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Abstract: The geometric and electronic structure of Krossing’s cation, Ag(n?-Pa),", which shows an
unexpected planar coordination environment at the metal center and D,, symmetry both in solution and in
the solid state, have been investigated using density functional theory and orbital-symmetry-based energy
decomposition. The analysis reveals that the contribution from electrostatic interactions to the bond energy
is greater than that of orbital interactions. Partitioning of the latter term into the irreducible representations
shows that, in addition to the 5s orbital, 5p orbitals of silver act as acceptor orbitals for electron donation
from o(P—P) orbitals (aig, bis) and n(P) orbitals (bs,). Back-donation from the 4d'° closed shell of Ag into
o* orbitals of the pnictogen cages (b.) is also important. However, this contribution is shown not to determine
the Dy structure, contradicting conclusions from the pioneering study of the title cation (J. Am. Chem.
Soc. 2001, 123, 4603). The contributions from the irreducible representations to the stabilizing orbital
interactions in the D, structure and in its D.,-symmetric conformer are analogous, indicating that the planar
coordination environment at the metal center in Ag(#2-P4)," is induced by intermolecular rather than by
intramolecular interactions. Because ethylene coordination to a metal ion is an elementary reaction step in
industrial processes, the bonding in Ag(CzHa).™ has been analyzed as well and compared to that in Krossing's
cation. Surprisingly, similar contributions to the bond energies and an involvement of metal 4d and 5p
orbitals have been found, whereas a recent atoms in molecules analysis suggested that the metal—ligand
interactions in silver(l) olefin complexes fundamentally differ from those in tetrahedro P, complexes. The
only qualitative difference between the bonding patterns in Ag(172-P4).* and Ag(CzH.)." is the negligible
energy contribution from the bs, irreducible representation in the ethylene complex because a respective
symmetry-adapted linear combination of ligand orbitals is not available.

Objective

The first species withy>-coordinated tetrahedral,PAg(;7%-
P4)2" (1), was recently reported by KrossiAgyho succeeded
in the synthesis of this fascinating compound by using large
spectator anions containing an inert, perfluorinated suface.
Raman spectroscopy and single-crystal X-ray crystallography
studie$ revealed the unexpectddy, symmetry of1 with a
planar coordination environment at the metal center (Figufe 1).
It becomes clear that understanding the meligand bonding
in the spectacular molecule requires concepts different from
those provided by traditional coordination chemistry. Density
functional calculations of were also presentédnd a frontier-
orbital analysis indicated an interaction of the occupied metal
4d,, orbitaP with the ¢* orbitals of the P-P bonds (Figure 2).
It was suggestédhat the planar ligand field ithincreases both X
the energy level of theydorbital and the ability of the metal to
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(1) URL: http://staff-www.uni-marburg.de/deubel. Y z
(2) Krossing, I.J. Am. Chem. So2001, 123 4603. .
(3) Krossing, I.Chem. Eur. J2001, 7, 490. Figure 1. Calculated geometry (BLYP/V) of the conformetsand 2 of

(4) Two solid-state structures of were reported. The low-temperature  Ag(;72-Ps)2".
modification (150 K) shows Agf-Ps),™ molecules with a slightly distorted
D, symmetry and weak PF contacts, while the 200 K structure shows ; B ; R
Dzr-symmetric Ag?>-Ps)," cations with the counterions freely rotating; !nteraCt_ Wlth Vac_am orbitals of the pnictogen _cages. This
for details, see refs 2 and 6. interaction involving the 4¥ closed shell of silver was
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x Clarification of the stereoelectronic consequence of a potential
4d,-orbital involvement, because the intramolecular induction
of the unexpected,,-symmetric structure was recently pos-
tulated?8 (iii) Comparison of the metatligand interactions in
the title cation with those in Ag(&i,),™; in particular investiga-
tion of the interplay of electrostatics and orbital interactions on
Figure 2. s a specific 8°—o* interaction the origin of thé,-symmetric one hand and by the determination of the contributions from

structure of Ag(R)2"? the symmetry orbitals to the bond energy on the other hand.
Do 52 P, and ethylene really show fundamentally different
proposed to be considerably weaker in thBxg-symmetric bonding patterns in their metal complexes, as suggested by the

