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An NBO second-order perturbative energy analysis is used in a quantitative study of back-bonding
toward YX3 (Y = P, N, C, Si; X=H, F, Me, Ph, OMe) ligands as well as pyridine and bipyridine. The
st acceptor character of these ligands in-M L'—M—L, and M(CO}L complexes is studied at the
B3LYP level of theory. All phosphine ligands are found tosb@acceptors, whereas the NEnd NMeg
ligands are found to be-only ligands. The NBO analysis also identifies competitive back-bonding and
shows that even the carbon- and silicon-containing ligands have sdmeding character.

Introduction

Metal—ligand bonding is central to organometallic catalysis.
The strength and nature of the metahrbon bond determines

the geometry and stability of the various intermediates in a

orbitals in this case are linear combinations of theXP
antibondingo* orbitals” Earlier suggestions that phosphorus
3d orbitals play a role in accepting density from the metal have
now been discountetlin this study, we wish to assess the
energetic impact of the back-bonding. This type of bonding

catalytic cycle! Bonding between the metal and various forms; together with other interactions suchcabonding and

spectator ligands is also crucial, as it plays an important role in

electrostatic interactions, one of the major contributions to the

tuning the metat-carbon interactions. Understanding the nature g4 metatligand binding.

of the metat-ligand bond is therefore very importahthe key

Several studies have already attempted to assess the impor-

aspects of bonding in metal complexes are fairly well estab- 46 of hack-bonding, either by linking it to an experimentally

lished, with contributions from electrostatic interactions and

from covalento bonding arising from donation of a ligand-
based lone pair to an empty metal orbital. In some cases,
interactions also play a role. Ligands with lone pairs can

observable quantity of the entire molecule or by breaking up

the energy expression into several terms, one of which corre-
sponds to back-bonding. The first approach can be based either
on experimental work or on computation, whereas the second

donate electrons into metal d orbitals of appropriate symmetry, approach is necessarily computational. Both approaches are

whereas ligands with low-lying vacant orbitals can accept

electrons. This latter effect is referred to as back-bonding and

is very well known for stronglyr-accepting ligands such as
carbonyl.

intrinsically rather challenging, because the real bond is a result
of a combination of all effects, includingandz bonding, and

discriminating between them requires reference to hypothetical
and hence somewhat arbitrary states in which one or more of

For some other ligands, especially the very important phos- ihese contributions has been removed.
phine ligands, the existence and strength of this interaction are  gy,dies based on whole-molecule properties usually only

unclear® As part of our work in developing a ligand knowledge

provide insight into the relative importance mfbonding for a

base} we are interested in using computational methods to range of different phosphines. According to a structural survey
analyze the role of back-bonding in complexes of phosphines 5t yond lengths in M(CQ). complexes, the trialkyl PMgigand

and related PXphosphorus ligands. In a previous papere

has a weala acceptor character comparable to the; Risgand?

used the electron density difference function between neutral Apother structural study based on methgiand bond lengths
metal complexes and the corresponding cation (in another ¢ cr(CO)(PPh)L complexed classifies the aryl PRHigand

context, this is the finite-difference Fukui function) to demon-
strate thatr back-bonding does occur even to relatively weak
acceptors such as trialkyl and triaryl phosphif@se acceptor
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as well as a photoelectron spectroscopy study of MgCO)
complexes?

Leyssens et al.

the r contribution to be 85 to 200% (9 to 20 kcal/mol) of the
o interaction® The different schemes rely on slightly different

Some “whole molecule property” studies attribute numerical procedures to decompose the overall energy change into its
values to ther acceptor character of the different phosphines. different contributions, which explains these discrepancies

Within the QALE (quantitative analysis of ligand effects)

concerning the exact value of tleback-bonding interaction

approach; the  acceptor parameter is estimated on the basis strength. However, all these methods predict a very large

of the redox potentials of MeCp(C&JinL complexes and the

pKa values of the L ligands under the assumption that aryl-

and alkylphosphines are-only ligands!®> While this enables
one to characterize the nature of more stronghaccepting

contribution of back-bonding to the overall bond energy.

In this study, we use a different computational approach to
estimate the energetic stabilization associated with the back-
bonding interaction. The natural bond orbital (NBOnethod

ligands such as phosphites, it is a questionable assumption, asleveloped by Weinhold and co-workers provides an estimate

shown among others by our previous wérkhe 7 acceptor

of the energy impact of secondary bonding interactions, which

scale based on this technique thereby effectively contains anact as small perturbations to the total bonding. The energy

electronic threshold for the onsetatbonding. Another striking
feature of this scale is the remarkabiecceptor ability of the
PF; ligand, classified as three times more stronglgiccepting
than the PGl ligand.

contribution is derived from interactions between donor and
acceptor orbitald! This approach has been applied to a number
of chemical problems, yielding chemically satisfying models
accounting for effects such as the small energy difference

The “whole-molecule” approach uses an experimentally betweencis andtrans difluoroethene’? the torsional barrier to
observable quantity, which is in principle due to a reorganization rotation in ethané3 the relative stability of the isomers of the
in o, 7, and electrostatic bonding as well as to steric interactions, HOI—H,O complexeg# and the properties of XH bonds in
to quantify just one of these aspects. The main idea of the secondX—H---Y hydrogen bond? for a wide range of X and Y groups.
approach is to avoid the potential pitfalls involved in decon- This technique can also be applied in transition metal chemistry.
voluting all these effects by instead immediately evaluating the For example, it has been used to quantify the role of interligand
energetic stabilization associated with the specific back-bonding C—H---C hydrogen bonds in mono- and binuclear Rh(l)
interaction. Because experimental techniques cannot probederivatived® and to examine back-donation from Znto the
specific bonding interactions, this requires the use of computa- antibondings* C—0 orbital in the Zn(NH;COO)~ complex?’

tion.

