F.; Righi, S.; Johnson, B. F. G.; Frediani, P.; 
Bianchi, M.; Piacenti, F.; Lewis, J. Organometallics, in press. 

(18) (a) Jackson, P. F.; Johnson, B. F. G.; Lewis, J.; McPartlin, M.; 
Nelson, W. J. H. J. Chem. SOC., Chem. Commun. 1982, 49. (b) In the 
[Ph,h]+ salt of [HOS~~C(CO),~]- the cation was found to be disordered; 
as a consequence of this disorder, the As atom position is not compatible 
with the space group symmetry. 

fin 
(19) Albano, V. G.; Braga, D.; Grepioni, F. Acta Crystallogr. 1989, B45, 
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(20) Martinengo, S.; Ciani, G.; Sironi, A.; Heaton, B. T.; Mason, J. J. 

(21) Bodichi, R.; Ciani, G.; Sironi, A.; Martinengo, S. J. Chem. SOC., 

(22) Martinengo, S.; Strumolo, D.; Chini, P.; Albano, V. G.; Braga, D. 

(23) Albano, V. G.; Sansoni, M.; Chini, P.; Martinengo, S. J. Chem. 

Am. Chem. SOC. 1979,109, 7095. 

Dalton Trans. 1983, 253. 

J. Chem. SOC., Dalton Trans. 1985, 35. 

SOC., Dalton Trans. 1973, 651. 

The criterion for this choice has been 2-fold on one hand, we 
needed carbonyl clusters with a highly regular ligand distribution; 
on the other hand, we needed species for which it is possible to 
vary the anionic charge without affecting the overall electron 
counting (Le. isoelectronic species) and with minimum pertur- 
bation of the gross cluster anion shape (i.e. nearly isostructural 
species). In this respect, these two families of compounds are 
excellent candidates because the actual free charge can be changed 
by varying the nature of the interstitial atoms (carbon or nitrogen 
in the M6 species) or the number of peripheral (or interstitial) 
H-hydride atoms (from 1 to 4 in the Mlo family) with limited 
effects on the CO-ligand distribution. 

What is more, these two groups of complexes have been 
characterized in a variety of crystalline salts with different 
counterions. The species subjected to our analysis are listed in 
Table I, together with relevant structural and crystallographic 
information and the references to the original structural reports. 
The recently characterized neutral cluster [HzOsloC(CO)z4]17 is 
also reported for comparative purpose (see below). 

Our approach to crystal packing is not conventional. In order 
to decode the ion organization within the lattice, we need to 
neglect, in a sense, the space group symmetry and concentrate 
on what the single ion (or molecule) "sees" around itself in its 
immediate neighborhood. This is not easily achieved with the 
usual crystallographic procedures (essentially based on inter- 
molecular contact distances) and becomes particularly difficult 
with crystalline salts where the asymmetric unit contains two or 
three independent ions of large size. T o  carry out this study, we 
have, therefore, "adapted" the pairwise atom-atom packing po- 
tential energy method,24 successfully employed previously to 
investigate the molecular organization in the lattice of neutral 
organometallic species.p11 Use is made of the expression ppe = 
EiEj[A exp(-Br.) - Crij4], where ppe represents the packing 
potential energyii and rij the nonbonded atom-atom intermo- 
lecular distance. Index z in the summation runs over all atoms 
of one cluster anion (chosen as reference), and index j, over the 
atoms of the surrounding anions and/or cations distributed ac- 
cording to crystal symmetry in the crystal lattice within the cutoff 
distance of 15 A. By this method the anions or cations in the f i t  
coordination sphere around the cluster anion chosen as reference 
can be easily selected among all the surrounding ions on the basis 
of the highest contribution to ppe. Since this procedure is used 
only as a convenient tool for the investigation of the cluster anion 
environment and  not as a means to obtain (even approximate) 
crystal potential energy values, no attempt has been made to 
incorporate in the calculations the Coulombic contribution arising 
from the actual ionic charges. All calculations were carried out 

(24) (a) Kitaigorodsky, A. I. Molecular Crystal and Molecules; Aca- 
demic Press: New York, 1973. (b) Pertain, A. J.; Kitaigorodsky, A. I. The 
Atom-Atom Potential Method, Springer-Verlag: Berlin, 1987. (c) Ga- 
vezzotti, A.; Simonetta, M. Chem. Reu. 1981,82, l. (d) Mirsky, K. Com- 
puting in Crystallography, Proceedings of the Internatimal Summer 
School on Crystallographic Computing; Delf University Presa: Twenta, 
The Netherlands, 1978; p 169. 
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was first observed in crystals of the neutral dihydride 
[H20sloC(C0)24] (see Figure 2d), where it acts as the 
backbone of the whole lattice and involves the 05-08 
bonds carrying the bridging-hydride ligands.17 Therefore, 
the (M10(CO)24) fragment establishes exactly the same 
type of interlocking pattern in the crystals of the neutral 
molecule and of the dianions. 

