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The binuclear complexes of dransition metal ions of the type [Mu-XR2),L4] (where M= RH, Ir', Ni", Pd',

Pt!, or Au"; X = S, N, P, or As) appear in a variety of molecular conformations in which the coordination
planes around the two metal atoms are sometimes coplanar, sometimes bent. For the bent compounds with
asymmetric bridges, X#?, the substituents adopt different orientations relative to the metal framework and to
each other. Ab initio theoretical studies on the different conformers of 30 representative complexes, complemented
with a structural database analysis, have allowed the establishment of structural correlations in this family of
compounds. The conformational choice results from a delicate balance of different interactions which are
qualitatively analyzed, such as the changes in bond angles around the bridging atoms, the existence of weak
metat--metal bonding in the bent structures, and steric interactions involving the terminal ligands and the
substituents at the bridging atoms.

Double bridged binuclear complexes of the type (i often asymmetrically disposed, especially in the bent molecules,
XRp)2L4] (n = 0—2) with square planar coordination geometries and we measure such asymmetry by the angl@) between
around the metal atoms can be found in different molecular the bisector of the RXR angle and the XMlane.
conformations, with either a planar or bent skelet@y gnd
several possible orientations for the substituents at the bridging R R
atoms:™* These compounds have found a variety of applications, l )|(
including cat_alytlc act|V|ty§v%7 Iumlnlscencé or p_otentl_al use " _H\/x.>M/'- N N~ ~7 \n
as therapeutic agents for cisplatin nephrotoxigiBespite the M Z '\
large amount of available structural data, a full understanding I : M
of the factors that determine the molecular structure of a R /
particular compound has not been achieved. For those com- L
pounds with disubstituted bridges € 2), we can distinguish p b
two cases, depending on whether the two substituents are 1
identical or different. In the former case, iA-XR2),L 4], there
are two basic molecular shapes, with a planar (abbreviated
from here on) or a bent] skeleton, for which the degree of
bending is defined by the angte(2). For these compounds we
will worry also about the orientation of the substituents R, as
defined by the parametersand w. In short,z describes the
uplift of the substituenté3) as the molecule bends down around
the X- - -X hinge. In principle, one should expecto be close
to zero for a planar molecule but increase upon bending in order
to keep a pseudotetrahedral geometry around the bridging atom,
i.e., with the two substituents arranged symmetrically with
respect to the XM plane. In practice, the two substituents are
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@ Blower, P. J.: Dilworth, J. RCoord. Chem. Re 1987 76, 121. XRIR?),L 4], a larger number of conformations can be expected,
(3) Jain, V. K.Curr. Sci.199Q 59, 143. as schematically representedinWe conventionally take R

(4) Torrens, HTrends Organomet. Cheri994 1, 523. to be the bulkier substituent, whenever the bulkiness of the two
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case we differentiate between the conformation with the bulkier 20 <]
substituents Rin endo(be) or exo (bx) situations relative to
the roof-shaped skeleton. ”a
'm
" e . £
& | I E
; s /x X S 10
L\M?\/X<>M/'- w NS/ R Z
L N Em N L7 ¢ L ’
2‘ / \
R L L
pa ba 0 4
p pa ps b ba be bx
]! R' R' Conformation
s )l( )l( Figure 1. Distribution of the molecular conformations of complexes
L. 'R X L S ~ of the types [M(u-XRz)zL4] and [Ma(u-XR'R?),L4] (seel and5) as
\M—\/ '>M/ R \,M/ R? determined from X-ray diffraction data deposited in the Cambridge
L N 2N L7 L Structural Database.
| \
R X ] that the bending anglé for a particular metal shows a bi-
modal distribution with one maximum ét= 180° and another
ps be . .
one at a small angle separated by a clear gap at intermediate
R? R? angles, as previously found for the X and XR bridg§e% For
l l example, no structure with between 170and 140 appears
X for M = Rh.
g \M/ g The factors that affect the structural choice in complexes with
N I~ unsubstituted or monosubstituted bridges have been previously
LMot 5 discussed?2?® For the former, weak metatmetal bonding
/ combined with steric repulsion between terminal ligands favors
(h L

a bent structure. The tendency to bend increases with increasing
bx size of the metal atom, that is, when descending along a group
of the periodic table and from right to left along a period. In

Despite the variety of available conformations, only in one summary, the tendency to give bent structures decreases along
case have two of the isomers depictedbibeen isolated and  the series I> Rh > Pt> Pd > Ni > Au. Also goodo-donor
structurally characterizé@!! (ps andpa). For a Pd compound,  (and preferably good-acid) terminal ligands (e.g., RRCO,
two isomeric crystals of different color were isolated, but no bipy, cyclooctadiene or other diolefins) favor bent structures.
structural characterization was reportédevidence for the In the compounds with monosubstituted bridges, three new
existence of more than one isomer in solution has been proposedactors were found to influence the choice between the various
in several case$; 1% based on the NMR spectra. An extra available structures: (i) the conformational preference of the
structural variability may appear when the two terminal ligands bridging atom, (ii) the steric repulsion between the substituents
at the same metal atom are different, since the equivalent ligandsR in the exoconformation, and (iii) the repulsion between the
attached to different metal atoms can appear either in a transoidbridge substituents and the terminal ligands in #wmdo
or in a cisoid conformatiof320 conformation.

The structures of compounds with XBridges are distributed In this paper we present an ab initio theoretical study of a
between the planar and bent forms without a clear pattern variety of compounds of types Pu-XR2)2Ls] and [Ma(u-
(Figure 1), except for the absence lw structures, according  XRR?),L,4], where M is a @ square planar transition metal ion
to a Cambridge Structural Database sedtdhis worth stressing and X= N, P, or S, in an attempt to advance toward the

understanding of the factors that affect the relative stabilities
(10) E'?SiggR*#"ESéZf D. J.; Gallucci, J. C.; Meek, D. Morg. Chim. of the available molecular conformations. Compounds with, SiR
11) G‘faaser’ F‘:‘_; Kountz, D. J.: Waid, R. D.: Gallucci, J. C.: Meek, D. W. bridgqs and a different electron count present through-ring
J. Am. Chem. S0d.984 106, 6324. Si— Si*4250r Rh—R?8 bonds and will not be considered here.
(12) gkeyjh S_:L;g\gosgismitgg, H.; Nakamura, Y.; KawaguchBi@l. Chem. Similarly, complexes with aryl bridging groufisare disregarded
(13) V‘i’”‘;nu%”va’ LZ. A Abboud, K. A Boncella, J. Morganometalics  Pecause of the different hybridization at the bridging atom and
1994 13, 3921.
(14) Bruﬁet%?\?; Commenges, G.; Neibecker, D.; Philippot, K.; Rosenber, (20) Ruiz, J.; Mafmez, M. T.; Vicente, C.; Gafaj G.; Lgpez, G.; Chaloner,
L. Inorg. Chem.1994 33, 6373. P. A.; Hitchcock. P. BOrganometallics1993 12, 4321.
(15) Burkhardt, E. W.; Mercer, W. C.; Geoffroy, G. Inorg. Chem1984 (21) Allen, F. H.; Kennard, OChem. Des. Autom. New993 8, 31.

23, 1779. (22) Aullon, G.; Ujaque, G.; Lleds, A.; Alvarez, S.; Alemany, Anorg.
(16) Ragaini, F.; Cenini, S.; Demartin, B. Chem. Soc., Dalton Trans. Chem.1998 37, 804.
1997 2855. (23) Aullén, G.; Ujaque, G.; Lleds, A.; Alvarez, SChem—Eur. J.1999
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Wasylishen, R. E.; Yap, G. P. A,; Liable-Sands, L. M.; Reinhold, A. (24) Zarate, E. A.; Tessier-Youngs, C. A.; Youngs, WJJAm. Chem.
L. Inorg. Chem.1996 35, 1478. Soc.1988 110, 4068.
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Chem.1997 538 251. Chem. Commuril989 577.
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the different electronic structufé Before analyzing the results

(geometry and relative energy) for the variety of model
complexes studied, we briefly discuss in the next section the
degree of agreement between calculated and experimenta

Aullén et al.