counterpar with an approximately tetrahedral ligand field.  atoms in molecules results?
Heteroleptic and dinuclear derivatives of the title cation were
recently synthesizéand other main-group-element complexes
of silver(l) were reported.The species were further character- The molecular geometry of AggR (Dan, 1) calculated at
ized using a variety of experimental and computational tech- the BLYP level”18using very large basis sets within the scalar-
niques? In particular, Krossing and van Wen® convincingly relativistic ZORA approximatiol! is presented in Figure 1 and
demonstrated that Agg3* is the first species with fcoordi- Table 1. This is the theory level among those implemented in
nating in anyn? fashion, while [RhCI(B)(PPh);]® should be the ADF prograr® which gives the closest agreement between
considered a Rh(lll) complex of the tetraphoshabicyclobutane the calculated structure and a recently reported X-ray strugture.
dianion rather than a sPcomplex of Rh(l). An atoms in DFT-Hartree-Fock hybrid methods particularly improve the
molecules (AIMY analysis of Ag(R)." again indicates the calculated distance between the metal-bound phosphorus atoms
activity of the 4d° shell, whereas a comparison with the AIM  toward the experimental value (Table 1); for a comparison of
results of ethylenesilver(l) suggests a fundamentally different the structures and energies of the title compounds at various
bonding and a predominance of electrostatic interactions in thelevels of theory, see Supporting Information. Loss of transla-
ethylene comple&.1© tional and rotational entropy upon the formally trimolecular
To understand the metaligand interactions in the title cation,  condensation, Ag+ 2 P, — Ag(P4).", partly compensates for
we have studied silver(l) complexes using density functional the large bond enthalpies (Table 2).
theory (DFT), ab initio methods, and the energy-decomposition  The nature of the AgP, bond in the highly symmetric
scheme introduced by Ziegler and Ra#ik:3 This work focuses structurel has also been explored at the BLYP level using
on the following goals: (i) Use of the high symmetry of Ziegler and Rauk®s13 energy decomposition scheme. The
Ag(Py)2" to determine the contributions from the orbital results are presented in Table 3 and Figure 4. The analysis shows
interactions involving metal 4d, 5s, and 5p orbitals to the bond that the deformation of the equilibrium geometry aftBward
energy. The question whether np orbitals are valence orbitalsits geometry in the complex requires a strain enetdsg;, of
of transition metals has been discussed controversially (ii) 8.3 kcal/mol, or 4.2 kcal/mol for each tetrahedron (Table 3).
The energy of interactiol\E;; between the deformed phos-

(5) We have systematically used the group theoretical standard orientation Ofphorus cages and the metal ion can be partitioned into three
the axes irD,, andD,q Symmetry as shown in the Figures. Cotton, F. A.

Nature of the Bonding in Ag(P  4)>"

Chemical Applications of Group Theorgrd edition; Wiley: New York, contributions AEin; = AEpaui+ AEeist + AEqm). The repulsion
©) 1K9r’ggémg L van Wikn, L. Chem. Eur. 12002 8, 700 of metal ion and ligands from each other because of the Pauli
@ (@ Kr_oss’in'g, ., Raabe, Angew. Chem., Int. ECR00L 40, 4406. (b) principle AEpayi (148.3 kcal/mol), the electrostatic contribution
Krossing, IJ. Chem. Soc,, Dalton Trar002 500. (c) Adolf, A.; Gonsior, A (—127.1 keal/mol), and the stabilizing orbital interactions

M.; Krossing, I.J. Am. Chem. So@002 124, 7111. X i .
(8) (a) Ginsberg, A. P.; Lindsell, W. F.; McCullough, K. J.; Sprinkle, C. R.;  AEom (—115.9 kcal/mol) result in a total interaction energy of

Welsh, A. J.J. Am. Chem. S0d.986 108 403. (b) Ger, T.; Baum, G.; _ H _
Scheer. MOrganometallics1 998 17, 5916. 94.7 kcal/mol and in a bond energ\E of —86.4 kcal/mol
(9) Bader, R. F. WAtoms in MoleculesClarendon Press: Oxford, England,  (AE = AEsy + AEjy), or —43.2 kcal/mol for each AgP, bond

