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Density functional theory studies of the series of isomeric d® (pentacarbonyl)metal complexes (CO)sM(#7*-SO,)™,
(CO)sM(5~-0S0)™, and (CO)sM(52-SO,)™ (M = Ti-Hf, nq = 2—; M = V-Ta, nq = 1-; M = Cr =W, nqg = 0; M
= Mn-Re, nq = 1+, M = Fe-0s, nq = 2+) provide accurate structural modeling and quantitative prediction of
the relative stabilities of the isomers. The #*-S-bound complexes display planar SO, moieties that adopt staggered
orientations with respect to the carbonyl ligands, in keeping with experimental observations. The OSO chain in the
n'-O-bound complexes generally adopts the u-shape with a staggered orientation. The dianions (CO)s(Ti—Hf)(*-
0S0)?~ differ in that the OSO chain adopts the eclipsed z-shape orientation. The %S0, complexes exhibit a
facial interaction and are stable only for anionic and neutral complexes, supporting the view that this motif involves
substantial M — SO, sr-back-bonding. The relative stabilities of the isomers generally follow u-shaped trends both
across a row and down a family. This fits with qualitative ideas that the bond dissociation energies (BDEs) for the
(CO)sM(SO,)™ complexes track competition between relative hardness/softness of the metal fragment and its capacity
for st-back-bonding. Quantitatively, examination of BDEs by bond energy decomposition approaches suggests that
electrostatic considerations dominate bonding for the #'-SO, complexes and covalent effects dominate for the
1?-S0, species, while both are important for #'-0SO complexes.

Introduction Scheme 1
o . M—S °
Sulfur dioxide, S@, has long been recognized as a \ """"" o NS O \s
polluting product of coal and natural gas combustion. It acts o) ~~o " o/
as a respiratory irritant at concentrations as low as 2 ppm,
n'-pyramidal SO, n'-planar SO, u-shaped n'-0SO

and it oxidizes slowly in air to sulfur trioxide, SQOa major
contributor to acid rain. Minimizing or eliminating sulfur M0 M—O— 8§ o
dioxide emissions represents a worthy socioeconomic goal. \ \ |v|"\|S o

The need for catalysts designed to convert, 3®less 81_0 _ ; © ,
hazardous materials has driven the study of its coordination ~ ZShaeedn-0SO linear n-0SO S0,
to transition metal fragments and subsequent reactivity. honded S@ does not. Consequently, syntheses designed
Several efforts here have shown links between coordinationto form SQ complexes exhibiting all of the possible bonding
mode and further reactivity. For example, {PRPt(;*- motifs to a single transition metal have appeared. Of the
pyramidal S-bonded Sfpreacts with molecular oxygen to  possible motifs including?-planar-S-bonded;-pyramidal-
form (PhP)Pt(SQ),* while (PhP)Ni(n*-nearly planar S-  s-bonded, various;’-O-bonded, and;-SO-bonded S
(Scheme 1), examples exist of several. Qualitative and
(1) Correspondence to this author at Northern lllinois University. E-  semiquantitative models exist to predict what bonding mode
mail: tgilbert@marilyn.chem.niu.edu. a particular metal fragment will preféHowever, little work
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(3) Levison, J. J.; Robinson, S. D. Chem. Soc., Dalton Tran4972 (5) Ryan, R. R.; Kubas, G. J.; Moody, D. C.; Eller, P &ruct. Bonding
2013-2017. 1981, 46, 47—-100.

10.1021/ic030179p CCC: $25.00 © 2003 American Chemical Society Inorganic Chemistry, Vol. 42, No. 22, 2003 7207

Published on Web 10/08/2003



Retzer and Gilbert

has focused on directly measuring the thermodynamics of density approximation of Vosko, Wilk, and Nusair (LDA VWN)
SO, bonding®” or quantitatively explaining trends in struc- augmented with the nonlocal gradient correction PW91 from

tural or stability behavior. We have minimal detailed Perdew and Wan#f Test calculations using other gradient correc-

knowledge of the fundamental issues, such as the relativetions such as BP86 or revPBE gave essentially identical BDEs for
' several compounds. Relativistic corrections were added using the

energies of the various Smondlnglconflguratlons. ) zeroth order relativistic approximation (ZORA) approdthihe

We .have begun to address Fhls lack computatlongl!y, electronic configurations of the molecular systems were described
modeling the structures and reactions of an array of transitionpy a triple< basis set for all atoms, with polarization functions on
metak-SO, complexes. We believe the work will provide C, O, and S (the TZP basis set in ADF). All atoms were assigned
fundamental data regarding met&8 and metatO bond a relativistic frozen core potential, treating as core the shells up to
strengths, which will then give insight into bonding theories and including the following: 1s for C, N, and O, 2p for first-row
and their application. Furthermore, the results should sugges{ransition metals and S, 3d for second-row metals, and 4d for third-
preferred routes and catalysts for desired conversions gf SO "W metals. A set of auxiliary s, p, d, and f functions, centered on
We report here our initial studies, involving the structures all I]UC|(;" Wgs u?d to fit the. TOleCUlar O:er?s'ty a;:d remesfm
and relative bond dissociation energies (BDES) of the seriescOu omb and exchange potentials accurately in each SCF €ycle.

of isomeric & (pentacarbonyl)metal complexes (G- For each molecule/ion, a systematic variety of starting geometries
n were optimized without constraints to span the possible conforma-

SQ)nq' (CORM(»*-0SO0)9, and (COM(y*-SO)™ (M = tional spaces and ensure that a global minimum was located. For
Ti—Hf, ng=2-;M =V-Ta,nqg= 1-; M = Cr-W, nq example, for all (COM(OSOY complexes, four starting geom-

= 0; M = Mn—Re,nq= 1+; M = Fe-0s,nq= 2+). While etries were each optimized to a stationary point, each geometry
only (COXCr(p*-planar-SQ) has been structurally character- being a combination of the z or u OSO chain conformations and
ized® members of the monoanionimeutral*® and mono- the staggered or eclipsed orientations with respect to the carbonyl
cationid! classes have been prepared and characterized byigands. Once an optimized minimum structure was obtained, single
other means. We thus have bases for comparisons betweeR0int energies using a spirbit ZORA relativistic Hamiltonian
experimental and computational results. Moreover, the d Were calculated for the (EW(SOZ)W complex and for the
(COXM fragment is well-studied and understood, so the separately optimized (CeN"9 fragment. Subtraction of the latter