In this paper, we will use the NBO method to estimate the

The first theoretical estimations of the back-bonding inter- energy contribution of back-bonding interactiond=,) toward
action in transition metal complexes were based on a decom-YX3 ligands (Y= C, N, Si, P). We start by discussing the

position of the total metalligand bond energy.By using a

different NBO-based methods available to compute denor

stepwise calculation of the correct SCF bond energy, the latter acceptor interactions and the overall features of the electronic
can be dissected into different contributions. By identifying one structure of the compounds investigated. Our results provide a

of these contributions with the back-bonding interaction, an

ranking of the back-bonding ability of different phosphine,

indirect measure of the energetic stabilization due to this type phosphite, and related ligands and also allow a comparison to

of bonding is obtained.

be made with ther acceptor strength of other ¥2(Y = C, N,

The importance of the back-bonding interaction varies Si) Iigands as Welllas other N-ba_sed ligands such as pyri.dines.
however according to the type of decomposition scheme used.In a final part of this paper we will compare the NBO-derived

On the basis of an extended transition state (Ef&composi-

tion scheme including only the lowest unoccupied virtual

orbitals, & back-bonding in Fe(CQIPR; complexe¥’ is esti-

mated to make a contribution to the overall bond energy of 17

to 40% (between 7 and 13 kcal/mol) of the size of ihe

interaction. In other calculations including all virtual orbitals

during the orbital relaxation step of the ETS procedure,

bonding was predicted to contribute between 33 and 100% (13

to 33 kcal/mol) of the impact of the-bonding term for
M(CO)sPRs complexes?® An even higherr/o ratio is obtained

results with those from the energy decomposition schemes.

Computational Details

All structures were optimized using Becke’s three-parameter
hybrid functional (B3LYP), as implemented in the Jaguar progiam.
Optimized geometries are provided in the Supporting Information.
For the metal atom, an effective core potential (treating relativistic
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effects for Mo and Tc) was used to represent all but the valence bonding in octahedral complexes mainly involves three-center
nd and (+1)s and outer cores andnp electrong® The latter were  four-electron bonds (also referred toadonds)2%237Two filled
described with a triplé- contraction of the original doublé-basis o orbitals on a pair of ligands lyingrans to each other mix
set; this combination is referred to as the LACV3P basis set. All with an empty séihybrid on the metal to provide a bonding, a
nonmetal atoms were described using the standard 6-31G(d) basis,onbonding, and an antibonding set of orbitals. Electrostatic

set (with only the five spherical harmonic d functions). interactions typically also stabilize the complex. For square
Second-order perturbative NBO analysis is used to estimate thepjanar complexes, three-center four-electron bonding with
metal-ligand back-bonding interaction energhEy). Careful donation from two sets dfansorbitals into a pair of sd hybrids

choice of the reference valence-bond orbital occupation pattern for
the NBO analysis is necessary in order to obtain meaningful and
comparable results. Our choice of reference configuration is
discussed below. The overall enefyiz,, is obtained by summing

also predominate¥.
A more serious shortcoming is that with the default settings,
the NBO program does not include any three-center four-

up all second-order perturbation interactioB§2) terms) between glectron bonds. These need to be spec[fled manually to be
the NBO metal donor orbitals and the relevant ligand acceptor INcluded. For most of the complexes studied here, the default

orbitals. Briefly, the donor orbitals include the metal-based singly @nalysis leads to a poor reference configuration and to perturba-
or doubly occupied d orbitals on the metal atom, whereas the tion contributions that cannot be analyzed to assess the
acceptor orbitals include the-XY o* orbitals for XY3ligands and ~ importance of back-bonding interactions. We have used the
the N-C o* and z* orbitals for pyridine ligands. A detailed listof ~ CHOOSE procedure as implemented in NBO to get a consistent
the donor/acceptor orbital interactions considered for the determi- reference configuration for all NBO analyses described here,
nation of AE,y, is given in the Supporting Information for each ~ with three-center four-electron bonds for athns pairs of
complex. ligands.
The ADF prograrf® was used to estimate the ETS energy  Back-bonding energy contributions are obtained from the

partitioning of the M(COJYH3 (M = Cr, Mo; Y = N, P) molecules  NBO estimates of the stabilization interactions associated with

at their B3LYP geometry, using a VWN local exchange  partial electron donation from the localized NBOs of the
correlation functional with additional gradient corrections to this jdealized Lewis structure into the empty non-Lewis orbitals,
functional developed by Beckeéand Perdew? A core doubleg, that is, with partial departure from the idealized Lewis structure

valence triple§ quality basis set with single polarization functions  gescription. The energy associated with these interactions can
for Mo and double polarization functions for all other atoms was be estimated within the NBO method in two distinct ways. First
used with a frozen core shell up to 2p for Crand up to 3d for Mo. o0n 50 only small departures from the Lewis structure are
) ) involved, perturbation theory can be used to estimate the
Results and Discussion stabilization energyE(2) associated with delocalization from a
NBO analysis is based on a method for optimally expressing d0nor orbitali to an acceptor orbitglasE(2) = AE; = g x
F(i.j)%(¢f — «). In this expressiong; is the donor orbital

a given wavefunction into a localized form. The overall density q h : bital , s
matrix is transformed to give localized natural bonding orbitals ©CuPancysi ande; are the respective orbital energies, #i(dj)

(or NBOs), which are centered on either one atom (“core” or IS the off-_diagonal Fo<_:k matrix element_ expres_sed in the_ NBO
“lone pair” orbitals), two atoms (“bond” orbitals), or three atoms ba3|s_. It is al_sp possible to calculate interaction energies by
(“delocalized bond over three centers” or “3C-bond” orbitals). d€l€ting specific elements or sets of elements from the NBO
The density matrix is first used to define a minimum basis of F0Ck matrix and recomputing the energy. We have tested the

atomic orbitals, the natural atomic orbitals (or NAOs), and the Perturbation and deletion methods for one test case, Mo-
NBOs are expressed as an expansion of these orbitals. The NBJCOXPH: (see Supporting Information), and find that they yield

orbitals are chosen in such a way as to maximize occupancy,Simi_lar results, but that the perturbation method is more
so that delocalization effects appear as weak departures fromStiraightforward to use. We have therefore used the latter
the idealized localized Lewis structure, in which all NBOs have hroughout _ .
occupancies of exactly 2, 1, or 0. A. Bac_k-B_ondlng toward PX3, NX3, and Pyridine L|ga_mds.
Some features of NBO analysis for transition metal complexes A duantitative scale ofz acceptor strength for different
need to be commented on. First, the NBOs are expanded in aPhosphine ligands can now be established using the second-
minimal NAO basis including only core, valenod, and +1)s ~ ©Order perturbative analysis to estimate theback-bonding
orbitals, that is, neglecting the relatively low-lying{1)p interaction (see Computqtlonal Details). To_plac_e in context the
orbitals. By construction, therefore, the reference electronic Magnitude of back-bonding toward phosphine ligands, we also
structure cannot include a significant contribution from these consider the amine ligands Ntand NMe. We also consider
metal orbitals. In many textbooks, bonding in metal complexes Nitrogen-based ligands that can actrescceptors, namely, NF
is described as involving this p shell, e.g., througtd3pr sgd pyridine, and bipyridine, as well as the strongtyaccepting
hybridization, respectively, in octahedral or square planar €O ligand.
complexes. At first sight, therefore, this choice of NAO basis  The simplest metailigand complexes contain only one metal
set is a serious shortcomif§However, it has been shown atom and one ligand, and following other work in the fiéld,
through detailed analysis of computed wavefunctions that