Table 1. Energy of the Bent Form of the?dM »(u-XR2)2L 4]
Complexes Relative to the Planar Geometry=R4, Me), Together
with Conformational Parameters Defined2r-4 for the Bent
{Geometry

structures. After showing that the present calculations can
provide structural data with chemical accuracy, we will analyze

the structural preferences and some structural correlations

between bonding parameters. Then we will discuss the relative
energies of the various conformers. Finally, the structural choice
in the experimentally characterized molecules will be discussed
in light of the theoretical conclusions.

Calibration of Theoretical Structures

Ab initio MP2 calculations (see Appendix for computational
details) were performed for 8dmodel complexes [Mu-
XRIR?),L4 (M = Rh, Pt, Au; X= N, P, S; R, R2 = H, Me;

L = CO, PH, Me) in the different conformations represented
in 1 and5. A total of 102 structures of 30 compounds were
optimized with the only restrictions that the terminal ligands
were kept frozen and that the bending angle was kept fixed in
55 structures. The atomic coordinates of the 47 minima are
supplied as Supporting Information. To facilitate identification
of the different model compounds whose formulas can be found
in Tables 1 and 2, we label them with &h followed by a
sequential number. Similarly, the experimentally determined
structures will be identified by ak, and their structures and

planar bent
compd M X R L o° ER o° T o
M.1 Rh N H CO 180* -6.2 127 39 9
M.2 Rh P H CO 180* —8.8 118 42 8
M.3 Rh N H PH 180* —7.7 124 41 10
M.4 Rh P H PH 180* -—-8.3 119 41 7
M.5 Pt N H PH 180* -—-14 141 29 6
M.6 Pt P H PH 180* -—-15 141 30 7
M.7 Pt S H PH 180 4.1 142+ 27 3
M.8 Pt N H Me 180 1.2 142* 28 4
M.9 Pt P H Me 179 1.9 141* 30 6
M.10 Pt S H Me 180 4.0 139 21 -2
M.11 Au N H Me 180* —-0.1 154 18 3
M.12 Au P H Me 180* —0.7 146 29 9
M.13 Rh N Me CO 180* —1.0 155 16 1
M.14 Rh P Me CO 180* —4.1 133 26 —1
M.15 Rh N Me PH 178 12.8 122* 24 —7
M.16 Rh P Me PH 180* 0.3 149 23 3
M.17 Pt N Me PH 179 8.7 141* 20 -3
M.18 Pt P Me PH 178 2.7 142* 24 0
M.19 Pt S Me Me 180 5.9 140* 21 -2
M.20 Au N Me Me 179 3.2 154* 15 0
M.21 Au P Me Me 180* —-0.3 156 20 6

a Energies in kcal/mol, angles in degre@3he 6 parameter marked
with an asterisk was frozen and the rest of the structure optimized. All

references can be found in Table 4. Before diSCUSSir‘Q the mf)Sfother structural parameters were optimized for each structure, except
relevant structural features of the calculated geometries, we wishfor the internal structure of the terminal ligands.

to verify how reliable our computational results are compared
to experimental data. Calculated structural data for some of the
model compounds, together with the experimental informiéh

for closely related molecules with the same molecular confor-
mation, can be found as Supporting Information (Table S1).
The following observations can be made on the agreement
between calculated and experimental structures:

(a) Calculated M-X and M—L bond distances are in general
good agreement with the corresponding experimental values,
the average deviations being 0.03 and 0.04 A, respectively. The
worst result corresponds to the platinum-bridging sulfur distance
in model compoundM.19, that is 0.09 A longer than in the
experimental structurg.23.

(b) Calculated XMX, MXM, and LML bond angles differ
from the experimental values by less th&r(@verage deviations

(27) Usm, R.; Fornis, J.; Falvello, L. R.; Torrg M.; Casas, J. M.; Mdri|
A.; Cotton, F. A.J. Am. Chemn. S0d994 116, 7160.

(28) Aullon, G.; Alemany, P.; Alvarez, S. Organomet. Cheni994 478
75

(29) Fultz, W. C.; Rheingold, A. L.; Kreter, P. E.; Meek, D. Worg.
Chem.1983 22, 860.

(30) Bancroft, D. P.; Cotton, F. A.; Falvello, L. R.; Schwotzer, Worg.
Chem.1986 25, 763.

(31) Alcock, N. W.; Bergamini, P.; Kemp, T. J.; Pringle, P. &.Chem.
Soc., Chem. Commu987, 235.

(32) Alcock, N. W.; Bergamini, P.; Kemp, T. J.; Pringle, P. G.; Sostero,
S.; Traverso, Olnorg. Chem.1991, 30, 1594.

(33) O’Mahoney, C. A.; Parkin, I. P.; Williams, D. J.; Woollins, J. D.
Polyhedron1989 8, 1979.

(34) Carty, A. J.; Hartstock, F.; Taylor, N. lhorg. Chem1982 21, 1349.

(35) Adams, H. N.; Gissle, U.; Hiller, W.; Strhle, J.Z. Anorg. Allg. Chem.
1983 504 7.

(36) Grasle, U.; Hiller, W.; Strhle, J.Z. Anorg. Allg. Chem1985 529,
29

(37) Jones, R. A.; Wright, T. C.; Atwood, J. L.; Hunter, W. @rgano-
metallics1983 2, 470.

(38) Ferriadez, M. J.; Modrego, J.; Oro, L. A.; Apreda, M. C.; Cano, F.
H.; Foces-Foces, Gnorg. Chim. Acta.1989 157, 61.

(39) Kolel-Veetil, M. K.; Rahim, M.; Edwards, A. J.; Rheingold, A. L,;
Ahmed, K. J.Inorg. Chem.1992 31, 3877.

(40) Parkin, I. P.; Slawin, A. M. Z.; Williams, D. J.; Woolins, J. Dorg.
Chim. Actal99Q 172, 159.

of 1°, 2°, and 3, respectively). Not unexpectedly, larger
deviations (of 9) appear for the PM—P angles when the
chelating dppe ligand is present in an experimental structure,
since monodentate phosphines were used in our calculations.

(c) The angular parameters associated with bending around
the X---X hinge, 6 and z, are in good agreement with the
experimental ones, provided that the terminal ligands in the
model and experimental structures are identical and that the
bridge substituents in the latter are not significantly bulkier.

(d) The non bonded M-M distance is fairly well reproduced,
and large deviations from the experimental values should be
attributed to the presence of terminal ligands bulkier than those
used in the calculations, or to the long+& distance oM.19
mentioned above. Although the conformational preference will
be discussed below, we note in passing that the preference for
a bent or a planar structure computationally found is in
agreement with the observed structures in most cases.

Main Structural Trends

The large number of calculated structural data allows us to
focus on the general trends in this family of compounds, rather
than concentrating on every particular compound. The optimized
conformational parameters to be discussed in this sedfion (
andw) are collected in Table 1 for XRoridged (R= H, Me)
and in Table 2 for XHMe-bridged complexes.

