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Molybdenum—oxo ions of the type [MoVOL,CI]* (L = CNBU', PMes, ¥/;Me,PCH,CH,PMe,) have been studied by
X-ray crystallography, vibrational spectroscopy, and polarized single-crystal electronic absorption spectroscopy (300
and ca. 20 K) in order to investigate the effects of the ancillary ligand geometry on the properties of the Mo=0
bond. The idealized point symmetries of the [Mo'VOL,CI]* ions were established by X-ray crystallographic studies
of the salts [MoO(CNBu')4CI][BPhy] (Cay), [M0oO(dmpe).Cl|CI-5H;0 (C,,), and [MoO(PMes),Cl][PF¢] (Cz); the lower
symmetries of the phosphine derivatives are the result of the steric properties of the phosphine ligands. The
Mo=O0 stretching frequencies of these ions (948—-959 cm~1) are essentially insensitive to the nature and geometry
of the equatorial ligands. In contrast, the electronic absorption bands arising from the nominal dy, — dy;, dy, (n —
m*(Mo0)) ligand-field transition exhibit a large dependence on the geometry of the equatorial ligands. Specifically,
the electronic spectrum of [MoO(CNBu'),CI]* exhibits a single {n — s*,,] band, whereas the spectra of both
[MoO(dmpe).Cl]* and [MoO(PMe3).Cl]* reveal separate [n — %] and {[n — z*,;] bands. A general theoretical
model of the n — s* state energies of structurally distorted d?> M(=E)L4X chromophores is developed in order to
interpret the electronic spectra of the phosphine derivatives. Analysis of the n — z* transition energies using this
model indicates that the dy, and dy, 77*(Mo=O0) orbitals are nondegenerate for the Cy,-symmetry ions and the n —
7, and n — sy, excited states are characterized by different two-electron terms. These effects lead to a significant
redistribution of intensity between certain spin-allowed and spin-forbidden absorption bands. The applicability of
this model to the excited states produced by 6 — s and = — 6 symmetry electronic transitions of other chromophores

is discussed.
Introduction o] o] o]
. . L L L

The great importance of metabxo complexes in cataly- L—MZ—L L_lhII!;'__,_ L —— ML
sis, synthesis, and biochemistry has motivated numerous R L/‘ ._/“
investigations of the nature of MO multiple bonds over
the past four decadé$.Our understanding of these bonds Ca Ca Dy
is based largely on experimental and theoretical studies of|n this picture, the#-parentage d orbitals @®-symmetry
the large class of 'd and d-configured metatoxo com- ML are split under the strong axial compression of the oxo

plexes that possess 4-fold axial Symmetry. The eleCtroniC”gand(s): the degenerate(z(hnd QZ Orbita|S, which are
structures of these five- and six-coordinate complexes areprincipally M—O z-antibonding in nature, are destabilized
typically described in terms of the d-orbital splitting pattern rejative to the ¢ orbital, which is nonbonding¥symmetry)
originally proposed by Jargensen, Ballhausen, and Gray towith respect to the MO axis. Thus, monooxo complexes
explain the bonding in the molybdenyl and vanadyl ibfs.  possess formal ¥O bonds, and dioxo complexes possess
formal M=0O bonds. Numerous experimental and theoretical

* To whom correspondence is addressed. E-mail: mhopkins@uchicago.edu.

(1) Nugent, W. A.; Mayer, J. MMetal-Ligand Multiple BondsWiley: Stgdies havg borne out this_piCt_ljf%ﬁ cpmbined, the IY\IO
New York, 1988. original studie%* have been cited in the literature 1400 times.

(2) Hille, R. Chem. Re. 1996 96, 2757-2816.

(3) Jergensen, C. KActa Chem. Scand.957, 11, 73—85. (4) Ballhausen, C. J.; Gray, H. Bnorg. Chem.1962 1, 111-122.
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Few metat-oxo compounds (or complexes with other +z +z +z
multiply bonded ligands) possess the high point symmetries I(Ijl 0 0
' ' ing pi .L Il Ill..L
of the model complgxgs for which this bonding picture was L4—M’——?_2—> L L L3—M’—}a'}"
developed. Thus, it is important to understand the electronic L Yo, 4| L7 Cr | >
structures of lower-symmetry complexes in order to compare # X T X x X
1, C4V IIa, CZV IIb, CZV

the natures of metaloxygen multiple bonds and other types
of metal-ligand multiple bonds in real (as opposed to Figure 1. Structural types and molecular coordinate systems of MOL

; ; et complexes. Fol, the coordinating L atoms lie in the- andyzplanes and
hypothetlcal) molecules. A key case In point is the class of below thexy-plane. Forlla, L; and Ls lie in the xzplane and below the

d? multiply bonded complexes with ancillary phosphine yy-piane, and kand L lie in theyzplane and above the-plane. Forllb ,
ligands, of the general forntsansME(PRs),X and trans the L atoms are bisected by tlxg andyzplanes and lie below they-

ME,(PRs)s (M = Ta, Cr, Mo, W, Mn, Tc, Re; X= halide plane.
or pseudohalide; PR= monodentate ot/, bidentate phos-
phine), which have been the subject of numerous theoretical
and electronic spectroscopic studie® These complexes
have attracted interest because they span an extremely bro

(5) Miskowski, V. M.; Gray, H. B.; Hopkins, M. DAdv. Transition Met.

range of multiply bonded ligands (E O,! N,* NR,** CR/!®
CRy,16 S Sel” Tel” GeR®), thus allowing direct compari-
asons to be made among different multiple bonds under a
constant ancillary ligand field. The electronic structures of

Coord. Chem1996 1, 159-186.

(6) (a) Savoie, C.; Reber, @. Am. Chem. So00Q 122, 844-852. (b)

Savoie, C.; Reber, C.; Banger, S.; Beauchamp, A. Inorg. Chem.
1995 34, 3851-3852. (c) Sartori, C.; Preetz, \¥. Naturforsch1988
433, 239-247. (d) Winkler, J. R.; Gray, H. Binorg. Chem.1985
24, 346-355.

(7) (a) McMaster, J.; Carducci, M. D.; Yang, Y.-S.; Solomon, E. |;

Enemark, J. Hinorg. Chem2001, 40, 687—702. (b) Baldas, J.; Heath,
G. A.; Macgregor, S. A.; Moock, K. H.; Nissen, S. C.; Raptis, R. G.
J. Chem. Soc., Dalton Tran$998 2303-2314. (c) Carducci, M. D.;
Brown, C.; Solomon, E. |.; Enemark, J. B. Am. Chem. S0d.994
116, 11856-11868. (d) Sabel, D. M.; Gewirth, A. Anorg. Chem.
1994 33, 148-156. (e) Brewer, J. C.; Thorp, H. H.; Slagle, K. M,;
Brudvig, G. W.; Gray, H. BJ. Am. Chem. Sod991 113 3171~
3173. (f) Deeth, R. 1. Chem. Soc., Dalton Tran991, 1895-1900.
(g) Deeth, R. JJ. Chem. Soc., Dalton Tran%991, 14671477. (h)
Collison, D.J. Chem. Soc., Dalton Trand990Q 2999-3006. (i)
Collison, D.J. Chem. Soc., Dalton Tran$989 1—4. (j) Sartori, C.;
Preetz, WZ. Anorg. Allg. Chem1988 565, 23—33. (k) Sunil, K. K.;
Harrison, J. F.; Rogers, M. T. Chem. Physl982 76, 3087-3097.

