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A qualitative molecular orbital study and a structural analysis of the bonding capabilities of the metal atoms in
square planar MLcomplexes of 8lions are presented. In addition to analyzing the demceptor properties

of the metal atom in such complexes, the following aspects are also studied: (@) the effect of axial groups (bases
or acids) on the doneracceptor properties of the metal atom; (b) the effect of the axial groups on the deviation

of the MLy ensemble from planarity; (c) the effect of an axial group on the bond between the metal atom and
another group irrans and (d) the implications on chemical reactivity.

The square planar complexes of tlansition metal ions
comply with the 16 electron rule and can in general be isolated
as stable species. Ligand substitution reactions or isomerization
reactions usually proceed with retention of the square planar
stereochemistry. Yet, these compounds have two nonbonding
valence orbitals in the exposed region perpendicular to the Pz < L
molecular plane: the occupiedzcind the empty porbitals. _\_

The first one makes the metal atom a potential electron donor
toward a Lewis acid, whereas the latter can act as an acceptor
toward a Lewis baself. Moreover, the metal atom in such
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complexes could simultaneously bind a base and an acid to itSrigure 1. Schematic diagram for thetype orbital interaction between
two available axial coordination sites. a square planaréML , complex and a Lewis acid A along the axial

The simple orbital picture outlined above will be carried on direction.
in this paper by the use of qualitative molecular orbital theory, acceptor properties of the metal atom, (b) the effect of the axial
based on extended idkel calculations, and will allow us to  groups on the deviation of the Mlensemble from planarity,
present a systematic approach to a large amount of experimentalc) the effect of an axial group on the bond of another group to
information and deduce some structural correlations. The orbital the metal atom, and (d) the implications on chemical reactivity.
nature of the donor properties of the metal atoms in square .
planar complexes was early recognized by Balch and co- Molecular Orbital Study
workerst—3 and detailed theoretical studies have been devoted d8-ML 4, Complexes as Donors.In our EH calculations, the
to the Tk--Pt interaction in the B[Pt(CN)] compound interaction of a model Mk.complex, [RhCJ]3~, with a Lewis
Nevertheless, we intend to provide a simple description of the acid (A = H*, Na', or AuCl) in an axial coordination site
orbital interactions involved in several aspects of the chemistry appears to be clearly stabilizing. Such stability can be attributed
and structure of square planar complexes, some of which haveto the overlap between the empty valence orbital of the incoming
not been investigated before, and to provide a thorough analysisgroup and the d orbital of the metal atom, as schematically
of the related structural data. Aspects to be treated in this papershown in Figure 1. The calculated binding energies, given only
are (a) the effect of axial groups (bases or acids) on the donor/as a semiquantitative indication of the strength of the different
interactions, increase in the orderNa AuCl < HT (0.1, 0.5,
® Abstract published irdvance ACS Abstractdfay 1, 1996. and 5.5 eV, respectively), as the covalency of the-Rhbond
@ gﬁ'ecr?]' é‘o'gigg?gl'géfl%'mStead’ M. M.; Reedy, P. E., JIrAm. increases. Such orbital interaction is in keeping with the
(2) Balch, A. L.; Oram, D. E.; Reedy, P. E.; Reimer, S.HAm. Chem.  eXistence of a wide variety of adducts of Mtomplexes with
Soc.1989 111, 4021. ' a Lewis acid occupying an axial position (see Table 1 and
) Bl & caliaro, . 3, St . e 36,0mseaddiscussion below), formally 16 electron species
(4) Ziegler, T.; Nagle, J. K.; Snijders, J.; Baerends, EJ.JAm. Chem. Given the existence of an emptyarbital at the metal atom,
Soc.1989 111, 5631. the bonding molecular orbital (essentially)dis hybridized
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Table 1. Structural Data for Adducts offeML s Complexes with Lewis AcidsAMLs, A{ML4}2, and A;ML4)2