As shown in Figure 2a,c, the [PPN]+ cations are also 
intimately interlocked and form a belt around the dianion 
pile. Apart for the rather obvious difference arising from 
the fact that the neutral molecule is surrounded by iden- 
tical units in its lattice while the crystalline salt has to cope 
with the presence of the [PPN]+ cations, the main dif- 
ference between the crystals of the neutral complex and 
of the dianions is in the intermolecular separation along 
the piles (each molecule or anion is related to the next one 
by pure translational symmetry). The distance between 
the centers of mass (roughly the centers of octahedral 
cavities) is shorter in crystalline [ H20sloC(C0)24] (9.980 
A) than in the dianion salts (from 10.444 to 10.601 A; see 
Table I). However, it is difficult to say whether the 
lengthening of the interanion separation with respect to 
that between the neutral molecules is a consequence of 
interanion electrostatic repulsions or is caused by the need 
of efficient interlocking with the surrounding cations. It 
is also noteworthy that the intermolecular O-.O contact 
distances are strictly comparable in the two crystals 
[shortest next-neighbor O*-O separations in the range 
2.96-3.06 A between Oslo dianions versus 2.963.10 A be- 
tween neutral molecules] confirming that the dianions 
establish “normal” van der Waals contacts in spite of the 
ionic charge (see also below). 

Altogether these crystal salts can be described in a 
pictorial way as constituted of “coaxial cluster cables” 
extending along the c axis. 

The crystal structure of [OS~~C(CO)~~(NO)(I ) ]~-  also 
deserves comment in the light of these observations. The 
terminally bound I ligand was reported to be disordered 
over two sites with equal oc~upancy.’~ These sites belong 
to the edges involved in the “orthogonal” interactions 
linking the anions along the piles. The pseudo-2-fold axis 
of the disorder modeP is coincident with the pile exis. We 
now know that the anion-anion linkage along the pile does 
not differ if the I ligand occupies one site or its symme- 
try-related one over the grooved cluster edge, thus resulting 
in the observed space-averaged disordered structural 
model. 

The ion organization is quite different in the crystals 
of the monoanion [HOsloC(CO),]-. In the [Ph3MeP]+ salt 
anion piles are still present although each pile is not 
“insulated” from the others by a cation belt but interacts 
directly with other three piles (see Figure 3a). The anions 
are “apex-to-base” linked via the interaction of one tri- 
carbonyl unit of one anion with the triangular face of a 
neighboring anion dong the c axis of the triclinic cell (see 
Figure 3c). The anions of the central pile are related to 
those of the surrounding ones by crystallographic inversion 
centers. The near 3-fold symmetry of this packing dis- 
tribution is clearly reflected in the near hexagonal values 
of the cell parameters (see Table I). Interestingly, this 
trigonal pattern becomes actual crystallographic symmetry 
in the [Ph4As]+ salt of the same monoanion (see Figure 
3b). As a matter of fact, the anion distribution in this 
latter salt is closely related to that observed in the 
[Ph,MeP]+ sak piles of “apex-to-base” linked monoanions 
extend along the c axis, as shown in Figure 3d. The anions 
along the piles have the same orientation with respect to 
the cell axis. The “apex-to-base” interaction is slightly 
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with the aid of a slightly modified version of the computer program 
OPEC.% S C H A K A L ~ ~ ~ ~  was used for the graphical representation 
of the results. 

