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Density functional calculations have been used to probe the electronic structures of Re(@g(CO)
and Re(Cp)(CO)(PHXe. The calculated CO stretching frequencies compare favorably with those
determined experimentally. Our calculationsigf and3Jy.—r for Re(Cp)(CO)(PE)Xe represent the first
for a well-characterized transition metaloble gas compound and demonstrate that DFT using the BP86
and SAOP functionals reproduces these parameters to within 1% and 8% of their experimentally determined
values. The calculated R&Xe bond dissociation energies for Re(Cp)(&X® (12.3 kcal mot?) and
Re(Cp)(CO)(PRXe (11.9 kcal motl) are also in excellent agreement with the lower limits for these
energies estimated from the activation parameters for the reaction of the complexes with CO in supercritical
Xe. A topological analysis of the electron density in Re(Cp)(§&@®@)and Re(Cp)(CO)(PfXe reveals
positive V2p(r) at the critical points Y?o(r¢) = 0.1310 and 0.1396 e%for Re(Cp)(CO)Xe and Re-
(Cp)(CO)(PR)Xe, respectively, indicating that the R&e interaction is essentially closed-shell in both
complexes. Fragment and overlap density of states analyses show that the orbital interactions in these
compounds is dominated by overlap involving the Xe p orbitals and the orbitals of the Cp, CO, and/or
PF; ligands; the Re d orbitals appear to contribute little to the orbital interactions between the Re(Cp)-
(CO), and Re(Cp)(CO)(P4y, and Xe fragments.

Introduction cryogenic temperaturés; 32in the gas phas®&, 3> and in super-
iti i 1,32,36-43 i i-
The isolation of [AUX@]2*[SbFi] 2 [(FsAS)AUXe]*- critical fluids® at room temperature. The first early transi

[SbyF1i]-, and [HgXe} [SbR]-[ShoF1] - and their character tion metal-noble gas complex to be observed in a solution of
1 ) - 21 -

R . ) liquefied noble gas was Cr(C&Xe. This compound was gener-
ization by X-ray crystallography have provided the first crystal- : . ' .
lographic evidence of transition metatoble gas bonds within ated by the continuous UV photolysis of Cr(Gajssolved in

. o ) . liquefied Xe (liq Xe) at 175 K or liquefied Kr (liq Kr) doped
discrete transition metal complexesPrevious studies of the e 3 T )
photolyses of Fe(C@)and M(CO} (M = Cr, Mo, or W) in with 5% Xe at 151 K23 This work was followed by detailed

. - o rapid-scan FTIR studies of M(C@{M = Cr or W) in lig Xe
noble gas matrices had indicated that transition metable and lig K® in which variable-temperature kinetics provided
gas bonds can form; on photolysis these compounds generat

%n estimate of the WXe bond dissociation energy in these
Fe(CO) and M(CO} (M = Cr, Mo, or W), respectively, which N 1
are sufficiently reactive to form complexes with Xe at 13:K. compoundsAH.xe ~ 8.4+ 0.2 keal mol). Subsequent fast

- . time-resolved infrared (TRIR) measurements of the CO sub-
Since then, a range of organometatiitoble gas compoungls

- oo - stitution kinetics in the gas phase of M(G&g have also
have been observed in matriced? in liquefied noble gases at provided estimates of the bond dissociation energy ofxé
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Re-Xe Bond in Re(Cp)(CO)(RfXe and Re(Cp)(CQXe

spectroscopic investigations of alkane-B activation in liq
Xe and lig Kr by LM(CO) complexes [L= (°-CsMes), Tp*,
and Bp*; Tp* = hydrotris(3,5-dimethylpyrazolyl)borate; Bp*
= dihydrobis(3,5-dimethylpyrazolyl)borate]. These LM(CO)-
Ng complexes have included Rf¥CsMes)(CO)Ng (Ng= Kr
and Xe)?426.27 (,k3-Tp*)Rh(CO)Xe, >-Tp*)Rh(CO)Xe, and
Bp*Rh(CO)Xe3°

Hartree-Fock, hybrid DFT, DFT, and MP2 theoretical stud-

ies, targeted at reproducing the experimentally derived geom-
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constants for R&Cp)(CO)(PR)Xe and IR spectroscopic data
for Re(P'Cp)(CO)(PR)Xe, Re(Pr-Cp)(CO)Xe, Re(Cp)(CO)-
(PR)Xe, and Re(Cp)(CQXe .22 These experimental data pro-
vide an interesting challenge for modern DFT methods and can
serve to calibrate and assess the validity of these theoretical
approaches in providing accurate descriptions of the electronic
structures of these compounds. In this paper we apply relativistic
DFT methods to (i) assess the ability of modern DFT methods
to reproduce features of the experimentally determi#SecPP,

etries and bond dissociation energies, have accompanied thend?°Xe NMR parameters and IR features in Re(Cp)(£@®)

synthetic, X-ray crystallographic, and UV/vis and IR spec-
troscopic studies of these transition metabble gas com-
pounds!*“5The calculations on [AuXg?" 44 and M(CO}Xe*®

provide geometries and estimates of the bond dissociation ener-

and Re(Cp)(CO)(PdrXe and (ii) examine the nature of the Re
Xe bond in Re(Cp)(CQXe and Re(Cp)(CO)(P§Xe.