A wide range of bending angles appears in the optimized
structures, although some regularities can be found. For all the
bent minima, the extent of bending is larger (i.e., smaller values
of ) for Rh than for Pt or Au with the same set of ligands, a
result that can be associated with the strongerMiinteraction
usually found for RI2 Another trend observed for the bent
conformations is a larger degree of bending for=> than for
X = N, other things being equal, with the only exception of
compoundsM.5 and M.6, which show the same degree of
bending. This trend was previously detected in analogous
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Figure 2. Variation of the MXM (a) and RXR (b) bond angles as a function of the bending around the X- - -X @@ the model compound
[Pto(u-PHy)2(PHs)4]?" (solid squares and solid line). Data for other model complexes at their optimized conformations are also shown: open circles
and lower line in panel (a) for NRbridges, open squares for PRridges and open triangles for SBridges (see Appendix and data in Tables 1

and 2). Experimental data also shown for comparison (crosses, see Table 4 for references).

Table 2. Relative Energies for the Planar and Bent Forms of the orbitals while keeping the terminal ligands of the two metals

Model & Complexes [M(u-XHMe).L4],* Together with the farther apart. It can also be noted that, for each compound with
Conformational Parameters Definedar4 XHMe bridges ¢ decreases in the ordee < ba < bx. Finally,
M X L pa ps be b& bx the extent of bending is significantly smaller (180° less) in
M22 Rh N CO E 00 00 -74 —-6.1 -29 the XMe,- than in the analogous Xkbridged complex (com-
# 180* 180* 125 128 141 pare, e.g., data for rhodium compounds in Table 1).
Z) g g ‘1‘2 ﬁfg _%,7 Two clear trends can be observed for the orientation of the
M23 Rh P CO E 00 00 —108 -87 -48 br|q|g|ng ligands in the complexes with symmetr!c br!dges. The
0 180* 180* 116 120 128 uplift of the XMe, groups (measured by) is significantly
T 4 4 44 41/34 26 reduced compared to that of the XHnalogues, in an attempt
o 4 4 10 8/0 -3 to keep the bulkier substituents as far apart from each other as
M24 Rh N PH E 00 02 -71 -68 —58 possible. On the other hand, bending favors a closer approach
f 182 182 léé 153/26 11"% of theendothan theexogroups to the XM planes for the Xk
o 4 4 16 185 —4 bridged complexes, as reflected by positive values ofThe
M25 Rh P PH E 00 00 -69 -65 —47 reverse occurs with the XMédridged compounds that present
6 180* 180* 117 122 134 negative or small positive values af in their bent minima.
Z) % g Lllg 45;8’4 _iﬁ The M—X bond distances are little affected by bending of
M26 Pt N PH E 00 01 -02 -20 —41 the coordination planes. As an example, the bridgingNPt
0 180* 180* 128 133 151 distances in model complexes with P&k terminal ligands and
T 4 4 45 4424 13 NR!R? bridges vary only between 2.076 and 2.106 A. The trans
w 4 4 15 164 -4 influence associated with substitution of the terminal phosphines
M.27 Pt P PH E O'*O 01 -08 ~16 ~21 by methyl ligands has a much more significant effect on the
6 180* 180* 131 137 148 . . .
T 2 2 42 38/26 19 same bond distance, producing a lengthening from 2.076 to
o 2 2 12 1210 -1 2.155-2.162 A. Obviously, if the M-X distances and the XMX
M28 Pt S Me E 00 00 44 47 5.3 angles are practically unaffected by bending (as found both in
6 180 178  139* 139* = 139* our calculations and in the experimental structural data), the
v 0o -1 24 23/22 20 MXM bond angle must decrease upon bending. This geometrical
w 0 0 0 -1/-2 -4 . . .
M29 Au N Me E 00 -01 13 04 -13 constraint can be |IIustr_ateq by the behavior of,(lPPH;),-
0 180* 180* 134 142 160 (PHg)4]%", represented in Figure 2 (closed squares). For the
T 4 4 39 34/19 8 whole set of model compounds studied, different MXM bond
o 4 4 13 13+3 -3 angles can be found for a given hinge an@lét is interesting
M30 Au P Me 5 8%-*0 88;0 _10-6 -1 ~03 to note that such variability is much wider for the planar than
T 1 2 1 2 1§5 l§§/27 lgg for the strongly bent structures, resulting in a wedge-like region
o 2 2 12 12/6 4 of allowed angles XMX and, that defines a general trend for

2 An asterisk indicates & parameter that has been frozen in the all calculated compounds, regardless of the nature of the metal
calculation.® For theba conformer the first value given far and @ atom, _brldglng ligands, or terminal "gaT”dS' The same quallt_atlve
corresponds to thendogroup, the second value to te&ogroup. behavior can be found for the experlmerjtal structures (Figure

2a, crosses). In contrast, the RXR angles in the model compound
complexes with unsubstituted or monosubstituted bridges,  [Pt(u-PH)2(PHs)s]?" are little affected by bending (Figure 2b,
and was attributed to the longer-\K distances in the former  solid line), but the values for different complexes show a wide
case, that facilitates a better overlap betweerrtfaad p metal dispersion. Such dispersion can be associated in part with the
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Figure 3. Extent of the flapping motion of the bridging %Ryroups 8 (°)

(7) as a function of the degree of bending around the X- - -X hirtje ( ) ) ]

in the model binuclear compounds with= N, P. The solid squares  Figure 4. Distortion from the local pseudotetrahedral geometry of the
(and the associated solid line) correspond to the stepwise bending ofM2XR2 groups {», see4) as a function of the degree of bending around
[Pto(u-PH,)2(PHs)4]2*, open circles to the optimized or frozen bent the X---X hinge @), for the model complex [Bfu-PH,)(PHs)a]** at

structures of all [M(u-XHMe),L 4] compounds with thée conforma- fixed \_/alues of6 (closed squares). Also shov_vn are the data corre-
tion, solid circles to all [M(u-XH,):Ls] model compounds, open  sponding to Au complexes with NH(open triangles), PH(open
triangles (and associated solid line) to fi-XMe,),L4] compounds, squares), or NMgbridges (closed triangles), and Pt compound with
and open squares to all planar structures. Experimental data for PtPH: bridges (open circles), all having Me as terminal ligands.
compounds are represented by crosses. Experimental data for bent complexes with symmetric bridges (crosses)

also shown for comparison.

nature of the bridging atom, since MBridges (Figure 2b, open ] o o
circles) clearly show larger angles thanARidges (Figure 2b,  '€pulsion between thexoMe groups is minimized by adjusting
open squares). the bendl_ng anglé (as discussed above) and the orientation of

Itis interesting to notice that the orientation of the substituents the substituents (anglesandw). Such an effect can be seen in
at the bridging atoms is correlated with the degree of bending. Values ofz smaller than 28 (Figure 3, triangles) for théx
When the molecule is planar, the two substituents are sym- Structure of complexes with XHMe bridges and for the bent
metrically arranged relative to the MXM plane, as indicated by Structure with XMe bridges, to be compared with values of up
the calculated values af(3) between 0 and £ for all planar to 42 for XH; bridged compounds. The orientation of the
compounds, corresponding to a pseudotetrahedral coordination<HMe bridges with anendoMe group (in the optimizede
around X. The experimental data for planar complexes (Figure @hd ba conformers) is clearly different from that in the
3) also show small deviations from = 0°, with only two analogqus molecule with XMéridges at_acomparable degree
exceptions{ = 20°, compound<.35andE.36), corresponding of bending. Thus, the values ofire found in the range between
to complexes in which one of the R groups is a Pt atom. Bending 22° and 38 for the ba structure, between 33nd 50 for the
the binuclear molecule results in a tilting of the XBroup, be form (Figure 3, open circles), and betweer? &hd 28 for
and 7 is per force increased. That the raising of the bridge XMe; bndges_. These results can be ratlonallze(_j con5|der|qg that
substituents is correlated with the degree of bending can be seery***R repulsions decrease and the-‘R ones increase with
in a number of ways. The most simple example is given by the increasingz, and taking into account the number of-iR
optimized values of at different bending angles in the model contacts per molecule in thée and ba structures. The
compound [P{u-PHp)2(PHs)]2" (Figure 3, solid squares), for experimental data for the bent structures of Pt compounds

which a decrease ifi results in positive values af Practically (Figure 3, crosses) are well within the range defined by the
the same behavior can be found for all the model complexes theoretical values. _ _ S

with NH,, PH, (Figure 3, closed circles), or SHbridges (not Another aspect _of the orientation of the bndglng ligand that
shown in Figure 3 for clarity). can be observed in the calculated structures is the loss of the

