A\C\S

ARTICLES

Published on Web 08/02/2002

Probing the Electronic Structure of [MoO  S,;]~ Centers Using
Anionic Photoelectron Spectroscopy

Xue-Bin Wang,' Frank E. Inscore,* Xin Yang,™ J. Jon A. Cooney,*
John H. Enemark,** and Lai-Sheng Wang* '

Contribution from the Department of Physics, Washington Statedudsity, 2710 Unéersity
Drive, Richland, Washington 99352, W.R. Wilewitanmental Molecular Sciences Laboratory,
MS K8-88, P.O. Box 999, Pacific Northwest National Laboratory, Richland, Washington 99352,
and Department of Chemistry, Umrsity of Arizona, Tucson, Arizona 85721

Received April 16, 2002

Abstract: Using photodetachment photoelectron spectroscopy (PES) in the gas phase, we investigated
the electronic structure and chemical bonding of six anionic [MoVYO]3* complexes, [MoOX4]~ (where X = Cl
(1), SPh (2), and SPh-p-Cl (3)), [MoO(edt),]~ (4), [MoO(bdt),]~ (5), and [MoO(bdtCl,),]~ (6) (where edt =
ethane-1,2-dithiolate, bdt = benzene-1,2-dithiolate, and bdtCl, = 3,6-dichlorobenzene-1,2-dithiolate). The
gas-phase PES data revealed a wealth of new electronic structure information about the [MovYO]3*"
complexes. The energy separations between the highest occupied molecular orbital (HOMO) and HOMO—1
were observed to be dependent on the O—Mo—S—C(a) dihedral angles and ligand types, being relatively
large for the monodentate ligands, 1.32 eV for Cl and 0.78 eV for SPh and SPhCI, compared to those of
the bidentate dithiolate complexes, 0.47 eV for edt and 0.44 eV for bdt and bdtCl,. The threshold PES
feature in all six species is shown to have the same origin and is due to detaching the single unpaired
electron in the HOMO, mainly of Mo 4d character. This result is consistent with previous theoretical
calculations and is verified by comparison with the PES spectra of two d° complexes, [VO(bdt),]~ and
[VO(bdtCl;),]~. The observed PES features are interpreted on the basis of theoretical calculations and
previous spectroscopic studies in the condensed phase.

Introduction O g S
Metalloenzymes that contain a single Mo or W atom at the HN N

active site are now well knowh:2 An unusual but common /k\ | X

feature of these enzymes is the presence of one or two HN" N g o OPO3™

pyranopterin dithiolate units, which are coordinated to the metal
by the two sulfur atoms of the ene-1,2-dithiolate chelate portion
of the tricyclic ring, as shown in Figure “t?° The Mo-

containing enzymes are proposed to cycle through Mo(VI/V/ |y oxidation states during turnover conditions and catalyze
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Figure 1. Structure of the pyranopterin cofactor derived from protein X-ray
crystallographic studiek.2°
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to oxygen atom transfer (OAT). These enzymes belong to threeabsorption, magnetic circular dichroism (MCD), and resonance
structurally distinct families [sulfite oxidase, xanthine oxidase, Raman] that are well suited for investigating~8lo charge-
and dimethylsulfoxide (DMSO) reductaseThe DMSO reduc- transfer (CT) transitions in these centers. In conjunction with
tase famil$—18 is unique because the Mo atom is coordinated density functional theory (DFT) calculations, such detailed
by two pyranopterin ene-1,2-dithiolates; this contrasts to the spectroscopic studies have provided much insight inte-&o
single pyranopterin dithiolate observed for the sulfite oxidase bonding and covalency within the [M@S,]~ systems for a
and xanthine oxidase familiés?-1718This pyranopterin dithi-  variety of oxo-Mo(V) tetrathiolate/84¢ and oxo-Mo(V) bis-
olate unit is postulated to act as an electron conduit (superex-dithiolates*>*7 It should be noted that DFT calculations have
change pathway) for electron-transfer (ET) regeneration of the also been utilized and reported for studying organometallic
active sité! and may also play a role in modulating the metal dithiolene4® and other systems relating to £Tand OAT0-54
redox potentiak:2122The absence of additional redox centers in the active sites of the pyranopterin Mo and W enzymes.
in the DMSO reductases froiRhodobacter sphaeroidesnd However, ambiguities still remain regarding the exact nature
Rhodobacter capsulatusas provided unique opportunities to  of certain spectral features and the molecular orbital description
probe the geometric and electronic structures of these activeof the ground state in the series of [M&)~ complexes> 47
sites by a variety of spectroscopic techniques, including X-ray = Photoelectron spectroscopy (PES) is a powerful technique
absorption, electron paramagnetic resonance (EPR), electronidor studying the electronic structure and chemical bonding of
absorption, magnetic circular dichroism, and resonance Ramanmolecules. PES has been used to study numerous metal
spectroscopy33> Similar spectroscopic studies of oxidized complexes$?including oxo-molybdenum complexes possessing
biotin sulfoxide reductase frorR. sphaeroidegxpressed in an ene-1,2-dithiolate ligarf§:>” The relevant PES studies
Escherichia colihave also been reportéél. reported so far are for neutral molecules in the gas phase, which
The results of these structural and spectroscopic studies havdimits the application of PES to compounds with sufficient
provided the motivation to synthesize and characterize a varietyvolatility and thermal stability. We have recently developed a
of {Mo(0)S)} complexes as small inorganic molecular ana- new experimental technique, which couples an electrospray
logues of the DMSO reductase active sites in order to evaluateionization (ESI) source with a magnetic-bottle PES appartus.
the role of the pyranopterin dithiolate S donors in catalysis. ESI is a versatile technique, allowing ionic species in solution
Holm and co-workers have been particularly active in this area Samples to be transported into the gas phase. Our recent research
and have provided a variety of new Mo (and W) compounds has shown that the new ESPES technique is ideal for
relevant to the DMSO reductase active &fte#4 Mo compounds ~ investigating multiply charged anions in the gas pttases, well
possessing paramagnefibloVOS;} ~ centers are amenable to ~ as anionic metal complexes commonly present in sol$fioff.
study by a variety of spectroscopic techniques [EPR, electronic PES of such metal complexes in the gas phase allows their
intrinsic electronic structures to be probed without the complica-
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Figure 2. Schematic structures of [MoOgt (1) and the five [Mo(®]~ compoundsZ—6). The nomenclature [Mo&]~ has been used to designate a
four-sulfur center comprising the inner coordination sphere about Mo in these five-coordinate oxo-Mo(V) complexes. The thictasedSHhiolate
(S-S ligands are shown in their respective monoanionic and dianionic forms. The coordinate systems for the oxo-Mo(V) complexes us€idealized
Cy, structures.

