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The binuclear complexes of ttansition metal ions of type IM(u-XRy)2ML 7] (n = 0 to 2) show a wide variety
of bending angles between the coordination planes of the two metal atoms. A theoretical and structural analysis
of those compounds with unsubstituted bridgesM{u-X)2ML 7], tries to unravel the factors that determine the
degree of bending of such compounds. A rationale is given for the structures of 139 crystallographically independent
molecules. A driving force for bending of the molecules is the attractive metadtal interaction that results
from donor-acceptor interactions between theahd g orbitals of the two metal atoms and is modulated by the
nature of (a) the metal atom, (b) the terminal ligands, and (c) the bridging atoms. In all cases the energy difference
between the planar and the bent form is within the 10 kcal/mol range, and steric effects seem to be important in
preventing bending only for the bulkiest terminal ligands. For the studied bridging atoms, the stability of the
bent form increases in the order © S > Se> Te and F< Cl| < Br < |, and for different metal atoms it
increases in the order Ni(llx Pd(ll) < Pt(Il) < Rh(l) < Ir(l).

A common situation in the coordination and organometallic In general, the structures are either practically plaéar (6C°)

chemistry of § transition metal ions is the existence of bis-
bridged dimers [kM(u-XR)2ML] (n = 0 to 2) with square
planar coordination geometries around the metal atdinsA(
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or strongly bent § < 150°), but intermediate bending is
practically inexistent. (c) The distribution of the bending angles
is quite different for the different metals: Among the compounds
with X bridges, those of Ir(l) are bent, those of Rh(l), Pd(ll),
and Pt(ll) present both bent and planar structures, but Ni(ll)
and Au(lll) compounds are only found in the planar form. Is
there any regularity? How can a chemist master the bending
of a particular complex?

In an attempt to establish the general rules that govern the
bending of the studied binuclear compounds and the conforma-
tion of the substituents in the bridging atoms, we have
undertaken a theoretical investigation of these families of
compounds, together with a structural database analysis. We
restrict ourselves in this paper to the discussion of our results
for the case of unsubstituted bridges= 0; X = F, Cl, Br, I,

O, S, Se, or Te) for which the most relevant parameter is the
choice between planar and bent structures.

peculiar structural feature of such compounds is the wide variety Qualitative Theoretical Analysis

of bending angles found between the two squares (as measured

by the anglef in 2). This can be illustrated by displaying a

histogram of the bending angles found for more than 300

independent molecules of typg having un-, mono-, or
disubstituted bridgégi.e.,n =0, 1, 2; Figure 1). Even if the

largest number of structures correspond to esentially planar

molecules (170 < 6 < 180C°), there is a significant number of

strongly bent molecules. A closer look at Figure 1 allows us
to make the following observations: (a) Most of the X-bridged
compounds present a planar structure, whereas for the XR an

Since the square planaf-ML 4, complexes are coordinatively
unsaturated, the residual bonding capabilities of the metal atoms
in such complexes offer a variety of interesting structural
possibilities. These compounds are able to bond to additional
groups, be they Lewis acids or bages hey can also form
dimers or chains through face-to-face stacking of ;Minits

(3) with the help of weak M+M interactions’~5 related to those
found for d® metal complexe§&. Alternatively, binuclear edge-

dsharing complexes of the type P#-XRy)2L4] (1, wheren =

XR; bridges the bent compounds are relatively common. (b) (2) Aullén, G.: Alvarez, Sinorg. Chem1996 35, 3137.
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Figure 1. Distribution of the number of molecular structures of edge-
sharing binuclear complexes of the typeM(u-XRn).ML 2], where M
is Rh(l), Ir(1), Ni(Il), Pd(ll), Pt(ll), and Au(lll), as a function of the
angle between the two MxXplanes,6. The number in thex axis
indicates the maximum value for the angles in every interval.

0—3) may present short MM distances, provided the frame-
work electron count (FEC, the number of electrons involved in
the o-bonding of the MX; framework) is less than eight\Note

that upon bending the MM distance in the compounds under
study become similar to those in the face-to-face dimers or
stacks of &ML, complexes. This fact suggests that some
degree of M--M bonding exists in the bent molecules. Simple
model compounds of typk (with n = 0) used in theoretical ab
initio studies!-® such as [R{u-S)k(PHs)4] and [Rhy(u-Cl)2(CO],
show a tendency to bend, with a stabilization energy relative to
the planar structure of only a few kcal/mol. But, what is the
driving force for such bending? A qualitative MO study of the

bending motion has been carried out for a Rh model compound,

in an attempt to obtain some guidelines for the analysis of the

structural data and to assist us in the design of models for ab

initio calculations (see Appendix for details on calculations).
In the face-to-face M._g dimers3, the metat-metal bonding
interaction is explained* as resulting from the combined effect
of the repulsion between the electrons in teadbitals of the
two ML4 monomers (interaction labeled as “1” #) and the
donor-acceptor interactions between the electrons and the
empty p orbitals (interactions labeled “2” id). In the planar
dimers1 we cannot invoke such interactions, but they may be

(7) Aullén, G.; Alemany, P.; Alvarez, S. Organomet. Cheni994 478,
75.

(8) Capdevila, M.; Clegg, W.; Gonlez-Duarte, P.; Jarid, A.; LIEdp A.
Inorg. Chem.1996 35, 490.
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turned on as the dimer is bent around the X---X hirgelence

it is not surprising that the analysis of the overlap populations
in [Rhy(u-Cl)2(CO)4] (OP, calculated at the EH level; Figure
2) indicates that the RhRh interaction, slightly repulsive in
the planar molecule (negative RfRh OP), changes little upon
bending but finally becomes attractive (i.e., positive OP) if the
bending angle is made small enough< 140).

Although EH and HF-SCF calculations for [h-Cl)2(CO)|
predict the planar form to be more stable than the bent one, the
relative stabilities are reversed if electron correlation (at the MP2
level) is taken into account (Figure 3). These results are
consistent with previous studies of-&d® interactions in the
stacked dimers of Mk.complexes ), for which the interaction
was found to be attractive when calculated at the MP2 but not
at the HF levef The form of the potential energy curve (Figure
3) also tells that a sensible stabilization is gained only for a
large degree of bending (< 16C°). In summary, only for large
bending is the M-M interaction attractive enough to make the
molecule more stable in its bent form. The existence of a
bonding metat-metal interaction in the related bent dimer jRh
(u-SH)(cod)] has been confirmed through the analysis of the
Laplacian of the electron density by Poblet ef al.

With the simplified orbital interaction diagrahwe can now
analyze the influence of the terminal and bridging ligands on
the bonding M:*M interactions in the bent molecules. In
essence, goog-donors favor the hybridization of thezarbital
of a square planar complex through mixing with the s orbital
in the way illustrated in6: The better thes-donor character,

poor o-donor good o-donor

| N
6

the more is the resulting orbital concentrated along zhe
direction. As a consequence, the donor/acceptor interactions
“2” are favored by good-donors. In fact, the repulsion “1”
should also be larger for goagtdonors, but the two attractive
interactions overweigh the only repulsion.

Also themr-acceptor (orr-donor) nature of the ligands was
found to affect the strength of the ‘MM interaction, because

(9) Masdeu, A. M.; Ruiz, A.; Castillo, S.; Claver, C.; Hitchcock, P. B.;
Chaloner, P. A.; BpC.; Poblet, J. M.; Sarasa, #.Chem. Soc., Dalton
Trans.1993 2689.
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0.15 Results of ab Initio Calculations
Rh-Rh In this section we present the results of ab initio calculations,
0.107 carried out at the MP2 level (see Appendix for computational
details), since HartreeFock calculations do not adequately
0051 @ describe the M-M contacts. For every selected example, we

expect to learn from such calculations whether the bent or the
000{ @ planar structure is the most stable one and also the energy
needed for, or gained upon, bending. The advantage of using

* a computational approach is that one can separately analyze
-0.05 T T " the different factors that often appear simultaneously in an

%0 1209 . 150 180 experiment. We will discuss first several model molecules that

) closely match experimentally characterized compounds and

Figure 2. Rh--Rh overlap population between two square planar check with these that the computational results reasonably
complexes of Rh(l) as a function of the bending ary(@), as obtained o544y ce the experimental data. We will further validate the

from extended Hckel calculations. (See Appendix for computational - . .
details.) Also shown are the contributions to the-RRh overlap computational method by checking the effect of improvement