Computational Details

gies that are in good agreement with experiment and have also

provided a basis for exploring the nature of the-Mg bond

within these compounds using fragment-based and topological

analyses of the electron density. These analyses demonstrate
closed-shell interaction for the ¥Ng bond in [AuXe]?" and
M(CO)sXe.

Previously, we used TRIR spectroscopy to probe systemati-
cally the reactivity of M(Cp)(CO)nXe (M= Rh,n=1; M =
Mn, Re,n = 2 or M = Ta, Nb,n = 3) in supercritical Xe and
Kr at room temperature. We have also shown that Re(Cp)-
(CO)Xe is long-lived at room temperature in supercritical Xe
solutior?” and possesses a half-life of up to 3.5 min at 170 K in
lig Xe.3* These relatively long lifetimes have enabled us to probe

The calculations were performed using the Amsterdam Density
Functional (ADF) suite version 2005.8%4" The restricted rela-
gvistic DFT calculations employed a Slater type orbital (STO)
riple-¢ plus one polarization function basis set from the ZORA/
TZP database of the ADF suite for all atoms except Re, Xe, and P.
All-electron basis sets were employed. For Re, Xe, and P téiple-
plus two polarization functions (ZORA/TZ2P) all-electron basis sets
were used. Scalar relativistic (SR) approaches were used within
the ZORA Hamiltonian for the inclusion of relativistic effects. The
local density approximation (LDA) with the correlation potential
due to Vosko et al. was used in all of the DFT calculatifhs.
Gradient corrections were performed using the functionals of
Becke?® and Perdew (BP). Models of CpRe(CQ@)and CpRe-

these complexes by NMR and FTIR spectroscopies. Thus, we(CO),Xe were geometry optimized i@s symmetry, whereas CpRe-

obtained the'F, 31P, and!2°Xe chemical shifts and coupling
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(CO)(PR)Xe was optimized without any symmetry restraints.
NMR chemical shift and coupling calculations used the geometry-

optimized coordinates from the calculations above. These calcula-
tions employed a Slater type orbital (STO) trid@eplus two
polarization functions basis set from the ZORA/TZ2P database of
the ADF suite for all atoms except Re and Xe. All-electron basis
sets were employed. For Re and Xe quadruplelus four
polarization functions (ZORA/QZ4P) all-electron basis sets were
employed. Scalar relativistic (SR) approaches were used within the
ZORA Hamiltonian for the inclusion of relativistic effects. The local
density approximation (LDA) with the correlation potential due to
Vosko et al. was used in all of the DFT calculatidfsGradient
corrections were performed using the functionals of Bé&tked
Perdew® (BP86). The absolute shielding constant} for Xe, P,
and F in CpRe(CO)(PfXe were calculated using the NMR
component of the ADF suite using densities derived from the BP86
and the statistical average of orbital-dependent model potentials
(SAOP) model$!52 The chemical shifts for Xe and o) were
determined from

0 = 0, — 0 PPM 1)
whereoys are the absolute shielding constants calculated for XeOF
and CFC{, respectively, at the BP86 and SAOP levels. The
experimentaP'P reference (85% phosphoric acid) is not suitable
for direct theoretical comparisons. Therefore we employed the
procedure of van Wien>3 for the calculation of théP chemical

(46) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; Baerends, E. J.
Theor. Chem. Accl998 99, 391.

(47) te Velde, G.; Bickelhaupt, F. M.; van Gisbergen, S. J. A.; Fonseca
Guerra, C.; Baerends, E. J.; Snijders, J. G.; Ziegled. TTomput. Chem.
2001, 22, 931.

(48) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(49) Becke, A. D.Phys. Re. A 1988 38, 3098.

(50) Perdew, J. PPhys. Re. B 1986 33, 8822.

(51) Poater, J.; van Lenthe, E.; Baerends, E].XChem. Phys2003
118 8584.

(52) Schipper, P. R. T.; Gritsenko, O. V.; van Gisbergen, S. J. A;
Baerends, E. J1. Chem. Phys200Q 112 1344.