that are structurally related to the active sites of the DMSO was dissolved in a minimum amount of @&, and layered with EO

reductase family of pyranopterin Mo enzymes. in a 1:4 ratio. Green-black crystals 6fvere filtered and washed with
EtO.
Experimental Details [HNEt3],[VO(bdt),] and [HNEE][VO(bdtCl),] were prepared under

g argon from VO(acag)and the respective dithiol proligand by ligand
otherwise, were performed under a dry inert atmosphere of prepurified exchange in the presence of distilled, dry triethylamine, as described
FwISe, were perior uncer y iner sP prepurtt by Cooney et al! The monoanionic V(V) species, [VO(bdlt) (7)

argon using Schlenk techniques, a double-line high-vacuum/gas B . St
manifold, and a polyethylene glovebag. All glassware and accessoriesand [VO(bd'tCL)?] (8)’ were generated from the res pective dianionic
V(IV) species in situ and isolated by time-of-flight (TOF) mass

were heated, purged with argon, and when possible evacuated prior to " ; d ibed below for PES studi Th Mo(V
use. THF was dried and purified by distillation over sodium/benzophe- spectromelry as described below for studies. 7€ oxo- o(v)
none. All other solvents (CGlCH;CN, CHCl,, MeOH, EtO) were complexes (Figure 2) were chargcten;ed by _I-lR-E_':&);I(n CHCN. .
used as received (Drisolv; EM Science). These solvents were thorougthThe _(_PPIa)[MoO_S4] compou nds investigated in th's study are ar
degassed by repeated freepaimp-thaw cycles and transferred to sensitive, especially in s_olutlon. Hence, the prepe_lratlon and manipulation
reaction vessels via steel cannula techniques under a positive pressurgf these samples required thg rigorous exclusion of l.)Oth oxygen an.d
of dry argon. The reagents (Aldrich), Matetrapheny! phosphonium, water. Samples were stored in a dry, inert atmospheric glovebox until
and tetraphenyl arsonium chloride salts, were dried in vacuo prior to needed. .

use. The ligands (Aldrich), thiophenol (HSPh), 4-chlorothiophenol Photodetachment Photoelectron Spectroscopipetails of the ESH

(HSPhCI), 1,2-ethanedithiol geidt), and 3,6-dichloro-1,2-benzenedithiol  PES apparatus were published elsewtigenly a brief description of
(HzbdtCh), were distilled and/or dried in vacuo prior to use. 1,2- the experimental procedure is given here. To produce the desired anions,

Benzenedithiol (kbdt) was synthesized according to literature prece- Ve Used 10° M solutions of the [PPA}* salts of1—6, respectively, in
denf® and purified by vacuum distillation. The [PRh salts of @ Pure and oxygen-free GEN solvent. The solutions were sprayed
[MoOCIJ]~ (1), [MoO(SPh)]~ (2), and [MoO(SPhCJ~ (3) were through a 0.01-mm-diameter syringe needle _blasedaﬂ k_V in a
prepared according to published meth8d€® nltrogen_ atmos_phere. Neg_atlvely charged ions emerging from a
The syntheses of the [PRh salts of [MoO(edtj~ (4) and desolvation capillary were guided by a radio-frequency-only quadrupole

[MoO(bdt),]~ (5) were reported previousky:™A modification of this ion guide i_nto an ion trap, where the ions_, were accumulated for 0.1 s
procedure was used here to synthesize and purify the;[PBalt of a before being pushed _|nto _the gxtractlon zone of a TOF mass
new complex, [MoO(bdtG),]~ (). To an evacuated flask, a mixture spectrometer. The main anion signals corresponded to the anionic
of precursoi2 suspended in CHEl, (23°C) was added foII(;wed by 2 species of each compound. The anions of interest were mass-selected

equiv of the HbdtCh proligand, which was stirred under argon for 4.5 and decelerated before being _intercepted by a laser beam in the
h and then filtered anaerobically. The resulting solution was then detachment zone of the magnetic-bottle PES analyzer. For the current

transferred onto a coarse glass frit (filter tube) connected to a flask study, 266 nm (4.661 eV) photons from a Q-switched Nd:YAG laser

containing E4O. A positive pressure of argon through the flask provided and 193 (6.424 eV) and 157 nm (7.866 €V) photons from an excimer
a slow diffusion of E4O vapor into the solution maintained on top of laser were used_fgr photodetachment._ Photoelectrons were c_ollected at
the frit. The slow stream of BD forced through this saturated solution Pearl¥é?:0%beﬁ|(;incy liy the m_?gr'letlc-bottle and an?llyzec(lj in ad4-r:n-
eventually effected a dark black/green material to precipitate out, which "9 tube. Photoelectron spectra were collected and then
was subsequently collected by filtration and washed wighEollowed converted to kinetic energy spectra, calibrated by the known spectra

by cold MeOH to remove any unreacted dithiol. The powder collected of I”and G The binding energy spectra were obtained by subtracting
the kinetic energy spectra from the corresponding photon energies. The

Synthesis. All reactions and synthetic operations, unless note

(65) Giolando, D. M.; Kirschbaum, KSynthesis992 451—460. energy resolutionAE/E) was about 2% (fwhm), i.e5-10 meV for
(66) Carducci, M. D.; Brown, C.; Solomon, E. |.; Enemark, JJHAm. Chem. 0.5 eV electrons, as measured from the spectrunt @it 355 nm.
So0c.1994 116, 11856-11868. ; - -
(67) Boyd, I.; Dance, I.; Murray, K.; Wedd, Adust. J. Chem1978 31, 279 Theoretical Methods. The [MoO(edt)]™ (4) and [MoO(bdty] ™ (5)
284. anions were also studied theoretically using the Amsterdam density
(68) ﬂl;s, S.; Collison, D.; Garner, Q. Chem. Soc., Dalton Trans989 413~ functional (ADF version 2000.01) program packadge® The geom-
(69) Ellié, S.; Collison, D.; Garner, C.; Clegg, \0/.Chem. Soc., Chem. Commun.
1986 1483-1485. (71) Cooney, J.; Carducci, M. D.; McElhaney, A. E.; Selby, H.; Enemark, J.
(70) Boyde, S.; Ellis, S.; Garner, C.; Clegg, W.Chem. Soc., Chem. Commun. H., submitted for publication.
1986 1541-1543. (72) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41-51.
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Figure 3. Photoelectron spectra of (a) [MoQft (1), (b) [MoO(SPh)]~

(2), and (c) [MoO(SPhCI]~ (3) at 157 nm (7.866 eV). The solid bars are
the molecular orbital energy levels calculated for [Mog)Chnd the model
compound [MoO(SCh)4] ~ using Koopmanns’ approximation (see text and
Tables 2 and 3).