(n+1)p orbitals make only a minor contributidhso that NBO 19%? S) i_gggsl'scebR(B)%%\getizn% B;_ 'T_:;mh?;\;\'/ %-ﬁm- gngm ggg
analysis with a reduced NAO basis set is meaningfinistead, 1986 108 4663-4664. () Shen, M.; Schaefer, H. .. PartridgeJHChem.
Phys 1993 98, 508-521. (d) Langhoff, S. R.; Bauschlicher, C. \Ann.
(29) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270. Rev. Phys. Chem1988 39, 181—-212.
(30) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2 (1), (36) Landis, C. R.; Weinhold, K. Comput. Chen2006 28, 198-203.
41-51. (b) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322-328. (37) (a) Landis, C. R.; Firman, T. K.; Root, D. M.; Cleveland JTAm.
(31) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200. Chem. Soc1998 120, 1842-1854. (b) Firman, T. K.; Landis, C..RJ.
(32) Becke, A. D.Phys. Re. A 1988 38, 3098. Am. Chem. Sod 998 120, 12656-12656.
(33) Perdew, J. PPhys. Re. B 1986 33, 8822. (38) (a) Appleton, T. G.; Clark, H. C.; Manzer, L. Eoord. Chem. Re
(34) Maseras, F.; Morokuma, KChem. Phys. Lett1992 195 500- 1973 10, 335-422. (b) Harvey, J. N.; Heslop, K. M.; Orpen, A. G.; Pringle,
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Table 1. Back-Bonding Interaction AEy, (kcal/mol) toward 60 -
the L Ligand in Pd—L and L'—Pd—L Complexes (L' = NHs,
PH3;, CO) and toward CO in OC—Pd—L Complexes (for .
Pd—L, the bond dissociation energy is also given in ¢
parentheses) S 50
NHsPdL PdL PHPAL  COPdL CcO 2 .

NMes 2.73 2.50 (19.26) 1.40 191  54.98 2 *

NH3 5.68 4.29 (23.97) 2.75 2.62  54.24 % .

CsHsN 10.13 8.29 (22.37) 5.19 454  54.03 & 40 4

NF3 30.15 21.93 (14.81) 15.65 12.09  46.86 <

PHs 15.97 14.91 (36.11) 11.87 948 4264

PPh 16.91  15.38(40.72)  11.91 9.52  46.09 . *

PMes 17.41 16.44 (42.03) 12.55 10.04  46.08

P(OMe) 20.12 18.31 (40.36) 14.58 11.87  43.12 30 , : ‘

PR 26.69  23.68(44.29)  21.93 17.38  33.88 0 10 20 30

PCk 31.95 24.96 (37.67) 24.31 20.05  34.18

co 5424  50.24(45.73)  42.64 3512  35.12 AE;, towards L

Figure 1. Back-bonding interactionAEy,) toward the carbonyl

we start by considering Pd(L), in which ligantigand interac-  ligand vs back-bonding toward the L ligands in €0d-L
tions are of course absent. To assess the influence of a secon§omplexes (kcal/mol).

ligand on bonding, we considef+tPd—-L molecules. Table 1 ] )
shows the NBO-derived back-bonding interaction in-edand ~ NHs and NMe; ligands represents only a small fraction of the
L'—Pd-L complexes for a series of YxXligands with L' = total bonding energy (13 and 18%, respectively). For the

NHs, PHs, or CO. As can be seen, with very few exceptions, Phosphine ligands, the contribution from back-bonding is much
the -acceptor character of the ligands varies in a consistent /2rger both in absolute and in relative terms, contributing from
order irrespective of the nature of the second ligand: hiMe 37 to nearly 70% of the total bonding energy. For the; lfd
NH3 < CsHsN < PH; < PPh, < PMe; < P(OMe) < NFs < CO ligands, the back-bonding interaction is actuédiger than
PF; < PCk < CO. Similar results have been reported for back- the total bond energy (21.93 vs 14.81 and 50.24 vs 45.73 kcal/
bonding in ReHL and OsHL (L = NH3, PHs, CO) complexe&® mol, respectively). This suggests that the structure of these
Although we observe a small stabilizing back-donating gompounds is partly driven by the.strong pack-bonding int_erac-
interaction toward the Nsand NMe ligands, thisz interaction tion and that the sum of the other interactions (electrostatic and
is less than one-third of that of the corresponding Brtl PMg Pauli_ interactions as well fasdonation) ”."?‘y.be very weakly
ligands and 1 order of magnitude smaller than the back-bonding bonding or e_ven n(_)nbondlng at the equilibrium geometry. ]
interaction with the CO ligand. These amine ligands are _'hen a ligand is added to a metal atom, the electronic
effectively o-only ligands. Nevertheless, not all nitrogen- distribution around the metal atom will change due to the
containing ligands should be considered as such. Due to theSPecifico- andsz-bonding properties of the added ligand. The
supplementary interaction with the N —C orbital, the pyridine bonding interactions with any other ligand that was already
ligand is twice as strong a acceptor as the NHigand, while linked to the metal atom will consequently also change. In order
still being much weaker in this respect than any of the phosphine {0 Study the influence of an added ligand on #hiack-bonding
ligands studied. That nitrogen-containing ligands can also haventeraction, we compare the back-bonding interaction toward
a very strongr acceptor character is shown by the back-bonding @M L ligand in a monosubstituted Ptl complex with the back-
properties of the NEligand, which showst back-bonding bonding toward L in a bi-substituted’ £tPd—L complex. As

interactions comparable to those of the strong &id PC} shown by Table 1, ther interaction between the Pd atom and
acceptors. The presence of back-bonding toward thglitnd a given ligand L can vary strongly with the nature of L
was verified by analysis of the finite difference Fukui funcibn Adding ao-only ligand increases the electron density around