Decametallic Family 
The struckwe of the prototype in this family, the dianion 

[ O S ~ ~ C ( C O ) ~ ~ ] ~ - , ~ ~  is shown in Figure 1. While its metal 
framework and ligand distribution are well-known and will 
not be further discussed here, a brief description of the 
“outer shape” of the anion is necessary for the following 
discussion. The cluster shape is defined by essentially 
three “shape elements”: (i) the tricarbonyl units on the 
apices; (ii) the six “grooves”, each formed by two sets of 
three parallel CO’s along the cluster edges, and (iii) the 
layers of close-packed six parallel CO’s covering the tri- 
angulated faces (see Figure 1). 
All decametallic species listed in Table I share these 

shape features (we have not considered the various de- 
rivatives whose decametallic frame does not correspond 
to a tetracapped octahedron or whose CO’s are replaced 
by nonisosteric ligands). Our “sample” contains neutral, 
monoanionic, and dianionic species differing essentially 
for the number of H(hydride) atoms and the presence (or 
absence) of an interstitial carbide ligand. We have also 
not included in our analysis the species [HRuloC(C- 
O),] [PPN] and [RuloC(CO),] [PPN]2*C6H14,26 whose co- 
ordinates are not available either in the original papers or 
in the Cambridge Data Base. 

A p r e l i m i i  observation with respect to Table I is that 
all [PPN]+ salts of the dianionic complexes are isomor- 
phous. These triclinic crystals share the same basic 
packing motif: the dianions pile up along the c axis 
forming rows of tightly interlocked dianions which extend 
throughout the lattice (see Figure 2a). The dianion in- 
terlocking is based on what we have designated the 
“orthogonal” model7 (see Figure 2b). This very interaction 

(25) Gavezzotti, A. OPEC, Organic Packing Potential Energy Calcula- 
tions. University of Milano, Italy. See aleo: Gavezzotti, A. J. Am. Chem. 
Soc. 1983,195,6220. (b) Keller! E. SCHAKALBB, Graphical Representation 
of Molecular Models. University of Freiburg, FRG. 

(26) Bailey, P. J.; Johnson, B. F. G.; Lewis, J.; McPartlin, M.; Powell, 
H. R. J. Orgunomet. Chem. 1989,377, C17. 

(27) Fumagalli, A,; Martinengo, S.; Albano, V. G.; Braga, D. J. Chem. 
SOC., Dalton Trans. 1988,1237 and references therein. 
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Figure 2. Ion organization in the decametallic dianions: (a) pile of Mlo dianions extending along the c axis of the triclinic cell and 
surrounded by the [PPN]+ cations; (b) sections showing the "orthogonal" interlocking mode linking consecutive dianions (empty and 
shaded outlines) along the pile; (c) view down the pile axis showing the cation belt (the "coaxial cluster cable"); (d) molecular pile 
present along the b axis in crystalline [HzOsloC(CO)zr]17 (compare with (a)). 

different in the two crystals: the exact anion superimpo- 
sition required by the crystallographic symmetry in the 
[Ph4As]+ salt puts the 0 atoms of two consecutive anions 
face to face, while a s m d  tilting of the anions allows some 
degree of CO-CO compenetration in the [Ph,MeP]+ salt. 
As a consequence, the interanion separation is shorter in 
this latter salt (12.016 A) than in the former (12.070 A). 
As observed for the dianion [Os,,C(CO),]~, 0.-0 contacts 
along the ile are quite short (shortest next neighbors 2.86 

tively) and comparable with those observed in crystals of 
neutral molecules. 

The different interlocking attained via the "apex-to- 
base" with respect to the 'edge-to-edge" (orthogonal) in- 
terlocking discussed above is reflected in the interanion 
separation: the distance between the centers of two con- 
secutive anions in the salts of the two monoanions is much 
longer than in the crystals of the neutral species and of 

and 3.08 1 in the [Ph,As]+ and [Ph,MeP]+ salts, respec- 

the dianions (12.016-12.070 A versus 9.890-10.601 A; see 
Table I). 

In both monoanion salts the counterions fill in the 
channels left in between the anion piles, thus forming 
cations rows. It is difficult to understand, however, why 
an ordered distribution of the cations is possible with the 
[Ph,MeP]+ cation while disorder in the cation distribution 
is present in the [Ph4As]+ salt.lSb 