Overlap Population

population from the attractive interaction “2” between theatbital in the level of accuracy (i.e., basis set and corrections for
of one metal atom and the prbital of the other one (se#), as well electron correlation). Once it is made clear that the theoretical
as the contribution from the repulsion “1” between the twoodbitals. ab initio results agree with the experimental data when little or
no modeling is introduced, we will finally present the results
0.2 for a variety of model compounds in which the bridging ligand,
[Rhy(u-C1),(CO),4] the terminal ligands, or the metal atom are varied in a systematic
% o1 way.
§ : The geometries for several compounds_ of_ type(IMX) L 4]
5| (M = Ni(Il), Pd(I1), Pt(ll), Rh(l), or Ir(l)) optimized at the MP2
o level are given in Table 1. The structural parameters for
= 007 optimized geometries are in excellent agreement with the
] experimental data for analogous compounds. The largest
deviations from the experimental data are observed fo({Pt
0.1 I T CI),Cly]?~, possibly due to its dianionic character. Let us stress
90 120 150 180 that the computational method employed appears to correctly
8 (°) describe the structures of the compounds under study, even the
Figure 3. Calculated MP2 (eV) energy for the binuclear compound honbonded distances such as-W and X-+-X. In particular,
[Rha(u-Cl)2(CO)] as a function of the bending angte(2). in those cases in which a calculated neutral or cationic molecule
fully coincides with the experimental one the agreement is
of the mixing of the ligandr* (or 7) orbitals with the metal p excellent.

therefore affecting in different ways the interactions “2”. From Since we are interested not only in the structural parameters
our previous study of the stacked dinfeose should therefore  but also in the energy differences between the planar and bent
expect ther-acid ligands to strengthen the-MM interaction forms, it is worth checking the reliability of the level of
and thez-basic ligands to weaken it. Such effect might be computation used for such purpose. The energy of the less
important enough to determine whether a molecule is bent or stable form (bent or planar) of each molecule, relative to that
not. In fact, our early attempts to study the-ed® interactions of the optimized structure, is given in Table 2 together with
using [PtC}>~ as a monomer indicated that its face-to-face the essential structural parameters, the bending afgénd
dimer was unstable toward dissociation at the MP2 level of the M---M distance. For several compounds, the energy at the
calculation, whereas our later study of [P{CIO),] gave a two alternative structures was recalculated with an improved
bonding energy of 9.9 kcal/mol for the dimerin the case of basis set, adding an f shell to the basis of the metal atoms. The
the compounds under study, given that the two bridging atoms energy differences change little (less than 2.5 kcal/mol),
are by definitionsz-basic ligands, the presence mfbasic (or predicting in all cases the bent structure to be shghtly. more
poora-donor) terminal ligands could hinder molecular bending. Stable (by about 2 kcal/mol) than with the smaller basis set,

When dealing with simplified model molecules, one should

(10) Arlen, C.; Pfeffer, M.; Fischer, J.; Mitschler, 8. Chem. Soc., Chem.

not forget that steric repulsion between bulky terminal ligands Commun1983 928.

at the two metal atoms may become important for a large degree(11) Arlen, C.; Maassarani, F.; Pfeffer, M.; FischeiNéw J. Chem1985
i i i 9, 249.

of ben_dlng_. Given the small values of the metaletal bonding (12) Ganguly, S.: Georgiev, E. M.: Malgue, J. T.: Roundhill, D. Atta

energies involved (of the order of 10 kcal/mol or less), the Crystallogr.. Sect. CL993 49, 1169.

repulsion between bulky terminal ligands may eventually be (13) Briant, C. E.; Gardner, C. J.; Hor, T. S. A.; Howells, N. D.; Mingos,

large enough as to hinder the large bending required for the D. M. P.J. Chem. Soc., Dalton Tran984 2645.
9 Y 9 g req (14) Cowman, C. D.; Thibeault, J. C.; Ziolo, R. F.; Gray, H. B.Am.

attractive metatmetal interaction. However, we will see below Chem. Soc1976 98, 3200.
that steric effects are needed to explain the experimental data(15) Kukushkin, V. Yu.; Belsky, V. K.; Konovalov, V. E.; Shifrina, R. R.;
onIy for highly bquy Iigands, such as PPh Once some Moiseev, A. |.; Vlasova, R. Alnorg. Chim. Actal991 183 57.

. o . 16) Simms, B. L.; Ibers, J. Al. Organomet. Chen1987 330, 279.
qualitative guidelines have been established, we proceed to thegﬂg Hitchcock, P. B.: Morton, S.: Ng(on, J. E.Chem. Soc., D?;kon Trans.

evaluation of the least-energy structures for a selected number 1985 1295. _

of model complexes. In that way we should be able to have a (18) Doppelt, P.; Ricard, L.; Weigel, \inorg. Chem 1993 32, 1039.
- . : 19) Dahl, L. F.; Martell, C.; Wampler, D. L1. Am. Chem. Sod.961, 83,

better predictive capability as to whether a particular compound (19) 17ael_ are ampier m. Chem. Sod 361,

should be expected to appear in the planar or the bent form. (20) Walz, L.; Scheer, PActa Crystallogr., Sect. @991, 47, 640.
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Table 1. Comparison of the MP2-Optimized Geometries for Compounds of the Typ@:{Xb)L4] (First Line of Each Entry) with the
Experimental Data for Related Compounds (Second Line of Each Entry)

compd 0 M---M XX M-X M-L LML XMX XML MXM ref

[Ni(u-Clo)(PHs)q] 2 179.8 3.166 3.116 2221 2206  90.0 89.1 904 90.9
[Ni(u-Clo)(PE®)(C{CFs}=CCRR);] 180 3.232 3.061 2.237 2.168 91 86 93 94 10, 11
[Pd(u-Cl)o(PHs)a]2* 179.7 3.446 3.377 2413 2297 902 88.8 905 91.2
[Pdu(u-Cl)o(PPhy),] 2+ 180 3.493 3.200 2.387 2289 99 85 89 94 12
[Pta(u-S)(PHa)4] 120.2 3.096 3.154 2.383 2286 98.7 829 892 81.0
[Pto(u-Sh(PMePh)] 121 3.175 3.060 2.340 2.265 ¢ 816 ¢ 855 13
[Pto(u-Cl)oCly]> 180.0 3.573 3.283 2426 2346 916 852 916 94.8
[Pta(u-Cl)oCla]> 170-180 3.42-345 3.19 233 2.28 90 84 93 96 14, 15
trans[Pto(u-Br),(PHs).Mey] 110.0 3.128 3.604 2.682 2.067 887 86.7 895 731

2565 2.20F 95.1
trans[Pt(u-Br)2(CsHsCH:PBUy),)] 116 3.233 3.423 2.6P4 2079 85 84 89 78

2516 2.193 102 16
[Ir(u-Cl)2(PFs)4] 108.3 3.023 3.182 2451 2115 90.1 89.9 945 76.1
[Ir(u-Cl)o(PFs)a] 107.0 2.942 3144 2412 2133 927 814 922 752 17
[Rh(u-Cl)2(PHs)4] 115.5 3.059 3.294 2446 2192 913 846 92.0 77.4
[Rh(u-Cl)o(PFs)] 113.5 2.971 3.194 2388 212 94.7 83.9  90.0 769 18
[Rh(u-Cl)2(CO)] 124.8 3.168 3.278 2425 1.817 889 85.0 93.0 81.5
[Rh(u-Cl)2(COY] 127 3.138 3.227 2386 1.840 91 85 91 82 19, 20

a All distances in A, angles in degredsNi—P. ¢ Not given.? Trans to C#Trans to PfPt—C. 9 Pt—P."Br—Pt—C. | Br—Pt—P.

probably because of a better description of the nonbontteditl In such compounds, there is a formal change in the metal and
contacts in the bent form. The effect of improving the treatment bridging atom oxidation state and a bonding situation clearly
of electron correlation was checked for J@2tS)(PHs)4] by different from that studied here, which has been previously

performing an MP4 (SDTQ) calculation at the two geometries, discussed. Hence, the data given for [Rgi-S)(PHs)4] in Table
and the energy difference was seen to change only from 4.8 to2 with a planar structure were obtained by fixing the-S
5.5 kcal/mol. distance constant (2.375 A).

In order to check if the gp, orbital mixing is really an By comparing the data for complexes with the same metal
important factor for the stabilization of the bent form, we have atom and bridging ligands but different terminal ligands, one
calculated the bending energy for JR£S),(CO)] without the ~ Sees that the bent form is favored in the order &l PH; ~
platinum 6p orbitals. The stabilization of the molecule upon CHs™ = CO. These results are in fair agreement with the
bending drops from-8.2 kcal/mol when the metal p orbitals ~ €xPected qualitative cis-influence of the terminal ligands on the
are present to-2.6 kcal/mol when the dp, orbital mixing is ~ Metat-‘metal interaction, based on thetdonor andr-acceptor
turned off. Furthermore, a contribution of the change in the Properties This can be illustrated by the series of fRt
M—X—M bond angle upon bending to the stabilization of the C!2L4l complexes. For these compounds the bettelonors
complexes seems unlikely, according to the bond angle prefer-can be associated with increased delocalization of the d
ences for the X atoms in theH molecules (X= 0, S). In (22) Halfen, J. A.; Mahapatra, S.; Wilkinson, E. C.; Kaderli, S.; Young
effect, a decrease in the-+tX—H bond angles by the amount ne o S O gy P :
that is found for the binuclear complexes upon bending (e.g., \1/'9335';71’ %g;ejl"’ Jr; Zuberter, A. D Tolman, W. B Science
from 95.9 to 81.0 for [Pty(u-Sh(PHs)4], Table 2) is found to (23) Cramer, C. J.; Smith, B. A;; Tolman, W. B. Am. Chem. S0d.996

i 118 11283.
destabilize the b molecules by 2-4 kcal/mol. (24) Brezinski, M. M.; Schneider, J.; Radonovich, L. J.; Klabunde, K. J.