(53) van Willen, Ch.Phys. Chem. Chem. Phy200Q 2, 2137.



5244 Organometallics, Vol. 25, No. 22, 2006 McMaster et al.

results from the replacement of one CO ligand by Xe. The ligand
bond angles remain essentially invariant across the Re(Cp)(CO)
Re(Cp)(CO)Xe, and Re(Cp)(CO)(P¥Xe geometries, indicating
that the perturbations in geometry, accompanying the exchange
of Xe for CO in Re(Cp)(CQ) lie principally along existing
Re-ligand vectors.

Table 2 shows a comparison between the energies of the
calculated and experimental CO stretching vibrations for Re-
Figure 1. Geometry-optimized structures of (a) Re(Cp)(G@) (Cp)(COY, Re(Cp)(COYXe, and Re(Cp)(CO)(RfXe. The
Re(Cp)(CO)Xe, and (c) Re(Cp)(CO)(RFXe. calculated harmonic CO stretching energies are ca3Blcnt?!

lower than the observed fundamental wavenumbers, an offset
that is comparable to that derived from DFT calculations at the
shift. The calculated absolute shieldings are converted to the NMR BP86/ECP2 level on M(CQ)YM = Cr, Mo, W), M(CO) (M
chemical shifts such that the experimental gas-phase chemical shift— Fe, Ru, Os), and M(CQYM = Ni, Pd, Pt), for which exper-
of PH; (—266.1 pprft!) is reproduced exactly. Thus, imental gas-phase spectroscopic data are avafasteEor these
_ compounds an optimum offset of 28.3 cthior the CO stretch-
9p = 0(PH;, caled)— o — 266.1 ppm 2) ing vibrations was calculated, leading to a rms deviatigr
= 5.6 cnT! for the energies of the CO stretching vibrations
predicted at the BP86/ECP2 le&IThe trends in the energies

In addition to gas-phase calculations of the NMR absolute of the CO stretching vibrations of Re(Cp)(Q,O)Re(Cp)-_
shieldings and spinspin couplings we performed solvent-based (CO):Xe, and Re(Cp)(CO)(RfXe, Table 2, are consistent with
calculations using COSMO (conductor-like screening mégigl) ~ the structural variations observed in the geometry-optimized
as implemented in ADf847to treat the Xe solvent as a polarizable ~ Structures.
continuum. We used the van der Waals radii of the component Table 2 shows the calculated NMR parameters for Re(Cp)-
atoms to construct the solvent cavity and an experimentally deter- (CO)(PR)Xe employing the BP86 and SAOP potentials and

2Jxe—p, Jp—F, and3Jye_r coupling constants were calculated using
the CPL component of the ADF suite.

mined dielectric constant (= 1.66) for supercritical xenof. The an all-electron ZORA/TZ2P basis set for all atoms except Xe
Kohn—Sham orbitals were created using the MOLEREisual- and Re, for which we used the all-electron ZORA/QZ4P basis
ization package, and the bonding within the molecules was analyzedset. We employed the optimized Re(Cp)(COXp@ model
using the AOMIX packagé?© geometry calculated as described above. The fluid soldten
) _ NMR spectrum of Reé{'Cp)(CO)(PR)Xe32 shows a single
Results and Discussion doublet of doublets resulting from coupling to tHe and2%Xe

Figure 1 shows the optimized geometries and atom labeling nucI(_ei, indicating that eacHF resonance within the Bnit is
of Re(Cp)(CO), Re(Cp)(CO)Xe, and Re(Cp)(CO)(RJXe, and rotationally averaged. Thus, estimates of the qalculéﬁed:,p,
Table 1 lists selected bond lengths and angles for these@"d*Jxe-r parameters were made by averaging the calculated
complexes. values for eaclf‘\gE nupleus within thg static mode! derived from