. o . plus the single point spinorbit relativistic energy of S@from
complexes should provide readily interpreted bonding fea- the former gave the bond dissociation energies (BDEs) reported in

tures and energies. Table 4. The data were not corrected for basis set superposition
) ) error (BSSE), because the correction at this basis set level is
Computational Details probably<2.0 kcal moft2tand because it is probably systematic

) ) ) across the series of molecules investigated and, thus, will not affect

All DFT calculations were carried out using the Amsterdam g comparisons. Also, because of the number of molecules
Density Functional (ADF 2002) progrdfideveloped by Baerends i egtigated and the computational effort required to calculate

et al® and vectorized by Ravenék.The numerical integration  gecond derivatives of the energy with respect to the nuclei positions
scheme applied for the calculations was developed by te Velde et(the ADF program does this through laborious numerical integra-
al.;*the geometry optimization procedure was based on the methodijgny, we did not calculate Hessian matrices for every complex to
of Versluis and Zieglet> Geometry optimizations used the local  confirm that the structures determined exhibited only positive
frequencies. Because of this limitation, the energy data are not
(6) A substantial number of studies have focused on the thermochemistry corrected for zero point vibrational energy (ZPE). This correction
of SO, with gas-phase transition metal atoms, and with solid surfaces. i generally small due to its near cancellation in the reaction energy

For the fi , : McClean, R.E.Phys. Chem. 200Q 104, . . .
8?53—%702?%)81\%022” ;. Ef“;hys. Chg;_ Aggg] 103 ?5_79 calculation. To support this, we calculated the ZPE correction for

and references therein. For the latter, see: (a) Rodriguez, J. A.; Dvorak, the reaction (CQMo(#*-S0O,) — (COxMo + SO, finding a value
3';ilr3?k' Tlf- ?hy;‘-EChiﬂm- ggog 1046_115515;1&5% (b()gRgggglEEZ, of 1.2 kcal mot. Frequency calculations were performed only for

. A JIrsak, 1., Z, o aturvedl, S.; Kunhn, ., GO , Lo R :

Maiti. A. J. Am. Chem. S0€00Q 122, 12362-12370. (c) Rodriguez, those_ (pentacarbonyl)metal systemg for W.hICh experimental IR
J. A.: Hrbek, JAcc. Chem. Red999 32, 719-728 and references vibrational spectra have appeared in the literature. All of them
therein. _ _ exhibited only positive frequencies, indicating that they are true
For an example of a thermodynamic study of the bonding between minima

SO, and a well-defined transition metal complex, see: Albrecht, M.; ’ . o

Gossage, R. A.; Frey, U.; Ehlers, A. W.; Baerends, E. J.; Merbach, As the calculated structures typically exhibit expected bond

@

~

A. E.; van Koten, Glnorg. Chem 2001, 40, 850-855. distances and angles, particularly for the carbonyl ligands, only
® ?gézhgggaigi,jggmann, F.-E.; Schenk, WZAAnorg. Allg. Chem notable parameters appear in the following text. Optimized Cartesian
(9) Ihmels, K.; Rehder, DOrganometallics1985 4, 1340-1347. coordinates of all molecules discussed are available as Supporting

(10) Schenk, W. A.; Baumann, F.-Ehem. Ber1982 115 2615-2625. Information.

(11) Mews, R.Angew. Chem., Int. Ed. Engl975 14, 640.
(12) Amsterdam Density Functional programwersion 2002.03; Division
of Theoretical Chemistry, Vrije Universiteit: Amsterdam, The Neth- (17) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~

erlands; http://www.scm.com, 2002. 1211.
(13) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 41-51. (18) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson,
(b) Baerends, E. J.; Ros, Bhem. Phys1973 2, 52—59. M. R.; Singh, D. J.; Fiolhais, G?hys. Re. B. 1992 46, 6671-6687.
(14) Ravenek, W. IrAlgorithms and Applications on Vector and Parallel  (19) Van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Snijders,|dt.G.
Computerste Riele, H. J. J., Dekker, T. J., van de Horst, H. A, Eds.; J. Quantum Chenil996 57, 281.
Elsevier: Amsterdam, The Netherlands, 1987. (20) A reviewer asked for justification for not using diffuse functions for
(15) (a) te Velde, G.; Baerends, E.JJ.Comput. Cheni992 99, 84—98. calculations involving anions. Diffuse functions unfortunately are not
(b) Boerrigter, P. M.; te Velde, G.; Baerends, Elnl. J. Quantum generally available in ADF basis sets.
Chem.1988 33, 87—113. (21) ADF Examples Manual for loss of CO from Cr(Gavailable from
(16) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322-328. http://www.scm.com.
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Table 1. Experimental and Predicted (PW91/TZP) Bond Distances (A) fqCD)}M(SO,)" Complexes
S-bonded O-bonded 7?-S0O-bonded
M=S M-Cyxd M—-Cefd Au-c® M—O0 M-Cid@ M-Ced Am-—c® M-S Au-& M-0 Ay-o® M—Cyd@ M—Ced Am-c°

T~ 2.407 2.035 2.055(1) 0.020 2.096 2.014 2.061(24) 0.047 2595 0.188 2.231 0.135 2.016 2.061  0.045
Zr2- 2591 2206 2.237(1) 0.031 2.223 2.192 2.231(28) 0.039 2.732 0.143 2.331 0.108 2.199 2.237 0.038
Hf2~= 2542 2165 2.191(1) 0.026 2.159 2.161 2.187(34) 0.026 2.700 0.148 2.269 0.110 2.162 2.194 0.032
\% 2.289 1.937 1.961 (1) 0.024 2.061 1.925 1.968 (4) 0.043 2544 0.255 2.217 0.156 1.919 1.966 0.047
Nb~ 2463 2.098 2.132(1) 0.033 2200 2.084 2.134(3) 0.050 2.654 0.191 2.327 0.127 2.083 2134  0.051
Ta 2447 2.079 2.112(1) 0.033 2.162 2.071 2.114 (4) 0.043 2.636 0.189 2.280 0.118 2.070 2.114 0.044
Cr 2254 1.880 1.907 (1) 0.027 2.073 1855 1.908(1) 0.053 2.606 0.352 2.189 0.116 1.858 1912 0.054
Cr 2.187 1.89 1.90 (expt)

Mo 2415 2.025 2.067 (1) 0.042 2.219 1.996 2.064 (1) 0.068 2.686 0.271 2.301 0.082 2.003 2.070 0.067
W 2412 2.021 2.061(1) 0.040 2.184 1.996 2.058(1) 0.062 2.673 0.261 2.268 0.084 2.003 2.064 0.061