Once we have shown that the computational methodology Inorg. Chem.1989 28, 2414.

works reasonably well for both structure and energetics, let us (25) Bonnet, J. J.; Jeanin, Y.; Kalck, Ph.; Maissonnat, A.; Poilblanc, R.
Inorg. Chem.1975 14, 743.
analyze the results for a larger set of model compounds (Table(ze) Cobley, C.; Ellis, D. D.; Orpen, A. G. Personal communication.

2) in search for trends and generalities. In all cases the energy(27) Binger, P.; Haas, J.; Glaser, G.; Goddard, R.; KrugeGi@&m. Ber.
difference between the planar and the bent form is within the - 1099? 1%} E1)9_ZB7-H WM G lhorg. Chem1978 17, 2928
10 kcal/mol range. These values suggest that in some case 293 Kirmina 1. G atruchkow Jﬁé?ﬁbo%r_gkhmﬂ%a o 705

the steric repulsion between terminal ligands or packing forces (30) Romanenko, G. V.; Krylova, L. F.; Luk'yanova, |. G.; Podberezskaya,

can ultimately affect the structural choice. For three compounds, 1) g'h V. zh. tStlrQUkEhKhirEl?qusjls 33; 4. M. Briss€dh. J. Ch
enevert, R.; amperiand, D.; Simard, IVl.; briss . J. em.
[Pto(u-Tep(PHe)a], [Pto(u-Cl)2(PHe)a]?*, and [Pi(u-Cl)(CON]**, 1989 67, 32.

the potential energy curve for bending is very shallow and a (32) Maassarani, F.; Pfeffer, M.; le Borgne, Grganometallics1987, 6,

clear structural preference cannot be proposed. Two interesting(33) %229- M. L: Colacio. E.- M ML\ Salas. J. M.: Simard. M
oreno, M. |.; Colacio, E.; Moreno, V. N.; salas, J. M.; simard, .;

results that deserve further stut_jy but fall out of the scope of Beauchamp, A. Linorg. Chim. Acta1989 157, 201.

the present work appear for [NHS)(PHs)s] and [Pd(u-S)- (34) Tusek-Bozic, L.; Matijasic, I.; Bocelli, G.; Sgarabotto, P.; Furlani,

(PHs)4]. For these two compounds the planar structure gives a A.; Scarcia, V.; Papaioannou, Anorg. Chim. Actal991, 185 229.

minimum with a short SS distance (2.044 and 2.223 A (35) Maassarani, F.; Pfeffer, M.; le Borgne, Grganometallics1987, 6,
' ’ ' 2043

respectively), a geometry that has a precedent in the two isomerg3s) Grigsby, W. J.; Nicholson, B. Kicta Crystallogr., Sect. €992 48,

of copper bridged by either two oxo or one peroxo grotips? 362.

(37) Chaloner, P. A,; Dewa, S. Z.; Hitchcock, P.A&:ta Crystallogr., Sect.
C 1995 51, 232.

(21) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Pan, G.; Cramer, C. (38) Cingi, M. B.; Natile, G.; Tiripicchio, A.; Gasparrini, B. Chem. Res.
J.; Que, L., Jr.; Tolman, W. Bl. Am. Chem. S0d.995 117, 8865. 1979 98, 1321.
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Table 2. Theoretical ab Initio (MP2) Results for Compounds of 0.012
Type [Ma(u-X2)L4]?
6 MM MXM AE
compd (deg) (A) (deg) (kcal/mol) 0,008 <p,!d,2>
[Ni o(s-Cl)o(PHs)4] 2 179.8 3.166  90.9
118.3 2.859 79.9 8.4
[Pd(u-Cl)o(PHs)a]2* 179.7 3.446  91.2
118.8 3.110 80.5 3.8 0.004 1
[Pta(u-Cl)a(PHs)a] 2+ 160.7 3.536  92.8
180.0 3.579 94.2 0.0(02) <d,21d,2>
[Pdb(-Sp(PHy).] 1175 3090 817 T
180.0 3.608 98.8 3.4 0.000 T
[Pt(u-O)o(PHs)a] 1352 2.862  90.9 Ir - Au
180.0 3.012 97.8 4.0 (5.0)
[Pta(u-S)(PHs)d] 120.2 3.096  81.0
180.0 3532 959 4.8(713) 0.012
[Pty(u-S)(COY] 117.1 3.028 78.6
180.0 3.521 95.1 8.2
[Pty(u-Sep(PHs)a] 1151 3.155 784 J
180.0 3.754 97.9 4.1(68) 0.008
[Pto(u-Te)(PHs)] 106.5 3.219  73.9
180.0 4.185 103.0 —0.4 (1.9% %
[Pto(u-Cl)2Cla]2~ 180.0 3573 9438 0,004 -
121.6 3.257 83.6 3.9 '
trans[Pb(u-Cl)a(PHs).Me;] 1262 3.216  82.5
180.0 3.539 93.3 1.1
trans[Pt(u-Br)o(PH).Me;] 1100 3.128  73.1 0,000 .
180.0 3.755 91.7 2.7 el
[Pto(u-Cl)2(CON] 2+ 1515 3464 915 Ni Pd Pt
180.0 3.553 94.5 0.2 Figure 4. Square of the overlap integralsdz|p,> and <dgz|dz>
[Rha(u-F)(PHs)] 139.1  3.002 92.8 between two metal atoms at 3.0 A (EH) for the coinage metals along
180.0 3.169 99.9 038 the third transition series (above) and down the group 10 (below) of
[Rhz(u-Cl)2(PHs)a] 1155 3.059 774 the periodic table.
180.0 3.543 927 4.1
[Rhy(u-Cl)x(COY 124.8 3.168 81.5 from right to left along a transition metal period and when going
180.0 3.525 930 22 down a group. In contrast, thedz|dz> overlap, responsible
[Rhz(u-Br)z(PHe)4] igg% g'ggg Zﬁ'g 6.1 for the repulsion “1”, is practically insensitive to the size of
[Rha(ue-1)2(PHs)] 1004 3.061 68.4 ' the metal atom. Our use of a constant-N¥ distance of 3.0
180.0 3.930 924 7.4 A to evaluate the overlap integrals is supported by the
[Ir 2(u-Cl)2(PHs)4] 109.4 3.022 75.9 experimental data, which show that the-N contacts present
180.0 3.646 958 6.1 practically the same distance regardless of the size of the metal
[Ir2(u-ChA(PFs)d] 108.3 3.023  76.1 ion# The larger sensitivity of the iz overlap to the atomic

1800 3.654 9%.3 62 size is probably due to the larger directionality @f gince part

2 For each compound the first line corresponds to the most stable of the density of the g orbital is not along the axis.
structure and its energy is arbitrarily taken as zero. For the geometry  |f pridging halogen atoms are considered £XF, Cl, Br, 1)
given in the second line, the anglewas fixed at the value given and o een Rh atoms with PHs terminal ligands, the expected
the rest of the structure was partially optimiz&dn f shell was added tability order is ob d A ding t litati del
to the basis set of the metal atofi&---S distance for the planar structure stability .o.r er 1S observed. Accor '”9 0 our qualitatve model,
kept fixed (see text). the stability of the bent form should increase as the electrone-

gativity of the bridge decreases (i.e., descending down the

electrons toward the ligand§)( as reflected by the Mulliken ~ group). Notice also that the optimized structures present
population of ¢ for CI~ (1.972), PH (1.919), and CO (1.919).  practically the same RhRh distance {3.1 A). Since the
Consistently, the energy of the bent form relative to the planar Rh—X distances increase from F to |, the bending anglese
one is 3.9, 0.0, ang-0.2 kcal/mol for L= CI~, PHs, and CO, progressively smaller. The relationship between electronega-
respectively. Probably the small extra stability of the carbonyl tivity of the bridging ligands and stability of the bent structure
complex compared to the phosphine analogue can be attributeds less clear in the family of chalcogen-bridged Pt compounds
to its T-acceptor character. with PH; as terminal ligands. Here the relative stability of the