(10) }_'Qe%fv'vig R. H. Koch, W.. Schitter, D.: Schwarz, H.: Hriga J.: (Table 3). The electrostatic stabilizatiovEes;is more important
Schwerdtfeger, PJ. Phys. Cheml996 100, 12253, _ than the stabilization by orbital interactiond=,y,
@D éeagui'eg??,r{o;ﬂ B ore s Sy ACtEL9T? 46, 1. (b) Ziegler, T.; The partitioning of the stabilizing orbital interactiahEq,

(12) Decomposition schemes have proved to be valuable tools for an understandinto the contributions from the irreducible representations of

ing of the chemical bond and reactivity; for recent examples, see: (a . . . .
Deubel, D. V.- Frenking. GJ. Am. Cherm. S060G 191 2021, (b) @ the Dy-symmetric complex is of particular interest. The

Macdonald, C. L. B.; Cowley, A. HJ. Am. Chem. S0d 999 121, 12113. molecular orbital (MO) diagram is presented in Figure 3 and

(c) Fonseca Guerra, C.; Bickelhaupt, F. M.; Snijders, J. G.; Baerends, E. J. . . . . . .
J”Am. Chem. So@00Q 122, 4117. (d) Deubel, D. V.; Sundermeyer, 1. the four main contributions t&Eor, are displayed in Figure 4.

Frenking, GJ. Am. Chem. So00Q 122 10101. (e) Uddin, J.; Frenking, i i i i i
G. 3. Am, Chem. S02001 123 1683, (1) Cedaa, b L.: Weltz, E.J. Am. The largest contrlb_ut|on arises from dona_tlon fromdherbitals
Chem. Soc2001, 123 12857. (g) Bickelhaupt, F. M.; DeKock, R. L.;  Of the P=P bonds into the vacant 5s orbital of Agf, —56.9

Baerends, E. JJ. Am. Chem. So002 124 1500. (h) Baik, M.-H.; 21 i i _ i
Friesner, R. A.; Lippard, S. J. Am. Chem. So®002 124, 4495. (i) kcal/mol)™ However, the interaction af(P—P) with Sp (baw,
Deubel, D. V.J. Am. Chem. So@002 124, 5834.

(13) Frenking, G.; Fiblich, N. Chem. Re. 200Q 100, 717. (17) Becke, A. D.Phys. Re. A 1988 38, 3098.
(14) (a) Landis, C. R.; Cleveland, T.; Firman, T. K. Am. Chem. Sod.995 (18) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
117, 1859. (b) Landis, C. R.; Firman, T. K.; Root, D. M.; ClevelandJT. (19) Van Lenthe, E.; Ehlers, A. E.; Baerends, EJ.JChem. Phys1999 110,
Am. Chem. S0d.998 120, 1842. (c) Landis, C. R.; Cleveland, T.; Firman, 8943 and refs cited therein.
T. K. J. Am. Chem. S0d.998 120, 2641. (d) Firman, T. K., Landis, C. R. (20) (a) Fonseca Guerra, C.; Snijders, J. G.; Te Felde, G.; Baerend3Heaod.
J. Am. Chem. S0d.998 120, 12650. (e) Firman, T. K., Landis, C. R. Chem. Acc.1998 99, 391. (b) Bickelhaupt, F. M.; Baerends, E. J. In
Am. Chem. So®001, 123 11728. Reviews in Computational Chemistrizipkowitz, K. B., Boyd, D. B., Eds.;
(15) Bayse, C. A.; Hall, M. BJ. Am. Chem. S0d.999 121, 1348. VCH: New York, 2000; Vol. 15, p 1. (c) Te Velde, G.; Bickelhaupt, F.
(16) Diefenbach, A.; Bickelhaupt, F. M.; Frenking, & Am. Chem. So200Q M.; Baerends, E. J.; Fonseca Guerra, C.; Van Gisbergen, S. J. A.; Snijders,
122 6449. J. G.; Ziegler, TJ. Comput. Chen001, 22, 931.
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Table 1. Calculated Bond Distances (in A) in P4 (T,) and Ag(P4)>t (D2p and Dag)?