The presence of a Me substituent at the bridging atom, though,ocal pseudotetrahedral geometry around the bridging atom, as
strongly affects the orientation of the bridging groups in the indicated by the angle» (see4). In all planar forms with two
bent conformers. As a result of bending, the Byosubstituents identical substituents, these are symmetrically arranged with
become closer (represented by spheresa) and theendo  '€Spect to the MXM plane, as indicated by= 0. Again, the

substituents approach the terminal ligarts)(Hence, the steric WO exceptions correspond to compourtgi85 and E.36 with
highly asymmetric bridges. Things are somewhat different for

e’ the bent molecules. Consider first the model complex({Pt
Q Q " " PH,)2(PHs)4]%t, for which we have optimized the structure at
| ! | [ different bending angles. The results (Figure 4, black squares)
e ‘\Mf Sy QX\M/XQ LM e M show that the two substituents becomg asymmetn_cally distrib-
WL i X < e =¥ uted above and below the XM\blane, withw increasing upon
L/ \L L / \ i/ bending (i.e., for@ smaller). For a large degree of bending,

L’ though, the trend is reversed, possibly because theexeo
6a 6b 6c groups start to repel each other and #r&ogroups get too
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20 7 intermediate values af andw. Finally, the XMe and XHMe

A bridges with anexomethyl group present smaller valueswof
andw, and even negative values for the latter parameter. The
trends just discussed can be ascribed to the enhanced steric
repulsion between the bulkiexosubstituents at larger values

of ¢ and w, together with increased steric repulsion between
the bulkier endo substituents and the terminal ligands. The
experimental data (Figure 5, crosses) are consistent with the
theoretical behavior. The wide dispersion around the general
trend just discussed can be attributed to the variety of metal
atoms, bridges, and terminal ligands that have been considered.

&b

qpo
3

(%)

Conformational Preferences

In this section we discuss the relative energies of the different
conformers studied. Although energy differences between
conformers are not high and can be affected in practice by
several factors, including packing forces, some general trends
can be found that will be useful for explaining the experimental
structures. An attempt to rationalize the conformational differ-
ences by obtaining estimates of several energy contributions

T(°) will be presented in the next section. For the Rh compounds,

Figure 5. Asymmetry of the two bridge substituents relative to the ':Eaembff?é f0|r;?,21:’vg2eiyrg2§|tgcll)o rli?]gizearien Clsvi?trrl]y trk?grstrsotr?btlaer
XM2 plane () as a function of the flapping motion of_ th(_a XBroup - P ’ p g_ . 2 g
(?) in the calculated model structures. The rectangles indicate the rangeAbility of Rh to form metat-metal bonding interactior?s;
of values found for compounds with XHMe bridges (triangles) having Whereas for the Pt and Au complexes the energy difference is
the methyl group in theendo position (ba and be conformers), for generally small.
compounds with XH bridging groups (circles), and for compounds Comparison of the relative energies of the bent conformers
with XMe, or XHMe bridges (squares) having the Me group in the ¢ imjijar compounds with Xbland XMe bridges EsR, Table
gxo position (ba andbx conformers). Experimental data represented 1) indicates that the Me substituent destabilizes thé bent form

Y CTOSSES: in all cases. The bridging N atom has a stronger destabilizing
close to the terminal ligands. The nature of the bridges effect upon methyl substitution than P or S. The reason is that
dramatically affects the relationship betweénand w, as the shorter M-N distances (compare, e.g. R~ 2.34 Avs
illustrated by the data sets for the Au compounds with, SH Pt-N ~ 2.10 A) induce a shorter MeMe contact that is
PH; bridges (Figure 4, open triangles and squares, respective|y)_responSib|e for the destabilization of the bent form relative to
Similarly, substituting the H atoms in the NHbridges (open  the planar one.
triangles) by Me groups (closed triangles) has a strong influence A look at the energies of the planar geometries with XHMe
on the correlation between and . However, such structural  bridges (Table 2) shows that thea and ps forms have
correlation is not significantly influenced by changes in the practically the same energy in all cases, suggesting that the
terminal ligands, as can be seen by comparing thglittdged Me---Me repulsion in the planaynform is negligible. Among

Pt complexes with Pklor Me terminal ligands (Figure 4, closed the bent formsbx is slightly more unstable than the other two
squares and open circles, respectively). Similarly, compoundsstructures, as a result of the larger 1R repulsion.
with different metal atoms but identical ligand sets show o

practically the same dependenceaobn 6. The experimental Energy Contributions

data for nonplanar g:omplexes with symmetric br_idges (F_igure In general, we can consider four different contributions to
4, crosses), even if scarce, seem to be consistent with they,o ejative energies of each conformer: (i) the interaction
calculated data (only structures with non-hydrogen supstltuentsbetween the two Mk fragments,lyv (conceivably including
shown.: compoundE.S,.I.E.la andE.46, Table 4). In partlcula}r both M---M attractive and k--L repulsive contributions); (ii)
we notice that only positive values ofare found for symmetric e energyv, associated with the decrease in the MXM bond
bridges, indicating that the distortion fromy&Gymmetry around angles from the planar form to the bent geometry: (iii) the
the bridging atoms tends to put the substituents away from thej, -reased interactioiwr between theexo substituents of the
region of space occup|ed'by the terminal ligands. ] two bridges in the bent form; and (iv) the increased interaction

For XHMe bridges we find that the methyl group is farther o yeen theendosubstituents and the terminal ligands in the
from the MpX; plane than the hydrogen atom (positive values o forms, represented from here onlby.
of w). Furthermore, the values efandw are identical for the The effect of the terminal ligands on the-M interaction
ps and pa conformations of the same compound (Table 2), |, poop previously discusdeti-*2for the stacked dimers of
suggesting that such deviation might be due to electronic andOI8 complexeé! and for the bent binuclear complexes with
notto stgric factors. In such compqunds, the asymmetric position unsubstituted bridge® We simply recall here that two factors
?(I Lheect:)r:?glgtsegovf/i)t(g ﬂl:leo(;;))rgag:‘v:ug’smﬁ (j:]pfgg:?;ejgs appear combined in the energetics of the interaction between

9 19 the two ML, groups 6¢): the weakly bonding M-M interaction

5). The data points shown there can be roughly classified in o . .
three groups that are enclosed in boxes. The XHMe groups with that stabilizes the bent forms is favored by geodbnor ligands,

the hydrogen atom in thexoand the methyl group in thendo (41) Aullon, G- Alvarez, SChem—Eur. J.1997 3, 655,

position present Ia_rger valuesoandw. The XH, groups, with (42) Connick, W. B.; Marsh, R. E.; Schaefer, W. P.; Gray, H.Iirg.
hydrogen atoms in both thexo and endo positions, have Chem.1997, 36, 913.