If we compare similar complexes in which only the metal bent form is seen to be approximately constant for O, S, and
atoms are changed, we find that the bent form is more favorable Se and drop for Te. Probably another factor is counterbalancing
for the heavier elements of each group: PPd > Ni; Ir > the increased tendency to bend for the heavier, less electrone-
Rh. Among the metals of the same period, the stability of the gative chalcogen bridges: The longer-™ distances corre-
bent form decreases from left to right of the periodic table. In sponding to the heaviest bridge require smallerX+-M bond
summary, the following order of stability of the bent structure angles (81, 81, 78, and 74or X = O, S, Se, and Te,
results: Ni< Pd< Pt< Rh < Ir. The reason for such behavior respectively) which make such structures less stable. As found
can be found in the differences in diffuseness of the metal d for the halo-bridged Rh compounds, the optimum bending angle
orbitals. This trend can be explained by analyzings/d2> 6 decreases along the chalcogen group.
and <dz|dz> overlap integrals between the Slater orbitals (EH
calculations), shown in Figure 4. There it is seen that the
<p/d2> overlap, responsible for the attractive interaction “2”, Having learned about the factors that influence the structural
increases with increasing diffuseness of the atomic orbitals, i.e., choice between planar or bent structures from a theoretical point

Analysis of the Structural Data
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Table 3. Structural Data for Binuclear Complexes df etal lons of the Type [EM(u-X).ML ] (seel and?2)

M...M 0 M...M 9
compd (A) (deg) refcode ref compd (A) (deg) refcode  ref
Ni trans{Pd(u-Cl)2(NO2)2(PPE)2] 3.421 180 kijtom 55
[Nio(u-F)a(CeFs)a]?~ 2.884 180 janwaw 24 [R€l-Cl)o(P{ EtO} 2OH),(P{ EtO} ,0),]° 3.486 180 bubfej0l1 5658
[Ni2(u-Cl)2(CeFs)a)>~ 3.276 180 janvup 24 trans{Pdx(u-Cl)2(HC{ COEt} 2)41>~ 3.506 175 cigmua 59
[Ni2(u-Cl)2(PEg)2(C{ CFs} =CCRR),] 3.282 180 buykov10 10, lirans{Pdx(u-Cl)2(CH2CMePh)(PPh),] 3.613 180 fisvos 60
[Ni2(u-C)2(SiClg)4)>~ 3.283 180 janwea 24 trans{Pdx(u-Br)z(CeHsBu)(PToOk)2] 3.795 180 pobveh 61
Rh [Pb(u-Tex(PEL)4] 4.231 180 sispep 62
[Rha(u-Clyx(PFs)4]? 2.995 115 18  trans{Pdx(u-1)2(PPh)2(COPh}] 3.930 180 lanbux 63
[Rhy(u-Cl)z(CON]® 3.138 127 fuzbehOl 19,20 Ir
cis{Rhy(u-Cl)2(COx(PMePh)] 3.167 125 pmpcrh 25  [u-Cl)x(PFRs)4]° 2,942 107 17
cis{Rhy(u-Cl)2(COX(P{calixareng H),]®  3.148 125 26 Pt
[Rhy(u-Cl)2(PPr3)4) 3.805 180 liksut 27 [Rlu-Sy(PMePh)]P 3.175 121 13
[Rhy(u-Cl)2(PPh)4] 3.662 180 tprhea 28 [Re-Cl)oClg)2= ® 3.420 170 dmcprpl0 14
Pd [Pt(u-Cl)2Clg)2~ © 3.448 180 kowcii 64
[Pd(u-Cl)2Cla)>~ 3.347 165 cajxiu 29  [Rtu-Cl)x(CeFs)a2~ 3.528 180 forciy 65
[Pdb(u-Cl)Clg]?~ 3.392 180 vofpub 30 [Rbu-Br)2Bra]?~ 3.590 180 etabpt0l 66,67
3.453 180 [Pa(u-1)214]%~ 3.793 179 codhim 68
[Pcb(u-Cl)oClg)>~ 3.405 180 varkoo 31 [Rue-1) 21 )%~ 3.824 180 dozluz 69
[Pd(u-Cl)oClg)>~ 3.411 180 fehzohl0 32 trans{Pty(u-Cl)Cly(PBu,CsHs)z] 3.618 180 figpeq 70
[Pdy(u-Br)2Brs] 2~ 3.596 180 jajpep 33 trans{Ptx(u-Cl)2Clx(Mezpy)s] 3.431 180 cclupt 71
[Pcb(u-Br),Bra)?>~ 3.565 180 volseu 34 trans{Pty(u-Cl).Clx(Et,SO)] 3.471 180 tankau 15
[Pd(u-1)214]2~ 3.796 180 fehzunlO 32, 3Bans{Pt(u-Cl).Cly(AsMes);] 3.483 180 cmasptl0 72
trans{Pdx(u-Cl).Cly(P{ OPH 3)2] 3.483 180 tapkaw 36 trans{Pty(u-Cl),Cly(C{O'Pr} CH,Bu)] 3.521 180 cmpcpt20 73,74
trans{Pdx(u-Cl)>Clx(PBus)2] 3.484 180 zzzjui0l 37 3.554 180
trans{Pdx(u-Cl)o.Cl(Me,C=NNMePh)] 3.400 180 amhzpd 38 trans{Pty(u-Cl),Clx(PPg)s] 3.533 180 cppcpt 75
3.407 180 trans{Ptx(u-Cl)2Clx(PE&)] 3.543 180 kanyih 76
trans{Pdx(u-Cl).Cl(CH{ COPR}{PBus});] 3.479 180 vawyat 39 cis{Pt(u-1)2l2(CO)] 3.846 180 gitvua 77
trans{Pch(u-Cl).Cl(P{CFs} ,N=PPh);]  3.481 180 jewwox 40 trans{Pt(u-1)2l2(CsHs{ CH.NMez}2)s]2~ 3.890 180 veckap 78
trans{Pdx(u-Cl)2Cly(CsHsMeNOy)2] 3.492 180 fiphan 41 Blu-Sy(PPhpy)a] 3.555 180 yijnek 79
trans{Pch(u-Cl).Cl(CH2,CH=NPL,),] 3.493 180 bubriz10 42,43rans{Ptx(u-Cl)2(CISMN{ SiMes} 2)2(PER)2] 3.611 180 cuttiu 80
trans{Pdx(u-Cl)2Clo(PPhpy{ PP} )2] 3.497 179 fonfuj 44 trans{Pty(u-Cl)2(COEtp(PMePh)] 3.643 180 cprmpp 81
trans{Pdx(u-Cl),Cl(PPhR),] 3.503 180 mofrnb 45 [B€u-Cl)2(PCys)2(CH2CHoPCys) ] 2+ 3.730 180 dutpox10 82
trans{Pcu(u-Cl)2Cl(NH2)2] 2~ 3.541 180 kizveu 46  trans{Pty(u-Cl)2(PEg)(CRC=CCRSnCk);] 3.543 180 cehpek 83
trans{Pdx(u-Cl).Mex(Me,S),] 3.511 180 dudvut 47 [Rtu-Sep(PPh)4]® 3.763 180 84
trans{Pdx(u-Br)2Bray(MezS)] 3.541 180 pddmsdl0 48 [Ru-Tep(PEL),P 4.100 180 vumyad 85
trans{Pdx(u-Br)2Brz(PrS0),] 3.609 180 gojger 49 [Rbu-Tex(PPhR)4]P 4,104 180 kijvuu 86
trans{Pdx(u-1) 2l 2(PRPGH3)2) 3.844 166 wavpoy 50 Pd and Pt
3.859 179 trans{PdPt{-Cl),Clx(PE&)] 3.524 180 dalhut 87
trans{Pdx(u-1) 2l 2(PBs)2] 3.900 180 yudcab 51 [PdEEs)2(u-Cl)2Pt(PES)2] 3.568 159 jogcir 88
[Pdb(u-Cl)2(PPROH)(PPRO),]® 3.608 180 hebxer 52 Au
3.623 180 [Au(u-Cl)2Cld] 3.425 180 89
trans{Pdx(u-Cl)2(PhC{ CO}3)2(PCys)7]?  3.611 180 konmij 53 [Au(u-Br)2Br] 3.588 176 90
[Pc(u-Cl)2(PPBR)4] 2" 3.546 168 pekzua 54 [AuB(-Br),AuMe;] 3.705 180 mebrau 91
[Pc(u-Cl)2(PPh)4)2t b 3.498 180 wangun 12

aFor complex ligands, the atom bonded to the metal is set in itdlifs.be compared with theoretical data in Table 1.

of view, it is appropriate to analyze the available structural data structural database search for Pd(Il) and two for Pt(ll) com-
for several families of compounds (Tables@&) with two goals. pounds. However, the PdPd distance in the bent Pd(Il)
First, we can check whether the theoretical predictions are compounds (3.423.46 A) are significatnly longer than in the
obeyed by the real structures. Second, we can see how othePt(ll) ones (3.18-3.23 A). In contrast, most of the Rh(l) and
factors not considered in the simplified models employed by Ir(I) compounds present bent structures. All this is in agreement
us, such as steric effects, can affect the structural choice. Forwith the metal preference for bending found in our calculations.
the subsequent discussion we will refer to structures with large  (2) All complexes having only halides as terminal ligands
angles ¢ > 155°) asplanar. The following observations can  are planar. Also compounds with two halide bridges and one

be made:

terminal halide at each metal atom are planar. This is in keeping

(1) Although there is scarce structural data for complexes of with our qualitative model, which indicates that pesdonors
the first transition series, all known Ni binuclears are planar. and z-basic ligands hinder the bending. Also the ab initio
Similarly, only three bent structures could be found in our calculations predicted that the chloride terminal ligands are less

likely to produce bent structures than phosphines or carbonyls.