(I) Winkler, J. R.; Gray, H. BComments Inorg. Chert981, 1, 257—
263. (m) Collison, D.; Gahan, B.; Garner, C. D.; Mabbs, Rl.EChem.
Soc., Dalton Transl98Q 667—674. (n) Weber, J.; Garner, C. Dorg.
Chem.198Q 19, 2206-2209. (0) Hill, L. H.; Howlader, N. C.; Mabbs,
F. E.; Hursthouse, M. B.; Malik, K. M. AJ. Chem. Soc., Dalton Trans.
198Q 1475-1481. (p) Garner, C. D.; Hill, L. H.; Mabbs, F. E.;
McFadden, D. L.; McPhail, A. TJ. Chem. Soc., Dalton Tran$977,
1202-1207. (q) Garner, C. D.; Hill, L. H.; Mabbs, F. E.; McFadden,
D. L.; McPhall, A. T.J. Chem. Soc., Dalton Tran$977, 853-858.
(r) Garner, C. D.; Kendrick, J.; Lambert, P.; Mabbs, F. E.; Hillier, 1.
H. Inorg. Chem.1976 15, 1287-1291. (s) Garner, C. D.; Hillier, I.
H.; Kendrick, J.; Mabbs, F. BNature 1975 258 138-139. (t) Al-
Mowali, A. H.; Porte, A. L.J. Chem. Soc., Dalton Tran$975 50—
55. (u) Garner, C. D.; Hillier, I. H.; Mabbs, F. E.; Guest, M.Ghem.
Phys. Lett1975 32, 224-226. (v) Wentworth, R. A. D.; Piper, T. S.
J. Chem. Physl964 41, 3884-3889. (w) Gray, H. B.; Hare, C. R.
Inorg. Chem.1962 1, 363—386.

(8) (a) Filippou, A. C.; Philippopoulos, A. I.; Portius, P.; Neumann, D.

U. Angew. Chem., Int. EQ00Q 39, 2778-2781. (b) Yam, V. W.-
W.; Pui, Y.-L.; Wong, K. M.-C.; Cheung, K.-Klnorg. Chim. Acta
200Q 300-302 721-732. (c) Lehnert, N.; Tuczek, fnorg. Chem.
1999 38, 1671-1682. (d) Kim, W.-S.; Kaltsoyannis, Nnorg. Chem.
1998 37, 674-678. (e) Vyboishchikov, S. F.; Frenking, @hem.
Eur. J.1998 4, 1439-1448. (f) Cotton, F. A.; Feng, Xnorg. Chem.
1996 35, 4921-4925. (g) Yam, V. W.-W.; Tam, K.-KJ. Chem. Soc.,
Dalton Trans.1994 391-392. (h) Kaltsoyannis, NJ. Chem. Soc.,
Dalton Trans.1994 1391-1400. (i) Paradis, J. A.; Wertz, D. W.;
Thorp, H. H.J. Am. Chem. S0d.993 115 5308-5309. (j) Vining,
W. J.; Neyhart, G. A.; Nielson, S.; Sullivan, B. Rorg. Chem1993
32, 4214-4217. (k) Manna, J.; Geib, S. J.; Hopkins, M. . Am.
Chem. Soc1992 114, 9199-9200.

transMO(PRs)4X and transMO,(PRs)4, complexes are the
benchmarks for these studies, because of the much deeper
general understanding of MO bonds.

Prior studies of the electronic structures and spectra of
transME(PRs)4X and transME,(PRs), complexes have
typically invoked the approximation that their structures
possess effective 4-fold axial symmetity Figure 1), even
though all structurally characterized examples of these
complexes are significantly distorted from this limit. X-ray
crystallographic studies have revealed these structural distor-
tions to be of two main types. For derivatives with mono-
dentate phosphines, such as BM&e phosphorus nuclei
adopt a pseud&®, arrangement about the metal center to
relieve the steric repulsion among the phosphine ligands. This
distortion, illustrated in Figure 1 for a MO(RJZX complex
(lla), reduces the maximal symmetry @,. For chelating
phosphines (FP~PR,), of which the prevalent examples are
those with two carbon atoms in the backbone, the structural
constraints imposed by the backbone allow the phosphorus
nuclei to lie closer to coplanarity but result in different
P—M—P angles within and between the ligands. This reduces
the maximum symmetry dransMO(RP~PRy)2X to C,,

(llb, Figure 1). The general electronic consequence of these
distortions for the M-E bonds is that theirr-symmetry
orbitals are no longer required to be degenerate. Claims in
the literature that the splittings of these orbitals are, or should
be, small have not been tested experimentally.

The purpose of the present study is to examine the effects
of systematic structural distortions on the electronic structures
and spectra of metaloxo complexes. We report the crystal
structures, vibrational spectra, and polarized single-crystal
electronic absorption spectra of three prototypicdbds of
the type [MoOLCI]*: [MoO(CNBW),CI]*, which is an
example ofC4-symmetry structure typé, and theC,,-
symmetry phosphine derivatives [MoO(PHLEI]* (lla) and
[MoO(dmpe)CI]* (llb ; dmpe= 1,2-bis(dimethylphosphi-

(9) Manna, J.; Gilbert, T. M.; Dallinger, R. F.; Geib, S. J.; Hopkins, M.

D. J. Am. Chem. S0d.992 114, 5870-5872.

(10) Isovitsch, R. A.; Beadle, A. S.; Fronczek, F. R.; Maverick, A. W.
Inorg. Chem.1998 37, 4258-4264.

(11) Bendix, J.; Bggevig, Alnorg. Chem.1998 37, 5992-6001.

(12) Cotton, F. A.; Schmid, Gnorg. Chem.1997, 36, 2267-2278.

(13) Neyhart, G. A.; Seward, K. J.; Boaz, J.; Sullivan, Blrdrg. Chem.
1991, 30, 4486-4488.

(14) Wigley, D. E.Prog. Inorg. Chem1994 42, 239-482.

(15) Mayr, A.; Ahn, SAdv. Transition Met. Coord. Chem996 1, 1-103.

(16) Churchill, M. R.; Wasserman, H. J.; Turner, H. W.; Schrock, RI.R.
Am. Chem. Soc982 104, 1710-1716.

(17) Parkin, GProg. Inorg. Chem1998 47, 1-165.