™

etries were derived from the crystal structures of (PRioO(edt)y]

and (PPR)[MoO(bdt),],5%°respectively, with the coordinates adjusted
such that the Me-O bond is coincident with the-axis and the average
point of the four sulfur atoms is coincident with theplane (see
Supporting Information}® The calculations were performed in the spin-
restricted mode. Scalar relativistic effects were included in the
calculation using the zero-order regular approximation (ZORAJ.

(a)
[MoO(edt)2]" (4)

LR L R R R LRl LR AR LR RARLELALLY LLARS RLLEN LA A

F

() B\ c

[MoO(bdt)2]" (5)

Relative Electron Intensity

(c)
[MoO(bdtCl2)2]" (6)
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Binding Energy (eV)

Figure 4. Photoelectron spectra of (a) [MoO(edt) (4), (b) [MoO(bdtp] ~

(5), and (c) [MoO(bdtGl),] ~ (6) at 157 nm. The solid bars are the molecular
orbital energy levels calculated using Koopmanns’ approximation (see text
and Tables 4 and 5).

from the higher binding energy features. The energy gap
between X and A is as large as 1.32 eV. The intensities of the
X and A features are weaker than those of the three higher
binding energy peaks (B, C, D). The spectrun2dgfigure 3b)
shows a well-resolved threshold peak (X) at a VDE of 3.46
eV. This peak is similar to the threshold peaklofFigure 3a)

in terms of both its shape and relative intensity. Following an

All electron basis sets were used for all atom types except Mo, which €nergy gap 0f-0.79 eV, a broad band between 4.0 and 5.6 eV
was frozen to the 3d level. The relativistic potentials necessary for each Was revealed in the spectrumafThe spectrum in this energy

atom were calculated using the auxiliary program DIRAC, which is
supplied with the ADF program package. The density functional for

range is likely to contain numerous overlapping features, but
three (A, B, C) were tentatively identified for later discussions.

all calculations used a generalized gradient approximation, with the At even higher binding energies above 6 eV, more overlapping

exchange correction of Beckeand the correlation correction of Lee
et al®

Results

Monodentate ComplexesFigure 3 shows the 157 nm PES
spectra of the three monodentate complekes8. The spectrum
of 1 (Figure 3a) is relatively simple, revealing five well-resolved
peaks (X, A-D). The lowest binding energy peak, X, with a

vertical detachment energy (VDE) of 4.68 eV, is well separated

(73) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322—329.

(74) te Velde, G.; Baerends, E.Jl. Comput. Phys1992 99, 84—98.

(75) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; Baerends,TEedr.
Chem. Acc1998 99, 391-399.

(76) van Lenthe, E.; Baerends, E. J.; Snijders, J.GChem. Phys1994 101,
9783-9789.

(77) van Lenthe, E.; Snijders, J. G.; Baerends, B. Chem. Phys1996 105
6505-6512.

(78) van Lenthe, E.; Leeuwen, R. v.; Baerends, E. J.; Snijders, ItGJ.
Quantum Cheml1996 57, 281-289.

(79) van Lenthe, E.; Ehlers, A. E.; Baerends, EJ.JChem. Phys1999 110,
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features were observed (D, E, F). The spectrun3 ¢fFigure

3c) is very similar to that o, except that it is shifted to higher
binding energies by-0.4 eV due to the inductive effects of the
Cl-substituted ligands. Again, a well-resolved threshold peak
(X) was observed at a VDE of 3.89 eV, followed by an energy
gap of~0.76 eV. We note that the energy gaps between X and
A of 2 and 3 are nearly identical, but they are considerably
smaller than that of.

Bidentate Complexes.Figure 4 shows the 157 nm spectra
of 4—6, each with two dithiolate ligands. These spectra are
similar to each other in overall spectral patterns but are quite
different from those ofl—3. Seven detachment features were
resolved in each case, as labeled by the letters in Figure 4. A
weak threshold feature (X) was again observed in all the spectra,
similar to that observed in the spectra bf3. But the gap
between the X and A bands is considerably small&ri6 than
that in1—3. The spectra db and6 are almost identical in terms
of spectral patterns, except that the spectrurd ofas shifted
to higher binding energies by-0.5 eV, again due to the
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() A (d) B
[MoOClga]- (1) [MoO(edt)2]" (4)

(b)

[MoO(SPh)]- (2) (®)

[MoO(bdt)o]" (5)

Relative Electron Intensity

(c)
[MoO(SPhCl)4]- (3)

(f)
[MoO(bdtCl2)2] (6)
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Figure 5. Photoelectron spectra of [Md&)~ anions,1—6, at 193 nm (6.424 eV).

; ; _ ; ; ; Table 1. Experimental Adiabatic (ADEs) and Vertical (VDESs)
inductive effects of the Cl-substituted ligands in the latter. In Detachment Energies for MoOCl]~ (1), MoO(SPh)l- (2),

addition, the relative intensity of feature E seemed to be [Moo(SPhCI)]~ (3), [MoO(edt)z]~ (4), [MoO(bdt)z]~ (5), and
enhanced in the spectrum 6f(Figure 4c). [MoO(bdtCl,),]~ (6) in eV

PES Spectra at 193 and 266 nmWe also obtained PES difference,
spectra at 193 nm for all six complexes (Figure 5) and at 266 ADEs? VDEs® VDE - ADE
nm for 2, 3, and5 (not shown). The lower photon energy spectra 1 4.43(8) 4.67(8) 0.24
were better resolved for the lower binding energy features. The 2 3.28(8) 3.46(8) 0.18
266 nm spectra are not shown because they did not reveal much 3 g'gg(g) g-?g(g) g'gé
new spectral information. However, the lower photon energy 5 3:4228; 3:7051%)) 0.28
data yielded more accurate adiabatic detachment energies 6 3.88(8) 4.17(8) 0.29

(ADEs) for the threshold feature. The very weak feature at 3.6
eV in the 193 nm spectrum of [MoOgt (Figure 5a) is from
photodetachment of C] a fragmentation product from the
parent complex. Overall, the 193 nm spectra revealed the sam
features as in the 157 nm spectra up to the 193 nm photon
energy, with slightly better spectral resolution and some intensity
variations.