compound M A MAR) oa(deg) compound M A MAR) aa(deg)
AML 4
[RhCu(MeN3)(PPh)(CO)CI] Rh Cu 2.738 91.8 {PtPd(mecMeNHy)2}(pyz)P* Pt Pd 2.492 89.3
[Rha(dppm}(O-CeCls)(CO)] Rh Rh 2.637 925  [PtPd(me()Hz)s2* Pt Pd 2,511 89.1
[Rhz(etdp)Cl,(CO)] Rh Rh 2.661 91.5 [PtPd(mef\Hs).(meu)lt Pt Pd 2.515 89.6
[Rho(pnpx(CO)2* Rh  Rh 2.674 90.9 [PtPd(metNH3).Cll* Pt Pd 2.518 89.8
[Rhy(tdpm)(MeCN)(CO)]?+ Rh Rh 2.745 90.1 [PtPd(metMeNH,)(SCN)I" Pt Pd 2.521 89.4
[Rh:Ag(PPh)(CeFs)2(P{OPH3)] Rh Ag 2.635 90.4  [PtAg(€Fs)s(tht)(PPh)] Pt Ag  2.637 92.9
[Rh(oep)][In(oep)] Rh In 2.584 89.9 [PtAgEEs)a(tht)]~ Pt Ag 2.641 92.6
[RhAu(pnpY]2* Rh Au 2.850 89.5  [PtAg(6Fs)2(CeCls)(tht)(PPh)] Pt Ag  2.650 93.5
[RhAu(pnpY]2* Rh Au 2.857 89.9  [PtAg(6Fs)x(CeCls)(tht)]” Pt Ag  2.692 91.3
[Pd:Nag(mtc(Hmtc))] Pd Na  3.101 91.8  [PGIPtAY(GFs)s(tht)(PhMe};] Pt Ag  2.818 92.1
[PATI(MeCO)s] Pd TI 2.702 90.9 [PtAg(Hmec)(meu)(N]2* Pt Ag 2.906 90.2
[PdTI(crown)(CN)]* Pd TI 2.897 92.4  [RMes(dppm)]* Pt Pt 2.769 92.4
[IrCu(Me:Ns)(Me;,PPhY(CO)CI]  Ir  Cu 2.686 90.7  [PtAu(dppmaiCN)]* Pt Au  3.046 91.3
[IrCu(dppm}(CO)(CCPh)CI] Ir Cu 2.832 90.7 [PtHg(Me-me@yleNH,);]%" Pt Hg 2.765 89.7
[IrAu(dppek(PPh)]>* Ir Au 2.625 92.3 [PtHg(megjMeNH;),]2* Pt Hg 2.785 89.6
[IrAu(dppm)(MeNC)]#* Ir Au 2.944 92.0 [Pt(HgCIBrjPrNCHNTol)(damb)] Pt Hg 2.833 92.8
[IrAu(dppm)(MeNC),]2* Ir Au 3.059 91.7  [Pt(HgQINO3})(mech(MeNH);] Pt Hg  2.835 90.5
[IrTI(crown)(CO)CIJ* Ir TI 2.875 93.3 [PtTI(crown)(CNJ* Pt TI 2.911 93.6
[PtCa(oxaz)Cl] - Pt Ca 2.960 92.4  [PtTI(crown)(CHy Pt TI 2.958 92.9
[PtCu(meu)(NH3)2(H20)2]2+ Pt Cu 2.765 91.2 [Aj.(thP{ CH2}2)2C|2] Au Au 3.184 90.7
[PtZn(meu}(NHz)z(H20)s2* Pt Zn 2.760 91.3  [Awlterpy)Cly] Au Au  3.300 90.8
A{MLg},
[RhAg(btt)z(codk(CIO,)] Rh Ag 2795 89.6  [RPd(meu)(NHas),2" Pt Pd  2.836 90.2
[Rh,Ag(dpma)Cls(CO)] Rh Ag 3.352 91.7  [RPd(meu)(NHa)42* Pt Pd 2.839 89.9
[Rh,Ag(dpma)Cls(CO),] Rh Ag 3.398 91.4 [PAg(acac)(CeFs)4] Pt Ag 2.674 90.4
[Rh,Au(nda)(PPE)s(CO)] Rh Au 2.690 91.3  [PAG2CeCls)sCly? Pt Ag 2747 90.4
[Rh,Au(nda)(PPh)s(CO)] Rh Au 2797 91.2  [RAGACsCls)sCla]2 Pt Ag 2755 90.3
[RhzHg(pz)(PPh)(COXCl,] Rh Hg 2.804 91.7  [RAYACeCls)sCls)> Pt Ag 2765 90.4
[Ir Ag(dpma)Cls(CO),] Ir Ag 3.355 91.1  [P4AQACeCls)eCla]2 Pt Ag 2782 89.3
[Ir2Ag(dpma)Cls(CO),] Ir Ag 3.363 92.1 [P4AQ(CsFs)4Cl(OEL)] ~ Pt Ag 2.759 89.5
[Ir .Sn(dpma)Cls(COY] Ir  Sn 2.741 96.1  [RAY(CeFs)4Clo(OEL)]™ Pt Ag 2782 89.8
[Ir2Sn(dpmayCls(CO)]* Ir  Sn 2.742 96.4 [RAQ(CsFs)s(OEL)]~ Pt Ag 2.804 92.9
[Ir 2Sn(dppb)Cly(COY) Ir  Sn 2.752 98.2  [RAG(CeFs)s(OEL)] Pt Ag 2815 94.0
[Ir2Sb(dpma)CO)Cl,F,] * Ir Sb 2.655 95.5 [RAQ(OH)3(enk(NOs)3] ™ Pt Ag 2.839 92.6
[Ir,Au(SOy)(dpma}(COXClo]* It Au 2.953 90.7  [PJAG(OH)s(en)(NO3)s]* Pt Ag  2.893 91.6
[Ir2Au(dpma}(COXCl,) * Ir Au 3.012 91.2 [P3Ag(OH);(enk(NOs)s] ™ Pt Ag 2.899 92.5
[Ir 2TI(NO3)(dpma}(CO)Cl] Ir Tl 2.960 94.4  [PtAg(mety(NHa)]* Pt Ag  2.849 90.6
[Ir2TI(NO3)(dpma}(CO)Cl;] Ir Tl 2.978 94.2 [PsAg(meth(NHz)4* Pt Ag 2.884 90.2
[Ir Pb(dpma)CO)Cll] Ir Pb 2.831 95.8  [RAG(dppMYCN)A(CFSO)] Pt Ag  3.002 90.5
[Ir .Pb(dpma)CO)ClI] Ir Pb 2.854 95.5  [R{HYCI)(CoFs)s(OH)]2 Pt Hg 2648 92.0
[Pt:Dg]5~ Pt D 1.852 96.8  [R{HYCI)(CoFs)s(OH)z > Pt Hg 2678 93.5
[PMn(met)(NHz)4]2" Pt Mn 2704 90.5  [REHGCI)A(CsFs)s(OH)s% Pt Hg 2714 91.9
[PLCu(Hmec)meup(NHs) 4 Pt Cu 2.681 90.4  [REHGCI)(CoFs)s(OH)zJ2~ Pt Hg 2720 90.5
[Pt,Cu(meu)(NHz)42* Pt Cu 2.685 89.3  [RHQ(CoFs)/(OH)]> Pt Hg 2718 92.6
[PtPd(meu)(NHa)]3* Pt Pd 2.633 90.1  [RUCeFs)sTI]Z Pt TI 2.703 94.2
[PtPd(meu)(NHa)]3* Pt Pd 2.641 90.2  [RTl(met)(NHa)* Pt TI 3.085 90.8
[PLPd(met)(en)]** Pt Pd 2.646 90.4 [RHCsFs)sPb] Pt Pb 2.782 93.9
AoML 4

[PtKal 4] Pt K 3.437 90.0  [PtTACN)4] Pt Tl 3.140 90.0
[PtKo(meul,] Pt K 3.688 90.0  TPdSe Pd TI 2.923 90.0
[PtAg2(meux(NH3)(H,0)(NOs)] Pt Ag 2.863 90.8 [Au(dppe)] ™ Au Au 3.049 90.0
[PtAgz(meu}(NH3)(H,0)(NOs)] Pt Ag 2.896 89.1 [Ay(dppe)] Au Au 3.052 89.9
[PtAgo(S,CNEb)e] 2 Pt Ag 2.932 90.0  [Au(Hdmg)[AuCl,] Au Au  3.260 90.0

a See Supporting Information for references.