(18) Filippou, A. C.; Portius, P.; Philippopoulos, A. @rganometallics
2002 21, 653-661.
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no)ethane). It is found that the energies and intensities of Table 1. Crystallographic Data for [MoOICI][X] Complexes

the fingerprint n— =* ligand-field transitions of the [MOO(CNBW).CI- [MoO(PMey).Cl-  [MoO(dmpe)Cl}-
phosphine derivatives deviate significantly from the predic- __ param [BPh [PF] Cl-5H,0
tions of an electronic structure model that assumes these ion@hefrg:mlla CasHseBCIMONZO  CioHasCIFgMOOPs  Ci2HazCloMoOGPs
possess effectivg tet_ragonal symmetry, in contrast to they, 799.13 596.65 573.18
standard approximation for such compounds. A general color purple purple purple
; f ; f _ cryst syst monoclinic monoclinic orthorhombic
theorgtlcal model is devgloped to explain the excited-state space group  12/a (No. 15) P2y/c(No. 14) Pbem(No. 57)
energies of structurally distorted complexes from the stand- a, A 14.227(3) 7.5442(5) 9.4515(10)
point of the splitting of the degenerate orbitals and states b A 21.291(4) 27.7006(19) 11.9016(12)
. . c, 14.626(3) 12.1325(8) 23.214(2)
f'ind _the!r associated one- and two-electron energy terms. 'Ifheﬁy deg 90.925(4) 95.1850(10) 90
implications of these findings for understanding the electronic v, A3 , 4429.8(14) 2524.4(3) 2611.2(5)
spectra of complexes with related excited states are discussed;= 9" 7198 P P
_ _ w(cm) 3.92 9.87 9.74
Experimental Section T, K 100 100 100
GOF 1.179 0.995 1.183
General ProceduresHPLC-grade solvents, stored under nitro- R1 0.063 0.037 0.042
gen in stainless steel cylinders, were purified by passing them under [! > 20(l)] 0161 0.077 0121

nitrogen pressure through a stainless steel system consisting of either [1> 20 ()]
two 4.5 in. x 24 in. (1 gal) columns of activated A2 alumina R1 0.067 0.046 0.043

(acetonitrile, diethyl ether, dichloromethane, and THF) or one __(&!da®)

column of activated A2 alumina and one column of activated BASF  (all data)

R3-11 catalyst (toluenéy. The compounds [MoO(dmpgI]CI,2° )

[MoO(CNBU),CI][BPh4],1° and MoO(PMe)sCl,! were prepared Fluoro_lube Qr epoxy and placed in a cold Ntr_eam for d_ata
according to standard procedures. FT-Raman spectra were recordefio”eCt'on' Iqltlal cell constants were calculated using apprommately
of solid samples in sealed NMR tubes at 1-émesolution with 1000 reflections taken from data frames collected at either three or

1064-nm excitation using previously described instrumentation and four values of¢ (0°, 9¢°, 180, and, in some cases, ZJ0The
procedured? Frequencies were calibrated against an external indenedata were pro_cesse(_i using SAINT (v 6.02) and were corrected for
reference. Emission spectra were recorded using a Spex FIuoroIogf('ray absorpthn using SADABS (\,’ 2.01 or 2,'03)' All computgr

Il spectrophotometer equipped with a Xenon lamp and an R406 programs used in the structure solution and refinement are contained
photomultiplier tube. Polycrystalline samples were mounted in in the SHELXTL (v 5.1) program suite. Crystal data and data

copper-containing grease on a copper plate in a cryostat. Spectr;fone_cuon and refinement parameters are set_out in Tablg_l.
were corrected for instrument response using standard proc@dures,  Diréct methods were employed to determine the positions of
Elemental analyses were performed by Midwest Microlab, LLC. "€@Vy atoms; all remaining non-hydrogen atoms were located from
[MoO(PMes).ClI[PF . To a stirred, room-temperature solution subs_equent difference Fourier syntheses and refined using _fuII-
of MOO(PM&)sCl, (0.41 g, 1.00 mmol) in THF (15 mL) under matrix least-squares methods. Idealized hydrogen-atom positions

nitrogen were added PM€0.2 mL, 1.93 mmol) and KRF0.19 and thermal parameters were derived from the atoms to which they
g, 1.03 mmol). The reactioﬁ mixtL,Jre. was stirred for 12 h .during are bonded (except for those of the interstitial water molecules of

which a purple precipitate formed. The volatile components were [M(_)O(dmpe)CI_]CI-SHZO, for Wh.'Ch no hydrogen atoms were

removed in vacuo, and the resulting purple solid was washed with refined). The final cycles of refinement for each structure used

toluene (5x 10 mL) dried, and extracted with GBI, (15 mL) anisotropic thermal parameters for all non-hydrogen atoms, except
L X » ’ . . here noted.

Filtration of this solution through Celite followed by removal of w ! . .

the volatile components under vacuum yielded 0.49 g (82% yield) [MoO(CNBu),ClI[BPh]. Unit-cell parameters, systematic ab-

o . . intensity statistics, and successful structure refinement
of product. Slow vapor diffusion of diethyl ether into a concentrated Sences, Inte ’
CH_ClI; solution of the salt afforded purple needle-shaped crystals allowed aSS|gnm4ent of the space group of [MoO(CHEL[BPh,]
suitable for X-ray diffraction studies. Anal. for,@lseCIFgMOOP; asl4,/a at 300 K4 andl2/a at 100 K. Direct methods revealed that

164 0.081 0.121

Calcd (Found): C 24.16 (24.34), H 6.08 (6.01t NMR (CD» the cation is orientationally disordered, such that the O-atom
Cl, 500.13 MHz): & 1.73 (virtual t). *C{tH} NMR (CD,Cl, position qfl one orientation i§ nearly superimposed with th.e.CI-
125.77 MHz): 6 18.1 (m).3P{1H} NMR (CD,Cly, 212.46 MHz): atom posnlor_] of the_other orientation ant_:l thg Mo-atom positions
5 —10.0 (s,PMes), —144.5 (sepPFe). are symmetrically displaced from the midpoint of the O/Cl and

Cl/O positions. A similar form of disorder was reported for [MoO-
(CNMe)CI[15)?® and is common for M(E)kXs—n, complexeg®
Positions for the O, Mo, CI, and ligating C atoms of both
orientations were refined, each at one-half occupancy (because the
two orientations are related by symmetry at 300 K inldh¢a unit

cell). Additionally, thetert-butyl groups of two isocyanide ligands

Single-Crystal X-ray Diffraction Studies. X-ray crystal struc-
tures were determined using a Bruker AXS SMART APEX
diffractometer with graphite-monochromated Mo K4 = 0.71073
A) radiation. Crystals were attached to fine glass fibers with either

(19) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K;

Timmers, F. JOrganometallics1996 15, 1518-1520. are disordered over two positions; this was modeled by setting the
armona, E.; Galindo, A.; Guille-Photin, C.;r8aez, L.Polyhedron site occupancy of each position to one-half.
20) C Galind Guille-Photin, C.righ lyhed t pancy of each position t half
1) %:)Sg;mlgfg_é?génndo A Behez. L Nielson. A. 3. Wilkinson [MoO(PMe3),CI|[PF . Initial refinement of the structure sug-
G. po|yhedro'n1'§84 3 347-352. (bj Butcher. A. V.: Chatt. 1. gested that the cation is orientationally disordered in a manner

Chem. Soc. A197Q 16, 2652-2656.
(22) John, K. D.; Miskowski, V. M.; Vance, M. A.; Dallinger, R. F.; Geib,  (24) Full details are available in the Supporting Information.