Ag(Ps) 2*
P, Do (1) Dag (2)
program level of theory pP-P Ag-P1 P1-P2 P1-P3 pP3-P4 Ag—-P1 P1-P2 P1-P3 P3-P4
ADF BLYP/V 2.218 2.563 2.389 2.206 2.250 2.564 2.383 2.205 2.251
G98 B3PW91/XXL 2.190 2.571 2.343 2.179 2.224 2.569 2.338 2.178 2.225
G98 MP2/XXL 2.197 2.492 2.380 2.189 2.231 2.483 2.373 2.189 2.233
experiment 2.2 2.54%F 2.329 2.1% 217

a For more results, see Supporting InformatibGreenwood, N. N.; Earnshaw, &hemistry of Element®regamon Press: Oxford, U.K., 1984rossing,

I. Chem. Eur. J2002 8, 700.

Table 2. Calculated Stabilization Energy Ag* + 2 P4 — Ag(P4)2"
(AE, in kcal/mol) for Each Conformer (D2, and D,4) and Number n
of Imaginary Frequences?

Dan (1) Dz (2)
program level of theory AE n AE n
ADF BLYP/V —86.4 —86.3
G98 B3PW91/XXL —75.8 0 —75.% 0
G98 MP2/XXL —82.7 0 —82.7 0

aFor results at additional levels of theory, see Supporting Information.
b AS= —50.9 cal/mol K, AG = —57.9 kcal/mol.¢ AS= —49.4 cal/mol K,
AG = —58.4 kcal/mol.

Table 3. Energy Decomposition of the Ag—P4 Bonds in the Dy
and D,gsymmetric Conformers of Ag(P4).™ at the BLYP/V Level?

orbitals of transition metals has been the topic of a controversial
discussiort3~16 This question cannot be answered by using the
standard version of the natural bond orbital analysis (NBO)
because of the a priori decision not to include the np functions
in the valence spac@ Firman et al'* suggested a valence-bond
description of transition-metal complexes involving metal
(n—1)d andns orbitals only and validated their predicted
structures of transition-metal hydrides by DFT calculations. In
contrast, Bayse and Haltorbitally ranked symmetry analysis
method (ORSAM) additionally considers np orbitals and
therefore describes transition-metal complexes containing more
than 12 valence electrons without introducing hypervalency.
Diefenbach et al® analyzed a series of isoelectronic third-row
transition-metal carbonyl complexes and revealed a patrticipation

Ag(Pa)"
contribution Dan (1) D2 (2)
AEsy 8.3 8.0
AEpaui 148.3 147.5
AEelist —-127.1 —126.4
AEorm —-115.9 —115.4
AEo(I) ag (S, Geye, d2) —56.9 a(s,dz) =555

b1y (p2) —18.0
b2g (dxp) —13.7

e (R, py dxzdy;) —37.2
b (pz dy) —18.9

of 6p orbitals. We now show that, in the Pomplex of silver-
(), which is with its [Kr]4d'° configuration at the borderline of
transition-metal and main-group elements, the energy contribu-
tions from ungerade symmetry to the stabilizing orbital interac-
tions are as large as 32%.

The energy-decomposition analysis shown in Figure 4 reveals
that there is an unexpectedly strong back-donation from the 4d
orbital into the symmetry-adapted linear combination of vacant

b3y (px) —13.6 by (dxzy2) —2.5
bz (py) ~5.1 &(-)-15
bag (dy;) —4.6
D1g (dyxy) —2.5
a (—) —1.5
AEint = AEpaui+ —94.7 —94.3
AEeIst+ AEorb
AE = AEgy + AEin —86.4 —86.3

aEnergies in kcal/mol. Bold: Contributions of the irreducible representa-
tionsT to the stabilizing orbital-interaction energhEqr,: T'i, metal orbitals
involved (in parentheses), and enedy¥.(I;) in kcal/mol.

—18.0 kcal/mol) and of the phosphorus lone pai(®) with

5p« (bay, —13.6 kcal/mol) are also significant (Figure 4). The
MO diagram given in Figure 3 shows further details of the
metat-ligand interactions: (i) an sd hybridization withang
symmetry, (ii) relatively small coefficients from vacant metal
orbitals, and (iii) the additional involvement of occupied ligand
orbitals in the metatligand interactions withinbyy orbital
symmetry. The orbitals displayed in Figure 4 are the only
orbitals that show significant changes in population upon the
formation of the complex.

The strong participation of 5p orbitals in metdigand
bonding, which is clearly demonstrated by the energy contribu-
tions of theungeradeirreducible representation$,(, bs) to
the stabilizing orbital interactions, is a remarkable result. The

question whether np orbitals should be considered true valence

(21) The bond-energy contributions involving the 5s orbital (vacant iff)Ag
and the 4¢ and 4d,—, orbitals (occupied in Ag) cannot be analyzed
separately because tﬁe three orbitals are totally symmetric (Table 3).