S-bonded O-bonded
M-S M—Cad M—Ced? Au-cP M—-0O M—Ca@ M—Cef Ap-cP
Mn* 2.274 1.854 1.884 (1) 0.030 2.093 1.824 1.882 (3) 0.058
Tct 2.421 1.985 2.034 (1) 0.049 2.240 1.946 2.028 (2) 0.082
Re* 2.425 1.988 2.034 (1) 0.046 2.220 1.951 2.028 (2) 0.077
Fert 2.341 1.863 1.889 (1) 0.026 2.050 1.836 1.888 (5) 0.052
Ruz* 2.458 1.985 2.029 (1) 0.044 2.189 1.946 2.023 (3) 0.077
og* 2.469 1.983 2.029 (1) 0.046 2.195 1.947 2.024 (5) 0.077

aM—Ca is the metat-carbon bond distance for the carbonyl ligand trans to the I8@nd. M—Cgq is the average of the four metatarbon bond
distances for the carbonyl ligands cis to the;Si@and. The number in parentheses is the standard deviation of the values from the avaiage=
[M—Ceq — M—Cy{ for a particular complex¢ Ay-s = [M—S bond length in (CQM(7?-SO,)"] — [M—S bond length in (CQM(#*-SO)". Am-o0 =
[M—0 bond length in (CQM(7?-SO»)" — [M—0 bond length in (CQM(7*-OSO).

Table 2. Experimental and Predicted (PW91/TZR) andvso Stretching Frequencies (ci) for (COxM(SO,)"@ Complexes

Yco Vso

expt calcd expt calcd expt calcd expt calcd expt calcd

(CORV(71-SO)~ 2018 1990 1940 1888 1895 1887 1194 1033
(COXCr(n*-SOy) 2101 2081 2012 1992 2006 1991 1311 1284 1117 1081
(COXMo(51-SO) 2107 2082 2009 1988 1986 1292 1283 1106 1078
(CORW(171-SOy) 2108 2081 2002 1985 1982 1292 1282 1105 1076
(COBMN(31-SOy)* 2167 2160 2061 2089 2040 2086 1311/1305 1358 1119 1112

(COXMN(;1-0SOY 2149/2092 2066 2055 1257 1005
(COXRe(*-SOy)* 2177 2172 2059 2079 2025 2079 1313/1307 1357 1114 1108

(CO)xRe(*-0SO) 2152/2088 2059 2049 1258 993

Results and Discussion is probably irrelevant, since the $@nds little barrier to

rotation around the MS axis. The CrS bond length

A Note on Terminology. Because we will discuss the . . .
9y displays the largest difference between model and experiment

isomers separately and collectively, we adopt the following .
formula nomenclature. The S-bonded systems are represente&z'254 vs 2.187 A). However, the au.thors rioteat th'?
by (COXM(5-SO), the O-bonded systems by (GOYr- represents the shortest known—-€3 distance known in

0S0), and they-bonded systems as (G)(7>S0y). When (COXCrL complexes by a wide margin (0.48.34 A).
no particular bonding mode is meant, we use generically Possibly a small amount of disorder artifactually shortened

(COXEM(SOy). the experimental distance, or the short distance arises from
Structures and Conformational Energies. (CO3M('- solid state forces not modeled by the “gas phase” computa-

SO,)" Complexes.As already noted, this group contains tON:

the only structurally characterized example of a (pentacar- All the (COXM(»'-SO)™ complexes studied by IR
bonyl)metal(SG@) complex, (COJCr(n*-planar SQ).8 The spectroscopy have been characterized as containing S-bound
theoretically predicted structure agrees reasonably well with #*-planar SQ. These assignments are consistent with the
experiment (Table 1). In particular, the model matches the relative stabilities of the isomers (see the following bond
Cr—C bond distances, and the rather small difference energy data), except for the Mand Reé complexes, which
between the CrC. and CrCeq values?? The model the model predicts to be O-bonded. To confirm the utility
correctly predicts a planar Sdigand, although it suggests  of the model in predicting structures and physical properties,

a nearly perfectly staggered conformation for ,S@ith and to probe whether the structural assignment for th& Mn
respect to the cis carbonyl ligands, while experiment finds and Ré cations is tenable, we ran frequency calculations
an orientation closer to gauche (the smaller&-Cr—Cgq on those complexes for which experimental data exist. We

torsion angle is 2935°). As we will discuss, this difference  compare these in Table 2. The experimental and theoretical
. data match well. In particular, the model correctly predicts
(22) Cox(Caya) is the carbonyl carbon trans (o the Sigand; Geq (Cequatoril the frequency trends for the series (@D)/(COXCr/

is used to represent an average value for the four COs cis to the SO o
ligand. (COxMNn™, and the coincidence of the two lower energy

Inorganic Chemistry, Vol. 42, No. 22, 2003 7209
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Table 3. Hirschfeld Charges (PW91/TZP) for the Third-Row Transition Metal (§M@50,)"4 Complexes

S0, (COBH(SO- (COXTa(SQ)~ (CORW(SO) (CORRe(SO)* (COBOs(SQP*
M —0.037 0.016 0.063 0.121 0.194
C(trans} —0.037 0.023 0.087 0.151 0.216
C(cis) —0.039 0.024 0.087 0.147 0.207
O(trans) —0.245 —0.173 —0.096 -0.014 0.072
O(cis) —0.237 —0.164 —0.086 —0.006 0.076
S 0.423 0.203 0.296 0.379 0.454 0.516
e} -0.212 —0.391 —0.302 -0.217 —0.138 —0.066
(CO%Hf(OSOR- (CO%Ta(0OSOy (COBW(0S0) (CO3Re(OSO¥ (COX0s(0SO¥+
M 0.095 0.095 0.116 0.164 0.243
C(trans) —0.038 —0.001 0.059 0.125 0.199
C(distcis) —0.045 0.017 0.081 0.146 0.214
C(proxcis) —0.025 0.022 0.077 0.136 0.201
O(trans) —0.254 —0.191 —0.122 —0.042 0.052
O(distcis) —0.244 -0.176 —0.101 —0.019 0.068
O(proxcis) —0.226 -0.167 —0.099 —0.023 0.062
o(M) —0.288 —0.210 —0.166 —0.145 —0.148
S 0.027 0.222 0.404 0.550 0.645
o —0.460 —0.306 —0.206 —0.131 —0.080
(COEHI(3>-S02)* (COxTa(>-S0)~ (CORW(57*-SCy)
M 0.047 0.069 0.110
C(trans) —0.040 0.011 0.074
C(coplS) —0.034 0.027 0.080
C(coplO) —0.036 0.058 0.120
C(prox) —0.004 0.028 0.085
C(dist) —0.030 0.013 0.081
O(trans) —0.254 —0.183 —0.105
O(coplS) —0.241 —0.166 —0.094
O(coplO) —0.244 —0.147 —0.071
O(prox) —0.208 —-0.161 —0.088
O(dist) —0.240 -0.177 —0.094
O(M) —0.345 —0.269 -0.214
S 0.071 0.228 0.349
O —0.442 —0.329 —0.234