S. J,; Wang, L. C.; Hopkins, M. Dnorg. Chem.1998 37, 6858~ (25) Lam, C. T.; Lewis, D. L.; Lippard, S. Inorg. Chem1976 15, 989—
6873. 991.
(23) Parker, C. A.; Rees, W. RAnalyst196Q 85, 587—600. (26) Parkin, G.Chem. Re. 1993 93, 887-911.
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similar to [MoO(CNBU)4CI][BPhy]. Because electron density angles refer to the direction of rotation from the axis toward
attributable to O or Cl atoms of the second orientation was not the+c axis. No wavelength dependence of the extinction directions
observed, the disorder was modeled by refinement of a second Mowas observed for either face. Molecular-axis polarized spectra
atom position (M) only. The total occupancy of the Mo/Msites derived from the crystal spectra using the coordinate system shown
was constrained to unity, and the positions were refined using ain Figure 1 show negative absorbances in tize spectrum,
shared free variable that describes relative site occupancies baseduggesting that the principal absorption directions are not properly
on observed electron density; site-occupancy factors of 0.891 (Mo) defined by this coordinate system; spectra derived using a new
and 0.109 (M9 were found for the two orientations. Attempts to  coordinate system in which theandz axes are rotated°mabout
refine the position of Mousing anisotropic displacement parameters they axis from their idealized positions lack these features and are
led to poor refinement of Mo, so the final refinement of Msed presented her#.The relationships between the crystal spectra and
isotropic thermal parameters. the rotated molecular axes are given by the equations shown later.

Polarized Single-Crystal Electronic Absorption Spectroscopy. ~ The molecular axes of molecules related by ¢hglides or the 2
Single-crystal electronic absorption spectra were recorded with anaxes have different projections on the extinction directions in the
Aviv-Cary 14DS spectrophotometer. Samples were mounted on {011} face; these projections are averaged in the equations for
Pyrex plates and masked with copper-containing grease. Crystals!(+10°) andI(—80°). The molecular-axis spectra were derived using
of [MoO(dmpe)CI]CI-5H,0 were overlaid with glass coverslips  standard methods for cases where none of the crystal spectra are
to prevent efflorescence. Samples were cooled using an APDcommon to both face®.Because of the crystallographic disorder
Cryogenics Inc. closed-cycle helium cryostat. Sample temperaturesof the [MoO(PMe)4CI]* ion, the projections of the molecular
were measured#0.2 K) with a silicon-diode thermocouple. andy axes on the extinction directions are scrambled in proportion
Polarized spectra were recorded by inserting a rotatable Glan-to the site occupancies (9:1). Moreover, the two orientations of the
Thompson polarizer in the beam path approximately 12 cm in front chromophore were found to give rise to spectra in which corre-
of the sample block. Optical densities were maintained at reasonablesponding features are shifted from each other by ca. 300.¢m
levels (<2.5) by inserting neutral density screens in the reference Because it is impossible to separate the contributions to the
beam path. Raw crystal spectra were corrected by subtraction ofmolecular-axis spectra from the minor and major orientations, the
background spectra collected through the crystal mask and Pyrexequations correspond to a hypothetical ordered crystal.
plate at appropriate polarizer settings. Wavelengths were calibrated
against a standard of Ho(Cli2in perchloric acid solutioA? Miller
indices of single-crystal samples were determined using an X-ray
diffractometer. Molecular-axis polarized spectra were obtained from
polarized single-crystal spectra as outlined later. For all compounds,
the isotropic spectra calculated from the molecular-axis spectra at
300 K closely matched the solution specta-ranck-Condon
analyses of band profiles were performed with a computer
progran#®@bthat used as input FraneiCondon factors calculated
with the program LEVEL (v 7.438¢

[MoO(CNBuUY)4CI][BPh,]. Large crystals of the salt in the shape
of rectangular pyramids were obtained by slow evaporation of
acetonitrile solutions under nitrogen. The #0® bond axes
(molecularz axes; Figure 1) arkc of thel4s/a unit cell (Ib of the
I2/a unit cell at 100 K), which is normal to the base of the crystal
pyramid; thus, crystals were mounted on an edge and polished with
alumina powder to yield an undeveloped face that contains this
axis. Optical microscopy of this polished section revealed it to be
highly dichroic, passing from dark purplél) to nearly colorless

I(+10°) = 0.118, + 00723, + 0.813,
I(—80°) = 0.739, + 0.201, + 0.06,
|(+28°) = 0.063, + 0.019, + 0.918,
I(—62°) = 0.037, + 0.958, + 0.008,

[MoO(dmpe),CI]Cl -5H,0. Slow evaporation of aqueous solu-
tions of [MoO(dmpe)CI]Cl in air afforded large diamond-shaped
plates developed along t€01} plane Pbcmunit cell), with the
a andb axes approximately bisecting the obtuse and acute angles
of this face, respectively. Polarized absorption spectra were recorded
along the lattice vectors of both this face and {t@C face, which
was obtained by polishingla on thick crystals. This latter face
was found to be strongly dichroic, appearing dark purpd &nd
red (Ib). The crystal spectra are related to the molecular axes (Figure
1) by the following equations:

(Il2) upon rotation of the electric vector. l,=0.702, + 0.298,
[MoO(PMe3)4Cl][PF¢]. Slow vapor diffusion of diethyl ether

into a concentrated Gi€l, solution of the salt under nitrogen l,=0.294, + 0.703,

afforded large needle-shaped crystals elongated along thés

(P2i/c unit cell). Polishing undevelopefh0l} faces proved to be =1,

difficult, so polarized spectra were recorded on the naturally
developed 011} and{010} faces. The extinction directions of the ~Results and Discussion
{011} face are located-10° (pale purple) and-80° (dark purple)
from the needle axis, and those of th@l0} face occur at+28°
(pale purple) and-62° (red) from the needle axis; the rotation

Theoretical Considerations.The electronic spectra of-d
and & transMOL4X, transMOL,4, andtransMO,L, com-
plexes are typically described in the context of the orbital
(27) Weidner, V. R.; Mavrodineanu, R.; Mielenz, K. D.; Velapoldi, R. A;; energy diagram shown in F_igure 28, WhiCh_ i_IIustrates_ that

Eckerle, K. L.; Adams, BJ. Res. Natl. Bur. Stand. (U.SLP85 90, the degenerate,gdand d, orbitals are destabilized relative

115-125. i i

(28) (a) Da Re, R. E. Unpublished results. (b) Stoner, T. C.; Miskowski, to the dy orbital as a result of thelr. s_trong*(MO) charactef
V. M.; Hopkins, M. D. Comput. Chem1993 17, 327-329. (c) Le For & complexes, the large splitting\¢) between the ¢
50%/,“;{- J-LEE/EL t7_.4: fA CBomp;terdPg)gra_ng for dSZ}ghésg 3163 Rad_ital and (d, d,;) orbitals produces &A; [(dyx)? ground state.