0 20 40 60
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whereas the bulky substituents (as in PBhdppe) introduce  Table 3. Energy Interaction Termgluw + 2Vj) Estimated from

steric L-+-L repulsions that destabilize the bent conformers. Saé?uliﬁfed Enelfglfst_Of the B?‘&ﬁ")‘(z,)\zul) EC]JrféplexeS (%q 1),|$R
Since bending around the X- - -X hinge implies a decrease Lr) Irom caicuiations on [lu-AMez),La] Lompounds, antikg

in the MXM bor?d angles of up to ZCXFiggure ZF; it is worth from the [Mp(u-XHMe),L4] Analogues at a Comparable Degree of

. . - Bending (Egs 2 and 3
evaluating the energy involved in such a structural change, 9 (Eq )

represented here by;. As a crude approximation, we have M X L (I +2V5)  (lret2Ir) (k)
calculated the energy of the XM species (X= N, P,n = 1; Rh N CcO —6.2 12.1 3.4
X = S,n= 2) at the same computational level used throughout Rh P CO —88 6.2 5.4
; : Rh N PH; -7.7 20.5 4.9
this paper, varying one of the HXH bond anglg®) @nd Rh P PH g3 101 20
reoptimizing the rest of the geometry in_each case. As an p; N PH, 14 102 0.7
example, a change jf from 100 to 9C° requires 6.2 kcal/mol Pt P PH -15 4.2 0.8
for X = N, and 4.4 kcal/mol for X= P or S. Although one Pt S Me 4.0 1.9 1.3
should be aware that such values must vary when the H atoms Au N Me —0.1 34 01
P Me —-0.7 1.1 0.4

are substituted by two metal atoms and two organic groups as Au
in the presently studied complexes, they point to the importance 2 All values in kcal/mol.
of the changes in MXM bond angles upon bending, taking into
account that two bridging atoms are present in these compounds(Table 3). From the large positive valuesl gk + 2l r obtained

An estimate of théyw andVg terms in the complexes under for R = Me we can conclude that the main effect of the
study can be obtained by comparing the relative energies ofintroduction of Me substituents is a net destabilization of the
the different conformers. Hence, for compounds with XH bent form relative to the planar one. Such an effect is so
bridges, assumiri§ Irr ~ I g ~ 0, the energy of the bent important that in several cases no bent minimum was found at
conformer relative to the planar one can be approximately all for the methyl-substituted compound. The interaction term

expressed as Irr + 2l r for R = Me increases along the series AuPt <
Rh, as a result of the increased degree of bending (see values
EbH ~ lyw T 2V, 1) of 6 in Table 1). The increased repulsion is however compen-
sated by the enhanced-MM bonding interactions, as noted
Notice that the values of\; calculated above for the X" above. The fact that the interaction term significantly increases

species and those dfyv calculated for face-to-face stacked when terminal CO ligands are substituted by the bulkieg PH
complexe$® or for edge-sharing binuclear complexes with ones might be interpreted as resulting from the non-negligible
monosubstituted bridgésare of the same order of magnitude Ir contribution.

but opposite in sign in most cases. Hence, it is not surprising  In summary, for those molecules with-RMe, the repulsion

that the energy differences between the two conformers (TabletermIrr + 2I.r that destabilizes the bent form relative to the

1, compoundsdvi.1—12) are in most cases less than 10 kcal/ planar one increases with decreasing ivde distances (Figure
mol, with either the planar or the bent conformation being more 6). In addition, the repulsion term increases with decreasing
stable depending on the case. For those compounds with PH L+:-Me distance for compounds with the same terminal ligand.
or CO terminal ligands the bending energies are comparable toSuch dependence is more pronounced at the degree of bending
those reported previougifor analogous compounds with XR  considered for Pkithan for the smaller CO or Me ligands.

bridges (between-6 and—11 kcal/mol for Rh, betweer-4 Through arguments similar to those presented above for
and —2 kcal/mol for Pt), suggesting that the decrease in the Symmetric bridges, the following relationships between the
MXM angle requires similar energies for the RXMnd RXM energies of the different conformers and the interaction terms

groups. The fact that the bent form is more favorable for Rh can be written for complexes with XHR bridges:

than for Pt or Au can be attributed to the stronger-Mi

bonding interaction for the former that is well establisRee? Eox = Eps = lum T2V + I 3)
The fact that compounds with Me terminal ligands present E —E Al +2V. 4] )
positive values ofyw + 2V might be attributed to the stronger ba pa = ‘MM B LR

L---L repulsions (hence more positivgy terms) for the Me .

than for the PHterminal ligands, due to the shorterR& bond where we have assumed that the degree of bending df,the

distances (2.10 A) compared to the-™ ones (2.34 A). bx, andba forms of a given molecule is practically the same,
For complexes with substituted %Rridges, one can similarly and the repulsion terms involving hydrogen atoms are neglected.

express the energy of a bent conformer relative to the planarPProximating lum + 2Vj as the value for the analogous
one as complex with XH bridges at a similar degree of bending, one

can obtain estimates fogr andl r. Given the approximations

R adopted, one should expect an uncertainty of at lea&Kcal/
By~ lum 2V + Ipe ¥ 2lis ) mol for the estimated energy terms. Therefore, we focus more
on the large effects and on qualitative trends, rather than on the
resulting numerical values.

The values ofgrr (R = Me) estimated from the energies of
the bx conformers with asymmetric bridges are significantly
smaller than thégrg + 2l & terms estimated from the calculated
energies of the compounds with XMeridges (Table 3). These
results indicate that thigr term is important in the latter case,
due to the presence ehdomethyl groups. Another clear result
is the very large difference between the two estimates when
(43) Novoa, J. J.; Aullo, G.; Alemany, P.: Alvarez, S.. Am. Chem. Soc.  the bridging atom is N, a fact that we associate with the shorter

1995 117, 7169. M—X bond distance and the enhanced-R repulsions. We

An estimate of the combined repulsion termg + 2l r (R =

Me) can be obtained by approximatihgu + 2V to the value
obtained for the analogous compound with Xbtidges. Since

the geometries of the optimized structures for the analogous
complexes with XH and XMe bridges are different in many
cases, we have estimated the interaction term by calculating
the energy of the methyl-substituted compound with the bending
angle frozen at the value obtained for the unsubstituted bridge
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Interaction energy (kcal/mol)

3.0 32 34 36 38 4.0
L---Me (A)

30
(b)

o
OT—T—T—rr—T—r T 7

32 34 36 38 40 42 44
Me---Me (A)

Figure 6. (a) Estimated interaction energy terhpg(for R = Me, kcal/mol) as a function of the distance betweenghdomethyl substituents at
the bridging atom and the terminal ligands=LCO (circles, C--C distance), Pkl(squares, €-P distance), or Me (triangles,-€C distance). (b)
Estimated interaction energy teriixdg for R = Me, kcal/mol) as a function of the distance between the carbon atoms of the methyl substituents at

the two bridging atoms in compounds with XMeeridges.

have seen above that, as a result of-ivde repulsion, théox
conformer presents larger values 6fthan thebe or ba
conformers, the uplift of the substituents is restricted te
28°, and negative values a@b result. Thelggr terms for R=

applying the qualitative ideas that stem from our theoretical
study. Let us consider first those compounds with symmetrically
substituted bridges. In the Pt compounds with Nbtidges

(E.24—26), the bent conformation is the one experimentally

Me (Table 3) reflect such geometrical reorganization, since the found, as predicted for most Pt complexes havingHPH,
larger repulsions (around 5 kcal/mol) correspond to the strongly bridges (Table 1). The presence of Me substituents at the

bent structures of the rhodium compounds.
Thel r (R = Me) terms estimated from the energies of the
ba andpa forms (eq 4) are small in all casesZ kcal/mol). In

bridging ligands was shown above to destabilize the bent form
relative to the planar one, due to the increasedfRand L:--R
repulsions. In agreement with such prediction, practically all

a couple of cases small negative values are obtained, that ar&omplexes with symmetric bridges in which R is not hydrogen
most likely due to the uncertainty of these energy contributions (E.1-3, E.8—10, E.18—-23, E.42 and E.46) present planar

due to the approximations employed.