aTrans indicates an atom trans to £0@is an atom cis to SO Prox (proximal) indicates an atom that the ;Sf@nformation points toward; dist (distal)
indicates an atom that the $@onformation points away from. O(M) is the $Oxygen bound to the metal. CoplS and coplO apply only torth&0;,
bonding mode; the former indicates an atom coplanar with the mgteO plane nearer the sulfur, and the latter indicates an atom nearer the oxygen.

Table 4. Predicted (PW91/TZP) Bond Dissociation Energy Data (kcal ~ orientation with respect to the cis carbonyl ligands. Figure

mol~1) for (COXM(71-SOy)"9, (CORM(71-OSOY9, and
(COXM(r2-SOy)"@ Complexes

Tiz~ Zr2= HfZZ v- Nb- Ta= Cr Mo W

(COEM—SO, 63.3 60.7 63.0 39.4 37.0 40.2 23.6 21.8 25.2
(COEM—0SO 54.0 55.2 58.8 27.0 28.0 31.8 18.9 18.7 22.4

la shows a view of (C@Wo(#'-SO,) demonstrating this.
Then!-planar conformation is that expected for S@und

to a & transition metal fragment from consideration of the
interacting orbitals, and this implies the use of metaf0O,

(COXM—(2-S05) 64.6 65.7 69.3 36.0 38.0 41.8 18.6 20.3 24.1 m-back-bonding. Interestingly, optimized molecules where

the SQ was constrained to the eclipsed position proved

Mn*  Tct Re" F&*  R#F OgF energetically very near their staggered counterparts. The two

(COEM—SO, 18.5 16.8 20.3 26.9 24.0 27.4

(COEM—0SO 27.6 26.4 29.8 50.0 46.5 50.2 (23) We employed a range of models (BP86, PW91, revPBE) and basis

carbonyl stretches for (CeMo(»*-SQ,) and (COMW(n*-
SO,). The S-0 stretching frequencies are also well predicted.
The latter strongly support the assignment of the (D)

and (COJ}Re" complexes as being S-bound; the O-bound
isomers should display bands at substantially lower energies
than observed. Although this disagrees with the energetic
data?® the overall general agreement between theoretical and
experimental values for structures and vibrational frequencies
supports the likelihood that the computational model ac-
curately describes the structures of the uncharacterized
complexes.

Several interesting trends/observations are apparent from
examination of the predicted (CEJ(#*-SQ,) structures.
Focusing on the SQligand first, we observe that in every
case it adopts th@'-planar conformation and a staggered

7210 Inorganic Chemistry, Vol. 42, No. 22, 2003

sets (DZ, TZP, TZ2P) within the ADF program and also using the
Gaussian98 program (B3LYP/LANL2DZ.; B3LYP/LANL2DZ un-
contracted on Re; 6-31G(d) on other atoms) to compare the energies
of (COxRe(1-SO,)* and (CO3Re@;-OSO) . We also modeled the
SO, solvent used to prepare (C§Mn/Re(SQ)* using the COSMO
facility in the ADF program. All these approaches indicated that the
n'-OSO complex should be more stable than $3eSO, complex.

We then compared the energies of these complexes including the
AsFs~ anion. While they’-OSO complex was still predicted to be of
lower energy than thgl-SO, isomer, the difference between the two
was about half as large (from about-102 kcal mot! without the
anion to about 6 kcal mol with it). Also, a fluorine atom in the
anion appears to interact strongly with the metal-bound sulfur in the
n'-SO, complex, but no (or little) such interaction arises in tjle

OSO complex. We therefore postulate that the anion plays either a
kinetic and/or a thermodynamic role in stabilizing theSO; isomer.

This “counterion reversal” is unlikely to occur in the (GOXSO,)?+
complexes, where the energy difference between isomers is much
larger, but it might be an issue for the anionic (G@)SO,)~ and
(COXBM(SO)%~ complexes. Evidently, it has no impact on the
(COXV(SOy,)~ series, for which theory and experiment both predict a
preference for the-SO, isomer.
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Figure 1. (a) View of the predicted (PW91/TZP) structure of (GRp(5*-SQ,) down the S-Mo—C—0 axis, showing the staggered conformation of the
SQ, ligand. (b) Side view of the predicted structure of (§0);-SO,)2~. (c) Side view of the predicted structure of (GB2@1-SOy)2".

conformers typically showed energies differing by less than on the sulfur-bound oxygen atoms, so the carbonyls, although
1 kcal molt. Eclipsed conformers transform smoothly to they repel each other, bend away from the, 8@and and
the staggered conformers during unconstrained optimizations,its greater negative charge. Conversely, as the positive charge
showing that essentially no barrier exists to rotation of the increases, going from W to Reto O<", back-bonding
SG; fragment around the MS axis. This is in accord with  decreases such that essentially no charge lies either on the

the molecular orbital pattern for & €4,-(CO)}M fragment, carbonyl or on the sulfur-bound oxygens, so no repulsion
where the filled ¢, and d, orbitals are degenerate and thus exists and the carbonyls do not bend.