ADEs. The ADEs of the threshold peak (X) represent the Discussion
electron affinities of the neutral species in each case and are
related to the redox properties of the metal complexes in  Overview of the Electronic Structures of [MoOS,]~. The
solution. The ADEs were determined from the 193 nm spectra PES features shown in Figures-B represent transitions from
for 1, 4, and6 and from the 266 nm spectra f@ 3, and5 the ground state of the anions to the ground and excited states
because of the slightly better resolution of the X peak in the of the corresponding neutral molecules. Within the single-
lower photon energy spectra. The VDE of each feature was particle approximation (Koopmans' theorem), these PES features
measured straightforwardly from the peak maximum. Due to can be viewed as removing electrons from the occupied
the lack of vibrational resolution, the ADE was measured by molecular orbitals (MOs) of the anions. Therefore, unlike other
drawing a straight line along the leading edge of the X band various experimental methods based on electronic transitions
and then adding a constant to the intersection with the binding from occupied MOs to empty or partially empty MOs, PES
energy axis to take into account the finite resolution and thermal directly maps out the energy levels of the occupied MOs. It

a2 The numbers in parentheses represent the uncertainty in the last digit.

eproadening. Thus, the ADEs measured from the lower photon
energy spectra were more accurate. The ADE and VDE of the
X peak of1—6 are listed in Table 1. The VDEs of all observed
features are given in Tables-3.
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Table 2. Experimental Vertical Detachment Energies (VDEs) and Table 5. Experimental Vertical Detachment Energies (VDEs) and
Calculated MO Levels in eV for [MoOCl4]~ (1), and the Calculated MO Levels in eV for [MoO(bdt),]~ (5) and
Assignments of the PES Spectra [MoO(bdtCly)2]~ (6), and the Assignments of Their PES Spectra
VDEs® MO levels (1)° assignment® VDEs (5)° MO levelsbe assignment® VDEs (6)*
4.68(8) (X) 4.68 d (b) 3.70(10) (X) 3.70 (#-)7t 4.15(8) (X)
6.00(8) (A) 5.92 Clin-planea) 4.12(8) (A) 4.23 fo(m)] 7t 4.61(8) (A)
6.76(8) (B) 6.51 Clin-planes} 4.65(8) (B) 4.64 Ba(7)] 5.03(8) (B)
6.54 Cl out-of-planetf;) 4.69 oa()] 1
7.08(8) (C) 6.86 Cl out-of-plane 5.02(8) (C) 4.96 Ju()] ™t 5.27(8) (C)
7.23(8) (D) 7.35 Cl out-of-planea() 5.58(8) (D) 5.38 (5.40) th(pseudos)] * 5.84(8) (D)
5.77 b2(pseudos)]
aThe numbers in parentheses represent the uncertainty in the last digit. 6.04(8) (E) 6.16 (6.18) di(pseudos)] 1 6.48(8) (E)
b Taken from spin-unrestricted DFT calculations in idealifg crystal 6.51 [ee(pseudos)] 1
coordinates (from ref 82). The calculated MO levels were obtained by  6.85(15) (F) 7.33(10) (F)
shifting the DFT ¢y MO level to the VDE of the X feature’. The ClI in-
plane and out-of-plane MOs are also referred to as ClBnd Cl aThe numbers in parentheses represent the uncertainty in the last digit.
3p(pseuda), respectively. bValues in parentheses are derived from normalizing the energies of the
. . . Sp—Mo de-y CT transitions assigned to the two lowest electronic
Table 3. Experimental Vertical Detachment lgnergues (VDEs) and absorption bands o (from ref 47).¢ Although the crystal coordinates
Calculated MO Levels in eV for [MoO(SPh)a]” (2) and employed reveal a low symmetry distortion from the ideali@egstructure
[MoO(SPhCI)4]~ (3), and the Assignments of Their PES Spectra of [MoO(bdt)] -, the C,, nomenclature is retained to label the MO levels
a b : . N derived from the spin-restricted DFT calculations. The normalization and
VDEs (2 MO levels (2) assignment VDEs (9 alignment procedure for the calculated MO levels is discussed in the text.
3.46(8) (X) 3.46 ()t 3.89(8) (X)
4.25(15) (A 4.67 )]t 4.65(15) (A . . . .
4.705153 ng 5.01 g((n;]]fl 5_102153 Egg The electronic configuration for the metal in the [NMRS;]~
5.17(15) (C) 5.12 t(7z)] 5.55(15) (C) centers is formally 44 It is widely accepted that the stroig
-1 . . . .
6.25(10) (D) 5.25 (pseudos)] 6.90(20) (D) andzz-donor properties of the axial oxo ligand largely determine
6.95(19) (B) 6.02 d(pseudos)) 6.90(20) (E) the electronic structure of the chromophore, destabilizing the
7.00(15) (F) 6.45 ti(pseudos)] 1 7.45(10) (F) p , g

4dz and 4d/4d,, orbitals within the d orbital manifold in the
) a'krhefnumbhers in parenthezes reprelselnt trée uncertain}yrin the Ia}st digit. molecular frame (the axial MeO bond vector is defined as
Taken from the spin-restricted DFT calculated energies of the S 3p frontier 1 7 4xj)66 This oxo-mediated destabilization in the presence
MO levels for the model compound [MoO(SG)d ~ at the same geometry ) o . . P .
as [MoO(SPhj -, but with the calculated energies shifted so that the HOMO of a moderate equatorial ligand field results in the unpaired
édxy MOf f%/tC%lTillggSsW(lth thz \;DMEoofI_th_e >t<hpeaklln the Zlfhs Sspgctgum- electron residing in an MO of predominantly Mg &haracter
rom ref 45.c The S 3p(pseudo) MOs lie in thexy-plane and the S 3p - ; ;
MOs lie out of thexy-plane in theC, tetrathiolate complexes. Ifng[T\Z z)érgr??tg e(r?; g;;]yif:?scdzg rtgitill\ls] :n(?]%Lllgk:;g:’glljgi Sststt% f
éallale I4-t dEK/lIJgr:_men}al yert\i/c?l Di/tlag\mgtnt §n2f9iesd(¥]DES) and eight ligand-based symmetry-adapted linear combinations
aleuate evels® in eV for [MoO(edt);]” (4), and the (SALCs) consisting of the lone pairs of the ligand S atoms.