Analysis of the Experimental Conformations

The molecular conformation of most of the structurally

structures, certainly favored by the bulky nature of the substit-
uents {Bu or Ph in most cases). The exceptiorEi$, whose
bent structure is probably favored by the stacking interaction
between the twexophenyl substituents of the bridging ligands

characterized complexes (Table 4) can be rationalized by (at a distance between centroids of 4.10 A) together with the

(44) Jones, R. A.; Whittlesey, B. R. Am. Chem. S0d.985 107, 1078.

(45) Arif, A. M.; Jones, R. A.; Seeberger, M. H.; Whittlesey, B. R.; Wright,
T. C. Inorg. Chem.1986 25, 3943.

(46) Arif, A. M.; Heaton, D. E.; Jones, R. A.; Kidd, K. B.; Wright, T. C;
Whittlesey, B. R.; Atwood, J. L.; Hunter, W. E.; Zhang, Hhorg.
Chem.1987, 26, 4065.

(47) Fenske, D.; Maczek, B.; Maczek, K. Anorg. Allg. Chem1997, 623
1113.

(48) Gebauer, T.; Frenzen, G.; Dehnicke,ZK Naturforsch., Teil BL992
47, 1505.

(49) Bekiaris, G.; Roschenthaler, G. V.; BehrensZUAnorg. Allg. Chem.
1992 618 153.

(50) Kita, M.; Nonoyama, MPolyhedron1993 12, 1027.

(51) Cuevas, J. V.; GamiHerbosa, G.; Muog, A.; Garcia-Granda, S.;
Miguel, D. Organometallics 1997, 16, 2220.

(52) Look, P.; Schmutzler, R.; Goodfellow, R.; Murray, M.; Schomburg,
D. Polyhedron1988 7, 505.

(53) Fornies, J.; Fortdn, C.; Navarro, R.; Mafrhez, F.; Welch, A. JJ.
Organomet. Cheml99Q 394, 643.

(54) Falvello, L. R.; Forris, J.; Ganez, J.; Lalinde, E.; Man, A.; Moreno,
M. T.; Sacrista, J.Chem—Eur. J. 1999 5, 474.

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

(56) Park, S.; Roundhill, D. M.; Rheingold, A. Ilnorg. Chem1987, 26,
3972.

(57) Park, S.; Rheingold, A. L.; Roundhill, D. MOrganometallics1991,
10, 615.

(58) Falvello, L. R.; Forris, J.; Fortln, C.; Ganez-Saso, M. A.; Menjo,
B.; Rueda, A. J.; Torrg M. Inorg. Chim. Actal997 264, 219.

(59) Usm, R.; Fornis, J.; Falvello, L. R.; Torra M.; Ara, |.; Us, I.
Inorg. Chim. Actal995 232 35.

(60) Freeman, W. A.; Nicholls, L. J.; Liu, C. Fnorg. Chem.1978 17,
1989.

(61) Cooper, M. K.; Stevens, P. V.; McPartlin, Nl. Chem. Soc., Dalton
Trans.1983 553.

tendency of Rh to form Rk-Rh contacts. The change of only
the rhodium atoms for Pt (compouid20) with less tendency
to form metai--metal contacts is enough to give a planar
structure.

Among the compounds with asymmetric bridges, all those
with NHR or PHR as bridging ligands are plan&.4, E.11—
14, E.29—-34, andE.45) or be (E.7, E.16, E.38, andE.43). Our
calculations for [M(u-XHMe)2(PHs)4] complexes (X= N or
P), though, predict the bent structures to be somewhat more
stable than the planar ones. But one must recall that the repulsion
between terminal ligands bulkier than the simple ones used in
our calculations (Pk CO, and CH) should be expected to
destabilize the bent conformers. Unconstrained molecules are
found in a bent conformation in compounBs7 andE.43, in
which the terminal ligands are the small CO or Me groups (small
ILr term) and theexo substituents in thée conformation are
hydrogen atomd§r ~ 0). From our calculations, the two planar
structuresps andpa, are practically isoenergetic. Although most
of the experimental planar structures presentpaeonforma-

(62) Uriarte, R.; Mazanec, T. J.; Tau, K. D.; Meek, D. Worg. Chem.
1980 19, 79.

(63) Meek, D. W.; Waid, R.; Tau, K. D.; Kirchner, R. M.; Morimoto, C.
N. Inorg. Chim. Actal982 64, L221.

(64) Meij, R.; Stufkens, D. J.; Vrieze, K.; Brouwers, A. M. F.; Overbeek,
A. R. J. Organomet. Chenl978 155 123.

(65) Hauptman, E.; Shapiro, R.; Marshall, Wrganometallics1998 17,
4976.

(66) Alonso, E.; Forris, J.; Fortln, C.; Toni®, M.J. Chem. Soc., Dalton
Trans.1995 3777.
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Table 4. Experimental Structural Datdor Dimers of & Metal lons of Type [LM(u-XR3):ML 5]

compound M:---M 6 T struct ref refcode
E.1[Rhy(u-PBuy)2(CO)] 3.717 180 1 p 37 cabfam
E.2 [Rhy(u-As'Buy),(CO)] 3.884 180 1 p 44, 45 daslak10
E.3[Ir2(u-AsBuy)(CON] 3.895 180 1 p 46 fuphed
E.4 [Rhy(u-NHPh)(PPh),] 3.376 180 1 pa 18 nonhaz
E.5 [Rhy(u-PPh),(dppe)] 3.471 136 30 b 29 buckal
E.6 [Rhy(u-diaminonaphthalene)(Cq}) 2.810 116 26 bx (7a) 38 jajlub
E.7 [Ir o(u-NH{ p-tol} )»(CO)] 2.968 125 be 39 vupbud01
E.8 [Ni(u-PPh)(PPh{NPh )] 3.430 180 3 p 47 rehcuc
E.9 [Pdx(u-PPh).Cl,(HPPh),] 3.612 180 0 p 48 kuxsol01
E.10[Pdy(u-PPh)z(hfacac)] 3.565 180 2 p 49 yalpik
E.11ltrans[Pdy(u-NHPh)Ph(PMe),] 3.181 180 9 pa 13 pommin

3.190 180 10 pa pommin
E.12trans[Pdh(u-NH{2,6{Pr,CsHs} )Clopy-] 2.958 180 13 pa 16 nigxiu
E.13trans[Pd(u-NHCH,{ CsHsS})(acac)] 3.063 180 pa 50 wegzen
E.14trans[Pd(u-NHPh)(CsH.{ CH=NPH} )(PMes)] 3.141 164 4 ps 13 pommot
E.15 [Pdy(u-N{ p-tol} CHzpy),Cl;] 2.875 141 18 be (7b) 51 runlob
E.16 trans [Pdy(u-NHPh)(CsFs)2(tBUNC),] 3.046 147 be 20 hasneu
E.17trans[Pt{ u-P(NMeCONMe)PNEL} .Cl;] 3.557 180 4 p (7b) 52 gewyai
E.18 [Pty (u-PPh)2(CsFs)2(phen)] 3.569 161 14 p 53 sidzou
E.19trans [Pty («-PPh)Cly(PhPH)] 3.586 180 1 p 34 bexyae
E.20[Pty(u-PPh)2(dppe}]?* 3.699 180 6 p 34 bexyei
E.21 trans [Pty(u-PPh),(PHPh),(C=C'Bu),| 3.649 180 8 p 54
E.22 [Pty(u-SEb)2Br4] 3.368 180 4 p 55 desdpt
E.23[Pty(u-SEb).Mey] 3.610 180 1 p 30 dovdoh
E.24trans[Pty(u-NH,).Clo(PPh),] 3.106 143 30 b 56, 57 fultah10
3.117 144 30 b