Hexametallic Prismatic Family 
The structure of the prototypical anion in this family, 

namely [R~I&(CO)~~]~- ,  is shown in Figure 4. Although 
no comparison with an isoelectronic neutral derivative is 
possible, three different salts of the isostructural and 
isoelectronic dianions [M&(CO)16]2- (M = Co, Rh) are 
available: the [(PhCH2)Me3N]+ salt for both Co and Rh 
complexes, the [PPh4]+ salt for M = Rh, and the [Et,N]+ 
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Figure 3. Ion organization in crystalline [HOsloC(CO)z41[Ph3MePl and [HOsloC(CO)z4] [Ph,As]: (a) projection down the c axis in 
the triclinic cell of the salt [ H ~ S ~ ~ C ( C ~ ) ~ ~ ~ [ P ~ ~ M ~ P ] ,  showing the nearly trigonal symmetry and the distribution of the anions piles; 
(b) projection down the c axis in the hexagonal cell of the salt [HOsloC(CO),I[Ph4Asl, where the [Ph&]+ cations (not shown because 
of the disorder18b) occupy the “interstices” between the anions; (c) a pile of [ H O S ~ ~ C ( C O ) ~ ~ ] -  anions in the lattice of the [PhSMeP]+ 
@t, showing how the anions are linked via “apex-to-base“ interactions; (d) a pile of (HOsloC(CO)u]- anions in the lattice of the [Ph&]+ 
salt. 

salt for M = Co. Furthermore the [PPN]+ salts of the 
isoelectronic monoanions [&N(CO),,]- (M = Co, Rh) are 
known. The information on this family of anions is col- 
lected in Table 1. 

A further point of structural interest has a direct 
chemical origin: it is known that the dianions undergo 
selective electrophilic addition at  the triangular faces of 
the metal prism. This behavior, together with the evident 
“displacement” of the CO ligands away from the middle 
of the faces (see Figure 4), has been attributed to the 
localization of charge density over these sites.lS We wish 
to ascertain whether this charge localization has any de- 
tectable effect on the molecular organization within the 
lattice. 

In the monoclinic [Et4N]+ salt the dianions [Co&- 
(CO)15]2- are arranged in a way which closely recalls that 
observed for the Oslo (and Rule) dianions. As shown in 

Figure 5a, the lattice contains anionic piles surrounded by 
a cation belt. However, the dianions are not exactly su- 
perimposed but shifted in a staircaselike pattern (see 
Figure 5b). The shift allows compenetration and inter- 
locking of the terminal CO ligands belonging to two con- 
tiguous prisms, without involving the centers of the tri- 
angular faces. 0-0 next-neighbor contacts are rather long 
ranging from 3.24 to 3.26 A. The cations, on the other 
hand, appear to direct one of the CH, termini toward the 
middle of the triangular faces. 

The tendence to form anionic piles is also confirmed by 
the [X&N(CO),,][PPN] salts (M = Co, Rh). The packing 
observed for the [Et4N].+ salt of the [CO&(CO),,]~- dianion 
is essentially retained m these crystals, although the dif- 
ferent stoichiometric ratio necessitates a denser packing 
of the monoanions resulting in close contacts between the 
anionic piles (see Figure 6a). The relationship between 
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Figure 4. Structure of the dianion [MBC(C0)15]2- (M = Co, 
Rh),22.23 showing the CO-ligand distribution and the trigonal- 
prismatic metal atom framework. The space-filling outline shows 
how the ligands are tightly packed over the square faces, while 
a large niche is left in the middle of the prism triangular faces. 

a 

I 

the ion packing in these hexanuclear cluster salts is, 
therefore, very much the same as that discussed above for 
the decametallic clusters; Le., on increase of the anion/ 

Organometallics, Vol. 11, No. 3, 1992 1261 

n 

=I 
b 

b t 

Figure 6. Ion organization in crystalline [M&C0)16][PPNl: (a) 
projection down the b axis in the triclinic cell, showing the close 
contact between the monoanion piles; (b) side view of the anion 
pile, showing the staircaselike pattern (compare with Figure 5b); 
(c) sections cut between two consecutive dianions (emtpy and 
shaded outlines), showing the CO.40 interlocking. 

cation ratio, the tendency to form anionic piles is man- 
tained, but the piles are brought in close proximity. Figure 
6b shows the staircaselike pattern (compare with Figure 
5b), while Figure 6c shows the effective compenetration 
of the terminal CO ligands, yielding 0-0 contact distances 
as short as 3.03 A (M = Rh), the CO ligands being actually 
closer to the triangular face midpoint than in the dianion 
case. 