In fact, many pentacoordinate complexes ®ftbtal ions have
been isolated and characterizeti(Table 2), the formation of

a pentacoordinate species through the association of a fifth
ligand being usually the key step in the ligand substitution
processe8. 13 Even if the pentacoordinate complexes may

toward the RR-A interatomic region, whereas the antibonding
combination (essentially,pis hybridized away from that bond
(Figure 1). As aresult, the AMimolecule is a better acceptor
through its hybridized porbital than the parent MiL.complex
through its unhybridized jorbital. Experimental evidence of
the enhanced acceptor character of the metal atom in the,AML
adduct relative to ML will be invoked in the discussion below.

It is obvious that binding of two Lewis acids to the axial
coordination positions is also possible, givingML, com-
pounf_’s- HOWGYer' the resulting-VA bonds Shou'_d be weaker (9) Basolo, F.; Pearson, R. ®lechanisms of Inorganic Reactiornd
than in AML, since only two electrons are available for two ed.; Wiley: New York, 1967.

M—A bonds. Hence, this type of compound is more likely to (10) Cattalini, L.Progr. Inorg. Chem197Q 13, 263.
occur for the more ionic MA bonds (A= K+, TI*; Table 1)_ (11) Lan_gfor_d,.C. H.; _Gray, H. BLigand Substitution Processeznd ed.;
8-ML 4, Complexes as Acceptors.In principle, a ¢-ML Benjamin: Reading, MA, 1974 i oS

d 4 p p -In principle, -4 (12) Mechanisms of Inorganic and Organometallic Reactjonsigg, M.

complex can behave as an acceptor by using its emyaisbjtal.

(5) Favas, M. C.; Kepert, D. LProgr. Inorg. Chem1979 27, 325.
(6) Kepert, D. L.Inorganic StereochemistnBpringer: Berlin, 1982.
(7) Holmes, R. RProgr. Inorg. Chem1984 32, 119.

(8) Auf der Heyde, TAngew. Chem., Int. Ed. Endl994 33, 823.

V., Ed.; Plenum: New York, 1984; Vol. 2.
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Table 2. Structural Data for Adducts offeML 4 Complexes with
Lewis BasesNIL4B)?

compound M B MB(A) oz(deg)
[Co(CO){ PPh},NCMes);] Co C 1.796 102.5
[Cox(hmtaa)(COH)]3~ Co C 2.061 93.8
[Cox(hmtaa)(COH)]3~ Co O 2.278 92.5
[Co(dmgBR)(py)]~ Co N 2.018 98.3
[Co(itp)(CO)(R OMe} 3)] ™ Co P 2.196 101.4
[Ni(CN)s]®~ Ni C 2.170 100.2
[Ni(CN)2(Me-phos)] Ni P 2.321 104.6
[Ni(PMes)({ HSCsH4S} 2C5He) ]2 Ni S 2.613 95.5
[Nil(depe}]* Ni | 2.797 96.3
[Ru(dmpe)(PMey)] Ru P 2.297 103.6
[Rh(SQ)(NO)(PPh),] Rh P 2.410 95.8
[RhCI(ttp)(SQ)] Rh S 2.325 96.4
[Rh(CO)(ttp)(SQ)]* Rh S 2.433 92.1
[RhCI(PPh)(SO,)]2 Rh S 2.370 97.6
[RhCI(CO)(PPB)A(SO)] Rh S 2.450 95.3
[Rh.Cl(NO)o(dppm}] >+ Rh CI 2.454 97.3
[PA{ 2-pyCH} 5[9]aneNs)]2* Pd N 2.580 91.3
[Pd(Meyphen)(PhPMg3]2* Pd N 2.588 92.8
[Pdx(quipy)]** Pd N 2.600 93.5
[Pdx(quipy)]** Pd N 2.633 95.1
[PdCI(phen)(PP§);]* Pd N 2.680 93.4
[Pd{ CRCO} CH)(P{o-MeGH4}3)] Pd O 2.795 93.1
[PACI{ OH} sMeg[14]aneR)] Pd Cl 2831 96.5
[PACL(PhPMe)s] Pd CI 2956 94.2
[PdCI(dbtp)] Pd CI 3.106 87.6
[PdClI(tpas) Pd As 2.860 90.7
[PdBr(2-Ph-isophosphindoling)  Pd Br 2.923 95.3
[PdBr(2-Ph-isophosphindoling) Pd Br 3.017 94.5
[PdBr(Et-phos}] Pd Br 2.936 96.3
[Ir(CO)(PPh),({{MeC} P} ,NMe)]* Ir C 1.901 105.7
[Ir({ CN} 4im2)(cod)(PPB)] - Ir N 2.322 97.9
[Ir(MeNC)(dppe}]*™ Ir P 2.345 102.4
[Ir(CO)(dppe}]* Ir P 2.370 99.3
[IrCI(CO)(dpma)(SQ)]. Ir S 2.413 95.0
[IrCI(CO)(PPh)x(SOy)] Ir S 2.488 94.4
[Ir(SnCls)2(CO)(dpma)f Ir Sn 2.591 103.8
[Pt(CN)(phenj] ™ Pt N 2.761 92.5
[Pt{ CRCO} CH)(PCys)] Pt O 2.772 91.3
[PtCl(cyclotrithiatriveratrilene)] Pt S 2.860 91.7
[Pt([9]aneS),])?" Pt S 2.878 90.8
[Pt([9]aneg),)?" Pt S 2.923 90.4
[Pt(GeCh)s]~ Pt Ge 2481 100.7
[PtBry(Me-phos)] Pt Br 3.027 94.4
[PtBry(Et-phos)] Pt Br 3.141 94.0
[AuCl3(Mezphen)] Au N 2.584 91.8
[AuBr(CN)(phen)] Au N 2.608 91.3
[AuBr3(Mezphen)] Au N 2.615 92.6
[Au(dmp)(phen)(PP$]2" Au N 2.627 92.6
[AuBr3(pq)] Au N 2.636 91.6
[AuCl3(pa)] Au N 2.672 90.8
[AuClI(tpp)] Au Cl 3.010 90.4
[{ AuCla(bipy)} .CI1* Au Cl 3211 91.2
[{ AuCla(bipy)} .CI* Au Cl 3224 90.7

a See Supporting Information for references.

present a trigonal bipyramidal structure, we will assume a square
pyramidal structure except when otherwise specified, since the
two structures are close in energy and their interconversion has
low-energy barrier84

A simplified diagram for the orbital interaction between ML
and a Lewis base B is shown in Figure 2. In this case, the d
orbital, acquires M-B antibonding character, attenuated by its
hybridization with p. This molecular orbital has higher energy
than @z in ML4 and is hybridized away from the #B bond.
In other words, the BML group is a better electron donor than
its parent ML, complex.