compete equally when back-bonding to the3@and. The We note here that the enhanced negative charge on the
data suggest that at room temperature the B “spin” sulfur oxygens as opposed to the carbonyl oxygens does not

readily, potentially blurring spectroscopic or diffraction represent evidence that 818 a betterr-back-bonding ligand
experiments that rely on static atomic positioning. In than is CO. Previous calculations and photoelectron spec-
particular, solid state single crystal X-ray diffraction studies troscopy indicate that the!-planar S-bonded SQigand acts
might find the SQ@ moiety disordered; if not, the observed as a better-donor than CO, but a pooreraccepto’’ The
SO, conformation might reflect extraneous issues such asyvibrational calculations above support this, since we predict
packing forces rather than a preference for that conformation. y, for (CO)W(73-SQy), for example, to lie at higher energy
In this context, we note thaberMo(CO)(1*-SO,)(P—'Pr3)2 (2081 cntl) than that for W(CQ) (2000 cnt). In addition,
exhibits an eclipsed conformation with a very long M®  the M—C,y bond distance in the (CEN(5’-SOy) species is
bond (2.285(3) A} while in the relatedrans-Ru(NHs).- always predicted to be shorter than the averageQy
(n*-SO,)CI* and transRu(NHs)4(17'-SO;)(OH,) " the SQ distance. See Table 1. This is generally ascribed to the CO
adopts staggered and nearly staggered gauche orientationsyinning the competition forz-electron density over the
respectively”> ligand trans to it (in this case, S0 The ability of the sulfur
Examining the carbonyl ligands second, we see that they oxygens to attract electrons probably arises from a combina-
bend away from the SQigand progressively as the negative tion of o- andz-electron density transfers, some of which
charge increases. The extremes of the series of first-roware unavailable to the carbonyl ligand.

molecules appear in Figure 1b,c to illustrate this. One sees  Fipa|ly, the M-S bond lengths vary in an interesting way.
t_hat thg plane containing the four carbony_ls cis to the SO The data are graphed in Figure 2. The trends down any
ligand is essentially orthogonal to the\b axis for the F&  particular triad are consistent with the relative sizes of the
complex, but distortion increases across the series to the Ti first-, second-, and third-row atoms/ions. However, one sees
complex. The Q:M—Ceq angles average 90.0(lfpr Fe*", that the M=S bond lengths follow a u-shaped trend across
89.4(1y for Mn®, 88.8(2) for Cr, 88.2(2) for V7, and 4 particular row, with the meniscus at the Cr/Mo/W triad.
86.5(6y for Ti*".* These values are characteristic for each Thjs mimics the behavior observed computationally for the
triad. o _ _ M—C bond length in the dseries M(COf (M = Hf?> —

The origin of the repulsion lies in a sizable charge buildup Ir3+), where the meniscus lies around Re(§0)s(CO)2+.28
on the SU”UV'bOUTd OXygens as the negative chargion theThe trend relates to that predicted for the-lIO dissociation
complex (CO3M(r7-SG)™ increases from W to Tato Hf*". energy in that work, and with the MSQ; dissociation energy

Hirschfeld charges for the third-row systems appear in Table i oyrs. We therefore defer discussion to the bond dissocia-
3. One sees that, as the negative charge on the complexigp, energies subsection.

increases, the charges on all atoms decrease, but the change

. . i It is surprising to note that the'-SQ, ligand adopts a
is greatest for the SOmoiety. The charge builds up most 'S Surprising §-SC, lig P

planar orientation even in the dicationic complexes. One

(24) Kubas, G. J.; Jarvinen, G. D.; Ryan, R.RAm. Chem. S0d.983

105 1883-1891. (27) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D.1.Am. Chem.
(25) Kovalevsky, A. Y.; Bagley, K. A.; Coppens, B. Am. Chem. Soc. Soc.1979 101, 585-591.

2002 124, 9241-9248. (28) (a) Diefenbach, A.; Bickelhaupt, F. M.; Frenking, &.Am. Chem.
(26) The number in parentheses is the standard deviation of the measure- So0c.200Q 122 6449-6458. (b) Szilagyi, R.; Frenking, Grgano-

ments from the mean. metallics1997, 16, 4807-4815.
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Figure 2. Predicted (PW91/TZP) MS bond distances infdCO)%M(71-SO,)" complexes compared by family and row.

a b

Figure 3. (a) View of the predicted (PW91/TZP) structure of (GRp(11-OSO) down the @Mo—C—0O axis, showing the staggered conformation of the
0SO0 ligand. (b) Side view of the predicted structure of (EB(;-OSO¥~. (c) Side view of the predicted structure of (GRb(;#-OSOY . (d) Side view
of the predicted structure of (CERu(@p-OSO¥™ .

anticipates that-back-bonding would be less important than of the SQ ligand as a marker for the degree of electron
o-bonding for an electron-poor fragment such as (§E&), richness of the metal fragment is not generally justified.
and thus that the’]l-SOz moiety should adOpt a more (CO)SM(”l_OSOTq Comp|exes_ Most of the trends
pyramidal geometry. That it does not further substantiates discussed above for the S-bonded complexes apply to the
the considerabler-back-bonding capacity of thg'-SO, O-bonded complexes as well. Figure 3a shows the archetype
ligand, and the poop-donor ability of the sulfur atom.  (CO)Mo(5*-OS0), which exhibits a bent u-shaped geometry
However, it also implies that use of pyramidality/planarity for the SQ moiety rather than a bent z-shape or linear
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Figure 4. Predicted (PW91/TZP) MO bond distances infd COxM(51-OSO)9 complexes compared by family and row.

versions of these. Since this choice elicits steric interactions structural change, but whether more density goes to the SO
with the carbonyl ligands, the OSO chain adopts a staggeredor to the carbonyls is difficult to determine.
conformation. However, the energetic difference betweenthe  As above, the carbonyl ligands bend away from the SO
staggered and eclipsed geometries remains small, on the ordéigand progressively as the negative charge increases. A series
of 1 kcal moft. We note that the staggered, bent u-shaped of second-row complexes appears in Figure-8ho illustrate
geometry is that found in the only structurally characterized this. The Gx—M—Ceq angles average 90.6(4for Ru,
example of an kM(5-OSO) complex (M= a transition  89.9(3y for Tc*, 88.6(2} for Mo, 86.6(5) for Nb~, and
metal), & transMn(OPPh)4(5'-OSO)?**, where both S@  83(3Y for Zr>~. These values are characteristic for each triad.
ligands bind through the oxygen and adopt this conforma- Comparing these data with those for the S-bonded complexes
tion?* The Mn—0O—S and G-S—0 angles are 146.9(3and shows that the cationic and neutral species exhibit essentially
116.2(4), respectively, in good agreement with the predicted the same degree of bending regardless of what atom is
values of 137.7and 117.2. bonded, but the electron-rich anionic complexes display
The exceptions to the general bonding motif arise in the greater bending when the $& O bonded. This supports
(CORBM(7*-OSOF (M = Ti—Hf) series, the Zr example of  the idea that O-bonded $0s a poorerz-acid than is
which appears in Figure 3b. The OSO chain in these S-honded S@
complexes exhibits the eclipsed bent-z conformation. Inall Ao as already described, the model always predicts the
three, the carbonyl ligands distort significantly, as shown. \i—c_, bond distance to be shorter than the averageV)
We have not been able to correlate this structure with any gjstance. See Table 1. The differentg_c is consistently
idealized six-coordinate geometry. Since these complexes|grger than for the S-bonded complexes. This result, plus
contain the most electron-rich (pentacarbonyl)metal frag- the observation that carbonyl bending occurs to a greater
ments, the selection of this conformer suggests either thateytent for 0-bonded systems, supports the intuitive view that
the eclipsed z-orientation maximizes the ability of the OSO oxygen is a better-donor than is sulfur and that the
chain to act as ar-acid, or that it minimizes the-donor O-bonded OSO chain is a pooreracid than the S-bonded
capacity of the oxygen atom. Probably both issues play someg, Jigand.