chralinger Equation for Bound and Quasiboun niversity . - s .

of Waterloo Chemical Physics Research Report CP-642@01. The The lowest-energy ligand-field transition is {0} (dxy)l'
source code and manual for this program may be obtained from the
Computer Programs link on the www site http://leroy.uwaterloo.ca. (29) Hitchman, M. AJ. Chem. Soc., Faraday Trans1876 72, 54—62.
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Figure 2. Relative energies of thegparentage d orbitals for MQX
complexes: (a)Cs, symmetry; (b)Cz, symmetry. The magnitudes &f
andA are not drawn to scale. For b, the orbitals and Mulliken symbols in
parentheses are those for structural tyfie that differ from those for
structural typdla.
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Figure 3. Effect of spin-orbit coupling on the energies of tAE and3E
n — x* excited states (adapted from ref 5): (a) first-order sgonbit

coupling, wheret is the spin-orbit coupling constant; (b) second-order

spin—orbit coupling, showing the mixing between théEand E?E) states.

(dxs dy2)Y]; this electronic transition is frequently denoted “n

— ¥ on the basis of the symmetries of the,dnd (d,
dy,) orbitals relative to the MO bond(8)The E and3E
excited states produced by this transition are separated inpe taken from this calculation is that states of &d B
energy by the two-electron terniKg, (K., = 3B + C for the
(tzg? configuration). Under the influence of spiworbit
coupling, illustrated in Figure 3, the 6-fold-degeneréie
state is split into three sublevels, and théBE(and E{E)
spin—orbit states are mixed. The mixing of the E-symmetry asV increases, so mixing between them decreases continu-
states shifts their energies from first-order values and oysly with increasing/. ForV > 2K,y, the large separation

enhances the intensity of the formally spin-forbidden A

(*A;) — ECE) transition (vide infra).
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Figure 4. Effects of spir-orbit coupling and the splitting of the*(M =0)
orbitals on the energies of tH& and3E n— z* excited states with Ry

= 4000 cntt and¢ = 800 cntl. The state labels are given for a complex
of structural typdla (see Figure 1); for structural tydéb , the labels B

and B are interchanged. Labels for the spiorbit levels in the tetragonal
limit (V = 0) are given in Figure 3. The dashed lines denote the first-order

energies of théB; and 3B, states.

2b3° We adopt the (arbitrary) convention that, énd d.,
are stabilized and destabilized, respectively, relative to their
energies unde€,, symmetry by an energy denot&t2.

The degeneracies of tAE and°E excited states produced
by the n— z* ligand-field transition (Figure 3) are also lifted
by distortions fromC,, to C,, symmetry. The results of a
ligand-field calculation that quantifies the effects of the d
dy, orbital splitting on the energies of these excited states
are shown in Figure 4, in which a value of the sporbit
coupling constant that is reasonable for Mo(I\ZJMo(1V)
free ion] = 920 cnT%)! has been assumed. A key point to

symmetry behave differently &6— 2K,,. The By(!B;) and
B1(®B,) states converge to produce an avoided crossing
centered aV = 2Ky, meaning that they are strongly mixed
in this region, whereas the;@B,) and B(°B;) states diverge

between like-symmetry excited states yields the simple
ordering of energy levels expected for strongly inequivalent
n — a*, and n— x*y, transitions

Structural distortions of MOIX complexes that lift the
tetragonal symmetry may change this picture significantly  The splitting of the E-symmetry excited states unGer
because they lead to formal splittings of the degenerate (ésymmetry has important implications for the intensities of
Symmetry) orbitals and electronic states. Distortions that the n— * absorption bands' in addition to the consequences
reduce the symmetry of an MQX complex fromC,, to
C,,, such as those resulting in the inequivalent OML or LML (30) (lj:_?fr COTfpount?]S tofﬂltynz;ﬂ:b, thi)mOAeChU!atr cohordinate systeng_tisl

H H Irrerent rrom that oflla igure 1), which Iinterchanges some orpitai
bond f"mgles found in structural t.ypﬂa and b (_F'QWe and state labels. For simplicity, the HOMO will be designatgdaks
1), split the ¢, and 4, 7*(M =O0) orbitals, as shown in Figure

for Ila) in this section.
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already described for the transition energies. For the n
T* 2y, transitions of aCs-symmetry complex, the band
attributable to the formally spin-forbidderny&A;) — ECE)
transition steals intensity from that of the spin-alloweg A
(*A1) — E(E) transition according to eq%:

C 2
Er—Eo (é)
for=fose——=—""— 1)
T OEg-E, (AEST)2
POP— P2)
wherefor andfos are the oscillator strengths of the triplet £0) 4 P@

and singlet bands, respectivel§,, Er, and Es are the
energies of the A*A1), ECE), and E{E) states, respectively,

% is the off-diagonal spirrorbit matrix element that couples

the EE) and E{E) state$,andAEsr is the energy difference
between the first-order Bf) and E¢E) states (K, Figure
3). UnderC,, symmetry, the increasing mixing between B
spin—orbit states and decreasing mixing betweersgin—
orbit states a¥ — 2K,y (Figure 4) should profoundly affect Figure 5. ORTEP drawings of [MoOICI|* ions (50% probability

these intensities. Specificall\Est = 2Ky, — V for the By- ellipsoids): (a) [MoO(CNBY.CIJ[BPh] (one orientation shown); (b) [MoO-

(*B1) (n — 7*y;) and B(°B,) (n — 7*y,) states, so intensity  (PMe)sCl|[PF] (major orientation shown); (c) [MoO(dmpgI]CI-5H0.

transfer between these bands should increase dramaticallyydrogen atoms are omitted for clarity.

relative to aC,, chromophore, a¥ — 2K,,. Conversely, the Table 2. Molybdenum-Oxo Stretching Frequencies (cf) and

B,(*B;) (n — a*y) and B(*B1) (n — x*y,) states are Selected Bond Lengths (A) and Bond Angles (deg) for

increasingly energy factored &— 2K, (AEst = 2Ky + [MoOLCliX]Complexes

V), so intensity transfer between these bands should be [MoO(CNBU),CI-  [MoO(PMes),Cll- [MoO(dmpe)Cl]-
i [BPh]? [PFel® CI'5H,0

comparatively small.