But things are not always simple. In our EH calculations,
the interaction of [RhG]%~ with an additional base is stabilizing

(13) Cross, R. JAdv. Inorg. Chem1989 34, 219-292.
(14) Louw, W. J.Inorg. Chem.1977, 16, 2147.
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Figure 2. Schematic diagram for thetype orbital interaction between
a square planar®éML 4 complex and a Lewis base B along the axial
direction.

for B = CO but appears to be destabilizing for=BCI~. In
fact, theo contribution represented in Figure 2 is stabilizing
for both ligands. In addition, there issatype interaction of
the occupied g and d, metal orbitals with the empty* orbitals

of CO which provides additional stability, but with the occupied

px and g orbitals of CI” (thus destabilizing the MCI bond).

Since the EH calculations cannot be relied on in their quantita-
tive aspects, they may not adequately account for the relative
weight of the stabilizing and destabilizing contributions. There-

fore, such results should be interpreted as indicative of a poorer

stability of the BML, adduct when B is a-basic ligand than

when it is arr-acid one.

Pyramidality of the AML 4, and BML 4 Complexes. It is
interesting to note that the planarity of the Mfragment is
lost to different degrees in the AMland the BML, derivatives,

a fact for which a simple explanation can be found. We have
previously showt that the p orbital of the square planar
complexes becomes strongly hybridized away from the ligands
upon pyramidalization. In this way, it is made as little-14
antibonding as possibl@4). In contrast, ¢ is M—L antibond-

2b

ing in the planar ML, fragment and becomes less antibonding
upon pyramidalization; hence, no significant hybridization of
this orbital results Zb).

The outcome of the different behavior of and d2 upon
pyramidalization of the Ml.fragment is that the acceptor ability
of ML 4 (18) improves upon pyramidalization, whereas its donor
properties {b) are practically insensitive to such structural
changes. As a consequence, an important degree of pyrami-
dalization is to be expected when the metal atom acts as an

(15) Aullén, G.; Alvarez, Slnorg. Chem.1993 32, 3712.
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Table 3. Calculated Overlap Populations for the R Bond in
[Rh'CI;B] and Its Adducts [ARKCI4B] and for the RR-A Bond in
[ARN'Cl4] and Its Adducts [ARICI4B]

B [RN'CL,B] [(CIAU)RN'CI,B] [HRhCI,B]
cr- 0.193 0.294 0.283
co 0.736 0.751 0.772

A [ARK'Cl] [ARR'CLCl.] [ARK'Cl4(CO)]
AuCl 0.175 0.286 0.400
H* 0.501 0.528 0.539

acceptor through itsjorbital, but little or no pyramidalization
should occur when it behaves as a donor throughytsrdital.
We note here also that @-acid ligand in the axial position
induces a larger pyramidalization thanrebasic one.

The pyramidality of the metal atom relative to A in the AL
compoundspa (see3), is predicted from EH calculations at
93.0 (A = H™), 90.3 (A = AuClI), and 89.7 (A = Na"),

L, L B
L\M/L a’B 1
O‘Akl L"“(M """"" L

N N

3

whereas, for the BML.complexes, the pyramidality angée;
is predicted at 98:3(B = CI~) and 104.9 (B = CO), using
[RhCl]3~ as a model for M. These results are in excellent
agreement with the qualitative reasoning just discussed. Evi-
dence for the different pyramidality effect of Lewis bases and
acids can be found in Tables 1 and 2 and will be discussed
below.

AML 4B Derivatives. If a ML 4complex can separately bond

Aullén and Alvarez

[(B)RhCI4(AuCl)]3~ model complexes confirms this (e.@s
=100, aa = 80° for B = CO; ag = 96°, ap = 84° for B =
CI).

Discussion

The theoretical model presented above is useful not only for
providing a general understanding of the bonding and structure
of the adducts of square planar complexes but also in allowing
the systematization of a wealth of experimental data, in particular
through structural correlations. In this section we discuss first
the chemical reactivity of the M.compounds and of its AML
and BMLy derivatives and then the structural data for the AML
BML 4, and AML4B complexes in light of the theoretical results
discussed above.

Chemical Reactivity. The dual baseacid properties of the
metal atom in a square planar complex, and the effect of axial
groups thereof, have a bearing on its reactivity as nucleophile/
electrophile. According to the theoretical discussion above, one
might expect square planar complexes to act as nucleophiles
through thez? electron pair, and the addition of an apical ligand
should enhance its nucleophilicity. The nucleophilic character
of square planar complexes in a number of reactions has been
proposed by several authors for compounds of O$(®h-
(1),118Co(l),1%21 and Pt(l1)22 Furthermore, the nucleophilicity
of reduced cobaloximes has been found to depend on the nature
of the axial ligand® and the addition of a fifth ligand
(iodide 2327 amines** or acetaté) to square planar complexes
has been reported to enhance their nucleophilicity.

On the other hand, our theoretical results suggest that the
electrophilic properties of afdnetal should be enhanced through
coordination of a Lewis acid. Consistently, it has been found
that the binding of a primary ammonium ion to [RR@O),]~
diminishes its nucleophilicity® On the other hand, the fact

to an acid or to a base, it can also bond to an acid and a basehat the addition of Lil to [RhG(CO),]~ results in a stronger

simultaneously, thus giving place to hexacoordinate ABIL
species, which could in principle be obtained through reactions
1 or 2. A particular pathway for the formation of such
complexes is that of the oxidative addition of an AB molecule
(e.g., CHX) to ML4 (reaction 3), although formal oxidation of
the metal atom is not necessary for the formation of the AL
compounds.