role. Unfortunately, the Hirschfeld charge data (Table 3) do The M—O bond lengths also generally follow a u-shaped

I d h I ch q ¢ W Yrend across a particular row, with the meniscus at the V/Nb/

_c|>_n_a e:_tl?ersThecre'Tlse as the oyer:; CH farge pesl ¢ rorrr:_ h Ora triad. However, the curve is not as concave as that already

ha o del ' dPT soie exceptlsn IS the hatom |tseh V_I‘_’ ICN " observed, and as is evident, the Fe triad complexes break

the model predicts to carry the same charge as the Ta atony, pattern by showing short#0 distances (Figure 4). Only

in the monoanionic analogue. This suggests that the Hf this last observation correlates well with the-® bond

donates more electron density to the ligands because of theenergies (see in a following subsection). In general, theM

(29) Gott, G. A.; Fawcett, J.; McAuliffe, C. A.; Russell, D. B. Chem. bond distance cannot be used to predict the bond energy in
Soc., Chem. Commufi984 1283-1284. these system¥.
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Figure 5. (a) View of the predicted (PW91/TZP) structure of (GY(;7>-SO,) down the §?-SO)-Mo—C—O axis, showing the eclipsed conformation
and facial bonding of thg2-SQ; ligand. (b) Side view of the predicted structure of (§B}72-S0;)2~. (c) Side view of the predicted structure of (GMIp-
(17*S0y).

(CO)sM-(n?-SO,)"@ Complexes. A number of #?-SO, with respect to the (CG@M fragment appears barrierless. It
complexes have appeared in the literature. In general, theyis thus unsurprising that a few examples of molecules
require a moderately electron-rich metal center, such as incontaining a staggeregf-SO, exist®

the & complexes Mo(CQjphen)y?S0y)®! or trans-Ru- One sees in Table 1 thaty_s, the difference between
(NH3)4Cl(7?-SO,)* 2% Our calculations confirm this view, in  the M—S bond length in thgS0, complexes and the MS
that we found that attempts to optimize cationic (€M) bond length in the M{!-SQ;) complexes, is substantially
(n*-SOy)™" complexes invariably led to rearrangement to |arger than the analogousu-o. The difference increases
form O-bonded (CQM(#*-OSOJ)* complexes. This il-  from the dianions to the neutral complexes, correlating with
lustrates the analogy between eSO, ligand and the;- the fact that when the metal fragment carries a positive

alkene ligand, where botlr-donation ands-acidity are charge, the sulfur does not coordinate. Figure 6 shows that
required for strong bonding. The cationic (pentacarbonyl)- the M—S bond lengths follow a u-shaped pattern with the
metal fragments are poorer-bases, so thg?-bonding is meniscus at the V triad, while the MO distances do not
weaker. The oxygen atom of the ligand presents the hard,exhibit any apparent trend.

cationic metal with a hard base to bind, at the expense of (CO)sM(SO,) Bond Dissociation Energies.Figure 7
dissociating the softer sulfur atom. Hirschfeld charge data shows graphically the bond dissociation energies (BDEs) for
(Table 3) provide some support for this idea. One sees thatihe 7-S0, 7-0S0, andy>SOs-bonded complexes; numer-
the sulfur atom increases its positive charge rapidly as thejca| values appear in Table 4. The BDEs track the relative

positive charge on the complex increases, a total of 0:28 e gstapilities of the isomers, so we will treat the two inter-
from Hf to W. By contrast, the charge on the metal-bound changeably here.

oxygen increases more slowly, a total of 0.13 e In keeping with the predictions and experimental data for
Representative examples of theSO, complexes appear  the M—CO BDEs for M(CO}" complexes? the M—S and
in Figure 5. One sees that the metal binds to the “face” of \j—0 BDEs generally display a u-shaped trend down a
the SQ ligand, so that the plane containing the S@s  family. The u-shape reflects the competition between orbital
parallel to that containing the four cis carbonyl ligands. This overlap (better for first-row metals) and relativistic effects
confirms the view thay*S0, binds like ary*-alkene?* The  (petter for third-row metals} The range between the three
usual distortion of the carbonyl ligands is observed as thejn 5 particular family is not large, finding a maximum of ca.
anionic charge on the metal fragment increases (Figure 5b,c)5 kcal mot™ for the (COX(Ti—Hf)(;-OSOY¥~ series, but
becoming extreme for the dianionic (GOX7*-S0y)*" typically less than half this value. In contrast, the BDEs for
complexes. As already observed, the-RlLy distance is the #%-SQ, complexes rise smoothly down the family,
shorter than the MCeq distance (Table 1), indicating that  ajthough again the range spanned is small. Solely on the basis
even whem;*bound, the S@ligand is a better donor than  of these data, it appears that first-row catalysts for, SO
is CO. reactions should prove as effective as more-expensive
In contrast to the staggered conformation adopted by the second- and third-row catalysts.
n* complexes already described, theSO0; ligand prefers The u-shaped trend across a row noted above for bond
an eclipsed orientation, as shown in Figure 5a. This agreesjengths occurs here as well. The largest BDEs appear for

with experimental observations for a number éfndetat- the dianions in the titanium family, reaching the remarkable
(7?-SO,) species. As described, we find that the energetic

difference between staggered and eclipsed conformations i§32) (a) Ziegler, T.Can. J. Chem1995 73, 743-761 and references

not |arge (1—2 kcal moI'l), and rotation of the SO vector Enerein. (b) Ziegler, TChem. Re. 1991 91, 651-667 and references
erein.
(33) Ziegler has given a cogent explanation of how relativity strengthens
(30) Frenking, G.; Wichmann, K.; Fitich, N.; Grobe, J.; Golla, W.; Le metal-ligand bonds through back-donation to the ligand. See ref 32a
Van, D.; Krebs, B.; Lge, M.Organometallic002 21, 2921-2930. and see: Ziegler, T. IMetal—Ligand Interactions: from Atoms to
(31) Kubas, G. J.; Ryan, R. R.; McCarty, Morg. Chem198Q 19, 3003— Clusters to SurfacesSalahub, D. R., Russo, N., Eds.; Kluwer: The
3007. Netherlands, 1992, 367396.
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Figure 6. Predicted (PW91/TZP) MS and M-O bond distances in®dCO}M(77?-SO,)" complexes compared by family and row.