E.25[Pty(u-NHy)2(MePPh)2(PhPOY] 3.087 136 b 31,32 fekfoq10
E.26 [Pt(u-NH2)2(MePPh)4] 2" 3.135 148 19 b 33 kidzom
E.27trans[Pt(u-PPH CH,} sPCys).Cl,] 3.577 180 7 pa (7b) 10,11 cibdas10
E.28trans[Pt(u-PPH CH,} sPCys).Cl,] 3.545 161 13 ps (7b) 10,11 boppeb20
E.29 [Pty(u-NHPh)(dppm-H}] 3.210 176 16 ps 19
E.30 [Pto(u-NHPhL(POPh),(PMePh),] 3.307 180 1 pa 19
E.31trans [Pt («-PHMes)}Cly(PPh)2] 3.597 180 pa 17 zugqwud
E.32trans [Pt («-PHMes)}Cly(PEE)] 3.605 180 7 pa 17 ZUgwox
E.33[Pty(u-PHPh)(Ph,PMe)]?* 3.686 180 pa 40 jesnie
E.34[Pty(u-PHPh)(Ph,PMe)]?* 3.706 180 pa 40 jesnok
E.35 [Pty(u-{ SNGHa} P CoFs} 2)2(CoFs)a] 2~ 3.575 180 20 pa 58 pucfau
E.36 [Pt u-(S;COEL)Pt(GFs)2} 2(CeFs)a] >~ 3.603 180 25 pa 59 zuhbal
E.37 [Pt (u-NHNHy)Li(thf) 2} (dppm-H)y] 3.072 141 44 bx (7a) 19
E.38trans[Pt(u-NHCH{ C;H,SOMé& CQy),] 2.861 136 20 be (7d) 60 amsbpt10
E.39trans[Pt(u-NMeCgH4CH,=CMe)Ch] 2.980 144 21 be (7b) 61 borboz
E.40trans[Pt(u-PPH CH.} sPPh).Me;] 3.521 145 25 be (7b) 11, 62, 63 mpprpt20
E.41trans[Pty(u-PPh)(u-NHCsHMe:N=S)Ph(PP}),] 3.151 127 b 64 ptnpap
E.42[Auz(u-NMez).Mey] 3.231 180 3 p 35 caspiv
E.43[Auz(u-NHMe):Me4] 3.090 136 be 36 devlul
E.44 [Rhy(u-S{ PPBOCH,CHR} ,),] 3.641 180 p (70 65 hefrep
E.45 [Pt(u-PHMes)(dppe)]?* 3.702 180 pa 17 zugxak
E.46 [(FsCe)2Pt(u-PPh),Pdu-OH).Pt(PPh),] 3.562 164 p 66 zodgoo

aAll distances in A, angles in degredsThe cis andtrans prefixes refer to the relative position of the equivalent terminal ligands at the two
metal atoms® The univocal reference code for each crystal structure in the Cambridge Structural Database.

tion, the ps structure is found in three casés.14, E.28 and forming 5-member chelate ringg.15, E.38, andE.39) actually
E.29). We also note that Okeya et ®&lobtained two isomers  present thebe structure (i.e., with the chelate ring occupying
of an anilide-bridged Pd(ll) complex forming red plates and the endo positions, as found also for compounds with XR
orange needles. The two isomers, identified asgheandanti bridge$?), and those having only 6-member chelate rings are
conformers, were also found in solution, although no evidence planar(E.17, E.27,28, andE.44), thus confirming that the strain
for their interconversion was found in the NMR spectra, associated with the chelate ring also has some say in the relative
indicating a high barrier for this process. stability of the planar and bent forms. The exception here
A special case of compounds with asymmetric bridges is that corresponds to compouiitl40, which forms 6-member chelate
of the complexes bearing bi- or multidentate ligands. This is rings but whose bent structure may be favored by a stacking
the case of compouni.6, in which ligands of typ&/a favor a interaction between the two phenyl substituents of the bridging
bent conformation because the-fR repulsion is replaced by  ligands (at a distance of 4.17 A between their centroids) as well
a chemical bond. We can also include in this category compoundas by a more attractivey, term in the case of terminal Me
E.37, taking into account that its two bridging hydrazido ligands ligands E.40) than for the bulkier terminal chloride& (27,28).
are connected to a tiion (N—Li = 2.06 A). In compounds of The gold complexes [Al-NMey).Me4] and [Au(u-NHMe),-
types 7b—d (E.15, E.17, E.27—28, E.38—40, and E.44) the Mes] (E.42 and E.43) provide an interesting opportunity to
L---R repulsions are totally or in part substituted by chemical explore the predictive capability of the present calculations, since
bonds, hencé r is replaced by the difference in chelate ring they have been calculated without any modelization (model
strain between the bent and planar structures. What is found incompounds\.20 and M.29, Tables 1 and 2) and they differ
the experimental structures is that compounds of tyfiesd only in one substituent at each bridge. Yet these compounds
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Hence, we will not discuss additional possibilities of isomerism

X /-\C that arise when the two terminal ligands are different, resulting
\\ A )'(R L in transoid and cisoid isomers, which have been reported to
X \\ / interconvert for compoundg.113 andE.16.20
/M// \M\L M \M/ To the best of our knowledge, there is only one case in which
7 L/ AN / \ two isomers have been structurally characterized in the solid
K ] R)|( A state, corresponding to structure7 and E.28 with pa and
C\_/ ps conformations in the solid state, respectively. The analogous

complextrans[Pt(u-PPH CHz} sPPh).Cly], for which no X-ray

7a b structure has been presented, was also isolated in two isomeric
forms that present solution NMR spectra similar to those of
the two isomer&.27 andE.28, thus suggesting by analogy that

/'\C’_\ c the two isomers detected in solution correspond topend
| | ps forms. Okeya et al? obtained two isomers of an anilide-
A\ /XR\ /A A\ /XQ\ /A bridged Pd(Il) complex forming red plates and orange needles,
M M respectively, but no structural characterization was reported. The
A/ \RX/ \A <A/ \RX/ \A two isomers, identified by IR and NMR spectroscopy as the
| 0 synandanti conformers, were also found in solution, although
\_,C \J C no evidence for their interconversion was found in the NMR
spectra, indicating a high barrier for isomerization. In other
7e 7d cases, only one isomepd or ps) has been found in the solid

state, but the two coexist in solution (compouid$2,16 E.291°
andE.457 in Table 4). These data are fully consistent with
the results of our calculations for compounds with asymmetric
bridges (Table 2), for which thpa andps conformers appear
to be practically isoenergetic.

Since the compounds with asymmetric bridges that are more
stable in bent forms are expected to have similar energies in
the three bent conformations, and the planar forms are within
thermal energy of the former, one can anticipate that such
compounds should present dynamic behavior in solution through
one of the following pathways:

crystallize with different conformationg @ndbe, respectively).
The former is predicted in our calculations to be more stable in
the planar conformation by 3.2 kcal/mol, in agreement with the
experimental structure. Such a result can be qualitatively
explained by the low tendency of Au to form AeAu bonding
interactions, combined with the MeMe repulsion between the
exo substituents that destabilize the bent conformation. In
contrast, the latter is predicted by our calculations to be slightly
more stable in théx form, but is experimentally found in the
be conformation. We note that the difference in energy between
the different conformers in this case is rather small and probably

the presence of a doublet assigned to the amidic hydrogen atom be — ps—bx
in the IH NMR spectrur®® is indicative of an equilibrium in ba— pa— ba
solution between thee andbx conformers.
The structures of three compounds35—36 andE.41) are The rhodium comple¥.4 was seen to be present in solution

not analyzed here because their structures are far more complexas bothsynandanti isomers, although only the latter is found
than those in the model complexes used in our calculations. Toin the solid state. Variable temperati#® NMR spectra are
finish this section, let us just mention the existence of a reduced consistent with a rapid ring inversion of the types just outlined,
number of complexes with mixed bridges, one monsubstituted, for which a free energy of activation of 9.9 kcal/mol was
another one disubstituted, all of which are bent and have ascalculated from the coalescence temperattirehe fact that

metal atoms Pt, Pd, or Rf67.68 compoundE.7 has bulkyp-tolyl substituents at the bridging
_ ) ) atoms should enhance the difference in energy betweebethe
Isomerism and Dynamic Behavior andbx conformers calculated for the similar model compound