A+ML,—AML, (1a)
AML,+ B— AML B (1b)
B+ ML,—ML,B (2a)
ML,B + A — AML B (2b)
AB + ML,— AML ,B 3

As seen above, an AMladduct forms a stronger bond to a
Lewis base and a BMLderivative forms a stronger bond to a
Lewis acid than the parent square planar complex. Hence,

AML 4B complexes are expected to be especially stable. In other

words, the presence of an acceptor A, strengthens the bond i
transto a donor B andice versa The computational results
supporting this reasoning, presented in Table 3, are self-
explanatory.

Even if one can think of the AMAB derivatives as octahedral
complexes, given the different effects of A and B on the
pyramidalization of the metal atom, the average LMB bond
angle () is expected to be greater than°%hd larger than
the average LMA bond angleif). Angle optimization for the

n

nucleophilic character of the complex is explained by the
competition between the iodide and the"Libns26 with the
former being the prevailing effeét.

Oxidative addition reactions of the Mlcomplexes result in
the coordination of both a donor and an acceptor (eq 3, where
AB can be a hydrogen halide or an alkyl haf&i&?). In many
instances, such reactions have been claimed to proceed through
an associative 2 mechanism?:18:36-32 |f the first step of such

(16) Bellachioma, G.; Cardaci, G.; Macchioni, A.; Zanazzilrérg. Chem.
1993 32, 547.

(17) Haynes, A.; Mann, B. E.; Morris, G. E.; Maitlis, P. Nl. Am. Chem.
Soc.1993 115 4093.

(18) Haynes, A.; Mann, B. E.; Gulliver, D. J.; Morris, G. E.; Maitlis, P.
M. J. Am. Chem. S0d.991, 113 8567.

(19) Schrauzer, G. N.; Deutsch, E.; Windgassen, R. Am. Chem. Soc.
1968 90, 2441.

(20) Eckert, H.; Ugi, LAngew. Chem., Int. Ed. Engl975 14, 825.

(21) Galezowski, W.; Ibrahim, P. N.; Lewis, E. $.Am. Chem. S04993
115 8660.

(22) Monaghan, P. K.; Puddephatt, RJIJChem. Soc., Dalton Trank988
595.

(23) Forster, DJ. Am. Chem. S0d.975 97, 951.

(24) Hickey, C. E.; Maitlis, P. MJ. Chem. Soc., Chem. Commu®84
1609.

(25) Murphy, M. A.; Smith, B. L.; Torrence, G. P.; Agiillé. Inorg. Chim.

Acta 1985 101, L47.

(26) Fulford, A.; Hickey, C. E.; Maitlis, P. MJ. Organomet. Cheni99Q
398 311.

(27) de Waal, D. J. A.; Gerber, T. I. A.; Louw, W. lhorg. Chem.1982
21, 1259.

(28) Dart, J. W.; Lloyd, M. K.; Mason, R.; McCleverty, J. A. Chem.
Soc., Dalton Trans1973 2039.

(29) Varshavsky, Y. S.; Cherkasova, T. G.; Buzina, N. A.; Bresler, L. S.
J. Organomet. Chenl994 464, 239.

(30) Leipoldt, J. G.; Steynberg, W. C.; van Eldik, Rorg. Chem.1987,
26, 3068.
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Table 4. Structural Data for Adducts offeML 4 Complexes with an Acid and a BasaNLB )?

compound M A B M-A (A) oa (deg) M-B (A) og (deg) AMB (deg)
[RuPd (PhP)py} o(CO)YCl,] Ru Pd cl 2.660 87.4 2.477 92.6 175.3
[{ RuMe(PMe)4}-Hg] Ru Hg P 2.798 85.9 2.325 93.9 161.2
[{RuMe(PMg)4}-Hg] Ru Hg P 2.800 86.0 2.313 93.7 158.2
[Rho(dmmm)y(CO)()]* Rh Rh [ 2.735 85.4 2.848 94.6 177.1
[Rhy(dmmm)(CO)]%* Rh Rh C 2.777 82.6 1.945 97.0 176.3
[RhPd (PhuP)py} .Cl3(CO)] Rh Pd cl 2.594 88.4 2.499 91.7 174.7
[RhzPd(dpma)Cls(COY]* Rh Pd cl 2.698 88.6 2.448 91.6 175.0
[Rh2Sny{ (PheP)py} 2(CO)Cle] Rh Sn cl 2.602 89.0 2.489 91.3 172.1
[RhPt(dppm)(MeNC)Cl]2+ Rh Pt cl 2.688 90.0 2.516 90.0 173.1
[RhPt(dapm)Cl(CO)] Rh Pt cl 2.692 88.3 2.511 91.7 175.5
[RhPt(dppm)(MeNC)l] 2+ Rh Pt [ 2.703 89.5 2.807 90.5 175.0
[RhPt(dppm)(MeNC),]3* Rh Pt C 2.708 88.8 2.060 91.0 178.4
[RhPt(dapmjlz(CO)] Rh Pt [ 2.737 86.0 2.731 94.2 174.4
[Rh,Hg(pz)(PPh)2(CO)Cl,] Rh Hg cl 2.586 89.5 2.474 90.7 172.4
[Os(AgO.CCRs)(COX(PPh);] Os Ag C 2.712 79.9 1.904 100.1 172.6
[IrAg(dimen)(PPh)]3* Ir Ag P 2.640 84.5 2.385 95.6 173.9
[Ir,Ag(dimen)(Me,SO)]3* Ir Ag S 2.642 84.6 2.458 95.4 170.4
[Ir2Au(dpma}(CO)Cly] " Ir Au Cl 2.806 89.4 2.476 90.5 176.3
[Ir2Au(dpma}(CO)Cla)* Ir Au Cl 2.812 89.6 2.458 90.3 179.6
[IrAu(dppm)(MeNC)]?* Ir Au C 2.817 81.9 2.090 98.1 177.6
[Ir2Au(SOy)(dpma}(CO)Cly]* Ir Au S 3.133 87.9 2.525 91.8 163.7
[Ir o(dimeny(PPh)Au(PPh)]3* Ir Au Ir 2.607 85.4 2.986 94.7 172.9
[IrHg(CO)(PPh).Cl3]> Ir Hg cl 2.570 88.8 2.452 91.3 177.1
[IrHg(CO)(PPh).Br.Cl], Ir Hg Br 2.578 88.4 2.586 90.0 176.6
[IrtHg2Cls(CO)(dppm)(AuCl)] 2 Ir Hg P 2.618 90.8 2.385 88.9 168.7
[IrHg(ToIN3Et)z(cod)Cl]. Ir Hg N 2.618 92.1 2.195 89.1 143.5
[IrTI(MeCO,)4(CO)(PPh),] Ir Tl o 2.611 91.7 2.081 88.3 174.9
[PtHg(MeNCH,CsHa)2(MeCOy);] Pt Hg N 2.513 89.8 2.317 90.7 166.7

aSee Supporting Information for references.