(see Supporting Information), similar to our previous study on the metal atom, which will result in an increasedback-
the nature of the metalphosphorus bond for alkyl- and donation toward the L ligand, as shown by the increased

arylphosphines. interaction for the IN—Pd—L complexes. For Lligands that
In contrast to the amine ligands all phosphine ligands show are alsc_v_r acceptors, the opposite Is observed. This is du? to
moderate to strong acceptor abilities. The PHPMes, and competition for back-bonding from the same metal d orbital

: ; o : between the L and’lligand. Hence back-bonding to L is weaker

PPh ligands are characterized lybonding interactions three :
times ?he size of that of the arbr?ne Iigar?ds in the studied Pd N HsP—Pd-L and OC-Pd-L complexes than in Pl
complexes, clearly indicating that the aryl- and alkylphosphines complexes. . ) .
are not to be considered aonly ligands, confirming our earlier The maqnltude of the decreasayrbondmg depends on the
work5 Table 1 shows the P(OMgligand to have a slightly nature of L The stronglysz-accepting CO ligand affects the
more importantr acceptor character and confirms the important Pack-bonding more than the weaker £acceptor. Up to half
back-donating interaction with the PEnd PC} ligands, with of the metat-L w-bonding interaction can be lost when a CO
the latter being the strongest P-basedcceptor, confirming a  'l9and is added to the Pd. complex. In turn the back-bonding
theoretical NMR study on both of these ligarfdgs expected, ~ interaction toward the twa* C—O orbitals of the CO ligand
the strongest acceptor ligand overall is CO. is also affected by the nature of the second Il_gand attached to

The magnitude of the back-bonding contribution relative to the complex, as can be seen for thg various [Eﬁ. L
the overall bond energy is strongly dependent on the type of complexes. As shown by Table 1 and Figure 1, the ligands L

: i S : that are stronget acceptors will lead to a weaker back-bonding
ligand. As expected, the back-bonding interaction fordfely interaction with the CO ligand, consistent with the chemical

(39) Parr. R. G.: Yang, WJ. Am. Chem. Sod984 106, 4049 idea of two trans ligands competing for the same metal d
(40) Ruiz-Morales, Y. Ziegler, TJ. Phys. Chem. A998 102, 3970 orbitals. The CQr interaction can decrease by as much as 20
3976. kcal/mol relative to the PACO complex, depending on the
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Table 2. Back-Bonding Interaction, AEy, (kcal/mol), toward
the L Ligand for M(CO) sL Complexes (M = Cr, Mo)

NMe;  NHsz  CsHsN NFs bipy2  2*py?
Cr 0.10 0.37 4.41 1334 1620 1156
Mo 0.80 0.79 8.73 1821 2751 2270
PH; PPR PMes P(OMey PR PCk CO
Cr 437 310 362 5.35 11.92 1574 3513
Mo 656 6.48  6.92 8.88 16.87 23.97 5227

aM(CO)sL complexes.

nature of L. This decreased stabilization with respect to metal
CO & bonding is recovered by an increased stabilization in
metal-L r bonding, as can be seen from the negative trend in
Figure 1. Changes in the strength of dadonding may occur
also but are not considered here.

The extent ofr donation toward a given ligand is influenced
not only by the number and nature of other ligands present in
the complex but also by the nature of the metal atom. This can
be seen by considering the importance of back-bonding or d
M(CO)sL complexes (M= Cr or Mo), as shown in Table 2.
Note that for the bipyridine and bis(pyridine) complexes, the
metal fragment is M(CQ)rather than M(CQ)

The order ofr acceptor strength within the series of N- and

P-based ligands in the Cr and Mo complexes is the same as

that obtained for the simpler Pd complexes. Thesldhid NMeg
ligands emerge once more asonly ligands, while the N
ligand is still characterized by a strong back-bonding interaction.
The PH, PMe;, and PPhligands again show some moderate
o acceptor character. The Pylkgand is a slightly betterr
acceptor than the PRMigand, which is in apparent contrast
with the higher Tolman parameter for PEA The Tolman
parameter correlates with both tleedonor character of the
ligand (stronger donors lead to lower© stretching frequency

in Ni(CO)s(L)) and thexr acceptor character (better acceptors
lead to higher stretching frequencies). As RN certainly a
better o donor than PP{) the Tolman parameter values are
consistent with it also being a slightly better acceptor.
P(OMe) shows a slightly more emphasizedacceptor char-
acter, while Pgand PC} once more appear as strong acceptors,
although they remain weakaracceptors in comparison to the
CO ligand. With the exception of NFCO, and pyridine, all

Organometallics, Vol. 26, No. 10, 20671

Table 3. Total Second-Order Perturbative Interaction
between the Metal d Orbitals and Ligand Y—X ¢* or a*
Orbitals, Energy of the Respective Orbitalseqonor and €gonor,
Energy Difference between These OrbitalsA¢) and
Off-Diagonal NBO Fock Matrix Element F(i,j) (kcal/mol)

L M E(2) €donor €acceptor Ae F@,j)

PH; Cr 2.22 —120.5 126.1 246.6 13.2
Mo 3.30 —109.2 126.8 235.9 15.7

PR Cr 6.00 —136.2 61.5 197.7 18.2
Mo 8.84 —124.2 60.9 185.1 21.3

NH3 Cr 0.22 —111.1 262.3 3734 5.0
Mo 0.48 —-97.9 259.8 357.7 7.5

NF; Cr 6.78 —125.5 —8.8 116.7 15.1
Mo 9.22 —113.6 —-7.5 106.0 16.9

Py Cr 0.38 —108.6 304.3 412.9 6.9
(4.03) (+107.3) 25.7) (81.6) (13.2)

Mo 1.02 —96.0 302.5 398.5 11.3

(7.71) (948 (2700 (67.8) (16.3)

aThe value in parentheses gives the data concerning’ti—N/metal
dy. orbital interaction.