»(MoO) 952 948 959

The magnitudes of the effects described here depend,_ foryio—o 1.758(17), 1.72(3) 1.737(3) 1.690(4)
a given compound, upon the extent of the structural distortion Mo—cl 2.410(12), 2.419(8) 2.5023(19) 2.5606(14)
i i ; i Mo—L(1) 2.178(11), 2.154(12) 2.5494(11) 2.5106(10)
and the syn_1metne_s and strengths ofllts—lvllmteracnons. Mo—L(2) 5176(12). 2.174(9) 55467(10) 5.4048(10)
In the following section, the structural distortions of [Mo®L  mo-L(3) 2.178(11), 2.154(12)  2.5291(10) 2.4948(10)
Cl]* ions are classified using X-ray crystallography. The Mo-L(4) 2.176(12), 2.174(9) 2.5448(10) 2.5106(10)
effects of these distortions on the bonding and spectra of 8:%3:5('1) ;?1_01' (;?")94_3(2) 117082-%%((%)) 132..5;3((%;)1)
the [MoOL,CI]* ions are then investigated through analysis 0-Mo-L(2)  96.1(3), 96.6(2) 87.89(8) 97.79(9)
N ; it i ; O-Mo-L(3) 94.1(2),94.3(® 99.80(9) 97.79(9)
of _thelr n— x* el_ectronlc transitions, which are assigned O-Mo—L(4) 96.1(3) 96.6(2 88.84(8) 96.72(9)
using polarized single-crystal spectroscopy. L(1)-Mo-L(2) 86.7(4), 88.0(4) 89.01(3) 79.42(3)
X-ray Diffraction Studies and Vibrational Spectros- L(2)—Mo—L(3) 92.4(4),91.0(4) 90.01(3) 99-24(2)
copy. The molecular structures of thens[MoOL4CI] " ions tgig:mg:tgg 33:15231 g?:ggg gg:ggg; Sgigﬂsg

were investigated by X-ray crystallography and vibrational _ o _ o
aDisordered 1:1 over two orientations; metrical data for both orientations

spectro;copy n Or.der to eSta_b“Sh t{hell’ point and crystal- given.? Disordered 9:1 over two orientations; metrical data given for the
lographic symmetries and to investigate the effects of the major-occupancy orientatiof Reference 109 Datum for anhydrous

ancillary ligands on the M&O bond distance. The crystal [MoO(dmpe)CIICI. ©L(3) = C(1A) and L(4)= C(2A) (Figure 5a)!L(3)
structures of the [MoOICI]* ions (L = CNBU, PMe, /,- = P(2A) and L(#)= P(1A) (Figure 5¢).

dmpe) are shown in Figure 5, and selected metrical data an
MoO stretching frequencies are set out in Table 2. All ions
possess pseudooctahedral structures in which the molybde
num atom is displaced slightly above the average plane of

C1he equatorial ligating atoms, as is typical of #K)L,
complexes* The bond distances and angles for [MoO-
(dmpe)Cl]*, which is the only [MoOLCI]* ion that is not
disordered, lie within normal rangésUnfortunately, the
(31) Bendix, J.; Brorson, M.; S¢ffar, C. E.Inorg. Chem1993 32, 2838- crystallographic disorder of [MoO(CNBWCI][BPh,] and
2849. [MoO(PMe)4CIJ[PFg] prohibits quantitative structural analy-

(32) The model used to derive Figure 4 is incomplete because there is no«; . ; AT ;
requirement that nondegenerate-r* and - -y, excited states sis of these compounds; leading indicators of this are the
be characterized by a single electralectron repulsion energgyy.

Ligand-field calculations that tre#t; = K, (whereK; andK; are the (34) Nugent, W. A.; Mayer, J. MMetal—Ligand Multiple BondsWiley:

two-electron terms associated with the-nz*,, and n— z*y, excited New York, 1988; pp 157158.

states, respectively) are presented in the Supporting Information. The (35) (a) Owens, B. E.; Poli, RActa Crystallogr.1992 C48 2137-2140.

K1 # K3 case is treated as a small perturbation to the energies of the (b) The crystal structures of the BPhand Pk~ salts of this ion are

electronic states depicted in Figure 4 because, for the present available as Supporting Information. The MoO bond distances for the

compoundsy > K; — Ka. three [MoO(dmpe)Cl]* ions fall within the 1.6571.696 A range for
(33) Ballhausen, C. Jntroduction to Ligand Field TheoryMcGraw-Hill: six-coordinate Mo(lV) monooxo complexes (19 entries in the Cam-

New York, 1962; p 191. bridge Structural Database, version 5.21 (April 2001)).

6978 Inorganic Chemistry, Vol. 41, No. 26, 2002



d? Molybdenum-Oxo Complexes

MoO and MoCl bond distancé$ which are too long and
too short, respectively, relative to those of [MoO(dmd)"
and expected values.

The crystallographic results indicate that the idealized point
symmetries of the [MoOICI]" ions depend on the steric
properties of the ancillary ligands in the expected way. The
structure of [MoO(CNBY4CI]*, which is sterically un-
crowded near the metal center, possesses idedlizgubint
symmetry (, Figure 1)%¢ The [MoO(PMg),Cl]* ion pos-
sesses approxima, symmetry (la, Figure 1), with two
trans phosphorus nuclei lying roughly at right angles to the
Mo=0 moiety (JOMoP = 88°) and the other two signifi-
cantly displaced below theselOMoP = 100°) because of
the steric repulsions among the phosphine methyl groups.
The [MoO(dmpe)Cl] ™ ion possesses approximaie, sym-
metry (Ib, Figure 1), exhibiting a more regular arrangement
of phosphorus nuclei relative to the F® bond (JOMoP
= 97°) than does [MoO(PMg4CI]*, but strong distortions
from tetragonal symmetry within the,;Plane due to the
steric constraints imposed by the ethylene backbor&\oP
= 79° and 99 within and between the chelate rings,
respectively). The crystallographic site symmetries of the
[MoOL.CI]"™ ions are lower than their idealized point
symmetries, being, for [MoO(CNBU)4CI][BPhy], Cs for
[MoO(dmpe)CI]CI-5H,0, andC; for [MoO(PMe;),Cl|[PF];
the site symmetries are taken into account in the interpreta-
tion of the electronic spectra, but the idealized point
symmetries are sufficient for explaining the major electronic
differences among these compounds (vide infra).

The vibrational spectroscopic data indicate that neither
these structural differences nor the natures of the ancillary
ligands significantly influence the M8sO bond lengths of
the [MoOL,CI]* ions. The M&O stretching frequencies of
these ions (Table 2) span a narrow range (9989 cn1?).

A prior study of the vibrational spectra of the related complex
W(CH)(PMe)4CI¥” established an empirical relationship
between M=E force constants and bond lengths for third-
transition-series complexes. Although a quantitative relation-
ship of this type has not been derived for complexes of the
second transition series, application of that for the third-row
complexe¥ to the data for [MoOLCI]* suggests that the
Mo=O0 bond lengths of these ions probably differ £9.01

A, in agreement with the general picture for=MD com-
plexes®® Thus, the marked differences among the-nz*
electronic transitions of these ions (vide infra) cannot be
attributed to gross differences in ¥® bond distance.

n — a* Electronic Transitions of [MoO(CNBu Y),ClI]*.

The n— x* electronic absorption bands of the [MoO-
(CNBUW)4CI]* ion exhibit energies, intensities, polarizations,
and vibronic structure that are consistent with the indication
from the crystal structure of this ion that it should be a
prototypical tetragonally symmetric MQK chromophore.

~

(36) The statistical significance of the spread of OMoC (94°1(25.1-
(3)°) and CMoC bond angles (86.7¢4P2.4(4Y) of [MoO(CNBW)4-
CI]* (Table 2) is uncertain, being tied to the unknown adequacy of
the model for the disordered carbon-atom positions.