reaction is the nucleophilic attack of the metal atom to an alkyl ~ Structural Trends for the AML 5, Complexes. Some
halide}"-18.22.33t should be favored by the previous coordination relevant structural data of square pyramidal AMand the
of a Lewis base, as discussed above. A rate-enhancing effectelated AML 4}, complexes are presented in Table 1. Notice
of an added Lewis base on the oxidative addition reaction of the variety of Lewis acids than can bind to &rdetal center.
alkyl halide over square planar complexes of Ri(#° and In addition, the existence of intramolecularH interactions,
Ir()?” has in fact been detected experimentally. Even if explained by the donor ability of thezdorbital3” has been
pentacoordinate intermediate species have not been detected idetected in a number of square planar complexes of RHRY),
most cases, these have been postulated as reaction intermediatq;&(||),40—45 Pd(I1),#647 or even Ni(ll)*8 However, no hydrides
because kinetic experiments have shown that pentacoordinateyre found in that list, and we will come back to discuss this
complexes are better nucleophiles than tetracoordinate’®fes.  aspect below.
A relate_d p_iece of information comes from the reactions be_tween As for the pyramidalization of the metal, the distribution of
methyl iodide and [Ir_C I(CO)(M&PRY, Wh°$e rates of reaction  yne AML bond anglesdy,) is presented as a histogram in Figure
Soerpgndzog_mg osgﬁmudel:]ést%”;ﬂeeﬁggf}gwn deoli]%?gis'ff’oer':gtggsteé (top). There, itis seen that alll qf the experimental values fall
methoxy group to thi:: Ir atof?. One of the reviewers has called the range 88 < a, =< 98, with the largest number of

) compounds clustered around-982°, as expected from the

our attention to a related theoretical study of the oxidative addi- g - . - .
tion of atomic Pd to CKCI. In it, the predominant oxidative qualitative orbital discussion above. The fact that no correlation

insertion mechanism is shown to be changed to a nucleophilic
substitution upon coordination of a chloride anion to the Pd (36)

Crabtree, R. HThe Organometallic Chemistry of the Transition
Metals Wiley: New York, 1988; p 130.

atom34
If the rate-determining step of an oxidative addition reaction
is an electrophilic attack the presence of a Lewis acid which

can eventually bind to the square planar complex is expected

(37) Wehman-Ooyevaar, |. C. M.; Grove, D. M.; de Vaal, P.; Dedieu, A;

van Koten, G.Inorg. Chem.1992 16, 5485.

(38) Bortolin, M.; Bucker, U. E.; Regger, H.; Venanzi, L. M.; Albinati,

A.; Lianza, F.; Trofimenko, SOrganometallics1992 11, 2514.
(39) Neve, F.; Ghedini, M.; Crispini, AOrganometallics1992 11, 3324.

to lower the activation energy and accelerate the rate of the (40) Albinati, A.; Anklin, C. G.; Pregosin, P. $norg. Chim. Actal984

oxidative addition reaction. In fact, in the reaction of [Ir(cod)-
L] with HCI the protonation of the metal atom has been found

to be the rate-determining step, with the coordination of the

90, L37.

Brammer, L.; Charnock, J. M.; Goggin, P. L.; Goodfellow, R. J;
Koetzle, T. K.; Orpen, A. GJ. Chem. Soc., Chem. Commua9387,
443.

(41)

chloride ion being a subsequent fast step. By using acids with (42) Wehman-Ooyevaar, I. C. M.; Grove, D. M.; van der Sluis, P.; Spek,

a non coordinating anion (e.g., HBFthe HML, adduct can
even be isolated®

(31) Venter, J. A,; Leipoldt, J. G.; van Eldik, Riorg. Chem.1991, 30,
2207.

(32) Scott, J. D.; Crespo, M.; Anderson, C. M.; Puddephatt, R. J.
Organometallics1987, 6, 1772.

(33) Miller, E. M.; Shaw, B. LJ. Chem. Soc., Dalton Tran$974 480.

(34) Bickelhaupt, F. M.; Ziegler, T.; Schleyer, P. v. Brganometallics
1995 14, 2288.

(35) van Koppen, P. A. M.; Kemper, P. R.; Bowers, M.JT Am. Chem.
Soc.1993 115 5616.

A. L.; van Koten, G.J. Chem. Soc., Chem. Commad®89Q 1367.

(43) Albinati, A.; Lianza, F.; Pregosin, P. S.; Ner, B. Inorg. Chem1994
33, 2522.

(44) Albinati, A.; Pregosin, P. S.; Wombacher,Iforg. Chem199Q 29,
1812.

(45) Wehman-Ooyevaar, I. C. M.; Grove, D. M.; Kooijman, H.; van der
Sluis, P.; Spek, A. L.; van Koten, G. Am. Chem. S0d.992 114
9916.

(46) Roe, D. M.; Bailey, P. M.; Moseley, K.; Maitlis, P. M. Chem. Soc.,
Chem. Commurl972 1273.

(47) Blake, A. J.; Holder, A. J.; Roberts, Y. V.; S¢der, M. J. Chem.
Soc., Chem. Commut993 260.

(48) Segal, B. G.; Lippard, S. Ilhorg. Chem.1977, 16, 1623.
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Figure 3. Distribution of the experimental pyramidality angles (see
3) in the adducts of ML, complexes of types AML(top), AML,B
(center), and MLB (bottom), where A and B are a Lewis acid and

base, respectively. The shaded areas indicate the compounds in whic

B is a strongo-donor.

is found between the angte, and the M-A bond distanc®
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Figure 4. Scattergram of the relative bond lengihs s (see eq 4) as
a function of the pyramidalityos for the adducts of square planar
complexes of the type MIB (top, squares) and AMB (bottom,
circles).

by using a relative bond lenggu-g which defines the ratio of
the experimental bond distana(g) to the sum of the covalent
fadii (rw andre, respectively):

— dM*B
Pu-8 ry + g

(4)

can be attributed to the small range of experimental angles and

the wide variety of compounds.