Although the structural characterization of more than one M-22, explaining why in this case only one conformation has
isomer of the compounds under study is not common, there is P€en observed in solution. A Rh compound that appears in the
a wealth of spectroscopic evidence for the coexistence of morePx conformation E.6) is prevented from undergoing such
than one conformer in solution. This is consistent with the dynamic processes because of the bidentate nature of the
similar stability of the different conformers found in our Pridging ligand. The present results suggest that more detailed
calculations. However, a low activation energy is required for €xperimental and theoretical studies on the isomerism and
the intramolecular interconversion of conformers to occur dynamic behavior of these compounds are needed.
thermally. As an example, thé'P{'H) NMR spectrum of
compouncE.14 has been interpreted as revealing the presence
of six or seven isomers at room temperattfrén contrast, The combined use of theoretical studies and a structural
variable temperaturdd NMR studies show that compouid?7 database analysis has allowed us to establish some guidelines
exists in solution as a single isonférin this paper we are  for understanding the structural choice between the possible
concerned about the conformations related to the orientation of conformers in binuclear compounds df tdansition metals of
the bridging ligand and to the bending around the X- - -X hinge. the type [M(u-XR2)-L4]. Systematic ab initio calculations were
performed for the different conformers of complexes in which
(67) Churchill, M. R.; Barkan, M. D.; Atwood, J. D.; Ziller, J. Wcta the metal atom, the bridging atom, the bridge substituent, and
(68) (L:)rr)i/\?é?,”ﬁ/%r's’.?eHi'rtv%g?g.4F?i.2/fn§.2'Chem. S0d.996 118 4206. the terminal ligands were varied. The agreement between
(69) Kolel-Veetil, M. K.; Rheingold, A. L.; Ahmed, K. Drganometallics calculated and experimental bond distances and angles is within

1993 12, 3439. chemical precision. The nonbonded-MV distances are fairly

Main Conclusions
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well reproduced except when the terminal ligands in the Appendix
experimental structure are significantly bulkier than in the
corresponding theoretical model.

The variation of structural parameters upon bending the two
coordination planes around the X- - -X hinge has been analyzed.
The MXM bond angles decrease upon bending, but theXM
distance and the XMX angle are not very sensitive to bending.
The orientation of the substituents in the bridging ligands is
correlated with the bending angle, a fact that can be used to

tune the degree of bending through the use of bidentate bridgin_ginnermost electrons, except for the H atoms of the Rirtl CH
Ilgand_s. F_urthermore, the two substituents become aSymmet”'groups, for which a minimal basis set was used. Test calculations
cally distributed above and below the XMlane upon bending, e carried out on [Bu-PH)»(PHs)s]2* with a doubleé basis
and the asymmetry (measured by the anglencreases with set for the hydrogen atoms, and the geometries of the planar
the degree of bending. The preference for a bent geomelry o pent forms as well as their relative energies were seen to
strongly depends on the nature of the metal atoms, being morey, g 4 ically identical. More details on the basis set can be

pronounced for Rh than for Pt or Au. At the same time, the ¢, in our previous pap@?. The internal structures of the

Zeﬂt conformers of the Rg cor'nﬁleﬁ(es show smzaflllgr va:jlues of methyl and phosphine ligands were kept frozen in the optimiza-
than Pt or Au compounds with the same set of ligands. tions (C—H = 1.094, P-H = 1.42 A; H-C—H = 110.2,

The energy differences calculated for the different conformers y_p_y = 93.2). For the case of [Blu-PHy)2(PHs)42" the
of the same molecule can be rationalized by considering severaly|y optimized structure was found to be practically identical
contributions: (a) an increase in energy associated with the { that with frozen ligands, the largest deviations being less than
decrease in the MXM bond angles upon bending; (b) a 901 A in the M-X distances and less thart in the MXM
stabilization due to the weakly bonding-MM interaction in and@ angles. The relative energy of the bent and planar forms
the bent conformations; (c) an enhanced repulsion between theghanged by 0.5 kcal/mol with the full optimization. All other
terminal ligands of the two M fragments; (d) the energy of  geometrical parameters were optimized to find the most stable
interaction between the substituents at the two bridging atoms; gtrycture for each compound. In order to evaluate the energy
and (e) the energy of interaction between the terminal ligands gjtferences between the bent and planar geometries, optimiza-
and the substituents. The two first terms are essentially electroniciigns were performed for the least stable structure of each

in nature, whereas the last three terms correspond to stericcompound while keeping fixed the value of the angjlat 180
repulsions. The ligandsubstituent and substituergubstituent 5, .5 12¢r.

repulsions are important in the bent conformers even with Me  The collection of structural data was obtained through a

groups as substituents, but-HH and Me--Me interactions in - gystematic search of the Cambridge Structural Dat#base
the planar structures are negligible. (version 5.18) for compounds of general formula o[-

In compounds with symmetric bridges, the introduction of xR,),L,], in which M was imposed to be a metal at its oxidation
Me substituents at the bridging atoms destabilizes the bent formstate with a 8 configuration, Co(l), Rh(l), Ir(1), Ni(Il), Pd(Il),
relative to the planar one. The extent of bending is Significantly Pt(”), Au(|||), RU(O), or OS(O), and X was allowed to be any
decreased and the valuesraire also reduced upon substitution.  element of groups 1317. The bending anglé was obtained
Compounds with a smaller bridging atom experience stronger as that between the two Mpplanes.

effects of the bulkier substituent at the bridging atom. All these

effects can be attributed to repulsions betweenetkesubstit- Abbreviations
uents and can be correlated with the-R distances. A structural
consequence of the minimization of the ivtdle repulsion in
thebx conformers is seen in less bent molecules (larger bending
angles) than in the correspondihg or ba conformers, and in
larger values of andw than in the analogous compounds with
symmetric XMe bridges. The suppression of steric repulsions  Supporting Information Available: A table comparing the main

Irr OF IL.r by chemically attaching the two bridging donors or bonding parameters in calculated structures with those in analogous
bridging and terminal donors (i.e., using bidentate ligands) may experimental structures. This material is available free of charge via
affect the structural choice between bent and planar structures the Internet at http://pubs.acs.org. The atomic coordinates of the 47
In particular, it is seen that 5-member chelate rings spanning aoptlmlzed structures are also deposited and can be accessed at the

terminal and a bridging position favor bent structures, whereas f°”°r‘?’ mgb:nte_zrn%t ad.?.redss: .Tp;]” krl'pgo'lq“"”?eg%ef“pp"xrz'ht"é" .
6-member chelate rings favor planar structures Each table is identified with the label employed for compounds in
: Tables 1 and 2, together with the acronym for the conformation.

All ab initio calculations were performed with the GAUSS-
IAN 94 suite of programg? A molecular orbitakb initio method
with introduction of correlation energy through the second-order
Mgller-Plesset (MP2) perturbatiénapproach was applied,
excluding excitations concerning the lowest energy electrons
(frozen-core approach). A basis set with doublquality for
the valence orbitals was used for all atoms, supplemented by
polarization functions with effective core potentials for the

acac= acetylacetonatoft); dppe= 1,2-bis(diphenylphos-
phino)ethane; dppm= 1,2-bis(diphenylphosphino)methane;
hfacac= hexafluoroacetylacetonatof); phen= 1,10-phenan-
throline; py= pyridine; thf = tetrahydrofuran.
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