The DFT geometry optimization of Re(Cp)(GQuccessfully geomgtry optimizations. Ca]culatlons employmg the BP86
reproduces the principal features of the structure of Re(Cp)- Potential reproduce the magnitude of the experiméhiat and
(CO) as determined by X-ray crystallograpfythe average  Jxe-F parameters of RE(Cp)(CO)(PF)Xe, Table 2. We also
Cearvony~Re(1)~Cearbonyiand Garmony—Re(1)-Cp(centroid) angles ~ €mployed the SAOP potent¥ain our calculations of the NMR
are similar in the experimental (90.and 125.3) and calculated ~ Parameters of Re(Cp)(CO)(pXe. This potential has been
(90.5 and 124.9) geometries, and the Re@Tcarbonyi C—O, shoyvn to offer considerable improvements in the prediction qf
and Re(1)-Cp(centroid) distances are ca. 0.025, 0.010, and Static and frequency-dependent molecular response properties
0.045 A longer, respectively, in the calculated structure. Thus, over the LDA and GGA potentials, particularly for C, H, N,
these scalar relativistic calculations appear to provide good and F nuclef! For Re(""Cp)(CO)(PF)Xe, the SAOP potential
estimates of the geometry of Re(Cp)(GQGind place some  offers good estimates of th. and 3Jxe—F parameters, each
confidence on the reliability of the calculated structures for Re- being within 1% and 8%, respectively, of their experimental
(Cp)(CO}Xe and Re(Cp)(CO)(PfXe, for which no X-ray values, Table 2. However, estimatesdgfanddr show little or
crystallographic data are available. For the Re(Cp)¢X@)xnd no improvement. Therefore we probed the effect of a super-
Re(Cp)(CO)(PE)Xe model geometries, the calculated Re{1)  critical Xe solvent continuum using a COSMO model at the
Cearbonyiand Re(1)-Cp(centroid) distances are shorter and the BP86 and SAOP levels in an attempt to improve the cor-
C—O distances are longer than those of Re(Cp)¢(C@nsistent  respondence between the calculated and experiméptaid
with the increase in the Re- CO and Cp back-bonding that ~ dr chemical shifts, Table 2. Embedding Régp)(CO)(Pk)Xe
in Xe as solvent led to little change in the polarization of the
(54) Zilm, K. W.; Webb, G. G.; Cowley, A. H.; Pakulski, M.; Orendt, ~ P—F bond, as measured by the atomic charges of the P and F

A L e, SR 10 2052 o, vk Tanomsg | "UCISh Table 2, and consecuently It change i the chemicl
799. shifts of these nuclei relative to R&Cp)(CO)(PE)Xe in the
(56) Pye, C. C.; Ziegler, TTheor. Chem. Accl999 101, 396. gaseous state.
19%7%5“2?851 L.; Blitz, J. P.; Tingey, J. M.; Smith, R. D.Phys. Chem. It has been argued previously that a straightforward applica-
(58) Flikiger, P.; Lithi, H. P.; Portmann, S.; Weber, MOLEKEL 4.0 tion of eq 1 to the conversion of theoretical absolute shieldings
Swiss Center for Scientific Computinganno (Switzerland), 2000. to chemical shifts tends to bias comparisons by assigning an

(59) Gorelsky, S. IAOMix Program 2001, http://www.sg-chem.net.

(60) Gorelsky, S. I.; Lever, A. B. Rl. Organomet. Chen2001, 635
187. (62) Jonas, V.; Thiel, WJ. Chem. Phys1995 102 8474.

(61) Fitzpatrick, P. J.; Le Page, Y.; Butler, |. Acta Crystallogr., Sect. (63) Jonas, V.; Thiel, WOrganometallics1998 17, 353.
B 1981, 37, 1052. (64) Spears, K. GJ. Phys. Chem. A997 101, 6273.
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Table 1. Geometrical Parameters for Re(Cp)(CO), Re(Cp)(CORXe, and Re(Cp)(CO)(PR)Xe

Re(Cp)(COy Re(Cp)(COy Re(Cp)(CO)Xe Re(Cp)(CO)(PRXe
(experimentaft (calculated) (calculated) (calculated)

Distances/A

Re(1)-C(1) 1.888(7) 1.919 1.899 1.903

Re(1)-C(2) 1.899(7) 1.919 1.899

Re(1)-C(3) 1.894(8) 1.919

C(1)-0(1) 1.159(9) 1.170 1.178 1.178

C(2)-0(2) 1.160(9) 1.170 1.178

C(3)-0(3) 1.162(10) 1.170

Re(1)-Xe(1) 2.910 2.901

Re(1)-P(1) 2.209

Re—Cp(centroid) 1.957 2.003 1.948 1.939
Angles/deg

C(1)-Re(1)-C(2) 89.4(3) 90.7 90.3

C(1)-Re(1)-C(3) 90.5(3) 90.4

C(2)-Re(1)-C(3) 90.1(4) 90.4

C(1)-Re(1)-Xe(1) 92.1 92.6

C(2)-Re(1)-Xe(1) 92.1

C(1)-Re(1)-P(1) 89.4

Xe(1)-Re(1)-P(1) 93.0

Cp(centroid)-Re—L(average) 125.3 124.9 124.2 123.6

Table 2. Calculated and Experimentalvco and dxe, dp, and o for Re(Cp)(CO)s, Re(Cp)(CO)Xe, and Re(Cp)(CO)(Pk)Xe