Figure 7. Predicted (PW91/TZP) bond dissociation energies (BDEs) (kcat hibr all complexes studied. Gray columns correspond to the energy for

(COEM(71-SOx)"a — (CO)BMM + SOy, white columns correspond to the energy for (@@(y-OSOY— (COxM™ + SO,, and black columns correspond
to the energy for (CQM(7?-SOy)"d — (COBM" + SO,.

values of 65-70 kcal mot?! for the (CO}M(#>-SQ,)?~ occurs at the chromium family, with BDEs of ca. 20 kcal
complexes. Surprisingly, even the (presumably) lesxc- mol~1, regardless of how the SOgand binds. Since (C®)
cepting #*-SO, and #-OSO bonding motifs still exhibit  (Cr—W)('-S0O,) and (CO¥(Mn, Re)@*-SO,)" complexes
sizable BDEs here. The fact that the SO, complexes show  exist, this implies that most of the othérabmplexes should
the largest BDEs speaks to the need for extensive 40, prove preparable and more stable. We hope this work will
back-bonding in these electron-rich ions. The substantial spur experimentalists to expand beyond this limited complex
BDEs even with the S-bound and O-bound anions argue thatset.

these motifs involver-back-bonding also, as already sug-  The model suggests an array of experiments to pursue.
gested. For the MS and M—O BDEs (for which full sets For example, it correctly predicts the observed preference
of predictions were possible), the meniscus for the former for S-bonding for the neutral (CEfiCr—W)(SGO,) complexes.
occurs at the manganese family, while that for the latter However, the preference is slight, particularly for tungsten,
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so careful experiments might allow isolation or observation 5 . N
of the #-OS0 andy>-S0; isomers. In this regard, we note ] W i
that Coppens et al. showed thetnsRu(NHz)4Cl(1-SO,) " 200 ABpaui+ Ao i
converts totrans-Ru(NHs),Cl(7*-SQ,)* when irradiated in —_—

the crystalline stat& By contrast, the model incorrectly ] L
predicts that the series (C€YIn—Re)-OSO)" should be
more stable than the experimentally observge50, iso- ]
mers?3 Possibly the latter are kinetic products, and another 07 AEin N
synthetic approach (possibly involving a less coordinating 7 :><E ]
anion) would provide the former as thermodynamic products. — -100 -
In this same vein, the model predicts far greater stability for ] =
the O-bound isomer versus the S-bound isomer for the  _.0- B -
dicationic (CO)(Fe—0s)(SQ)?" series; it would be interest- ] — T L
ing to see if experiment bears this out. On the other side of

the BDE menlscus’ the model correctly p!’edICts th_at_ @N@) Figure 8. Relative energies (PW9L1/TZP, kcal m#)l of the terms in the
(7*-SO,)~ is more stable than the alternatives, but it indicates bond energy decomposition for the third-row transition metal reactions
that the niobium and tantalum analogues should prefer the(CORM(7*-SQ;)" — (COEM" + SO,

7?-SO, motif. If borne out by experiment, this distinction

would provide insight into a subtle relationship between _AS representative of the (CE(7'-S0,)" complexes,
metal basicity and bonding mode. Figure 8 gives a graph of the componentsAdg; for the

third-row metal complexes (CeNI(#*-SO,). One sees that
the three components are energetically well separated. In
contrast to the situation for the hexa(carbonyl)metal com-
plexes studied by Frenking et & AEqs: does not cross
AEgp at any point. The repulsivAEp,irises fairly smoothly
Ifrom Hf to W, and then flattens, changing overall by ca. 75
kcal molt. One interprets this as showing that, as the filled
orbitals are pulled more closely to the nucleus by the

100 -

Energy (kcal mol™")

(CO)sHI(SOL)> (CO)sTa(SOz)™  (CO)sW(SOz)  (CO)sRe(SO2)*  (CO)s0s(S0,)**

The u-shaped trend itself is interesting. Qualitatively, one
explains it as a competition between two bonding effects.
For the anionic species on the left side of the scale-M
SO, m-back-bonding dominates, so that the greater the
electron density on the metal, the stronger the bond.
Proceeding to the right, and greater positive charge, the meta
becomes more Lewis acidic and harder in hesdft acid-
base terms, so that bonding becomes more ionic in nature,; ) o h S
increasing the BDE. This conforms to the prediction that increasing posmve charge, the Paull_ repulsion increases, and
O-bonded complexes are particularly stable for the cations, that repulsion becomes asymptotic. By contraSEeisat

since oxygen is a hard base, while the S-bonded complexe<iecreases asymptotically by ca. 50 kcal mipthe electro-
are more stable for the neutrals and anions, since sulfur is aStatic attraction between fragments increases as the positive
soft base. charge on the metal increases. At the same tirkE,m

remains nearly constant across the series, changing by only
ca. 15 kcal moit (and by only 6 kcal mot* from Ta to
Os), peaking at W. Thus, the u shape of kg curve is
determined largely by the sum of the factorsEp,,i +
AEgistas With a small contribution fronAE,,. We note that
+AE,, = the SUm,AE.Pau[i:l]‘ ﬁEemaﬁ ils often nthromeldME;.tenlcor AE°,
to contrast it with the covalent ter » In this language,
ABprep+ ABeisiar T ABpaui T Aorn the shape of the BDE curve arises from the steric term.