The situation is different in the triclinic cell of [RkC- 
(CO),,][Ph,P],. Although one can still observe piles of 
anions along the c axis completely embedded in a belt of 
[Ph,P]+ cations (see Figure 7a), the dianion-dianion in- 
teraction along the pile involves CO ligands covering the 
square faces of the prisms, so that the triangular faces are 
directed toward the surrounding cations. The anions are 
not quite in contact (see Figure 7b), the interanion sepa- 
ration being 11.339 A (i.e. longer than in any other crystal 
of hexanuclear species). The cation-cation interaction is 
based on an intimate intermixing of the phenyl groups. 

Finally, we wish to comment on the ion organization in 
the isomorphous crystals of [M&(CO)15] [ (PhCH2)Me3N12 
(M = Co, Rh). These crystals are, in a sense, exceptional 
in that “truen anion-cation interactions are established. 
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Figure 7. Ion organization in crystalline [Rh&(CO)J [Ph4P12: 
(a) pile of dianions surrounded by [Ph,P]+ cations viewed down 
the c axis in the triclinic cell; (b) dianion stacking along the unit 
cell c axis. 

As shown in Figure 8a, the [M&(C0),,l2- dianions are in 
direct contact via their triangular faces with the 
[(PhCH2)Me3N]+ cations above and below, one methyl 
group actually penetrating the hollow site over these faces. 
Each trimeric [M,C(CO),,] [(PhCH2)Me8NI2 unit is ar- 
ranged in the lattice (see Figure 8b) so that each anion is 
effectively surrounded by six counterions. Direct anion- 
cation interactions forbid tight anion-anion interlocking, 
resulting in only a few 0-0 contacts between neighboring 
anions (in the range 3.10-3.28 A). 

Concluding Remarks 
With this paper we have begun to understand the factors 

controlling the structure of organometallic salts containing 
large cluster anions. Quite unexpectedly, we have observed 
that, irrespective of the metal core nuclearity and of the 
actual ionic charge, cluster anions tend to form monodi- 
mensional crystals within the tridimensional network. 
This is achieved via tight interlocking of the CO ligands 
as observed in crystals of neutral carbonyl species.& In- 
termolecular CO-CO contacts do not appear to be affected 
to any significant extent by the presence of the ionic 

Figure 8. Ion organization in crystalline [M6C(CO)l!]- 
[(PhCH2)Me3NI2 (M = Co, Rh):22,23 (a) direct cation-anion in- 
teraction via the prism triangular faces; (b) projection of the ion 
organization in the ac plane. 

charge. 
In the decametallic family we have found that anion- 

anion interlocking is based either on interactions along the 
idealized 2-fold symmetry axis of the ( M10(C0)24) 
framework (dianions and neutral species) or along the 
3-fold symmetry axis (monoanions), while anion-anion 
interlocking in the trigonal-prismatic species seems (at 
least in the case of the carbido dianions) to avoid the 
centers of the triangular faces which are supposed to carry 
negative charge density. It is difficult to say, however, if 
the staircaselike pattern results from the need to avoid 
su.perimposition of the triangular faces or from the need 
to allow closer interaction of these sites with the coun- 
terions. In general, when the anion-cation ratio is 1:2, and 
use is made of the large [PPN]+, the anion piles are com- 
pletely surrounded by counterions, while direct interpile 
contact is observed on decreasing the stoichiometric ratio 
to 1:l. 

In summary, the ion organization in these crystalline 
salts appears to be governed essentially by the need to 
occupy space efficiently (i.e. to attain maximum van der 
Waals cohesion, as in typical molecular crystals formed by 
neutral molecules) with the (obvious) additional constraint 
imposed by the need to preserve electroneutrality of the 
material. 

It would appear that these two conditions are best 
satisfied by forming monodimensional (or nearly so) an- 
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ionic crystals by piling the cluster anions and by sur- 
rounding the anion rows with cations. To put it in a rather 
crude way, we can look at  these crystals as cocrystals whose 
structure is governed mainly by the steric similarity be- 
tween the anions on one side and between the cations on 
the other (i.e. the similar packs better with the similar). 
In the case of carbonyl anions this preference can be as- 
signed to the more effective interlocking possible between 
molecules with surface CO ligands. This situation recalls 
that observed in crystalline carbonyl-arene neutral clus- 
t e r ~ , ~ ~ ~  where the crystal building process has to cope with 
the simultaneous presence of CO ligands and of flat arene 
fragments. In such cases the most efficient arrangement 
is invariably attained by grouping together in the lattice 
the fragments having similar shape, i.e. arenes with arenes 
and CO's with CO's. 
Our analysis is necessarily very much qualitative. 