atomic average

vco vco (3)(9 (3p (3|: ZJXefp Jp—¢ 3\])(e7|: charge atomic
method (calc)/ent!  (exptl)/cnt?t /ppm /ppm /ppm  /Hz IHz /Hz P charge F
BP86 1921 1946
Re(Cp)(CO; TZ2P(Re,Xe)/TZP 1922
1996 2038
BP86 1873 1894
Re(Cp)(COXe  175p(Re Xe)TZP 1924 1987
BP86 1900 1924
TZ2P(Re,Xe)/TZP
BP86 —6595 161 —29 —37.9 —1406.7 9.5 1.4063 —0.4545
QZ4P(Re,Xe)/TZ2P
BP86, COSMO —6608 167 —-24 —36.2 —1395.9 9.5 1.4291-0.4639
QZ4P(Re,Xe)/TZ2P
Re(Cp)(CO)(PEXe SAOP —6224 85 —-42 —-383 -1267.3 7.3  1.7049-0.5557
QZ4P(Re,Xe)/TZ2P
SAOP, COSMO —6241 83 —42 —-36.4 -—12754 7.3 1.7293—-0.5644
QZ4P(Re,Xe)/TZ2P
exptl NMR params for —6179+3 114 —-51 418+1 1216 5.1+0.8
Re(P'Cp)(CO)(PR)Xe

aRecorded in scXe at 298 R.Recorded in IXe at 166 R2

excessive significance to the error in the calculated absolute culated absolute shielding of the reference nuclei. Nevertheless,
shielding of the reference nucle¥<>66 Therefore oyt has the excellent agreement between the calculated and experimental
previously been treated as an adjustable parameter, chosen tdy, and3Jx.—r parameters suggests that the SAOP potential

eliminate the average signed error in the calculated chemical provides an excellent model for the calculation of transition
shifts. A statistically significant set of theoretical calculations metal-Xe NMR parameters.

have been performed for molecules containing C, H, N, O, and Table 3 shows predicted RedXe(1) bond energies in Re-

F nuclei to assess the average absolute errors in chemical shift - : :
and to adjust the reference chemical shieldings for these nucleiilcgg(dcg pXe and Re(Cp)(CO)(Rfxe associated with reactions

The BP86 and SAOP functionals yield average absolute errors
in the chemical shifts of molecules containif§ nuclei of 20.4

and 17.6 ppm, respectively. Similar calculations for molecules Re(Cp)(CO)Xe — Re(Cp)(CO) + Xe @)
containing®!P atoms yield an average absolute errobgnof Re(Cp)(CO)(PBXe — Re(Cp)(CO)(PBH + Xe  (2)
33.0 ppm for the self-interaction-free, gradient-corrected SIC-

VWN functional®® The errors in the calculatedk and dp for

Re(Cp)(CO)(PB)Xe are comparable to those reported for these ~ The calculated bond energAk) comprises two terms:
previous calculations. This suggests that the differences in the

calculated and experimenté} anddp for Re(Cp)(CO)(PE)Xe AE=—(AE

. prep+ AEint)
and Reff"Cp)(CO)(PR)Xe may result from errors in the cal-

(65) Patchkovskii, S.; Ziegler, T. Phys. Chem. 2002 106, 1088. whereAEyepis the energy difference between the Re(Cp)(CO)

(66) Patchkovskii, S.; Autschbach, J:; Ziegler,JT Chem. Phys2001, [or Re(Cp)(CO)(PB)] fragment in its equilibrium geometry and
115 26. in the geometry of Re(Cp)(C@e [or Re(Cp)(CO)(PEXe]
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Table 3. Dissociation Energies (kcal mol') for Re(Cp)(CO).Xe and Re(Cp)(CO)(PR)Xe

AHagg (corrected
AEprep AEim AEpauii AEg AEom AE AHzgg for BSSE) exptIAH*
Re(Cp)CO)Xe 0.4 —-11.7 32.0 —-21.3 —22.4 11.3 12.8 12.2 11804
11.7+ 0.4
Re(Cp)(CO)(PE)Xe 1.0 —12.3 32.7 —21.6 —23.4 11.2 12.7 11.7 -
124+ 0.8

aFor Re(PCp)(COYXe32 b For Re(P'Cp)(CO)(PR)Xe.3?

and the interaction energEin;, which is the energy change
when the Re(Cp)(CQJor Re(Cp)(CO)(PE)] and Xe fragments

are combined together.

within the standard KohaSham framework?-73 New empiri-
cal approaches, which add an empirical potential of the form
CeéR® to the usual DFT energy (wherR are interatomic

Table 3 also shows experimental estimates of the activation distances an@s are the dispersion coefficients), have appeared
energies AH*, for the reaction of R&Cp)(CO)(PR)Xe and
Re(P'Cp)(CO)Xe with CO32 Thus, the magnitude oAH*

places a lower limit on the Re(%)Xe(1) dissociation enthalpies.