12314 J. AM. CHEM. SOC. = VOL. 124, NO. 41, 2002

orbitals of the R cages Ifp;, —13.7 kcal/mol). Does this
contribution determine thB,, geometry of Ag(R).*? We have
also calculated the structure and energy of Ehgsymmetric
conformer2 (Figure 1). Surprisingly, the calculations predict
the energies of both isometsand 2 of Ag(P4)," to be equal
(Table 3). The energy-decomposition analysi® oéveals that

all contributions to the bond energy are very similar, unless
identical with numerical accuracy, to the values of Dg-
symmetric conformed (Table 3). One might remark that the
absence of a symmetry center & prevents the 4g-o*
interaction from being explicitly analyzed because thepp

dv,, and g, orbitals belong to the irreducible representation
(Table 3)°> The contribution ofe to the stabilizing orbital
interactions in2 is —38.3 kcal/mol, while the sum of the
equivalent contributiongbf, + by + byg + bsg) in 1is —38.2
kcal/mol. There is no evidence for an intrinsic stabilization of
the Dar-symmetric conformer by any of the contributions
considered in our bond analysis. This conclusion is corroborated
by virtually identical atomic chargésand bond distances ih
and2 (Figure 1).

Because th®,, and D,y isomers are isoenergetic and show
equivalent bonding patterns, there is no preference fobthe
symmetric conformer by intramolecular interactions. A mainly
electrostatic metatligand interaction would favor a tetrahedral

(22) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.

(23) Maseras, F.; Morokuma, KChem. Phys. Lettl992 195, 500.

(24) Atomic charges in both and2 calculated using the Hirshfeld scheme (ref
25): Ag 0.24, P1 0.07, P3 0.12.
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A @ P a1g
P > “ P .56.9 kealimol
5s

55'9
o(P-P)
P ip by,
P, R O Loy P -18.0 kcalimol
Sb\‘u 5p2
o(P-P)
f);-g
-13.7 keal/mol
b3u
-13.6 keal/mol

Figure 4. Main contributions of the irreducible representations to the
stabilizing orbital-interaction energ&Eon, in Ag(172-Pa)2* (1, Dan).

y z

coordination environment; 2n binding sites in zinc finger

proteins are a typical exampzléSince the ligands in Ag(ﬁ’{“ Figure 5. Calculated geometry (BLYP/V) of the conforme3sand 4 of
A Ag(C2H4)2+.

are neutral, the electrostatic preference for kg conformer

is negligible. Orbital interactions do not induce a planar Table 4. Calculated Bond Distances (in A) in CHs (D21) and

coordination environment; the analysis shows that there is A9(CzH4)2" (D2n and Dzq)

essentially no difference between the involvement of one and CoHs D (3) Dzq (4)

two d orbitals in ther-type interaction with vacant orbitals of  program level of theory cC AgC CC AgC cC<C
the pnictogene cages. The shallow rotational potential energy™ apr gLyp/v 1332 2343 1363 2327 1.365
surface is also indicated by the fact that an isoenergetic Gos B3PWO1/XXL 1.324 2351 1.354 2340 1.355
D,-symmetric isomer is predicted by calculations using a slightly G98  MP2/XXL 1334 2300 1.364 2289 1.365

smaller basis set (see Supporting Information). Dhgstructure
observed experimentally is apparently induced by intermolecular A9(C2Ha)2" and compared to that in Krossing’s cation. The
interactions such as crystal packing and the polarizable environ-Calculated structures of thez, and Dog-symmetric isomer3

ment which are difficult to consider by means of computational @nd4) are displayed in Figure 5. Theoretically predicted bond

chemistry2? distances and stabilization energies are listed in Tables 4 and
5. The metal-C distances (2.35 A) are longer than those in late
Comparison with Ag(C  2Hz)2* transition-metal ethylene complex@and shorter than those in
Because the complexation of an olefin by a metal ion is an €arly transition-metal ethylene complexé<Calculated stabi-
elementary reaction step in many industrial proce3es) lization enthalpies, Ag + 2 CHs — Ag(CzH,)2", are in good

understanding of the bonding in ethylene complexes is of agreement with the experimental value (Table 5). The metal

fundamental intere$f-32 We have also studied the bonding in  ligand energies are slightly smaller than in tieérahedroPs,
complexes and thBq structure4 is found to be favored over