50 4
y=1.47x+1.26
40 4 R2 = 098
30

20 +

AEpb in Mo complexes

10

10 20 30
AEpp in Cr complexes
Figure 2. Back-bonding interactionAE,,) toward the L ligand in

Mo vs Cr complexes (kcal/mol) (data from Table 2).

the sum of the two pyridine ligands may result from improved
orbital overlap due to the planar structure of the bipy ligéhd.
A comparison of the back-bonding interactions of the
corresponding Mo and Cr complexes in Table 2 sheds light on
the importance of the nature of the metal atom. The back-

ligands have a decrease in back-bonding interaction in the bonding interaction is about 1.5 times more important for the

M(CO)sL complexes compared to the Pd complexes studied
earlier. This is due, among other factors, to a smaller number
of d electrons (formalGinstead of &) and an increased number

Mo complexes compared to the Cr complexes. This is presented
graphically in Figure 2 and is in agreement with earlier wirk.
In order to rationalize the differences between the different

of CO ligands, decreasing the electron density around the metalcomplexes and ligands considered here, it is useful to consider

atom.

In agreement with an experimental solvatochromism sttidy,
Table 2 shows bipyridine to be a stron@cceptor, due to strong
metal dft* N —C back-bonding interactions. One might expect
the back-bonding interaction with bipyridine to be twice as large
as for pyridine. In fact, as shown in Table/&Ey is three times
larger for bipy in Cr(CO)(bipy) than for the pyridine ligand in
Cr(CO)(py). This is partly due to the increased electron density
on the metal center in M(CQ(pipy) as compared to M(C®)
(py) due to the presence of four instead of five CO ligands and
of two instead of one donor nitrogen atoms. Indeed, the sum
of the back-bonding interactions for the two pyridine ligands
in cisM(CO)(py). is also nearly three times larger than the
interaction in M(CO3(py). To the extent that it is significant,
the slightly higher value for the bipyridine ligand compared to

(41) Ernst, S.; Kurth, Y.; Kaim, WJ. Organomet. Cheni986 302,
211-215.

the two factors affecting the magnitude of the back-bonding
interactions, namely, the energy difference between the donor
and acceptor orbitals, and the off-diagonal Fock matrix element
F(i,j). The latter is a resonance integral, measuring how much
energy is gained by sharing electrons between orhitafsl].

In practice, this term can be interpreted as measuring the extent
of overlap between these orbitals in physically important regions.
Table 3 shows the total second-order perturbative interaction
between one of the metal d orbitalsjdind the relevant ligand
acceptor orbital as well as the energies of the corresponding
NBO orbitals and thé&(i,j) Fock matrix element. The geometry

of the M(CO)}Y X3 compounds of Table 3 is such that the-M

axis is thez-axis, and thexz plane bisects the carbonyl ligands

(42) The two pyridine rings are slightly twisted with respect to one
another in thecis-M(CO)pyr. molecule.

(43) King, W. A,; Di Bella, S.; Lanza, G.; Khan, K.; Duncalf, D. J,;
Cloke, F. G. N,; Fragala, I. L.; Marks, T. J. Am. Chem. S0d.996 118,
627—635.
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Table 4. Back-BondingAEy, (kcal/mol) toward the L Ligand for Anionic Pd ~—L and L'-Pd~—L Complexes (L' = NH3, PHjs,

CO), toward the CO Ligand in Anionic OC —Pd~—L Complexes,

and toward the Ligand in Neutral M(CO)sL (M = Mn, Tc)

Complexes
L H3NPd L PdL HsPPd L OCPd L2 OCPdLP Mn(CO)L Tc(CO)L
CHjs 8.68 10.23 5.01 3.96 69.10 0.00 0.70
CR 16.23 19.05 10.33 8.77 69.42 2.75 5.20
SiHs 10.56 12.44 6.99 5.32 60.70 0.74 0.63
SiFs 11.83 13.84 7.90 6.51 55.52 1.66 1.41

a AEyp toward the L ligandPAEy, toward the CO ligand.

and contains one of the -¥YX bonds. In this orientation, the
orbitals of the amine and phosphine ligands having significant
interaction ¢0.1 kcal/mol) with the metal (d orbital are the
two degenerate* Y —X orbitals not lying in thexz plane. For
the M(CO)}Pyr complex, the geometry is chosen such that the
planar pyridine ligand lies in thgz plane. The interactions given

in Table 3 for this ligand are the sum of the twd C—N/
metal d, orbital interactions, as well as the¥ C—N/metal d,
orbital interaction (value in parentheses).

Table 3 shows the individual back-bonding interactions with
the metal ¢, orbital to be larger for the Mo complexes than for
the Cr ones, as already noted for the overall interaction. This
can be rationalized by the higher energy of the dopoubital
for Mo than for Cr, the typical energy difference being on the
order of 10 kcal/mol. As expected, for a given ligand, the

(CO)L complexeé® confirm the absence of back-bonding
toward the methyl ligand. A theoretical study on the relative
stabilities of transition metal alkylidyne (GHM(=CH)(X) and
bis(alkylidene) CHM(=CH,), complexe¥’ suggests that the
st acceptor character increases in the ordeg @HCF; < SiHs
< Sik. Stronger back-bonding toward halogesilicon o*
orbitals compared to other -SK bonds is confirmed by an
experimental structural, IR, and NMR study of Cp(P)de
RuSIiR; complexe®® as well as by a theoretical NLMO/NBO
analysis of Os(SiRCI(CO)(PPh), complexes'®

We used the NBO perturbative analysis to study back-bonding
in the L'=Pd —L, Pd"—L, and M(CO}L complexes with L=
CHs, CR;, SiHz, and Sik. We have included the anionic Pd
complexes because they have the same metal center and the
same formal & electron count as for the compounds in Table

acceptor orbitals have similar energies in both cases. The larger1. The neutral Mn and Tc metal M(CgR) complexes have the

4d orbitals on Mo compared to Cr also lead to slightly larger
overlap termd=(i,j).