We converted the calculated dissociation energiEsnto the

bond enthalpiesAH,gg, using the corrections that have been

described previously for M(C@-Ng (M = Cr, Mo, W and

Ng = Ar, Kr, Xe).*> These thermal corrections for the bond

dissociation reactions 1 and 2 include a work tggkh= RT
(0.6 kcal mot?), three degrees of translation (0.9 kcal i)
and zero-point energies [ca. 0.1 kcal mofor Re(Cp)(CO)-
Xe and Re(Cp)(CO)(P§Xe]. Table 3 also showAHzgg cor-
rected for basis set superposition errors (BSSESs), calculatedfor the geometry-optimized structures at the TZ2P/TZP BP86

in an attempt to correct for dispersion effe€tslowever, these
new methods have not been assessed with regard to the treatment
of the bonding in transition metahoble gas complexes. Thus,
the apparent good agreement between the calculated and
experimental bond energies for R&p)(CO)(PE)Xe and Re-
(P"Cp)(COYXe may result from error cancellation in which the
BP86 functional overestimates the bonding due to charge-
induced dipoles and neglects bonding due to dispersion.

We have examined the nature of the Re{Xg(1) bonds in
Re(Cp)(CO)Xe and Re(Cp)(CO)(P¥rXe by using a topological
analysis of the electron density distribution, and its Laplacian,

using the counterpoise correctif£8 Previous studies have
shown that, for weakly bound systems, BSSEs may lead to
substantial overestimations of the bond eneréfiézr medium-
sized basis sets (e.g., the DZ basis from the ADF database)
BSSEs for M(CO9—Ng (M = Cr, Mo, W and Ng= Ar, Kr,
Xe) have been shown to be of the same order of magnitude as
AE for the M—Ng bond; the use of an extended basis set, DZP,
reduces significantly the BSSE for these molecules (BSSEs are
ca. 0.3-0.5 kcal mof1).#5* We have employed all-electron basis
sets at the TZ2P level for Re, Xe, and P, and TZP for the
remaining atoms, which yield BSSEs of 0.7 and 1.0 kcalthol
for the Re(1)-Xe(1) bond energies of Re(Cp)(Ce and Re-
(Cp)(CO)(PR)Xe, respectively. These BSSEs represent ca.
6—8% of AE, Table 3.

The calculatedAHzgg values lie ca. 0.3 kcal mot outside
of the experimentally determined range AH* for the dis-
sociation of the Re(X)Xe(1) bonds. This excellent agreement
between the calculatedH,9s and experimentahH* values
suggest that RE(Cp)(CO}Xe and Ref'Cp)(CO)(PE)Xe react
with CO in supercritical Xe predominantly via a dissociative
mechanism. However, a cancellation of errors within the
theoretical analyses (see below) may contribute to the close

correspondence between the theoretical and experimental results.

The calculated Re(H)Xe(1) bond energies in Re(Cp)(CXe
and Re(Cp)(CO)(P§Xe are ca. 3-4 kcal mol? higher than
those of the M-Xe bonds in M(COyXe (M = Cr, Mo, W)
which mirrors the experimental observation of weaker Xé
bonds in the latter compounds.

A topological analysis of the electron density distribution,
discussed below, shows that the bonding in Re(Cp){&&©and
Re(Cp)(CO)(PE)Xe is dominated by charge-induced dipole and
dispersion effects. It is now clearly recognized that all gradient-
corrected density functionals are unable to describe dispersive
interactions, and it has proven difficult to account for dispersion

(67) Boys, S. F.; Bernardi, iMol. Phys.1979 37, 1529.

(68) Rosa, A.; Ehlers, A. W.; Baerends, E. J.; Snijders, J. G.; te Velde
G. J. Phys. Chem1996 100, 5690.

(69) van Lenthe, J. H.; van Rijdt, J. G. C.; van Duijneveldt, F. B. Weakly
Bonded Systems. lAb Initio Methods in Quantum Chemistry, Part II, Ad
Chem. Phys. LXIXWiley and Sons: New York, 1987.

(a)

(b)

' Figure 2. Contour diagram of the Laplacian distributiorfe(r)
of (a) Re(Cp)(CO)Xe and (b) Re(Cp)(CO)(RjXe. Dashed lines
indicate charge depletionvo(r) > 0); solid lines indicate charge
concentration ¥2p(r) < 0).
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Figure 3. (a) Overlap density of states diagram for the frontier orbitals of (a) Re(Cp}¥@&nd (b) Re(Cp)(CO)(RFXe with selected
plots of the principal KoharSham orbitals that are bonding with respect to the-Re bond shown beneath each diagram.