(25) Hirshfeld, E. L.Theor. Chim. Actdl977, 44, 129. the Dar-symmetric conformeB by less than one kcal/mol (Table
(26) (a) Dudev, T.; Lim, CJ. Phys. Chem. B001, 105 10709. (b) Dudev, T.; 35
Lim, C. J. Am. Chem. So2002 124, ja012620I-3-316, in press. 5)-

(27) Calculations employing microscopic models such ag foF the large
spectator anions do not show a stabilization of Ehg structure. Whether (30) Guo, B. C.; Castleman, A. WChem. Phys. Lett199], 181, 16.
calculations using the conductor-like screening model (COSMO, ref 28) (31) Sievers, M. R.; Jarvis, L. M.; Armentrout, P. & Am. Chem. S0d.998

predict the two isomers to be isoenergetic orhgstructure to be preferred 120, 1891.

strongly depends on atomic radii used. Because of the lack of thermo- (32) Quantum-chemical studies of Ag#dy)": refs 10, 30, and (a) Basch, H.

chemical data required for a parametrization, the definition of the molecular J. Chem. Physl972 56, 441. (b) Ziegler, T.; Rauk, Anorg. Chem1979

cavity is arbitrary. 18, 1558. (c) Ma, N. L.Chem. Phys. Lett1998 297, 230. (d) Schider,
(28) (a) Klamt, A.; Schitmann, G.J. Chem. Soc., Perkin Trans.1®93 799. D.; Wesendrup, R.; Hertwig, R. H.; Dargel, T. K.; Grauel, H. Koch, W_;

(b) Klamt, A.; Jonas, VJ. Chem. Phys1996 105 9972. Bender, B. R.; Schwarz, HDrganometallic200Q 19, 2608. (e) Boutreau,
(29) (a)Advanced Inorganic Chemistryth edition; Cotton, F. A., Wilkinson, L.; Leon, E.; Luna, A.; Toulhoat, P.; Tortajada,Chem. Phys. LetR001,

G., Murillo, C., Eds.; Wiley: New York, 1999. (bfatalysis from A to Z 338 74.

Cornils, B., Herrmann, W. A., Schiy, R., Wong, C. H., Eds.; Wiley- (33) Atypical Pd(Il)-C(ethylene) distance is 2.15 A; for instance, see: Deubel,

VCH: Weinheim, Germany, 2000. (Applied Homogeneous Catalysis D. V.; Ziegler, T.Organometallic2002 21, 1603.

with Organometallic Compound<ornils, B., Herrmann, W. A., Eds.; (34) A typical Mo(VI)—C(ethylene) distance is 2.60 A; for instance, see: Deubel,

Wiley-VCH: Weinheim, Germany, 2002. D. V.; Sundermeyer, J.; Frenking, Giorg. Chem.200Q 39, 2314.
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Table 5. Calculated Stabilization Energy Ag* + 2 CoHg —
Ag(C2H4)2™ (AE, in kcal/mol) for Each Conformer (D2, and D)
and Number n of Imaginary Frequences

Table 6. Energy Decomposition of the Ag—C,H, Bonds in the Dyp
and D,g-symmetric Conformers of Ag(C,H4)," at the BLYP/V
Level?

Dan (3) Dy (4) Ag(CoH,),*
program level of theory AE n AE n contribution Do Dag
ADF BLYP/V —73.3 —73.8 AEsy 35 3.8
G98 B3PW91/XXL —69.2 0 —69.7 0 AEpauii 108.2 113.6
G98 MP2/XXL —69.6 0 —70.4 0 AEeist —103.6 —-107.4
experiment —66.1° AEom —-81.4 —83.6
AEom () ayg (S, deyz, d2) —45.4 a(s, d» —45.5
a AS= —51.7 cal/mol K,AG = —48.7 kcal/mol.> AS= —55.9 cal/mol b1 (p2) —13.5 e (R, pydxzdy) —21.4
K, AG = —47.8 kcal/mol.c Guo, B. C.; Castleman, A. W., XEhem. Phys. b2g (dxz) —12.5 b (pz, dxy) —14.0
Lett. 1991 181, 16. AS = —52.3 cal/mol K,AG = —40.5 kcal/mol. bau (px) —2.5 by (dyey2) —1.4
Experimental geometry not reported. bau (py) —2.3 a(—)—-1.3
bsg (dyg) —2.6
b1g (dyy) —1.3
Ag aw(—) —1.1
AEint = AEpaui+ —76.8 —77.6
AEeIst+ AEorb
AE = AEgy + AEint —73.3 —73.8
CH,
Ag aEnergies in kcal/mol. Bold: Contributions of the irreducible representa-
tionsT to the stabilizing orbital-interaction energyEqw: I, metal orbitals
CHz involved (in parentheses), and eneuygon(I) in kcal/mol.