Although the donor orbitals are slightly lower in energy in
the M(CO)}(PFs) complexes than in the corresponding #H
compounds, perhaps reflecting the weasestonor character,
the tremendous lowering of the acceptor orbitals in the former
species leads to an orbital gap that is roughly 50 kcal/mol
smaller. This explains the much larger back-bonding interactions
with PF; compared to Pkl The back-bonding interaction with
PF; is also favored by better overlap between the metal donor
orbital and the acceptas* orbital. This can be understood
because the PF bond is more polar than the bond, and
hence the contribution of the P atom to the correspondihg
orbitals is larger.

The high energy of thes* N—H and ¢* N—C orbitals
explains theo-only character of the Ngland NMe ligands,
whereas the low-lying* N —F orbitals are favorable for back-
bonding to Ni. Thesr acceptor character of the pyridine ligand
cannot be attributed to the* N—C orbitals but is clearly due
to the presence of a low-lying* C—N orbital. Only on the
basis of the energy differencAe between the donor and
acceptor orbitals, one would expect pyridine and; N be
strongerr acceptors than the Rkgand. However, the overlap
term is largest for P§ which explains why the overall back-
bonding interaction is roughly of the same magnitude for the
three ligands.

B. Back-Bonding toward CX3 and SiX; Ligands (X = H,

F). In addition to the neutral ligands considered above, we have
extended our NBO analysis to other ¥Xgands such as the
CHa, CF;, SiHs, and Sik ligands, for which there is no clear-
cut evidence whether or not to consider therrasceptors. A
structural survey on planar Pt(Il) compleké®xplains the
shorter P+C bond length in Cgcompounds compared to GH

species by an increased positive charge induced by the fluorine

atoms on the carbon atoms, although strongéeack-bonding

for the former species is also considered. An experimental
carbonyl stretching frequency study on LMn(G@nd LMo-
(CO)s complexes attributes no acceptor character to the GH
and CFR ligands*® The valence photoelectron spectra of CpFe-

same formal Blelectron count as the complexes treated in Table
2 and are more experimentally relevant than the corresponding
anionic Cr and Mo & complexes would be. The results are
presented in Table 4.

A comparison of the data in Table 4 with the data in Tables
1 and 2 shows that the GH SiHs ™, and Sikz~ ligands are weak
st acceptors, similar in strength to the pyridine ligand and hence
weaker than any of the phosphine ligands. The trifluoromethyl
ligand has a larger acceptor character, similar to that of the
phosphine ligands P{iPMe;, and PPR It is interesting to note
that the effect of fluorine substitution is much weaker forsSiF
Qualitative proof of the existence of back-bonding in the Tc-
(CO)%CFs complex is given by the density difference (Fukui)
function, as shown in the Supporting Information. The increased
population of thes* C—F orbital due to back-bonding toward
the CFK; ligand would explain the weakening and consequently
the activation of these otherwise unreactiveFcbonds by metal
centers, as is observed experiment&ls for the data in Table
2, decreased back-bonding is observed toward the L ligand in
the L'—Pd—-L complexes, whereLis a strongr acceptor, due
to the competition for back-bonding from the same metal d
orbital between the L and'Lligand.

Table 5 shows the total second-order perturbative interaction
between the metald orbital and the degeneratg* Y —X
orbitals (as for the corresponding data in Table 3, the ligand
orbitals having significant interaction with the metg} drbital
are the two degeneratg® Y —X orbitals not lying in thexz

(44) Bennett, M. A.; Chee, H.; Jeffery, J. C.; Robertson, Glridrg.
Chem 1979 18, 1071.

(45) Graham, W. A. Glnorg. Chem 1968 7, 315-321.

(46) Lichtenberger, D. L.; Rai-Chaudhuri, A. Am. Chem. Sod 991
113 2923-2930.

(47) Choi, S.; Lin, Z.Organometallics1999 18, 5488-5495.

(48) Lemke, F. R.; Galat, K. J.; Youngs, W.Qrganometallics1999
18, 1419-1429.

(49) Hibler, K.; Hunt, P. A.; Maddock, S. M.; Rickard, C. E. F.; Roper,
W. R,; Salter, D. M.; Schwerdtfeger, P.; Wright, L Grganometallics1997,
16, 5076-5083.

(50) (a) Torrens, HCoord. Chem. Re 2005 249 1957-1985. (b)
Kiplinger, J. L.; Richmond, T. G.; Osterberg, C. Ehem. Re. 1994 94,
373-431.
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Table 5. Total Second-Order Perturbative Interaction Table 6. Back-Bonding Interaction AEy, (kcal/mol) toward
between the Metal d./o* Y —X Orbitals, Energy of the the YH3 Ligand in Neutral and Cationic M(CO) sYH3
Respective Orbitals € dy, and € %), Energy Difference Complexes Estimated by the ETS Scheme and a NBO
between These Orbitals Ae¢), and Off-Diagonal NBO Fock Second-Order Perturbative Analysis
Matrix Element F(i,j) (kcal/mol) mol. M=Cr M=Mo M=Cr M=Mo
L M E(2) € dy; €0* Ae F(@i.j) charge method Y =N Y=N Y=P Y=P
CHs Mn 0.10 —151.8 294.9 446.8 3.8 0 ETS 4.52 3.88 14.56 13.54
Tc 0.42 —143.1 296.8 439.9 7.5 0 NBO 0.37 0.79 4.37 6.56
CFRs Mn 1.40 —163.8 136.2 299.9 10.7 1 ETS 6.88 6.54 13.48 13.12
Tc 2.64  —154.4 139.3 293.7 14.4 1 NBO 0.00 0.00 1.48 2.67
SiHs Mn 0.44 —160.0 147.5 307.5 6.3
Tc 0.38 —151.9 151.2 303.1 5.6 ; ;
SiE, Min 0.84 _1707 1274 508.1 8.2 to the conclusion that phosphines are bonded to a large extent

Te 072 —1619 1286 2905 75 by 7 interactionst® We have repeated these calculations for the
PH; complexes, obtaining similar results. The slight differences
between our results and those previously reported are due to
small differences in geometry as well as to the use of a different
basis set.