(37) Manna, J.; Dallinger, R. F.; Miskowski, V. M.; Hopkins, M. D.
Phys. Chem. R00Q 104, 10928-10939.

(38) Mayer, J. M.Inorg. Chem.1988 27, 3899-3903.
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Figure 6. Electronic absorption spectra of [MoQCI]* ions in CHCl,

solution at 300 K in the region of the x* ligand-field transition.

Table 3. Electronic Absorption Spectroscopic Data for [Mogll] *

lons in CHCI, Solution at 300 K

Amax Vmax € fwhm

ion (hm) Em?H Mtem? B (cm
[MOO(CNBW),CI]* 549 18215 115  1.8x 1073 3200
[MoO(PMey)Cl]T 568 17605 80 1.% 103 4500
[MoO(dmpe)}Cl]* 512 19530 37 7.5 10% 4600

a|ntegrated over entire i~ 7* band system? Reference 10.

Figure 7. Polarized single-crystal electronic absorption spectra of [MoO-
(CNBW)4CI][BPhy] at 18 K.

In solution at room temperature, a weakl(l5 M~* cm™1),
relatively narrow (fwhm 3200 cnt) absorption band is
observed at 18215 cm (549 nm); this band is shown in
Figure 6, where it is overlaid with those for the other
[MoOL.CI]* ions (vide infra), and the band parameters are
set out in Table 3. This band was assigned by Maverick and
co-workers to thelA; — 1E [(dy)? — (dy)(dks 0y)Y
transition (denoted hereafter 1+ 7*,,,,) on the basis of
molecular orbital considerations (Figure 2&Y.he polarized
single-crystal absorption spectra of [MoO(CNRGI|[BPhy],
shown in Figure 7, confirm this assignment: the band
exhibits strondlz polarization (((02)/1(ll2) = 5), as expected

Inorganic Chemistry, Vol. 41, No. 26, 2002 6979
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Table 4. Excited-State Configurations, Symmetries, and Molecular-Axis Polarizations-efat Transitions of [MoOLCI]* lons®

[MoO(CNBUW),CI]* [MoO(PMey)4CI]* [MoO(dmpe)CI]*
transition [(0lxy)1(Chers Oy )] [(dyy)X(dx) Y] [(dxy) X (21 [(de—2) (A" [(dye—y2)(dy2)]
In—a* E('E), Oz Bo(*B2), lly B1(1By), lIx B1(1By), IIx Bo(1B2), lly
3[n — ] A1(E),llz, As(E), F A(3Bo), iz A1(3By), Iz AL(%By), iz AL(B)), liz
ECE), 0z B1(3By), lIx B2(3By), lly B2(3By), lly B1(®By), IIx
B1(3E), F; By(3E), F Ao(3By), F A(By), F A(By), F A(By), F

aTransitions from the A(*A;) ground states; F denotes a forbidden transition. The coordinate system for each complex is given in Figure 1. Orbital and
excited-state orderings are depicted in Figureg2

from the electric-dipole selection rules for tha; — E
transition (Table 4). The nonzero intensity of the — E
band inllz polarization, in which it is dipole forbidden, is
vibronically induced. This interpretation is suggested by the
observation that the vibronic features in thepolarized
spectrum are blue-shifted relative to their counterparts in the
Oz-polarized spectrum.

The principal structural distortion of the [MoO(CNBu
Cl]* ion in the 'E excited state is elongation of the MoO
bond, a finding that is consistent with the orbital character
of the n— z*,,y, transition. In theOz-polarized spectrum
(Figure 7), well resolved vibronic structure is observed, with
an average spacing of 810 chthat is assigned to the MoO
stretching frequency of thte excited state. This frequency
is reduced relative to the ground state (952 &nTable 2),
consistent with the reduction in the formal M® bond order
from 3 to 2.5 in the excited state. Frane€ondon analysis
of this vibronic structure provides an excited-state elongation rigyre 8. Electronic absorption and emission spectra of [MoO(CNBu
along the Mo-0O stretching coordinate ZQ(MoO) = 0.09 CI[BPhy]: (red) 0-0 band of the emission spectrum recorded of a
A. This distortion is similar in magnitude to those calculated Polycrystalline sample at 14 K; (blue) unpolarized absorption spectrum
for the n— 7* excited states of other multiply metaligand L?ﬁg{eqi? of a thick crystal (unknown face) at 15 K; (blaClgpolarized

ystal spectrum (from Figure 7).
bonded complexes®® Deconvolution of the vibronic bands
indicates that at least one lower-frequency mogetq0
cm™1) is also vibronically active, which is characterized by
a small HuangRhys factor and, thus, small excited-state
distortion. Vibronic activity of Me-Cl and Mo—C modes,
which are of the appropriate frequency to account for the
additional vibronic intensity, would be unsurprising on the
basis of the fact that vibronic structure attributable to metal
ancillary-ligand modes has been observed in the-nr*
bands of other @ichromophore$394°

In addition to the'A; — E (n— 7% 4,,) absorption band,

a weak band system attributable to one or more-spibit

because it is extremely weak in polished crystal samples.
However, the observation of vibronic spacings of ca. 800
cm™! marks it clearly as an A~ 7%y, transition.

The electronic transitions that are expected to give rise to
absorption bands in this region are, in order of increasing
energy, A(*A1) — B1,B2(E), Ai(*A1) — ECE), and A(*A1)

— A1,A5(CE) (Figure 3). The A*A1) — B1,B>(°E) transition

is forbidden (Table 4). Because this transition should directly
produce the emissive excited state, the lower limit for the
origin of the corresponding absorption band is set by the
position of the emission-80 band (12690 cnt). No distinct
components of théAr—~ 3E (N — %) transition is absorption features are observed in this region; in studies of

observed in spectra of solution (Figure 6) and single-crystal [OSNX“]i (X = Cl, Br) ions, the origin of the analogous
samples of [MoO(CNBWCI][BPh,]. Shown in Figure 8 for absorption band was also found to be too weak to obs&rve.
: : ; The A(*A;) — ECE) transition, which is expected to be the
this complex are an unpolarized absorption spectrum (15 K) WAL T oo :
of a thick crystal and the-60 band of the emission spectrum  NeXt highestin energy, is dipole allowed and gains intensity
(14 K). The energy of the latter is identical (within DY the mixing between the B) and E{E) states (eq 1).
experimental error) to that reported by Maverick and co- '€ band originating at 13400 crhis assigned to this
workers for a spectrum recorded at 72%t was not possible transition. The 3750 cni separation between the origins of

to obtain polarization data for the triplet absorption band the (A1) — E(E) and A(*A;) — E(CE) bands is
reasonable for a Mo(lV) singletriplet energy gap (vide

(39) (a) Hopkins, M. D.; Miskowski, V. M.; Gray, H. BJ. Am. Chem. infra), which supports this assignment. A second set of