Table 4. Critical Point Properties for Re(Cp)(CO).Xe and Re(Cp)(CO)(PR)Xe for Electron Densities Calculated at the
TZ2P/TZP BP86 Level

p(re) V2p(rc) A1 A2 A3 |21//23
Re(Cp)(CO)Xe 0.037 0.1310 —0.02357 —0.01871 0.1733 0.136
Re(Cp)(CO)(PR)Xe 0.038 0.1396 —0.02416 —0.01748 0.1812 0.133

level. Figure 2 shows the Laplacian distributions of Re(Cp)- small values ofp(r¢) [p(rc) = 0.037 and 0.038 for Re(Cp)-
(CO)Xe and Re(Cp)(CO)(P#Xe within the plane defined by  (CO)xXe and Re(Cp)(CO)(P#Xe, respectively, Table 4] for
the Re(1), Xe(1), and C(1) atoms. The area of electron con- the Re(1)-Xe(1) bonds and byl1|/A3, which is <1 in both
centration ¥2p(r) < 0, solid lines) exhibits an approximately cases. These parameters are similar to those of the hydrogen
circular shape, which indicates that the electronic structure of bond in (HF} (o(r¢) = 0.0262,V?p(r) = 0.1198 A, = —0.04086,
the Xe atom is hardly disturbed within the complexes. This A, = —0.0360,43 = 0.1994, and;|/Az = 0.204)%* Similar
should be contrasted with the Laplacians of the electron densitiesclosed-shell interactions have been identified in M(E&&Ng
between the Re(1) and C(1) atoms that show a clear electron(M = Cr, Mo, W and Ng= Ar, Kr, Xe)*> and [AuXey]?" 4
concentration between the Re(1) and C(1) atoms. which exhibit similar Laplacian distributions to Re(Cp)(GKe

The properties of the (3;1) critical points are shown in Table  and Re(Cp)(CO)(P#Xe across the MNg bond path.
4, and these provide information for a density-based classifica- \We performed a bond energy analysis using the energy
tion of the chemical bondind:" The positive values of the  decomposition scheme as implemented in ADF to gain further
curvatures along the bond pathg)(and the small, negative  jnsight into the Re(1)} Xe(1) bond of Re(Cp)(CQXe and Re-
values ofd; and A, contribute to positive?p(r) at the critical (Cp)(CO)(PR)Xe. The preparation energieAEye, Table 3)
points (V?p(r) = 0.1310 and 0.1396 e%or Re(Cp)(CO)Xe needed to change the equilibrium geometries of the Re(Cp)-
and Re(Cp)(CO)(P&Xe, respectively, Table 4). This behavior  (cO), and Re(Cp)(CO)(PJ fragments into their geometries in
is associated with little or no density accumulation within the Re(Cp)(CO)Xe and Re(Cp)(CO)(P§Xe represent ca.-510%
Re(1)-Xe(1) bonds, indicating that the RefIXe(1) interaction  of the bond dissociation energ\E). The equilibrium geom-
is essentially closed-shell, i.e., charge-induced dipole and etries of both fragments are similar to the geometries in the
dispersive, in both complexes. This is also confirmed by the respective complexes; the high&Ee, for Re(Cp)(CO)(PB)
relative to Re(Cp)(CQ) (AEpep = 1.0 and 0.4 kcal mot,
respectively) presumably reflects the interactions of the larger

(70) Kristyan, S.; Pulay, RChem. Phys. Lettl994 229, 175.
(71) Allen, M.; Tozer, D. JJ. Chem. Phys2002 117, 11113.

(72) Grimme, S.J. Comput. Chen2004 25, 1463. PF; ligand with the rest of the coordination sphere in Re(Cp)-

(73) Piacenza, M.; Grimme, S. Am. Chem. So@005 127, 14841. (CO)(PR) relative to the smaller CO ligand in Re(Cp)(GO)
Ung:?s?tidfﬁ;s@ Fc'))‘(’f\g?éoq‘gég Molecules, A Quantum Thepfyxford The internal energyAE;y, has contributions from the Pauli

(75) Coppens, PX-Ray Charge Densities and Chemical Bondligford repulsions between the occupied orbitadEpay; attractive