(39) Albanese, J. A; Staley, D. L.; Rheingold, A. L.; Burmeister, JJ.L. (3) Only two palladium phosphine compounds appear in

Organomet. Cheml989 375 265.

(40) Ang, H. G.; Cai, Y. M.; Kwik, W. L.; Rheingold, A. LJ. Chem.

Soc., Chem. Commuh99Q 1580.

Table 1. Even if [Pglu-S)(PHs)4] is predicted by our calcula-
tions to be bent, the experimentally characterized complexes

(41) Vicente, J.; Arcas, A.; Borrachero, M. V.; Husthouse, MJBChem. present bulky phosphines (REind PPH) that sterically prevent

Soc., Dalton Trans1987, 1655.

(42) McCrindle, R.; Ferguson, G.; Arsenault, G. J.; McAlees, A. Chem.

Soc., Chem. Commu983 571.

those molecules from bending, and also the bridging ligands
(Te and CI, respectively) are not expected to favor bending. A

(43) McCrindle, R.; Ferguson, G.; Arsenault, G. J.; McAlees, A. J.; similar situation is found for the Pt phosphine complexes, except
Stephenson, D. KJ. Chem. Res1984 360, 3301.
(44) Newkome, G. R.; Evans, D. W.; Fronczek, F.lforg. Chem1987, (46) von Arnim, H.; Massa, W.; Zinn, A.; Dehnicke, B. Naturforsch., B

26, 3500.

1991 46, 992.

(45) Fenske, D.; Prokscha, H.; Stock, P.; Becher, H. Naturforsch., B (47) Byers, B. K.; Canty, A. J.; Engelhardt, L. M.; White, A. Nl. Chem.

198Q 35, 1075.

Soc., Dalton Trans1986 1731.
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that in this case one example is known with a less sterically Table 4. Structural Data for Olefine Binuclear Complexes &f d

demanding phosphine (Pieh), which is bent as predicted for
the model compound with PH The same trend can be found
for Ir and Rh, for which the complexes with the smaller
phosphines PFand PMePh are bent and those with bulkier
ligands (PPr; or PPh) are planar.

(4) Although square planar carbonyl complexes are scarce

those which are collected in Table 1 with four terminal carbonyls

or two carbonyls and two phosphines are all bent, in agreement[Pdx(u-Cl)2(?-allylnorbornyly)]

with our qualitative predictions for good-donor andr-acid

ligands and the ab initio calculations for Rh and Pt tetracarbo-

nyls. If one extends these ideas to otheacid ligands, such

as the olefins, one would expect diolefin complexes to be bent [Pty(u-Cl).Cla(7>tetramethylallene)
but monoolefin complexes to be planar. The structural data [Pt(u-Cl)2Re(r>-H.C=CH>)]

for complexes having one or two olefins per metal atom as [Rn(u-Ch(PHR):(y?cyclooctene)
terminal ligands are shown in Table 4. Despite the expected

(48) Sales, D. L.; Stokes, J.; Woodward,JP.Chem. Soc. A968 1852.

(49) Krol, I. A.; Agre, V. M.; Trunov, V. K.; Morozova, E. G.; Gorovoi,
G. G.Russ. J. Inorg. Chenl988 33, 80.

(50) Alcock, N. W.; Wilson, W. L.; Nelson, J. Hnorg. Chem1993 32,
3193.

(51) Ryabov, A. D.; Kuz'mina, L. G.; Polyakov, V. A.; Kazankov, G. M.;
Ryabova, E. S.; Pfeffer, M.; van Eldik, B. Chem. Soc., Dalton Trans.
1995 999.

(52) Ghaffar, T.; Kieszkiewicz, A.; Nyburg, S. C.; Parkins, A. Acta
Crystallogr., Sect. 1994 50, 697.

(53) Dufaud, V.; Thivolle-Cazat, J.; Basset, J.-M.; Mathieu, R.; Jaud, J.;
Waissermann, JOrganometallics1991, 10, 4005.

(54) Lindner, E.; Dettinger, J.; Mayer, H. A.; Kuhbauch, H.; Fawzi, R.;
Steimann, M.Chem. Ber1993 126, 1317.

(55) Bruno, G.; Campagna, S.; Cusumano, M.; Giannetto, A.; Ricevuto,
V. Polyhedron1989 8, 161.

(56) Nifant’ev, E. E.; Kukhareva, T. S.; Antipin, M. Yu.; Struchkov, Yu.
T. Zh. Obshch. Khim1982 52, 2736.

(57) Nifant'ev, E. E.; Kukhareva, T. S.; Antipin, M. Yu.; Struchkov, Yu.
T.; Klabunovsky, E. |.Tetrahedron1983 39, 797.

(58) Berry, D. E.; Beveridge, K. A.; Bushnell, G. W.; Dixon, K. Ran.

J. Chem.1985 63, 2949.

(59) Kawato, T.; Uechi, T.; Koyama, H.; Kanatomi, H.; Kawanami, Y.
Inorg. Chem.1984 23, 764.

(60) Geib, S. J.; Rheingold, A. lActa Crystallogr., Sect. @987, 43, 1427.

(61) Paul, F.; Patt, J.; Hartwig, J. B. Am. Chem. S0d.994 116, 5969.

(62) Brennan, J. G.; Siegrist, T.; Stuczynski, S. M.; Steigerwald, M. L.
Am. Chem. Sod99Q 112, 9233.

(63) Grushin, V. V.; Alper, HOrganometallics1993 12, 1890.

(64) Kukushkin, V. Yu.; Tkachuk, V. M.; Drol, I. A.; Starikova, Z. A.;
Zhadanov, B. V.; Kiseleva, N. Zh. Obshch. Khim1991, 61, 51.

(65) Usm, R.; Fornis, J.; Toma, M.; Casas, J. M.; Cotton, F. A.; Falvello,
L. R. Inorg. Chem.1987, 26, 3482.

(66) Stephenson, N. G\cta Crystallogr.1964 17, 587.

(67) Russell, D. R.; Tucker, P. A.; Whittaker, Bcta Crystallogr., Sect.
B 1975 31, 2530.

(68) Rogers, R. D.; Isci, H.; Mason, W. R. Crystallogr. Spectrosd.984
14, 383.

(69) Martn, J.; Martn, F. J.; Peez, M.; Fayos, JZ. Krist. 1985 173, 179.

(70) Simms, B. L.; Shang, M.; Lu, J.; Youngs, W. J.; Ibers, J. A.
Organometallics1987, 6, 1118.

(71) Rochon, F. D.; Melanson, Rcta Crystallogr., Sect. 8981, 37, 690.

(72) Watkins, S. FJ. Chem. Soc. A97Q 168.

(73) Struchkov, Yu. T.; Aleksandrov, G. G.; Pukhnarevich, V. B.; Sush-
chinskaya, S. P.; Voronkov, M. G. Organomet. Cheni979 172
269.

(74) Pukhnarevich, V. B.; Struchkov, Yu. T.; Aleksandrov, G. G.; Sush-
chinskaya, S. P.; Tsetlina, E. O.; Voronkov, M.Kaord. Khim.1979
5, 1535.

(75) Black, M.; Mais, R. H. B.; Owston, P. Gcta Crystallogr., Sect. B
1969 25, 1760.

(76) Blake, A. J.; Gould, R. O.; Marr, A. M.; Rankin, D. W. H.; S¢teg,

M. Acta Crystallogr., Sect. @989 45, 1218.

(77) Andreini, B. P.; DellAmico, D. B.; Calderazzo, F.; Venturi, M. G;
Pelizzi, G.; Segre, AJ. Organomet. Cheni.988 354, 357.