Structural Trends for the BML 4 Complexes. The situation
is clearly different for the BML complexes. As expected, a
marked deviation from planarity of the Mlgroup is observed
upon coordination of B (Table 2 and Figure 3, center), with the
BML angles in the range 87< ag < 106°. It is noteworthy
that those groups B consideredstiongo-donors (phosphines,
carbonyl, isocyanides) present larger valuesygthan poorer

The resulting values are plotted against in Figure 4
(squares). No good correlation can be found between the two
structural parameters, which is not surprising given the rough
approximation used to represent bond distances of different
atomic pairs with a single parameter and the diversity of
compounds under consideration. Nevertheless, the general trend
is that the distribution of the experimental distances is centered
at smaller values for the larger pyramidality angles. Such

donors (alkoxides, amines, etc.), in excellent agreement with tendency will be discussed in more detail below, in conjunction

the differences found in our calculations with C& (= 104.9)
and CI (ag = 98.3) axial groups.

with the data for the AMLB compounds.
Structural Trends for the AML 4B Complexes. As seen

With the wide range of pyramidality angles presented by the in the previous sections, the attachment of an acid to the ML
BML, complexes, one should expect to observe a dependencenolecule enhances the acidity (Figure 1), whereas the coordina-

of the B—M bond distances on the angig.>4%51 However,

tion of a fifth Lewis base enhances the basicity of the metal

there are no large families of similar compounds to make such atom (Figure 2). One should therefore expect that theAv
a study feasible. Small groups of compounds apparently and M—B bonds in the AMLB complexes reinforce each other,

following the expected trend (shorterB/ distance for the
larger angleag) are those with the following MB bonds:
Rh—S (with ttp or with PPl), Pd-CIl, Pd-Br (with the
2-phenylisophosphindoline ligand)AP, Ir—S, PtS, and Pt

being stronger than in the AMLand BML; compounds,
respectively. Such effect can be detected in the structural data
for M—B bonds (Tables 2 and 4). It can be better seen in Figure
4, where for the same pyramidality anglg the M—B distances

Br. It must also be noted that, at first S|ght, the Compounds are in genera| shorter (i-q)MB Sma”er) in the AMLB fam”y

with Au—N and Pd-N bonds do not follow the expected trend.

than in the MLLB compounds. One can also observe in Figure

Although a more general analysis of the structural data is 4 that theag angles are larger in the MB complexes than in

difficult due to the diversity of complexes and Lewis bases

the AML4B family.

structurally characterized (Table 2), we attempt such an analysis  perhaps the best illustration of the-M bond-strengthening

(49) Mota, F.; Novoa, J. J.; Losada, J.; Alvarez, S.; Hoffmann, R.; Silvestre,

J.J. Am. Chem. S0d.993 115 6216.
(50) Mastryukov, V. S.; Scheffer, H. F., Ill; Boggs, J. &cc. Chem. Res.
1994 27, 242.

(51) Losada, J.; Alvarez, S.; Novoa, J. J.; Mota, F.; Hoffmann, R.; Silvestre,

J.J. Am. Chem. S0d.99Q 112, 8998.

ability of the basic groups itransis provided by a binuclear
complex of RR? (4), in which the metal atom with an additional
chloride ligand is strongly bonded to an Hgion (2.59 A),

(52) Tirippichio, A.; Lahoz, F. J.; Oro, L. A.; Pinillos, M. TJ. Chem.
Soc., Chem. Commu984 936.
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whereas the metal atom withoutransligand forms a weaker
bond (2.80 A) to the same ion. The synergetic strengthening
of the M—A and M—B bonds in the AMLLB compounds can

Inorganic Chemistry, Vol. 35, No. 11, 1998143

from BML,4 to AML 4B, as for the P£N bonds (92.%7 and
90.7,58 respectively), the distance is clearly shorter in the
compound with the acid group imans (2.317 vs 2.761 A).

It is also remarkable that whenever a proton occupies one of
the axial positions, one finds also another ligandrans due
to the important enhancement of the Lewis acidity induced by
the M—H bond, giving short M-B distance® and allowing
the coordination of bases with low coordinating abifity!

The donor ability of the metal atom in a square plan&r d
ML 4 complex is clearly demonstrated by an interesting family
of compounds in which such complex acts as a ligand through
its metal atom toward &ML 3 fragment. A theoretical analysis
of bonding in this particular class of compounds and a literature
account has been recently publisiédThe qualitative bonding

also be appreciated in the trio of related compounds representednodel presented here can be extended to explain the -metal

in 5: the Ir~Ag distances of 3.36 Ain compounds of type

“’“'"'wl ......
— r\
Ag* PR,
2 PR,
I 2.35-2.37 A l
336 A S
A / \

Ag*
Aog = -10°

w

&
Y

",

AML 4 (Table 1) are shortened to 2.64 A upon addition of a
Lewis base such as a phosplither DMSO5>* Conversely, the
P—Ir distances in the [(PRIrL 5] compound&>>6are practically
identical when a Lewis acid is presenttians. However, it
must be noticed that the pyramidality angtes) for the Ir—P
bond is much smaller in the presence of the Lewis acid. This
means that the weakening of the-PP bond due to the smaller
pyramidality angle and the strengthening due to the effect of
thetransacid are practically compensated. Such compensation
of effects can also be appreciated in the-#%758 and Rh-
CI5259-66 ponds. When the pyramidality angle changes little

(53) Sykes, A. G.; Mann, K. Rnorg. Chem.199Q 29, 4449.

(54) Sykes, A. G.; Mann, K. RJl. Am. Chem. S0d.988 110, 8252.

(55) Jarvis, J. A. J.; Mais, R. H. B.; Owston, P. G.; Taylor, KJAChem.
Soc., Chem. Commuf966 906.

(56) Goldberg, S. Z.; Eisenberg, Rorg. Chem.1976 15, 58.

(57) Statler, J. A.; Wilkinson, G.; Thornton-Pett, M.; Hursthouse, MJB.
Chem. Soc., Dalton Tran§984 1731.