Figure 6. Topological analysis of electron density in Ag{Ps).* and
Ag(CzH4)*. Bond paths (lines) and (3;1) bond-critical points (dots) are
shown. Is the T-shaped bonding pattern in the ethylene complex due to the
absence of back-donation from thex4drbital or due to a predominance

of electrostatics?

Hertwig et al'® reported a topological analysis of electron
density in Ag(GH,)™ using Bader’s atoms in molecules (AIf)
concept. The AIM method provides an aesthetic and well-
defined description of the chemical bo#dFor instance,
(3,—1) bond-critical points correspond to a minimum of electron
density in the direction of a bond and to maximums of electron
density in the perpendicular directions of space, indicating the
center of a chemical bond. Krossing and Varil\hf recently
reported an AIM analysis of the Ag{B* complex and found
bond-critical points (i) between all P atoms and (ii) between
the metal and the phosphorus atoms coordinating with the metal
(A-shaped bonding pattern). This is shown in Figure 6. In
contrast, the analysis of the ethylene comflezhows a
T-shaped bonding pattern with bond-critical points (i) between
the carbon atoms and (ihetween this bond-critical point and
the metal (Figure 5)1°%6|t was suggested that the AgC,H,
bond is mainly electrostatic in origin and there is little or no
back-bonding from the occupied 4d orbitals of A¢go the
ethylene ligand, in contrast to the bonding in Krossing’s cation,
indicating a fundamentally different metdigand interaction
in olefin and#,2-P, complexe$:10

The results of the analysis of Agf84)." (3, D) are
presented in Table 6 and Figure 7. The interaction enAigy
(—76.8 kcal/mol) calculated at the BLYP level is smaller than
that in Ag(R)2" (—94.7 kcal/mol), so are its three components
(AEpaui, AEeisy andAEq). Given the puzzling AIM results in
Figure 5, it is remarkable to note the very similar energy
contributions in the complexes with the two ligands. The bond-
energy contributions in Ag@®." and Ag(GH.)," essentially
match, including the ratio of electrostatics and stabilizing orbital
interactions on one hand and the partitioning of the latter term

(35) Atomic charges in botB and4 calculated using the Hirshfeld scheme (ref

a-;g
| —= - | -45.4 keal/mol
3ay
‘wC=c) S
bfu
e -13.5 kcal/mol
3byy 5
x(C=C) Pz
—— — bg.:;.
-— - -12.5 kecal/mol
2b3g
n*(C=C) 4d,,

X

Y z

Figure 7. Main contributions of the irreducible representations to the
stabilizing orbital-interaction energ&Eor, in Ag(C2Ha)2" (3, Dan).

into the irreducible representations on the other hand (Tables 3
and 6)37 Surprisingly, back-donation from the silveg,drbital
to vacant orbitals of the olefind4y) is found to provide an
even larger relative contribution to the orbital-interaction energy
than the corresponding contribution in thed®mplex, despite
the T-shaped bond paths in the ethylene complex and the
A-shaped bond paths in the €omplex. However, we identify
one qualitative difference between the two silver complexes:
The b, contribution is as large as13 kcal/mol in Ag(R)2"
but essentially missing in Ag@El,).". This is simply caused
by the fact that an occupietls, symmetry-adapted linear
combination (SALC) of the ethylene’s frontier orbitals is not
available.

Quantitatie differences between the two complexes can be
summarized as follows. (i) The contributions fram and by,
are larger in the Pcomplex than in the €4, complex, possibly
because the orbital energy levels of the phosphorus cages are
higher than thet-orbital energy of the &C bond (Table 7,

25): Ag 0.46, C—0.02, H 0.08. In ethylene: €0.08, H 0.04.