Assignments of the PES Spectra ” A : )
Four are primarily S 3pf) MOs, and four are primarily S 3p-

VDEs (4 MO levels assignment (pseudos) MOs. The energies of the S 3p(MOs strongly
izg% % 2-;2 g’kf;;]):i depend on the ©Mo—S—C(a) dihedral angle, whereas the
4:56(8) ®) 464 Bo()] energies of the S 3p(pseudd-MOs are relatively independent

4.80 [oo(r)] 2 of this angle. For a [Mo&]~ center with four monodentate
5.18(8) (C) 5.32 *D:l(pse_lidoe)]’1 thiolate ligands and idealize@,, symmetry, the S 3p() MOs
5.40(8) (D) 5;‘4? Elggg]eu dos)] are optimally oriented for in-plane-bonding with the Mo 4g,
6.22(8) (E) 6.25 é(pseudog)]—l orbital (O—Mo—S—C(a) = 0°). At the observed equilibrium
7.30(10) (F) 7.21 di(pseudos)] 1 C4 geometry with an Mo—S—C(a) dihedral angle of~59°,

) the primary d—p, interaction is decreased, and the Ss8p(
a Although the crystal coordinates employed reveal a low symmetry

distortion from idealizedC,, geometry, theC,, nomenclature is retained MOs are generally at higher energies (less stabilized) than the

for describing the MOs derived from the spin-restricted DFT calculations. S 3p(pseuda@r) MOs. A synchronous rotation about the M8
The normalization and alignment procedure for the calculated MO levels pgonds causes the S 3p(orbitals to rotate out of the four-S
is discussed in the text.The numbers in parentheses represent the S -

uncertainty in the last digit. plane, such that at th@, limit [O —Mo—S—C(a) = 90°] these

) ' S 3p(r) orbitals are now oriented orthogonal tg énd parallel
should be pointed out, however, that Koopmans'’ theorem only 5 the Me=0 bond vector. A similar situation occurs for the

provides a useful first approximation because it does not take ;s_githiolate compounds with idealizez, symmetry, where
into account relaxation effects, and the relationship of DFT he rigid geometry imposed on the S ligand donor atoms by the
Kohn—Sham orbital energies to |o_n|zat|on energies is notclearly chelate ring constrains the S ap(orbitals such that they are
defined beyond the highest occupied molecular orbital (HOMO). riented out of thexy-plane and orthogonal to the S 3p(pseudo-
Nevertheless, it has been shown that a very good empiricala) MOs within the plands Such a Walsh diagram for the
correspondence exists between DFT Kefsfiam orbital ener-  gpergies of the MOs of [Mo&]~ has been derived from density
gies and the corresponding vertical ionization potentials deter- q,nctional calculations and used to interpret the electronic
mined by PES? For anions involved in ET reactions, PES data 3psorption and MCD spectra of the corresponding spdgids.
yield the intrinsic _OX|dat|o_n energy of the free anions since Singlet—Triplet Splitting and the Observed PES Features
photodetachment is an oxidation process. for the [MoO S;]~ Complexes.The ground states of the anions,
(82) Chong, D. P.: Gritsenko, O. V.: Baerends, E.Chem. Phy<2002 116 1—_6, are a_tll open-shell W|th_one u_npalred 4d electron. Detaching
1760-1772. this unpaired d electron gives rise to the closed-shell ground
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Table 6. Experimental Vertical Detachment Energies (VDES) in
eV for [VO(bdt),]~ (7) and [VO(bdtCl,),]~ (8) Compared to Those
for [MoO(bdt)2]~ (5) and [MoO(bdtCly),]~ (6)2

[MoO(bdt)y]” (5) ~ [VO(bdt)]” (7)  [MoO(bdtCl)]” (6)  [VO(bdtCl)]™ (8)

[MoO(bdt)2]" (5)

X 3.70(10) 4.15(8)

A 4.12(8) 3.86(8) 4.61(8) 4.35(8)
B 4.65(8) 4.37(8) 5.03(8) 4.78(8)
C 5.02(8) 4.82(8) 5.27(8) 5.19(8)
D 5.58(8) 5.35(10) 5.84(8) 5.62(8)
E 6.04(8) 5.89(10) 6.48(8) 6.42(10)
F 6.85(15) 6.50(10) 7.33(10) ~75

a2 The numbers in parentheses represent the uncertainty in the last digit.