(78) Davidson, M. F.; Grove, D. M.; van Koten, G.; Spek, AJLChem.
Soc., Chem. Commuth989 1562.

(79) Yam, V. W.-W.; Yeung, P. K.-Y.; Cheung, K.-kd. Chem. Soc., Chem.
Commun.1995 267.

(80) Al-Allaf, T. A. K.; Eaborn, C.; Hitchcock, P. B.; Lappert, M. F;
Pidcock, A.J. Chem. Soc., Chem. Commd9885 548.

Metal lons of the Type [EM(u-X)-ML 7] (Seel and?2)

M...M 0
(A) (deg) refcode

compd ref

[Pcb(u-Cl)2(o,n?-cyclooctadiene) 3.525 180 cocdpdl0 92
[Pdo(u-Cl)2(H2C{ CoH3Cl} MeC=CHy),] 3.544 180 dulror 93
[Pd(u-Cl)Clx(172-0lefin)] 3.459 151 duxzeb 94
' [Pdo(u-Cl)2(H2,C=CHCRY),] 3.420 180 fuhmie 95
[Pd(u-Cl)2(CgH1{ C2HACI} )2 3.522 180 bukdoa 96

3.584 180 calbpdl10 97
[Pto(u-Cl)2Clay(n2-cyclopentene] 3.509 180 ccyppt 98
[Pto(u-Cl)2Cly(17%-cycloheptene] 3.487 180 chptpt 98
[Po(u-Cl)2(n?-CIEIC=CE{ CP},CO);] 3.713 180 fijmiu 99
[Pta(u-Br)2Bra(572-cycloheptene] 3.680 180 pixzeb 100

3.544 180 ptmall10 101

3.588 180 siznoe 102

3.687 180 cifzew 103
[Rha(u-Cl)2(PbPOC(O)HC=CMey)]  3.172 120 diwrik10 104
[Rhy(u-Cl)2(PRPOC(O)HC=CHGC3Hs),] 3.134 123 fathox 99
[Rho(u-Cl)2(n?-Ho,C=CHCH=CMey)s] 3.090 116 mpdrhd 105
[Rhy(u-Cl)2(cod)] 3.498 169 rhcoct 106, 107
[Ir2(u-Cl)2(cod))] 2.910 109 qgqcxa02 108

goodo-donor andr-acceptor properties of olefins, compounds
having Pd or Pt as metal and chloride as bridging ligands are
all planar. Only for Rh or Ir compounds with one olefin and
one phosphine, or with two olefins, can bent structures be found.
In this case one cannot unambiguosly predict the structure, and
both bent and planar structures can be found for Rh diolefin
complexes.

(5) With only two exceptions, all cyclometalated and chelate
complexes are practically planar (Table 5). One exception is

(81) Anderson, G. K.; Cross, R. J.; Manojlovic-Muir, L.; Muir, K. W.;
Solomun, T.J. Organomet. Chen1979 170, 385.
(82) McCrindle, R.; Ferguson, G.; Arsenault, G. J.; Hampden-Smith, M.
J.; McAlees, A. J.; Ruhl, B. LJ. Organomet. Chen199Q 390, 121.
(83) Clark, H. C.; Ferguson, G.; Goel, A. B.; Ruhl, B.@Qrganometallics
1984 3, 15.
(84) Bencini, A.; Di Vaira, M.; Morassi, R.; Stoppioni, Polyhedron1996
15, 2079.
(85) Ma, A. L.; Thoden, J. B.; Dahl, L. . Chem. Soc., Chem. Commun.
1992 1516.
(86) Adams, R. D.; Wolfe, T. A.; Eichhorn, B. W.; Haushalter, R. C.
Polyhedron1989 8, 701.
(87) Clark, H. C.; Ferguson, G.; Jain, V. K.; Parvez,INbrg. Chem1985
24, 1477.
(88) Lopez, G.; Gara, G.; Sachez, G.; de Haro, C.; Santana, M. D.;
CasabpJ.; Calds, M.; Mejias, M.; Molins, E.; Miravitlles, CJ. Chem.
Soc., Dalton Trans1991 3311.
(89) Clark, E. S.; Templeton, D. H.; MacGillavry, C. Acta Crystallogr.
1958 11, 284.
(90) Lorcher, K. P.; Stihle, J.Z. Naturforsch., BL975 35, 662.
(91) Komiya, S.; Huffman, J. C.; Kochi, J. knorg. Chem1977, 16, 1253.
(92) Dahan, FActa Crystallogr., Sect. B976 32, 1941.
(93) Parra-Hake, M.; Rettig, M. F.; Williams, J. L.; Wing, R. M.
Organometallics1986 5, 1032.
(94) Zettlitzer, M.; tom Dieck, H.; Stamp, LZ. Naturforsch., BL986 41,
1230.
(95) Grant, D. P.; Murrall, N. W.; Welch, A. J. Organomet. Cheni987,
333 403.
(96) Parra-Hake, M.; Rettig, M. G.; Wing, R. M.; Woolcock, J. C.
Organometallics1982 1, 1479.
(97) Zocchi, M.; Tieghi, GJ. Chem. Soc., Dalton Tran$979 944.
(98) Bordner, J.; Wertz, D. Winorg. Chem.1974 13, 1639.
(99) Garlaschelli, L.; Malatesta, M. C.; Panzeri, S.; Albinati, A.; Ganazzoli,
F. Organometallics1987, 6, 63.
(100) Dell'’Amico, D. B.; Calderazzo, F.; Pasqualetti, N.; Maichle-Mossmer,
C.; Strdnle, J.; Wurst, K.Organometallics1971, 13, 1582.

(101) Hewitt, T. G.; de Boer, J. J. Chem. Soc. A971 817.

(202) lkura, K.; Ryu, I.; Agawa, A.; Sonoda, N.; Harada, S.; Kasai, N.
Organometallics199], 10, 528.

(103) Murray, B. D.; Hope, H.; Hvoslef, J.; Power, P.®rganometallics
1984 3, 657.

(104) Cupertino, D. C.; Cole-Hamilton, D.J.Chem. Soc., Dalton Trans.
1987, 443.

(105) Drew, M. G. B.; Nelson, S. M.; Sloan, M. Chem. Soc., Dalton
Trans.1973 1484.
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Table 5. Structural Data for Cyclometalated Binuclear Complexes®dfidtal lons of the Type [EM(u-X)2ML ;] (Seel and?2)

Me++M 6

compd donors A (deg) refcode ref
trans{Pdx(u-Cl)2(CH.CMe;P'Buy);] C,P 3.553 180 bihlot01 46, 109
trans{Pd,(u-Cl)2(CH,CMe=CHP'Bu,),] C,P 3.558 180 caffoe 110
trans{Pd,(u-Cl),(MesPCHR CHR'CH,);] C,P 3.585 180 vanhex 111
[sz(/,t-nz(CHz{ C5H4} PTOlz)g] C,P 3.929 180 codjag 112
[Pcb(u-1)2(Ce{ COMe} 4)7]?~ C,C 3.912 180 kaswuw 113
trans{Pd,(u-Cl)2(CsHsC{ COP =NCH,Ph)] C,N 3.5653 180 poltal 114
cis{Pdx(u-Cl)2(pyCsHa)2] C,N 3.480 173 sohduo 115, 116
trans{Pd(u-Cl)2(CsH4CH=NCsHsMe,),] C,N 3.424 153 yadneu 117
trans{Pd(u-Cl),(CH.C'Bu=NNMePh}] C,N 3.434 180 daghau 118
trans{Pdx(u-Cl)2(CsHsNRNR')] C,N 3.447 179 dunweo 119
trans{Pd(«-Cl)2(NMe,CH,CMe,CHCHOY))] C,N 3.471 180 otmppd 120
trans{Pdx(u-Cl)2(CsHaN=NCsHaMe,),] C,N 3.477 180 sixxig 121