However, we would like to stress that a careful investiga- 
tion of the molecular or ion organization in the crystal is 
the basis on which solid-state studies must be founded. 
For instance, it is worth recalling that several conducting 
materials have strongly anisotropic physical properties. 
This anisotropy usually arises from the molecular ar- 
rangement in the lattice. In organic conductors and su- 
perconductors, low-dimensionality (Le. stacks of planar 
molecules or molecular piles and strings) is a prerequisite 
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for molecules or ions to carry electrons through the net- 
wortB Furthermore, several high-nuclearity clusters have 
been shown to possess physical properties distinct from 
both molecules and bulk metals (the "metametallic" 
state) .6*7 

We believe that, to be successful, the appreciation of the 
physical-chemical properties of these organometallic ma- 
terials must rely not only on the knowledge of the structure 
of the component molecules or ions but also on information 
on the structure of the entire crystalline edifice. 
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Reaction of (C2F5)2PCH2CH2P(C2F5)2 (1) with (benzylideneacetone)Fe(C0)3 gives [ (CzF6)2PCHzCH2P- 
(C2F5)2]Fe(CO)3 ((dfepe)Fe(CO), (2)) in 59% yield. Photosubstitution of CO by L yields (dfepe)Fe(CO)2L 
(L = THF, P(OCH&, C2HJ. The ethylene complex has been characterized by single-crystal X-ray analysis 
(C14H8F$e02P2 monoclinic, P2,/c,  a = 10.806 (5) A, b = 14.069 (5) A, c = 15.415 (3) A, p = 101.61 (2)', 
V = 2295.4 (14) A3, and 2 = 4) and shows an unusually short carbon-carbon double bond (1.362 (7) A) 
indicating weak ?r-back-bonding. Photolysis of 2 under 1 atm of acetylene yields the cyclopentadienone 
complex (q4-C5H40)Fe(CO)(dfepe) while irradiation in the presence of butadiene yields (q4-C4H6)Fe- 
(CO)(dfepe). Three styrene complexes (q6-C8H8)Fe(CO)(dfepe), (q2-C8H8)Fe(CO),(dfepe), and (q4- 
C8H8)Fe(CO)(dfepe) were isolated when 2 was photolyzed in the presence of styrene. The structFe of 
the q4-styrene complex was verified by a single-crystal X-ray analysis (Cl9Hl2Fz,,FeOP2, triclinic, Pl, a = 
8.7382 (16) A b = 10.789 (3) A, c 15.652 (6) A, a = 87.382 (IS)', j3 = 101.61 (2)', y = 73.857 (17)', V 
= 1262.9 (6) A3, and Z = 2). The q4-styrene complex can be used as an efficient (dfepe)Fe(CO)-transfer 
agent. Photolysis of 2 under 1 atm of H2 gave the fluxional cis-dihydride complex (dfe~e)(CO)~Fe(H)~ 
(17). Attempted oxidative addition of EhSiH to photogenerated (dfepe)Fe(CO)2 gave dihydride complex 
17 and (Et&)20. Photolysis of 2 in alkane solvents at temperatures from -50 to +25 "C gave no evidence 
for oxidative addition adducts. 

Introduction 
There are a limited number of bidentate ligands with 

strong *-accepting properties available for use in synthesis 
and stabilization of low-valent transition-metal complex- 
es.l-' An attractive class of such ligands is the per- 

(1) (a) Silverthom, W. E. In Aduances in Organometallic Chemistry; 
Stone, F. G .  A,, West, R., Eds.; Academic Press: New York, 1975; Vol. 
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fluorinated bidentate alkyl phosphines, (Rf)2PCF2CF2P- 
(Rf)2 (Rf = perfluoroalkyl). It is well-established that 
(CFJ3P is similar to CO in ita ?r-acceptor properties, and 
thus (Rf)2PCFzCFzP(Rf)z complexes represent chelates 
which should mimic the electronic properties of two cis 
carbonyl ligands. Aside from the usual advantages of 
chelates, several other features of these ligands are of in- 
terest: (1) The steric bulk of the ligands can be varied by 
changing RP (2) The presence of highly lipophilic Rf 

(4) Phillips, I. G.; Ball, R. G.; Cavell, R. G. Inorg. Chem. 1988,27,4038. 
(5) Ernst, M. F.; Roddick, D. M. Inorg. Chem. 1989,28, 1624. 
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