(58) Jones, R. B.; Libertini, Bnorg. Chem.1986 25, 1794.

(59) Balch, A. L.; Catalano, V. dnorg. Chem.1992 31, 3934.

(60) Ge, Y.-W.; Sharp, P. Rnorg. Chem.1991, 30, 1671.

(61) Farr, J. P.; Olmstead, M. M.; Balch, A. . Am. Chem. S0d.98Q
102 6654.

(62) Farr, J. P.; Olmstead, M. M.; Balch, A. Inorg. Chem.1983 22,
1229.

(63) Balch, A. L.; Fossett, L. A.; Olmstead, M. M.; Oram, D. E.; Reedy,
P. E., JrJ. Am. Chem. Sod.985 107, 5272.

metal interactions in dimers and chains &ML 4, complexe&74
and to explain how the addition of a Lewis acid to one of the
metal atoms in &--d® dimers reinforces the M-M contact.

Conclusions

Our combined theoretical and structural correlation study of
the axial bonding capabilities of the square plan&ivid 4
complexes allowed us to obtain quite general conclusions rooted
on simple qualitative bonding ideas and provide a rationale for
a large body of structural data.

Upon bonding of a Lewis acid at an axial coordination site,
the resulting AML, adduct becomes a better axial acceptor than
the parent Ml complex. A{ML,} compounds can also be
formed, although the AM bonds are weaker in this case than
in AML4. In a similar way, a BML molecule is a better
electron donor than its parent Mlcomplex. These adducts
are expected to be more stable if B iswaacid ligand. A
synergetic effect can be observed, since the presence of an
acceptor A bonded to MLstrengthens the bond tmansto a
donor B, andvice versa

The addition of axial groups modifies the reactivity of the
metal center. In particular, the oxidative addition reactions on
ML, complexes which occur through an associativig2 S
mechanism should be favored by the previous coordination of
a Lewis base if the rate-determining step is the nucleophilic
attack of the metal atom. Conversely, in those cases in which
the rate-determining step is an electrophilic attack the presence
of a Lewis acid is expected to speed up the oxidative addition
reaction.

An important degree of pyramidalization at the metal atom
is to be expected when the metal atom acts as an acceptor
through its p orbital, but little or no pyramidalization should
occur when it behaves as a donor through #®rbital. Hence,
in AML 4 adducts the experimental pyramidalities fall in the

(64) Balch, A. L.; Hope, H.; Wood, F. El. Am. Chem. S0d.985 107,
6936.

(65) Balch, A. L.; Guimerans, R. R.; Linehan, J.; Olmstead, M. M.; Oram,
D. E. Organometallics1985 4, 1445.

(66) Bailey, D. A.; Balch, A. L.; Fossett, L. A.; Olmstead, M. M.; Reedy,
P. E., Jrinorg. Chem.1987, 26, 2413.

(67) Wernberg, O.; Hazell, Al. Chem. Soc., Dalton Tran98Q 973.

(68) van der Ploeg, A. F. M. J.; van Koten, G.; Vrieze, K.; Spek, A. L.
Inorg. Chem.1982 21, 2014.

(69) Ashworth, T. V.; Nolte, M. J.; Singleton, E.; Laing, Nl. Chem. Soc.,
Dalton Trans.1977 1816.

(70) Bauer, H.; Nagel, U.; Beck, W. Organomet. Chen1985 290, 219.

(71) Marder, T. B.; Chan, D. M.-T.; Fultz, W. C.; Calabrese, J. C.; Milstein,
D. J. Chem. Soc., Chem. Commu987, 1885.
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1995 117, 7169.
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range 88 < aa < 98°. In contrast, in the BML complexes
angles in the range 87< ag < 106 are found, withstrong
o-donors presenting larger valuesoaf than poorer donors. An
observed trend is that for the same pyramidality arglehe
M—B distances are in general shorter in the AjBLfamily
than in the AML, one.
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Appendix

Computational Details. Extended Huakel calculations of molecular
orbitals 7> were carried out using the modified Wolfsberigelmholz
formula’® and standard atomic parametérg] 8 with the help of the
CACAO program?? The models used for our molecular orbital

(75) Hoffmann, RJ. Chem. Phys1963 39, 1397.

(76) Ammeter, J. H.; Bgi, H.-B.; Thibeault, J. C.; Hoffmann, R. Am.
Chem. Soc1978 100, 3686.

(77) Summerville, R. H.; Hoffmann, R. Am. Chem. Sod976 98, 7240.

(78) Ruiz, E.; Alvarez, E.; Hoffmann, R.; BernsteinJJAm. Chem. Soc.
1994 116 8207.

(79) Hoffmann, R.; Chen, M. M. L.; Elian, M.; Rossi, A. R.; Mingos, D.
M. P. Inorg. Chem.1974 13, 2666.

(80) Hoffmann, R.; Minot, C.; Gray, H. Bl. Am. Chem. S0d.984 104,
2001.

Aullén and Alvarez

calculations were the complex [Rhs (D4 symmetry) and its adducts
[ZRhCLy]3~ (C4, symmetry), with Z= H*, AuCl, Na", CI~ and CO,
using the following: bond distancésRh—H = 1.57 A% Rh—Au =
2.70 A, Rh-Na=2.70 A, Rh-CI = 2.40 A, Rh-C = 1.80 A, Au—
Cl =228 A and GO = 1.15 A, and Rr-Au—Cl and Rr-C—0
bond angles of 180

Database Search.The collection of structural data was obtained
mostly through a systematic search of the Cambridge Structural
Databas® for compounds of general formulas Misquare planar),
AML 4, or BML, (square pyramidal), and AMB. M was imposed to
be a metal at its oxidation state with &abnfiguration: Co(l), Rh(l),
Ir(1), Ni(ll), Pd(11), Pt(il), Au(lll), Ru(0), and Os(0). The donor atoms,
L and B, were allowed to be any element of the periodic groups 14,
15, 16, or 17. As acceptor atoms A, all metals and semimetals were
allowed in the search. The presence of H in the A position was admitted
if it is the only hydrido ligand present in the complex.

Supporting Information Available: Tables listing references for
the structural data in the tables and of abbreviations used for the ligands
(15 pages). Ordering information is given on any current masthead
page.
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