respondence for the features labelediA suggests that either
(2) the singlet-triplet splitting for the Mo complexes is too small
to be resolved, (2) the splitting is very large and the singlet
components are all outside our spectral range, or (3) the peaks
for one of the spin states are very broad and weak and not
resolved as spectral features. Since the PES featurels—for
cover an energy range of4.0 eV and the features in the spectra
of 4—6 are reasonably well resolved, the scenarios of (2) and
(3) seem unlikely. Thus, the triplesinglet components derived
from detachment from a completely filled MO in the Mo
complexes would be contained in one single PES band. This
results in the similarity observed between the spectral features
of the analogous Mo and V complexes, despite their different
ground-state electronic configurations. This interpretation is
consistent with the spin-unrestricted calculations of McMaster
et al?® for [MoO(edty] -, which showed that the energy levels
of the SALCs in3-spin orbitals were all within 0.15 eV of the
correspondingt-spin orbitals. With this knowledge, as well as
the previous optical spectroscopic data (electronic absorption
and MCD)245-47 we can tentatively assign all the PES features
SRR A AL AR ML AL AL L of the five [MoOS]~ complexes.
0 1 2 . 3 4 5 6 7 The VDEs of the spectral features {4) for [MoO(bdt)]~
Binding Energy (eV) are~0.2—0.3 eV higher than those of the corresponding peaks
Figure 6. Comparison of the 157 nm photoelectron spectra of [§O for [VO(bdt),] ~. A similar trend is observed for [MoO(bdtg}] ~
with those of [VC&]~ complexes. versus [VO(bdtGl),]~ (Figure 6, Table 6). Furthermore, the
state of the neutral molecules, corresponding to the lowestintensity of the A band in the V complexes is stronger than the
binding energy feature (X) in each spectrum. Removal of one corresponding feature in the Mo complexes. As discussed below,
electron from the deeper MOs can result in two states (triplet all S-based MOs give rise to relatively strong peaks compared
or singlet), depending on the spin of the detached electron. to the peaks of MOs of mainly metal d character. The weakness
Without knowing the triplet singlet separation, it is difficult ~ of the A feature in the Mo complexes suggests that the
to assign the spectral features using the corresponding MOcorresponding MO in the Mo complexes has considerable metal
configurations of the anions. d contributions. The increase in covalency in the-M®bonds
To evaluate the tripletsinglet separation, we further obtained indicates more charge donations from the dithiolate ligands to
PES spectra of two analogous [\&)~ complexes, in which V the metal center and hence reduces the overall negative charges
is formally in the 5+ oxidation state with a 3tconfiguration. on the ligands, leading to the increased VDEs of the PES
The PES features of these complexes correspond to transitiongeatures due to ionization of the ligand S orbitals in the Mo
from the singlet ground state of the anions to the ground and complexes.
excited states of the neutral molecules, which should all be PES Spectra of [MoOCL]~ (1). The [MoOCL]~ anion
doublet states. The 157 nm PES spectra of [VOg@d{()7) and displaysC4, symmetry with the unpaired electron in thg,d
[VO(bdtCl)]~ (8) are compared with those of the corresponding orbital (b,). This simple halide model complex serves as a
Mo complexes in Figure 6. Except for the lowest binding energy prototype for understanding the more complicated electronic
peak (X), the spectral features {A) of the Mo complexesy structure of the molybdenum tetrathiolate centérg® Both
and6) are very similar to those of the V complexesgnd 8) DFT®2 and discrete variationaa calculationg® predicted that
and have a one-to-one correspondence, as labeled in Figure 6the unpaired d electron is located in an MO of predominantly
The X features in the Mo complexes are due to removal of the Mo 4d,, character. Just below this singly occupied d orbital,
single metal 4d electron, which is not present in thé 8d
complexes. The similarity of the spectral features between the (83) Swann J.; Westmoreland, T. Dorg. Chem 1997 36, 53485357

. N (84) Sabel, D. M.; Gewirth, A. Alnorg. Chem 1994 33, 148-156.
Mo and V complexes, in particular, the one-to-one cor- (85) Deeth, R. JJ. Chem. Soc., Dalton Tran991, 1895-1900.

[MoO(bdtCl2)2]" (6)

Relative Electron Intensity

[VO(bdtCl2)2]" (8)
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there are three in-plane (ip) Cl 3p MOag(ip) and &(ip), strongly suggests that the observed PES features have similar
followed by four out-of-plane (op) Cl 3p MO%y;(op), e(op), electronic origins. However, the spectra of the three bidentate
and a;(op) 86 Such an MO scheme was confirmed previously Mo complexes are qualitatively different from those of the
and used to interpret electronic absorption and MCD spectra of monodentate complexe2 &nd3). The PES data clearly show
[MoOCiI,4]~.%¢ The well-resolved PES features for [MoQ[I that the rigid C-C backbones of the edt, bdt, and bgtCl
make the analysis and assignment relatively straightforward. Thechelating ligands have a significant effect on the electronic
X peak is due to removal of one electron from theatbital structure and chemical bonding of the Mo complexes. First, the
(by), resulting in a closed-shell singlet neutral MoQCThe X—A energy gap is much smaller for the three dithiolate
features A-D are due to detaching one electron from the Cl 3p complexes;~0.47 eV for4, ~0.42 eV for5, and~0.46 eV for
lone pairsax(ip), €(ip), bi(op), e(op), anda;i(op), respectively, 6, compared to~0.8 eV for2 and3. The reduced XA gaps
as shown in Table 2. This assignment is also consistent with result in partial overlap of the two PES features (Figure 4).
the recent DFT calculatiof?. By shifting the dy MO level to Second, in contrast t® and3, where the PES features {4)
the VDE of the X feature and using Koopmans’ approximation, are grouped in two binding energy ranges and are rather
the calculated relative orbital energies are in good agreementcongested, the AF features o#—6 are more equally spaced
with the PES data, as shown in Table 2 and Figure 3a. In fact, in a similar overall binding energy range and are much better
the strong intensity and the discernible shoulder observed for resolved.
the B feature are consistent with the assignment to two |t has been predicted that the-®o—S—C dihedral angle
detachment channels frog(ip) andby(op). plays an important role in determining the orientation of the S

PES Spectra of [MoO(SPh)]~ (2) and [MoO(SPhClI)]~ lone pairs, with respect to the Mo 4d orbitals, and the energy
(3). The X-ray crystal structure of [AsFfiMoO(SPh)] revealed  separationd The structures of the molybdenum dithiolate
a [MoOP" unit coordinated by four S donors in a square complexes possess effecti@®, symmetry, and the ©Mo—
pyramidal geometry of approximatel, symmetry?® However, S—C dihedral angles are constrained (ie= ~90°), whereas
the average ©Mo—S—C(a) dihedral angled) is 58.8, and  the dihedral angle is-59° for complexes2 and 3 (C,). With
this synchronous distortion from idealiz€d, symmetry (where  the 90 dihedral angle, the energy separation between the
6 = 0° for Cy,) results in2 possessing effectiv€, symmetry  gccupied 4d orbital and the highest occupied S-based MO is
(0° < 6 = 90° for Cy4). UnderCy symmetry, the frontier MOs  predicted to be substantially less than the analogous separation
predicted from recent DFT calculaticfisreb(4d,) < () < in [MoO(SPh)]~. Our observed PES patterns 6 are in
a(m) < b(r) < e(pseudos) < a(pseudos) < b(pseudos). The remarkable agreement with the Walsh diagram derived from
b(4dy) HOMO was predicted to be well separated fromthe  ne previous DFT calculatiorf§,depicting the changes of the
ando MOs derived from the S lone pairs. This MO pattern is  fgntier MOs of a model [Mo@]~ complex, [MoO(SMej] -,
in excellent agreement with the observed PES spectradod as a function of the ©Mo—S—C dihedral angle. The Walsh
3 (Figur(_e 3). Thus, the X feature is clearly due to detachment diagram (Figure 6 in ref 45) predicts that, at arK@0—S—C
of the single d electron from thk(4d,,) HOMO of 2 and 3. dihedral angle of 5838 appropriate for2 and 3, there is a
The higher binding energy features in the spectr@ ahd 3 reasonably large gap between the 4d HOMO and the top of the
appeared to group in two broad energy ranges, labeled-d3 A g pased MOs, which are congested into two groups. On the
and D-F. These features should be due to detachments from gier hand, at a dihedral angle of*9@ppropriate for—6, the
the ando MOs of the S lone pairs. The energy gaps between \yaish diagram predicts that the energy of the 4d HOMO is
X and A are nearly the same @ and3 (~0.8 eV) but are  ¢|ose 10 the top of the S-based MOs, which are now more evenly
much smaller than the energy gap between X and A in gpaced, with the exception of thér) ande(pseudos) MOs in
[MoOCI]™ (1.32 eV), due to the lower ionization potentials of e middie of the diagram that are nearly degenerate. The two
the S lone pairs of the thiolate ligand compared to the ionization closely spaced PES features C and Ddirare in excellent
potentials of the Cl ligands. The vertical lines in Figure 3b agreement with this latter prediction.
represent the calculated energies of the S 3p frontier MO levels Computational Studies and Further Considerations of the
oL eme e ely. PES Dta for o0l (4 and oO(o ) ). T