C,N 3.478 180

trans{Pd(«-Cl)2(CHRCHRONO),] C,N 3.489 179 coploi 122
trans{Pdx(u-Cl)2(0-CsHsCMeNHPr))] C,N 3.496 164 jibnox 123
trans{Pd,(u-Cl)2(Me;NCH,CH,CHy),] C,N 3.501 180 dijpan 124
trans{Pd,(u-Cl)2(0-CsHs{ MeO} CH,NMe,),] C,N 3.535 180 dagboc 125
trans{Pd,(u-Cl)2(m-CsHs{ Me O} CH,NMe;),] C,N 3.509 180 dagbui 125
trans{Pd,(u-Cl)2(p-CsHs{ MeO} CH.NMe,),] C,N 3.502 167 dagcap 125
trans{Pd,(u-Cl)z(CH.CMe,CMe=NMePh}] C,N 3.512 180 daggun 118
trans{Pd,(u-Cl)2(ToIN=NCgsH30H),] C,N 3.554 166 songad 126
trans{Pd(u-Cl)2(CsHsCPh=NNHPh))] C,N 3.575 180 dephov 127
trans{Pd,(«-Br)2(CH,CsH,Me,CH=NTol);] C,N 3.717 180 hantof 128
trans{Pd(«-Br)>(MeCsH3sCH=NCYy),] C,N 3.418 134 lalcik 129
trans{Pd,(u-Br)2(CeHsN=NCsHsMe,),] C,N 3.589 165 peltef 130
trans{Pdx(u-Br),({ MeO} ,CsH,CH=NCy),] C.N 3.631 180 kimpeb 131
cis{Pds(u-Br)s({{ MeO} sCsHCH=N} ,CcHa)2] C,N 3.662 171 sucyeu 132
trans{Pd(u-1)2(CeHsN=NCsHsMe;).] C,N 3.790 160 peltij 130
trans{Ptx(«-Br)(CsHsCH,P'BU,)2]2 C,P 3.233 116 foybuq 16
trans{Pt(u-Cl),(MesPCHR CHR''CH,),] C,P 3.624 180 vanhib 111
trans{Pt;(u-Cl)2(PhP(CsHs)CHAC),] CcC 3.599 180 cebtos 133
trans{Pty(u-Cl)2(CeHsN=NPh)] C,N 3.598 180 pazpcp 134

2To be compared with theoretical data in Table 1.

- t i i
trans{Pt(u-Br)a(CsHeCH,P'BUp)o] for which the bending angle o\ o o4 cural Data for Binuclear Complexes df Metal lons
is 116. Is there some specificity in the electronic structure of ¢ ° Type [(LLM(-X):M(LL)] (See 1 and2) with Chelating
cyclometalated complexes that makes them less susceptible torerminal Ligands

bending than other compounds? What is so special in the

bromo-bridged compound? A closer look at Table 5 indicates compd M(}i')M (deeg) refcode ref
that all the cyclometalated complexes of this family have Pd or
; ; ; = [Rhy(u-Cl)2({ CoFs} 2PCoH4P{ CoF 3.217 128 sukdad 135
Pt as metals, which have little tendency to bending. Only in %Rhig_cgzgt{BJZSE:ZHZP%BGZ){Z] sl 3260 132 §3M§b 136
trans{Pty(«-Br)2(C4HsCH.P'BU,),] appear simultaneously ter- 3.272 133
minal and bridging ligands which favor bending. The ab initio ['rZ(ﬂ'CI)z({C2F5}2F02H4P{C2F5}2)2] 3.236 128 sukdeh 135
calculations ortrans{Pt(u-Br),(CHs)2(PHs);] (Table 1) confirm trans{Pdx(u-Cl)2({'BUNC} .CI.RH pyPPhe});] 3.658 180 volkow 137
that it is not its cyclometalated nature but the particular choice |2 CDa{FCLPCMeP{ CR}2)2] 3.508 180 gipnau 138
yclometa he pa LNOICE 1ot (11-Cl)o(BUPCHPBUL) 2 3.752 180 kotnuc 139
of metal atom, bridging ligands, and terminal ligands in this [pt,(u-Te)y(dppe)] 3.965 180 sodduk 140
compound that favor its bent structure. In this regard, notice [Pta(u-1)2(en)]?* 3.799 180 fomfiw 141
that both saturated and unsaturated metallacycles are planar{Pt(u-1)2(dppm}|** 3.880 180 virlox 142
Au(u-Sed(Ser)s]2 3.656 180 sellie 143

indicating that the existence afdelocalization throughout the
metallacycle is irrelevant for the choice between the planar and

bent structures (6) Other chelate complexes appear in Table 6. The structural

data for these compounds again reflect the dramatic influence
(106) Boeyens, J. C. A.; Denner, L.; Orchard, S. W.; Rencken, |.; Rose, of the nature of the metal atom on the structure. The Rh and
B. G. S. Afr. J. Chem1986 39, 229. Ir compounds (having goagtdonor terminal ligands) are bent,
(107) Ibers, J. A.; Snyder, R. Gcta Crystallogr.1962 15, 923. whereas the Pt ana|ogues are p|anar_

(108) E(gg(ig's% féh"igge”a' P.; Sanau, M.; Schwotzer)Wwrg. Chim. In summary, either the ligands are small enough and the

(109) Oliver, J. D.: Mullica, D. F.; Milligan, W. Olnorg. Chem.1982 metal-metal interaction favors a strongly bent structufe<(
21, 3284. 15C) or the bulkiness of the ligands inhibits a close approach

(110) Youngs, W. J.; Mahood, J.; Simms, B. L.; Swepston, P. N.; Ibers, J.
A.: Maoyu, S.. Jinling, H.: Jiaxi, LOrganometalicsl983 2, 917, of the two metal atoms, and the molecule prefers to stay planar

(111) Alyea, E. C.; Ferguson, G.; Malito, J.; Ruhl, B.Qrganometallics C = 16C°). This duality would explain the nonexistence of
1989 8, 1188. partially bent structures (140< 6 < 16(°) as seen in Figure 1.
(112) Rheingold, A. L.; Fultz, W. COrganometallics1984 3, 1414.
(113) Rheingold, A. L.; Baldacchini, C. J.; O’Connor, J. M.; Huang, J. Conclusions
Acta Crystallogr., Sect. @989 45, 1626.
(114) Navarro-Ranninger, C.;"pez-Solera, |.; Alvarez-Valdg A.; Rod- In this contribution we show that binuclear compounds with

riguez, J. H.; Masaguer, J. R.; Gard®uano, J. L.; Solans, X. ; ; : i
Organomet. Chem994 476 19. two metal atoms in a square planar environméhth eight

(115) Constable, E. C.; Thompson, A. M. W. C.; Leese, T. A.; Reese, D. framework electrons for the }X; ring may bend around the
G. J.; Tocher, D. Alnorg. Chim. Acta1991, 182, 93. X---X hinge to form weakly bonding metatmetal interactions
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(2). The combined use of theoretical studies and a structural (c) Among bridging atoms of the same period, the less

database analysis has allowed us to establish a few rules forelectronegative ones favor the bent structure the most. The

the structural choice between planar or bent structures. Suchexception corresponds to the bulkiest bridging atoms (i.e., Te

rules, which allow for the rationalization of the structures of or I), which favor planar structures.

139 crystallographically independent molecules, can be sum- (d) Even if practically all the complexes with chelating

marized as follows: ligands, including cyclometalated compounds, are planar, this
(a) The tendency to form bent structures increases with the is the result of the factors-zc.

difusseness of the metal’s atomic orbitals, i.e., when descending (€) Except for the neglect of important steric effects, the ab

along a group of the periodic table and from right to left along initio MP2 calculations for model compounds match very well
a period. the experimental behavior of similar compounds.

(b) Complexes with two good-donor (and preferably good
mr-acid) terminal ligands per metal atom (CO, £RBipy, cod,
or other diolefins) favor bent structures, provided that no  Extended Hukel calculation¥4145were used to illustrate the
important steric hindrance occur. As an example, phosphine qualitative discussion, taking as model compounds,(ih
ligands with at most one bulky substituent (e.g., BigiePMe- Cl)2(CO)y] and [Rhy(u-Cl)Cls]*~. The analysis of the interac-
Ph) favor bent structures, but those with two or three bulky tion between the fragment molecular orbitals of two square
groups (e.g., PHBu, 'Pr, or Cy) at the terminal ligands (e.g., planar moieties upon bending (Figure 2) was carried out by
PE&, PRPhB, PPh, dppe, SiG) are planar. In contrast, replacing each bridging Clligand in the latter model by two

Appendix: Computational Details

complexes with two or more-basic or poow-donor terminal independent H terminal ligands while deleting the overlap
ligands (halides, amides, thioethersgF§} favor a planar between the H atoms and keeping the rest of the molecular
structure. geometry untouched. Bonding angles of @@ound the metal
atom were assumed, and the following bond distances were
(116) Klement, UZ. Kristallogr. 1993 208 299. used: Rh-Cl=2.40, Rh-C=1.80, Rh-H =1.57, and €O
(117) Crispini, A.; De Munno, G.; Ghedini, M.; Neve, F. Organomet. = 1.15 A. The calculations were carried out with the YAeH-
Chem.1992 427, 409. 146 i i
(118) Galli, B.; Gasparrini, F.; Mann, B. E.; Maresca, L., Natile, G, ?AOPI 14p7rogramd u(sjlng th.e modified Wo”Sbefg-leclinf]h:gh
Lanfredi, A. M. M.; Tiripicchio, A.J. Chem. Soc., Dalton Trans. ormula; tandara atomic parameters were used fo '
1985 1155. CL,19C, H, and O
(119) %’ﬁtSS%”i A.A.;House, D. A; Steel, PJJOrganomet. Chen1986 All ab initio calculations were performed with the GAUSS-
. . 50 . o
(120) Alyea, E. C.; Dias, S. A.; Ferguson, G.; McAlees, A. J.; McCrindle, IAN 94 Sullte ,Of progrqmé. A mOIefzu'ar orbitalab initio
R.: Roberts, P. 0. Am. Chem. S0d.977 99, 4985. method with introduction of correlation energy through the