University Press: Oxford, 1997. electrostatic interaction®Eg;, and orbital interactions\Eoy,
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containing contributions from the donation of charge from the [M(CO)s—Ng] (M = Cr, Mo, W; Ng= Ar, Kr, Xe) has revealed
occupied orbitals of one fragment and the virtual orbitals of a similar bonding scheme in which the principal bonding
the other fragment and the mixing of occupied and virtual interaction is between the Ng-prbital and an orbital dominated

orbitals of the same fragment: by the 2* orbitals of the CO ligands with a contribution from
the M-p, orbital ** A dominant contribution tAEqy, involving
AE,, = AE,,; + AEg + AEg, a metal-based d orbital appears to be ruled out in these systems
on the basis that the energy levels of the noble gas np orbitals
Both complexes exhibit Pauli repulsionsEpy; of ca. 32 kcal are too low with respect to the d-transition-metal orbital
mol~L. This repulsion is compensated for by favorablEg, manifold® Thus, it appears that the contributionsA&or, in

and AEo, terms of ca—21 and—22 kcal mot?, respectively.  Re(Cp)(CO)Xe and Re(Cp)(CO)(PjXe are dominated by Xe
These terms are ca. 10 kcal mbyreater than those calculated P overlap with Re(Cp)(CQ)and Re(Cp)(CO)(P§ fragment
for W(CO)Xe (AEpaui = 20.8, AEg = —12.5, andAEom = orbitals that are primarily Cp, CO, or Pbased and possess
—15 kcal mot2)% that presumably reflect the greater steric little Re d-character.

congestion, the effective Re(l) oxidation state, and the greater

orbital contributions to the bonding in Re(Cp)(G®% and Re- Conclusions

(Cp)(CO)(PE)Xe. However, we note that this bond energy

ggcomposnlgntscheme r(iloes nic:t mcluSe contributions tfrgn: good estimates of the geometm(CO) frequencies, ReXe
ISpersion that, ‘as we have Snown above, aré expected 10,,,q gissociation energies, adge and3Jxe—r parameters for

contribute to the bonding within these compounds. Re(C :
. . p)(CO)Xe and Re(Cp)(CO)(P§Xe. The SAOP potential
We have performed a fragment-based analysis of the bond'ngoﬁers some improvement in the agreement betweenthand

in Re(Cp)(CO)Xe and Re(Cp)(CO)(PfXe to probe the orbital 3 L )
interactions that contribute to the R¥e bond. The energies rh])é‘:tpig%rfr::(;%r: g:hiﬁéipt)ég%)é%iengg; lgg&g%r%\;%eri_
and characters of the frorrl]tler o_rbltalsblof Re(Cp)(%)@) and q mental and calculated and o¢ lie within the range of errors
Re(Cp)(CO)(PE_)Xe are shown in Tables Si1 an SI_2,_ an previously reported for other small molecules. A topological
overlap popula}tlon de;nsny-of-states (OPDOS) summarizing the analysis of the electron density in Re(Cp)(GKY and Re(Cp)-
occupied frontrller orb_ltals_ of Re(Cp)_(C_IQX)e da_md Re(CE)(COk))- (CO)(PR)Xe reveals parameters that are typical of a closed-
(PRs)Xe are shown in Flgurg 3. Similar lagrams nave DEeN g q | interaction indicative of dominant charge-induced dipole
rgferred to as cry;tal orbital oygrlap population (COOP) and dispersive bonding in Re(Cp)(G& and Re(Cp)(CO)-
diagrams ywthmthe I|t.eratur@.A positive OPDOS corresponds (PR)Xe. A fragment analysis reveals that the weak orbital
to a bonding interaction between the Re(Cp)(£@)Re(Cp)- interactions between the Xe and Re(Cp)(©@) and Re(Cp)-

(CO)(PR) fragments with the Xe atom, whereas a negative (CO)(PR) fra : : :
A - . gments are dominated by overlap involving the
OPDOS reveals an antibonding interaction between the metaIXe b orbitals and the orbitals of the Cp, CO, and/og Rfands;

fragment and the Xe center. Figure 3 shows clusters of orbitals . . . .
, the Re d orbital t tribute little to the bond
between—9 and—14 eV in Re(Cp)(CO)Xe and Re(Cp)(CO)- intira(?tiongr 1als appear fo contribute fittie 1o the bonding

(PRs)Xe that show a weak bonding interaction with respect to

the Re-Xe bond and are the dominant contributors to the

stabilization associated withEq,,, Table 3. These orbitals are Soﬁ?gfgivg:eggg)ﬁ?tzh;\:ﬁi; k\];grlf( the EPSRC and the Royal
dominated by the contributions from the Cp, CO, and; PF '

ligands, Tables SI1 and SI2, and possess little Re d orbital g, ting Information Available: This material is available
character £7%). A previous analysis of the bonding in  fee of charge via the Internet at http:/pubs.acs.org.

We have established that relativistic DFT calculations provide

(76) Hughbanks, T.; Hoffmann, R. Am. Chem. Sod983 105, 3528. OM060485L