’ DFT calculations on [MoO(edf)~ using both spin-restricted

Sggt ;[r??rt]éhF?EgosMecz;térlgrlr?\(/'?zlaa“egg)s YI_V;;EQ éZTCl\J/IEtE dolf\/ltgee;(er and spin-unrestricted methods showed that the Mo 4d manifold
b P ' gyand some of the S 3pj-based MOs were very close in energy

levels of the S 3p lone pairs are groupedeas) —a(r) —b(w)— . . s . .
e(pseudos) anda(pseudos)—b(pseudos). Although detailed fc;;gg?il;zfsdg;” iﬂyc:gm: ;;yf tioer Stir:ﬁiIZfIg:é?r?;;”gﬁﬂ eDl\j-(I)—
assignments are not feasible due to the congested nature of th [ . (edd)", . gies

d and S 3pt) orbitals produce a spin polarization between

high binding energy features, the calculated MO energies for th ied . d i . s of
the S lone pairs are in excellent qualitative accord with the the ZCSUP'G b{(tt-slpln) znth utrmccup!ecﬁgspu’laoccimpcl)nen S0
observed PES patterns for bifand3 energy than the highest occupied S-apI0S. However, the
PES Spectra of [MoO(edt)]~ (4), [MoO(bdt)]" (5), and 9y 9 pied Sopiius. HoOWever,
B N calculated energy of the unoccupijgepin dz-2 MO is within
[MoO(bdtCl 5),]~ (6). The PES spectra af—6 are similar to . : . .
: ~0.1 eV of the highest occupied S 3)p(MOs. Since thg-spin
each other (Figure 4), except that the C and D bands appeared, , . - . .
: . 2> MO is the lowest unoccupied molecular orbital that is
to be more closely spaced in the spectrur tifan in the spectra . . .
S metal-based, the results of these spin-unrestricted calculations
of 5 and 6. The overall spectral similarity betweehand 5 . I I
were important for assigning the low-energy CT transitions to

(86) Bradbury, J. R.; Mackay, M. F.: Wedd, A. @ust. J. Chem1978 31, the de-y2 redox acceptor orbital in the optical spectra of these
2423-2430. compounds. Although these calculations (employing the highest
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effective symmetry possible) provided a useful basis for
interpreting the observed MCD transitions in [MoO(gHt)*®

the previous computational results appear to be inconsistent with .
the current experimental observations, which indicate a singly
occupied metal-based (4d) HOMO férA similar MO ordering
was observed fob in the present DFT study using geometry-
optimized C,, coordinates in spin-restricted and -unrestricted
calculations (not discussed here). These discrepancies betweel
the DFT calculations and the experimental PES data suggest
that additional geometric and/or electronic effects must be Figure 7. MO contour of the HOMO in [MoO(bd] derived from

idered i ianing th ionic PES featured ahd5 calculations using the crystal structure coordinates. The view is oriented
considered In assigning the anionic €atures and o. such that the-axis is directed along the MeO bond vector and projected

The actual symmetry of the [MoO(edlt) anion in the solid out of the plane of the page.
state is approximatelyC,,%° lower than the idealizedC,,
symmetry employed in the previous calculations. This distortion ligand-based SALCs that are primarily S 3p in character. The
in the crystal is evident from the twisting of the two MpS  four highest energy ones are primarily S 3pMOs, and the
chelate planes relative to each other. Therefore, we carried outnext four are primarily S 3p(pseudg-MOs. This calculated
further DFT calculations on [MoO(ed]), using the geometric ~ ordering of the MOs corresponds with the anion PES spectra
coordinates found in the crystal structure (Table S1, Supporting of 5 and6, which show that the HOMO is metal-based. The
Information). These spin-restricted calculations correlate with HOMO of [MoO(bdty]~ (Figure 7), obtained from calculations
those of McMaster et af5 except that the 4.2 orbital using the crystal structure coordinates, reveals the effect of the
becomes the HOMO in the current study. Beneath the d orbital distortion from idealizedC,, symmetry induced by the nonpla-
manifold, there is a set of eight ligand-based SALCs that are narity (folding) of one of the chelate rings. The results show
primarily S 3p in character. The ordering of these orbitals is that a considerable amount of S 3p character (21%) is present
the same as that found by McMaster et al. (Table S2, Supportingin the de—2 redox orbital, suggesting that indeed this folding is
Information)4s The distortion away fron€C,, symmetry is due electronic in origin. Specifically, the electronic structure calcula-
to the fact that the ligand carbon atoms have approximate tions reveal that the symmetry reductionSifand in4) results
tetrahedral geometry and the hydrogen atoms conform to ain a substantial increase in the dithiolate sulfur (3p) character
staggered rather than eclipsed configuration. The anion PES datdnixed into the HOMO. The DFT results obtained using the
imply that the distortion persists in the gas phase. The crystallographic coordinates show that the HOMO in bbth
computational results enable the assignment of the PES spectraind 4 is primarily metal based (Mo 4d) and is more covalent
features of [MoO(eds]~ (4). The computational results are due to the additional Mo 4dS 3p, mixing in the lower
normalized to the PES features by shifting the-d MO level symmetry. The covalency in the metal-based HOMOD5of
to the VDE of the X feature. The normalization procedure for (52.6% -7 is similar to that in each of the structures
the [MoO(dithiolate)] - complexes is the same used previously calculated for2 (53% 4d,) and4 (55.4% dz-?), as illustrated
for the [MoOCL]~ and [MoO(SR)]~ compounds. The energy by the amount of Mo 4d character. Table S4 (Supporting
levels of the valence MOs can be aligned with the featuregEA Information) gives the relative energies of the MOs and their
by adding the difference between the eigenvalues of the valenceatomic composition for5. The compound has pseud;
MOs and the HOMO to the VDE of the X feature in the spirit symmetry, and symmetry labels for this point group are included
of Koopmans’ approximation. The obtained relative orbital for convenience. These computational results again enable a
energies are in good agreement with the PES data, as shown irfjualitative assignment of the PES spectral featuress,of