where Ay is the energy associated with deforming the ~_1"€ BDE decomposition data for the oxygen-bound
fragments of interest to their geometries in the molecule/ (COBM(17-OSO) species are less straightforward (Figure
ion, AEwsw is the electrostatic interaction energy between 9)- One sees, for example, theisia: andAEpaui Cross going
the fragments AEpayi is the repulsive interaction energy from Hf to Ta, and that poth curves change nearly linearly,
between the fragments resulting from interactions between@nd then flatten dramatically at R&Ee.,iis predicted to
occupied orbitals, andEqp is the energy associated with ~ P€ attractive for Hf, while the model predicfeEesa to be
relaxation of the KohaSham orbitals as self-consistency repulsive for Hf and Ta. Both observations reflect the
is reached AEasw and AEor, broadly describe electrostatic  'epPulsion between the compact, filled oxygen lone pair
and covalent attractive aspects of bonding, respectively, while Orbitals and the anionic metal fragment; the attraci¥@ayi
AEpaui describes repulsive aspects. For the systems hereimplies “spreading” of the filled orbitals and thus decreased
AEprepis generally on the order of 3 kcal md) although it~ Pair—pair interactions.

rises to ca. 10 kcal mot for highly distorted species such Moreover,AEq, changes significantly over the series, in
as (CO)(Ti—Hf)(»-OSO¥ . However, its contribution to  contrast to they'-SO, systems already described. The
the overall BDE is limited, so here we focus on the behavior here mimics that analyzed by Frenking and co-
components ofAE;,.. These have more effect on the bond workers for the related®dCOxM—CO"™ (M = Hf—Ir; nq
energy trends already noted. = 2— to 3+) BDEs?® They quantified the qualitatively

Quantitatively, we examined the bonding using the energy
decomposition data available in ADF output. The approach
has been described in several plate83233s0 we discuss
it only briefly. The BDE is decomposed to terms as follows:

AEBDE = AEprep
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100

100 —

50—

AEpqyi + AEor

2o AEpygi + AEor

Energy (kcal mol™")
o

P

Energy (kcal mol™")

50

- -100 ‘/AEW/ C

(CO)sHf(OSO)> (CO)sTa(0SO)™  (CO)sW(OSO)  (CO)sRe(0SO)* (CO)s0s(0SO)**

CO)sHf(N>-S0,)* (CO)sTa(n?-S0,)” (CO)sW(n>-S0,)
Figure 9. Relative energies (PW91/TZP, kcal mé) of the terms in the (COHt™S02) ° 2 ° ‘

bond energy decomposition for the third-row transition metal reactions Figure 10. Relative energies (PW91/TZP, kcal m§ of the terms in
(CORM(5-0SOYd — (COBM™ + SO. the bond energy decomposition for the third-row transition metal reactions

(COBM(572-SOx)" — (COBM™ + SO;.

-100—

expected result that M~ CO s-back-bonding contributed
most to the BDE for the Hf, Ta", and W complexes, while
OC — M o-donation dominated for the cationic ReOS,
and I#* complexes. This ties to the high-lying HOMOs and
LUMOs for the former three (CG@M" fragments and the
low-lying HOMOs and LUMOs for the latter three fragments.
They further found that orbital energy match was more  The computational model performs well in predicting the
important than orbital overlap. On the basis of orbital energy structures and vibrational spectra of the various isomers of
match, one expects improved bonding between low energy (COBM(SO,)", and so probably models the BDEs reason-
oxygen orbitals on SPand the low-lying orbitals of the  ably. The results suggest that a number of as yet unsynthe-
cationic fragments, and this holds f&E,, here. sized complexes should prove to be readily prepared. For
As a result, all three factors as a group determine the €xample, the BDEs of the series (GO} —Hf)(7*-SC,)*
u-shape of theAE;, curve; no two dominate. By way of are so large that the approaches pioneered by Ellis should
demonstration, we plotted the curve fAEp,,; + AEqm in provide them?*
Figure 9. One sees that it peaks at Re; this holds for the The model suggests that one should think of, 36 a
other possible data pairs as well. The shift of the curve from ligand similar to CO: a poowo-donor and strongr-back-
the true meniscus at W shows that each term contributesbonder. This applies best to théSQ, and#?S0; bonding
importantly to the overalAE;q. motifs. The bond energy decomposition data indicate that,
The %S0, complexes represent an interesting spread of Within the bonding picture, electrostatics determine the shape
behavior across rows, being substantially the most stable©f the energy trend curve for the former, while covalency
isomer for the dianionic complexes, but decreasing rapidly determines the shape for the latter. The two tend to match
in relative stability until being predicted not to exist for the for @ particular complex, so that the BDEs for the two
mono- and dications. At no point is the BDE for a&SO, isomers are similar. The!-OSO bonding motif exhibits less
complex anywhere near as large as the sum of theSM  Straightforward behavior in its bonding details, but the
and M—O BDEs. This correlates with the prediction that dualitative message is obvious: these will be most stable
the M—S and M-O bond distances for any (C@®)(*-SO,) (and more stable than the other isomers) when the metal
complex are substantially longer than the corresponding fragment is a hard Lewis acid, e.g., cationic.
distances in the (C@W(#%-SOy) and (COIM(7*-0OS0) Finally, the data provide some perspective in designing
isomers; the added bonding potentially created by coordinat-catalysts for converting SQinto innocuous materials.
ing both atoms is negated by weaker interactions betweenClearly, SQ binds most strongly to very electron-rich metal
the atoms and the metal. systems, so electron-richness represents a plausible design
We show in Figure 10 the bond decomposition data for Critérion for a good catalyst for immobilizing $(However,
the third-row §2S0,) complexes. Since two members of the strong binding may limit further r_eactlv_|ty. In this regard,
the set are missing, interpretation of the data is speculative. e note that the electron-poor dications bind,$&asonably

The model suggests thAE«swcontributes less to the BDE ~ Well through the oxygen atom. We suggest that a hetero-
trend, changing only 15 kcal mdl over the three. By nuclear catalyst, containing adjacent electron-rich and electron-

contrastAEpayi and AEqs change by 24 and 37 kcal ma) poor binding sites, will secure both ends of the,&®lecule,
respectively. This makes sense given the described results(34) (@) Jang, M. Elis, 3. & Chem. Int. £d. Engioo4 33, 1073~

. . : a) Jang, V.; IS, J. EAngew. em., Int. .EN 2
since AEgsit cONtributes most ta\E;y trends for neutrals 1975. (b) Eliis, J. E.. Chi, K.-MJ. Am. Chem. S0499Q 112 6022

and cations. ThaAE,, changes the most indicates that these 6025.

are the most covalent of the three systems, which supports
the bonding picture fop?-SO, being similar to that for?-
alkenes.

Conclusions
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thereby immobilizing it and activating it toward further
chemistry.
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