(36) The presence of bond-critical points can depend on method. Compare ref
10 with Bthme, C.; Wagener, T.; Frenking, G.Organomet. Cheni996
520, 31.

(37) An energy-decomposition analysis of Agkz)™ does not provide insight
into the contributions from 4d, 5s, and 5p orbitals to the bond energy
because the complex ,,-symmetric (ref 10).
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Table 7. Frontier-Orbital Energies ¢ (in eV) of Ag™ and of the
Symmetry-Adapted Linear Combinations (SALC) of (P4), and
(C2H4)2, Respectively. Overlap Integrals between the Ag™ Orbital
and SALC for Each Irreducible Representation T';

silver ligands overlap
orbital € T €(Pa)2 €(CoHa)2 Ag(Pa)" Ag(CoHa)o*
5s —-125 g -7.0 —7.6 0.39 0.43
5p, 7.2 b1y —6.8 7.4 0.39 0.44
5p« 7.2 bay —-8.4 —15.4 0.43 0.30
4d,, —17.0 bog —-3.2 -19 0.12 0.18

Figures 3 and 4). (ii) The contributions fromg in the B and
C,Hs complexes are equal, although the energy of the
o*(P—P) orbital is lower than the energy of the*(C=C)
orbital. The greater<4dn*(C=C)> overlap integral in
comparison with the<4dj o*(P—P)> overlap integral appar-
ently compensates for the frontier-orbital energy differences
(Table 7, Figures 3 and 4), making the energy contributions of
by in both complexes equal.

The analysis reveals that the origin of the different topology
of electron density in Krossing’s cation and its ethylene
counterpart is neither a predominance of electrostatics in
Ag(C;Hg)2™ nor the absence of electron back-donation from the
4d'0 closed-shell to the ethylene ligandsd). The lack of an
occupied symmetry-adapted linear combination of the ligand’s
frontier orbitals that can interact with the ,5prbital of silver
(bsy) causes the significantly different bonding patterns within
the atoms-in-molecules framework. This quantum-chemical
study highlights the use of orbital symmetry for understanding
chemistry}” which was particularly demonstrated by the predic-
tion of reactivity and stereoselectivity in pericyclic reactidhs.

Computational Methods

Geometry optimizations and energy calculations were performed at
the gradient-corrected density functional theory (DFT) level using
Becke'’s exchange functiorfaland Lee et al.‘s correlation functiod@l
(BLYP) as implemented in the Amsterdam Density Functional 2000
program, (ADFY° Relativistic effects were considered by the zero-
order regular approximation (ZORA).Uncontracted Slater-type orbit-
als (STOs) were used as basis functi$itiEhe valence basis functions
at Ag have triple¢ quality, augmented with a set of p and f functions.
The valence basis set at the other atoms has ttigleality, augmented
with a set of d and f functions. The (2sjore electrons of C, the
(1s2s2p° core electrons of P, and the (1s2s2p3s3f3dre electrons
of Ag were treated within the frozen-core approximatidithis basis-
set combination is denoted V. Geometry optimizations and energy
calculations were also carried out using Becke’'s DFT-Hartfemck

(38) Snijders, J. G.; Baerends, E. J.; VernooijsAR.Data Nucl. Data Tables
1982 26, 483.
(39) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41.
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hybrid method® which includes Perdew and Wang's correlation
functionafy(B3PW91}¥? as implemented in Gaussian 98 (G98An
energy-consistent scalar-relativistic small-core effective core potential
(ECPY* with the corresponding basis set fully decontracted and
augmented with a set of f functiofisvas employed for the silver atom,
while the basis sets 6-3315(3df) and 6-31+G(2d,p) were used at
phosphorus and at the other atoms, respectively. This basis-set
combination is denoted XXL. Ab initio calculations at the Mgter
Plesset second-order perturbation theory (MP2) févelere also
performed with basis set XXL. The stationary points calculated with
G98 were characterized by the numbreof imaginary frequencies.
Unscaled vibrational frequencies were considered in a thermochemical
analysis. Additional calculations were carried out at various levels of
theory using the ADF and G98 programs (see Supporting Information).
For the analysis of the metaligand bonds, Ziegler and Rauks'3
energy decomposition scheme was employed.
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