Table 4. implying that the distortion away fror®@,, symmetry persists
The X-ray crystal structure of (PRIMoO(bdt),] shows that for 5in the gas phase. The shift procedure for normalizing and
the anion in this crystal is also distorted from idealiz@sl aligning the results of the molecular orbital calculations to the

symmetry, as evidenced by the nonplanarity of one of the chelate PES features was applied ®in a manner similar to that
rings’® The same effect, where one of the chelate rings is described above fat, 2, and4. The calculated relative orbital
essentially planar and the other ring is folded along the S- - -S €nergies are in good agreement with the PES data, as given in
vector, forming a dihedral angle of 1%#ith the MoS plane, Table 5.

is observed in the crystal structure of (IWfE¥YloO(cis-ethylene- The above assignments of the PES spectéa-a imply that
1,2-dithiolate)].#2 The similar structures of these two different the lowest binding energy peaks (X) (Figure 4) are due to
[MoO(ene-1,2-dithiolate] ~ anions in the PP4 salf® and the detachment of the unpaired d electron in each anion. This
NEt,+ salt? suggest that the common distortion of these anions assignment is further supported by comparison between the PES
may be electronic in origin. We also performed DFT calcula- spectra of [MoO(bdt]~ and [VO(bdt)] ~, as shown in Figure
tions, employing the crystal coordinates of [MoO(bpt)(Table 6. The absence of a similar weak, low binding energy peak (X)
S3, Supporting Information), to provide further insight into the in the formally 3@ V complexes is expected. The calculations
PES features ob (geometry optimization calculations starting also support the argument that the MO of peak A has more
from these coordinates did not reach convergence). The resultanetal character than the MOs of#, as suggested from their

of the spin-restricted calculations fd correlate with the respective PES intensities thand 5. The MO ordering ird4
calculations of McMaster et &b.for the anion [MoO(edt] -, and5 has been re-evaluated by the DFT calculations in light of
except that the,d 2 orbital is calculated as being the HOMO. the current experimental observations, which indicate that the
Again, beneath the d orbital manifold there is a set of eight HOMO of these complexes is due to the Mo 4d orbital. The
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nature of the HOMO is important for understanding the Conclusions

reactivity of these complexes, in particular their redox properties. he el . d chemical bondi ; hiol
The ADEs and Redox PotentialsA one-electron oxidation The electronic structures and chemical bonding of tetrathiolate

reaction, aside from solvation effects, is similar to electron [MOVQS‘]i genters with both monodentate and bidentate ligands
detachment in the gas phase. Therefore, the gas-phase ADEY/€® investigated by photodeta(_:hment photoelectron spectros-
should be inherently related to oxidation potentials, except that _copa/. 'Lrll_:eswell-resol_ved Iqwesgblnc;mg enfergy featl\ljlrg ob_serv_tlad
the solvation effects are absent in the electron detachment in &" the spectra Is assigned to derive from an primartly

vacuum. The X feature in the PES spectrd-eb (Figures 3-5) of Mo 4d! character, providing conclusive evidence that the
corresponds to removing the unpaired 4d electron from the HOMOs and the redox orbitals in these [MaS] ~ centers are

HOMO of each species. The ADEs 813.68 eV) ands (3.88 all metal-based. The PES data further revealed that the energy
eV) with Cl substituents on the thiolate ligands ar@.4 eV gaps betvyeen the HOMO d orbital and the highest occupied
higher than those d (3.28 eV) andb (3.42 eV), respectively, ~ >-°ased ligand orbitals are dependent on theMd—S-C
consistent with the electron-withdrawing effect of the ClI dihedral 3“9'?3’ ,Wh'Ch are influenced .by bldentatg Versus
substituents. Similar inductive effects have also been observegmonodentate ligation. The energy separations are relatively large
in bulk redox potentials of related metal comple&&/.88 for the complexes containing monothiolate ligands in which the
As we have shown previous¥, the energy difference dihedral angle is~59°, but much smaller for those possessing

between the VDE and ADE of the X feature directly reflects dithiolate ligands with a dihedral angle B0°, consistent with

the geometry changes after one electron is removed and, hence?revious thec(;retical predictlim;lé—.l‘” The hfigher I;an?rgy EES q
is related to the intrinsic reorganization energy of an ET reaction. eatures are due to removal of electrons from the ligand-base

Among the five [MoGB]~ complexes investigated here, the molecular c_)rbitals th_at are primarily Ioca!ized on sulfgrs anq
differences between VDE and ADE for the bis-dithiolate 2" pe assigned satlsfactorlly.on the ba5|§ of comparison with
complexes are greater than those for the monodentate tetrathiPTeVIOUS and currgnt theoretical calculaltlon.s and M(,:D and
olate anions (Table 1), implying larger geometry changes upon electronic absorption data. The reorganlzgtlon energies after
detaching the unpaired Mo 4d electrons for the bis-dithiolate "€MOval of one electron from the redox orbital were observed
complexes. This observation is consistent with the covalency ' Pe arger for the bis-dithiolate complexes than for the tetra-
differences between the constrained chelate versus the nonchMenothiolate compounds.

elated systems. Although the DFT calculations presented here
suggest similar sulfur contributions to the covalency of the
HOMO, previous electronic absorption data support more-8lo
covalency for the HOMO ir2 relative to that for the HOMO in
4.45-47 The greater covalency of the HOMO krelative to
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