(121) Armentano, S.; Crispini, A.; de Munno, G.; Ghedini, M.; Neve, F.  Mdller—Plesset (MP) perturbation approaéhexcluding ex-

(122) AAcntgrgv%stil/IIIO%r._,Csﬁgagﬂ?lcﬁ ,9(6:?]'eng C.W. F. Emge, T, 3, Citations concerning the lowest energy electrons (frozen core

Kelly, K. P.; Koetzle, T. F.J. Am. Chem. Sod984 106 5913. approach) was applied. Effective core potentials (ECP) were
(123) Kuz'mina, L. G.; Burtseva, O. Yu.; Porai-Koshits, M. A.; Dunina, used to represent the innermost electrons of the metal &®ms

'\E,/évz.ggglevskaya, O. A.; Potapov, V. MZh. Obshch. Khim1989 as well as the electron core of the P, S, Se, Te, Cl, Br, and |
(124) Suggs, J. W.; Lee, K. S. Organomet. Cheri986 299, 297. atoms!>® Geometry optimizations were carried out at the second
(125) Barr, N.; Dyke, S. F.; Smith, G.; Kennard, C. H. L.; McKee,V. level of the Mdler—Plesset theory (MP2) with a basis set of

Organomet. Chenl985 288 109. valence doublé- quality for the metal atoms (associated with

(126) ﬁégegﬁ%&”?é}ng%p'hg'g;fiyggzg' G.; Ghedini, M.; Neve, F. 0 hseudopotentia$® and a standard LANL2DZ contraction

(127) Clark, P. W.; Dyke, S. F.; Smith, G.; Kennard, C. H. L.; White, A. Schem&®) and valence doubl&-plus d polarization functions

H. Acta Crystallogr., Sect. 985 41, 1742. for the atoms directly attached to the metal (6-31G(d) basis set
(128) E"érgh‘;? Granell, J.; Sainz, D.; Sales].Jorganomet. Chenl.993 for C, O, and F atoni84-156 and the basis set associated with
(129) Vila, J. M.; Gayoso, M.; Pereira, M. T.; Ortigueira, J. M.; Ferfeg,
A.; Bailey, N. A.; Adams, HPolyhedron1993 12, 171. (144) Hoffmann, R.; Lipscomb, W. NJ. Chem. Phys1962 36, 2179,
(130) Crispini, A.; Ghedini, M.; Neve, K. Organomet. Cheni994 448 2872.
241. (145) Hoffmann, RJ. Chem. Phys1963 39, 1397.
(131) Vila, J. M.; Gayoso, M.; Pereira, M. T.; Romar, A.; Ferdaz, J. J.; (146) Landrum, GYAeHMOP-Yet Another Extended ¢kel Molecular
Thornton-Pett, MJ. Organomet. Chenl991 401, 385. Orbital Package(1.1); Cornell University: Ithaca, NY, 1995.
(132) Vila, J. M.; Gayoso, M.; Pereira, M. T.; Réguez, M. C.; Ortigueira, (147) Ammeter, J. H.; Bugi, H.-B.; Thibeault, J. C.; Hoffmann, R. Am.
J. M.; Thornton-Pett MJ. Organomet. Chen1992 426, 267. Chem. Soc1978 100, 3686.
(133) lllingsworth, M. L.; Teagle, J. A.; Burmeister, J. L.; Fultz, W. C.;  (148) Hoffmann, R.; Minot, C.; Gray, H. B.. Am. Chem. S0d.984 104,
Rheingold, A. L.Organometallics1983 2, 1364. 2001.
(134) Elder, R. C.; Cruea, R. D. P.; Morrison, R.IRorg. Chem.1976 (149) Hoffmann, R.; Chen, M. M. L.; Elian, M.; Rossi, A.; Mingos, D. M.
15, 1623. P.Inorg. Chem.1974 13, 2666.
(135) Schnabel, R. C.; Roddick, D. Nhorg. Chem.1993 32, 1513. (150) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
(136) Hofmann, P.; Meier, C.; Hiller, W.; Heckel, M.; Riede, J.; Schmidt, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson, G.
M. U. J. Organomet. Chen1995 490, 51. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.;
(137) Arena, C. G.; Rotondo, E.; Faraone, F.; Lanfranchi, M.; Tiripicchio, Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.;
A. Organometallicsl991, 10, 3877. Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.;
(138) Phillips, I. G.; Ball, R. G.; Cavell, R. Gnorg. Chem.1988 27, Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
4038. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees,
(139) Litster, S. A.; Mole, L.; Redhouse, A. D.; Spencer, J.Acta D. J.; Baker, J. P.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.;
Crystallogr., Sect. (1992 48, 913. Pople, J. AGaussian 94Revision C.3); Gaussian, Inc.: Pittsburgh,
(140) Wolkers, H.; Dehnicke, K.; Fenske, D.; Khassanov, A.; Hafner, S. PA, 1995.
S. Acta Crystallogr., Sect. @991 47, 1627. (151) Mdler, C.; Plesset, M. SPhys. Re. 1934 46, 618.
(141) O’Halloran, T. V.; Lippard, S. J.; Richmond, T. J.; Klug, A.Mol. (152) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.
Biol. 1987 194, 705. (153) Wadt, W. R.; Hay, P. J. Chem. Phys1985 82, 284.
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199Q 176, 23. 2257.

(143) Kanatzidis, M. G.; Huang, S.-Fhorg. Chem.1989 28, 4667. (155) Hariharan, P. C.; Pople, J. Aheoret. Chim. Actd 973 28, 213.



Binuclear Square Planar Complexes Inorganic Chemistry, Vol. 37, No. 4, 199813

the pseudopotenti&f and a standard LANL1DZ contractidh an f shell to the basis set of the Pt atéth. For the complex

supplemented with a set dfpolarization function¥’ for P, S, [Pta(u-Sh(PHs)4], the energy difference was also computed at
Se, Te, Cl, Br, and ). The oxygen atoms of the carbonyl ligands the MP4(SDTQ)//MP2 level as a check.

were also represented by a valence doupte-d polarization The collection of structural data was obtained through a
function basis sé24-1%6 A minimal basis set was used for the systematic search of the Cambridge Structural DatdPase
H atoms of the Pgland CH; groupst®® and a valence doublé- (version 5.12) for compounds of general formula(X)L 4,
basis set, for the F atoms of the Pligands!®* The internal in which M was imposed to be a metal at its oxidation state

structure of the phosphine ligands was kept frozen in the with a i configuration: M= Co(l), Rh(1), Ir(l), Ni(ll), Pd(ll),
optimizations (P-H = 1.42 A; H-P—H = 93.2). All other Pt(Il), Au(lll), Ru(0), or Os(0), and X was allowed to be any
geometrical parameters were optimized to find the most stable element of groups £317. The bending anglé was obtained
structure for each compound. In order to evaluate the energyas that between the two MXplanes.

differences between the bent and planar geometries, optimiza- . . .
tions were performed for the least stable structure of each Acknowledgment. This work is the result of the cooperative
compound while keeping fixed the value of the angjiat 180 effort of the research projects P895-084$_-C02-01 and PB95-
or ca. 120°. Symmetry restrictions were introduced in the 0639-C02-01 funded by the DGES. Additional support from
optimizations when possible. the CIRIT through Grant 1995SGR-00421 is also acknowledged.

In order to check the accuracy and reliability of our results, 1h€ computing resources at the Centre de Supercomputacio
single point energy-only calculations were carried out for several Catalunya (CESCA) were generously made available through

compounds at the previously optimized geometries by adding 3 gg‘”t 01|‘ Fundaci€atalana per a la Recerca and Universitat
e Barcelona.

(156) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, |~g713386
M. S.; Defrees, D. J.; Pople, J. A. Chem. Phys1982 77, 3654.
(157) Hdlwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A,;
Jonas, V.; Kabler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.  (159) Ehlers, A. W.; Bome, M.; Dapprich, S.; Gobbi, A.; Hiavarth, A.;
Chem. Phys. Lett1993 208 237. Jonas, V.; Kbler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.
(158) Hehre, W. J.; Stewart, R. E.; Pople, J.JAChem. Physl969 51, Chem. Phys. Lett1993 208 111.
2657. (160) Allen, F. H.; Kennard, OChem. Des. Autom. New993 8, 31.