We have also carried out the ETS analysis on the analogous
NH3 species as well as the singly oxidi2éderivatives of the
PH; and NH; complexes. For all cases, theW (Y = N, P)
axis is taken as theaxis, and thexzplane bisects the carbonyl
ligands and contains one of the-¥ bonds. The six d electrons
are thereby contained in thg,dd,, and g2-y2 metal orbitals
which belong to the'g d, and & irreducible representations,
respectively. The first two of these orbitals participater iback-
bonding interactions toward thesymmetry linear combinations
of the o* orbitals of the YH; ligand. Since one of these
interactions involves orbitals within the' arreducible repre-
sentation, which is the case for no other important bonding

plane), the respective energy of these NBO orbitals, their
difference in energy, and the off-diagonal NBO Fock matrix
element~(i,j) for the Tc(CO3L and Mn(CO}L molecules. The
molecules lie with the MY bond in the plane of the paper
along the verticat-axis, with thexzplane bisecting the carbonyl
ligands and containing one of the-¥ bonds. This table shows
that theg-only character of the CHigand is mainly due to the
large energy difference between the interacting orbitals. The
energetically higho* C—H orbitals are clearly unsuitable for
back-bonding. In the GHigand on the other hand, low-lying

o* C—F orbitals are observed, which will lead to a smaller
energy gap between the interacting orbitals. #herbitals are
also more polarized toward the carbon atom than in thg CH
ligand, which leads to better overlap with the metal donor
orbitals; together with the more favorable energy gap, this
explains the enhancedacceptor character. The metal d orbitals interaction, one could assume as in the previous #atiat

of the fourth period Tc atom are higher in energy and larger in | . A .
size than those in the Mn compounds, which leads to a smaller?,epjgr?icflztg:dmg energy contribution is equal to twice the
rb-

energy gap and a better overlap between the donor and acceptor For the cationic systems, one of the key interactions between

orbitals for the two carbon-based ligands. This in turn explains - o . .
. S - metal d and ligand* orbitals involves a doubly occupied metal
the more extensive back-bonding in the Tc(6@0¥; species . . . i
orbital, and the other one involves a singly occupied metal

compared to the Mn(C@ X3 molecules. . ,
b - . . orbital. There are also two near-degenerateand?A" states
Given these trends, the back-bonding for the s3aHd Sifs obtained after ionization from the &y, or d' (dy,) orbital,

ligands is perhaps surprisingly low. Tl orbitals on these . . e .
Iigands arepquiteﬁow in%nergyy with a gap to the donor orbitals respectively. In the first case, thé d orbital is doubly occuplgd
comparable to that observed with the trifluoromethyl ligand. (and the aone singly occu'pled), and the reverse oceurs In the
However, overlap of the* orbitals with the metal donor orbitals other state. We ha\_/e carried out separate ETS. calculat!ons_ on
is clearl ’not nearly as good as with the {Jigand, as shown both states and estimate the overall back-bonding contribution
y yasg ’ AEyy, for both of these molecules as being given by the sum of

by the relatively smalF(i,j) coupling matrix elements. : .
. . . the AEq, term of & symmetry in the two calculations. The
C. Comparison of NBO with Other Methods for Assessing results of the ETS analysis are summarized in Table 6 and

AEypp. Various other methods have been used to assess the ) .
importance of back-bonding and other aspects of bonding, andcompared to results obtained using NBO (some_of_ the NBO
these are in some sense complementary. For example, the NB esults are taken from Table 2 and included again in Table 6
approach used here cannot simultaneously assess the strengtlganconV?l_mSPCZ)' it is first of all cl that the ETS method
of the & back-bonding interaction considered here and that of it .[)OT a eh ’h'l r']s 'ri OI ? c?ar tamhbe kb ”&9 0
theo donation, whereas other methods can. A very widely used altrioutes much higher absolute vaiues 1o Mback-bonding
method is the extended transition state (ETS) energy decom-nteraction t_har! the NBO _anaIyS|s does: It also suggests that
position scheméS one of the first applications of whiéff was this Interaction Is stronger in the Cr 'tha.n in the Mo complexes.
to the description of back-bonding to ligands such as CO and Substantial back-bonding s also indicated toward thes NH
PF. In the ETS method, the total energy change upon bond ligands, with ar interaction close to half that obtained for the
formation is decomposed’ into a number of contributiox PHs ligand in some cases. In the NBO calculations, going from
+ AEeistat+ AEpaui + AEom, corresponding to “preparatriec;)n” the neutral to the cation leads to a significant decrease in the
of theelf?:gmentga?ch)r bondoir:\bg (e.0., geometry changes betweenStrength of the back-bonding interaction. This is because of the
the free fragment and the molecule), electrostatic interactions !OSS of one electron from the donor orbital and because the

between the unperturbed fragments, Pauli antisymmetrization,'Orl‘creasded (t:)htalrge I%a?stt;) a IOW(term? of th% inergy tOf all the
and orbital relaxation or bonding. This last term is due to onor d orbitas and to their contraction and hence to poorer

covalent bonding and can be obtained for each irreducible _overlap with the acceptor orbitals. Decreased back-bonding upon

representation of the molecular point group, allowingnd |?1n|zat|orr1n|s alﬁgssls:owr?trby ta?r?lyél_?sm rt_]h? Fiu'(;' funr(]:tltonhfc;(l
bonding for systems with the required symmetry to be assessed €€ compou contrast, the analysis does not sho

separately. . . . . (51) The bonding analysis for the cationic complexes is carried out at
As noted in the Introduction, this ETS analysis has already the same geometry as for the neutral species (see ref 5 for a discussion of

been used for the M(CGRR; complexes (M= Cr, Mo), leading the difference in their optimum geometries).
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Table 7. Energy Stabilization (kcal/mol) Due to PPh; PMe;
Back-Bonding AEy, in Pd—PX3; Complexes Estimated by the NH; 16 18 PF;  PCl;
CSOVa and NBO Scheme 4 N 38 48
11 T[T | /A
X Me H OMe F I JI | I 7 17
2 - 22 38 100
CSsov 9.57 11.24 14.11 20.33 S
NBO 16.44 14.91 18.31 23.68 NMey 115 1:1: P(OMe), NF; co
y 3

*The CSOV results are taken from ref 8. Figure 3. Calculatedr acceptor index for P- and N-based ligands.
a substantial change in the strength of back-bonding upon Although the absolute values are in the same range, the NBO
ionization. In fact, for the NHlligand, there is even a predicted results indicate a slightly more important back-bonding inter-
increase in back-bonding upon oxidatiiThese trends inthe  action and indicate the RHigand to be a betterr acceptor
ETS analysis are surprising in all respects (Cr vs Mo, N vs P, compared to the PMdigand. The opposite trend is found using
cation vs neutral), whereas the NBO analysis gives in each casghe CSOV technique. However, the results are in better
the expected trend. agreement with the NBO analysis than those obtained using
This relatively poorer behavior of the ETS scheme can among the ETS approach, probably because the orbital relaxation effects
others$® be attributed to the fact thatE,y, contains not only within each fragment are treated separately from the bonding
covalent bonding effects but also intrafragment relaxation effects interactions in the CSOV method.
or polarization. This can be understood by examining the D. z-Acceptor Index. It is possible to combine the results
thermodynamic cycle used to determing&,. In this cycle, obtained for the different metal complexes to obtain a single
the AEgstatterm is determined using the charge distributions of measure ofr acceptor character for all these ligands. This is a
the interacting fragments, and thereby does not account fornecessarily arbitrary exercise, as there is no unique way to
electrostatic effects due to orbital relaxation (e.g., polarization combine the results for all the metal complexes, but it provides
and charge transfer), which are instead included inABEg, a useful summary and a single scale on which to compare
term. Also,AEpayiis computed by evaluating the energy of the different ligands. In this case, we have chosen to add together
Slater determinant obtained through simple antisymmetrization the AEp;, values for the NBPdL, PdL, PHPPdL, and COPdL
of the fragment wavefunctions. Orbital relaxatiewhich complexes and to add to the resulting value 5 times the sum of
contributes toAEq—will occur within each fragment so as to  the AEy, values for the Cr(CQ). and Mo(CO}L complexes.
relax the electron distribution toward this perturbation. For these The factor of 5 is included so as to give an overall comparable
reasons AE, is expected to overestimate the importance of weight to the smalleAEp, values calculated for the chromium
covalent bonding effects and, in particular, can be seen to and molybdenum species and the larger values obtained for the
exaggerate the impact af back-bonding in all the complexes palladium complexes. The resulting value is then normalized
considered in Table 6. Others have already noted the potentialto 100 for the strongest acceptor, CO. This gives the values
importance of these relaxation effeéfs. shown in Figure 3. These results are broadly in line with the
The constrained space orbital variation (CSOV) technique is known properties of the ligands but provide a quantitative scale
another energy decomposition scheme used in the literature toof back-bonding interactions for this range of ligands.
estimate the strength afback-bonding interactiorid Like the It is less straightforward to place the @4nd SiX ligands
ETS method, the CSOV decomposes the bonding event into aon the same scale, as the change in metal, oxidation state, and/
number of steps that are assigned to individual contributions to or charge for the results in Table 4 compared to those in Tables
the bond energy. The analysis starts from the superimposition1 and 2 makes a direct comparison difficult. However, to a first
and antisymmetrization of the frozen fragment wavefunctions approximation, using the same additive scheme (the sum of the
(or Kohn—Sham densities) of the separated units. In a next step, AEny, values for the Pd complexes plus 5 times the sum of the
the metal orbitals are fixed while the ligand orbitals are allowed back-bonding energies obtained for the Mn and Tc compounds)
to polarize, but only within the space of the ligand basis set. In Yields values that are consistent with accepted chemical wisdom.
a third step the virtual orbitals of the metal atom are included Thus using this equation, the GH5iHs;, and Sik ligands appear
in the ligand variational space, allowing ligand to metal as insignificantr acceptorss acceptor indices of 5, 7, and 9,
donation. The ligand orbitals obtained in this way are then fixed, respectively), whereas the €kgand is a significant but still
and the metal orbitals are allowed to polarize in the metal basis weak acceptor (15).
set. Metal to ligand donation will be possible by adding the
ligand virtual orbitals in the variational space of the metal. It is Conclusion
this last step that can be associated with back-bonding toward
a phosphine ligand. In principle, this stepwise procedure should
give bonding energies similar to a full, unconstrained calculation.
Table 7 shows the results of an earlier sufvaging this
method to estimate back-bonding in-Pld complexes, as well
as our results for these complexes given earlier in Table 1.

A quantitative study of back-bonding toward ¥Xgands
(Y =P, N, C, Si; X=H, F, Me, Ph, OMe) is performed using
NBO second-order perturbative energy analysis to estimate the
interaction between the metal d an¥l Y —X orbitals. Back-
bonding toward R=C z* orbitals for pyridine ligands is also
considered. Care is needed to select a suitable Lewis structure

(52) The ETS scheme shows a lossionding only if one considers ~ '€ference in order to obtain useful orbital interaction energies.
the relative % of this type of bonding to the total bonding in these The results show that the Ntand NMe ligands are essentially
complexes, as can be seen from the Supporting Information. Upon ionization pureo donorsq with a very smalt acceptor character. Pyridine

the % ofzr bonding decreases by 10% for the M(GPh: complexes (from : :
35 to 25 %) and remains equal for the M(GNH3 complexes (about 20%). and NF, in contrast, are respectively found to be weak and

(53) Ther interaction estimated by the ETS method in Table 6 includes Strong s acceptors. Pkl PMes, and PPH are also weakr
{Dhoth thteirAbaC_k-bondir!g ttr? tritligandl &'md dqnatilon from thfe Iighan_d to  acceptors, the BRand PC} ligands are strong acceptors, and
€ metal. An Increase In the latter coula In principle account for the increase H H H
in the ETSz-bonding energy. However, on the basis of the NBO analysis, P(OMe} is of intermediate character. . .
these latter interactions are not important. The NBO results furthermore show the existence of competi-

(54) Bartolotti, L. J.; Ayers, P. WJ. Phys. Chem. 2005 109, 1146. tive back-bonding toward other ligands such as the CO ligand,
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clearly indicating the latter ligand to be a strongeacceptor provides a convenient single number to characterize the different
than any of the phosphorus- or nitrogen-based ligands consideredigands. The resulting values are mostly in good agreement with
here. We also consider @iand Sik; ligands, with the former chemical intuition but provide additional quantitative detail that
showing some weak acceptor character. The results show that can be of interest when designing new ligands or analyzing
the back-bonding effect depends not only on the difference in bonding in novel compounds.
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