Soc.1986 108 6908-6911. (b) Cowman, C. D.; Trogler, W. C.; i i i i i
Mann. K. R.; Poon, C. K.: Gray. H. Borg. Chem 1976 15 1747 V|br(_)n|c features with a ca. 800 crhspacing lie 350 cmt
1751. to higher energy of these peaks. These could correspond to

(40) éa) CoDllislfn, ?: Geignse]f, &.zg;lgﬂ;fb(sd)% FTI"; KingD, TéJ-Chem(-: a second vibronically active mode of thg(®\;) — ECE)
0cC., Dalton lrans . olfison, D.; Garner, C. P . . 1
D.; Mabbs, F. E.; Salthouse, J. A.; King, T.JJ.Chem. Soc., Dalton band, similar in frequency to that present in te— ‘E

Trans.1981, 1812-1819. band, or to the A*A;) — A1,A(°E) band. We disfavor the
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Figure 9. Polarized single-crystal electronic absorption spectra of [MoO-
(dmpe}CI|CI-5H,0 at 22 K.

latter interpretation because the(®\;) — A1,A>(°E) band
should be much less intense than thg¢'A;) — E(E) band.
The Ai(*A1) — A1, Ax(°E) band is presumably buried within
the A;(*A;) — ECE) band envelope.

n — a* Electronic Transitions of [MoO(dmpe).Cl]*.
The n— s* electronic absorption band system of the [MoO-
(dmpe)CI]* ion is considerably more complex than that of
[MoO(CNBUW)4CI]*. The n— x* absorption band of this

Figure 10. Molecular-axis polarized electronic absorption spectra of
[MoO(dmpe}CI]|CI-5H,0 at 22 K.

exhibits strondlx-polarization and is assigned &s; — B;
[(de-2)? — (de-)Y(dk)] (denoted n— z*y,). Thus, the
distortion of the equatorial ligand field in this complex has
resulted in an appreciable splitting of thg and d, orbitals.
Franck-Condon analysis of the vibronic structure ob-
served in thé'A; — !B, (n — z*y,) andA; — By (n —
7*y;) bands indicates that the distortion of the MoO bond in
these two nondegenerate excited state®(MoO) = 0.09

ion in room-temperature solution is shown in Figure 6, and A) is similar to that in the!A; — E (n — 7*x,,) excited
the band parameters are set out in Table 3. Strikingly, the state of [MoO(CNB#),CI]*. Vibronic spacings of ca. 790

band for [MoO(dmpe)Cl]™ (Pmax 19530 cnm?, Amax 512 nm,
fwhm 4600 cm?) is 40% broader than that for [MoO-
(CNBUW)4CI]* and exhibits a distinct shoulder, whereas the

band for the latter is comparatively symmetrical in shape.

The polarized single-crystal absorption spectra of [MoO-
(dmpe)CI|CI-5H,0 at 22 K reveal that the broad band
observed in the solution spectrum is the result of two
overlapping electronic transitiodsThese spectra, shown in
Figure 9, exhibit two prominent, vibronically structured
bands with different polarizations in the region of the-n
a* band observed in solution: one barteh{, 16900 cn?)
appears in thélc-polarized spectrum, and the othéfy(o
18650 cm?) is evident in thdla- andllb-polarized spectra.
There is also a weak band system centered at ca. 15000 cm

cm %, corresponding to the excited-state MoO stretching
frequency, are discerned for both bands; this is reduced from
the ground-state value of 959 ch{(Table 2). Thus, the ML
orbital interactions responsible for splitting thg dnd d,
orbitals of [MoO(dmpe)Cl]*™ do not strongly affect their
MoO m-antibonding character.

The molecular-axis polarized spectra of [MoO(dmd])
Cl-5H,O also exhibit weak bands attributable to spin-
forbidden n— z* electronic transitions. The spectra (Figure
10) exhibit a weakly structured feature at ca. 15000 tm
with mixedIly- andllz-polarization, suggesting it is composed
of overlapping bands arising from two transitions. Tlye
polarized component is assigned to thg'A;) — B,(°B,)

(n — 7*4,) transition; the 4650 cnt energy gap between

Resolution of these data into molecular-axis polarized the origin of this band B, = 14000 cm?, based on

spectra, shown in Figure 10, allows assignment of the deconvolution) and its singlet counterpaft,— B; (n —
absorption bands to Specific orbital transitions (Table 4) The JT*XZ) is concordant with a M0(|V) S|ng|e{tr|p|et gap (Vide

band with the origin at 16900 crhis stronglylly-polarized,
which indicates an assignment &4, — 1B, [(de_?)? —
(de—2)X(dy»)'] (denoted hereafter r~ 7*y;). The nonzero
intensity of this band ifix- andllz-polarizations, in which it

is dipole forbidden, is attributed to vibronic coupling on the

infra). Thellz-polarized component is assigned to a transition
to one of the A-symmetry n— z* excited states. The fact
that it is nearly identical in energy with the;&A;) — B,-
(®By) (n — 7*4,) band suggests that it be assigned to the
A1(*A1) — A1(®B1) (n— z*yy) transition rather than the A

basis that it decreases significantly upon cooling from 300 (1)) — A,(3B,) (n — =*,,) transition, on the basis of the

to 22 K2* The higher-energy absorptioBd .o 18650 cn?)

(41) Polarized single-crystal spectra for [MoO(dmy@#)[BPhs] were also

studied; these data are available in the Supporting Information. The

data support the conclusions presented for [MoO(dp@ig}l-5H,0.

energy-level diagram in Figure 4. The,(BA,) — B1(°B»)

(n— z*y) transition is not observed for this compound, but
an extremely weak band ¢ 0.2) is observed at ca. 13300
cmtin the unpolarized spectrum of a thick crystal of the
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Figure 11. Polarized single-crystal electronic absorption spectra of [MoO-
(PMes)4Cl][PFe] at 18 K: (a){011} face (thex10 expanded traces were
recorded on a thicker crystal at 15 K); (p)10} face.

related salt [MoO(dmpell][BPhy];** the ca. 4000 crmt
separation between this band and the origin of thEAd)
— By(!B) (h— z*y;) band of this saltf,o = 17300 cm?)

Da Re and Hopkins

Figure 12. Molecular-axis polarized electronic absorption spectra of
[MoO(PMey)4CI|[PFe] at 18 K.

spacings of 815 cnt for the lower-energy band and ca. 800
cmt for the higher-energy band; these frequencies are
reduced from the ground-state MoO stretching frequency
(948 cmY). Franck-Condon analysis of the\; — 'B; band
provides AQ(MoO) = 0.09 A, which is similar to those
determined for the r~ z* excited states of [MoO(CNBj-

Cl]™ and [MoO(dmpe)Cl]*. The spectra of [MoO(PMg-
CI|[PF¢] also exhibit weak bands that are attributable to one

makes this assignment reasonable. On the basis of these dat&@F moren — z*] transitions. The absorption between 13500

it is estimated that the origin of the;&A;) — B1(°B) (n—
a*y;) band lies near 12850 crhfor [MoO(dmpe}CI|CI-
5H,0.

n — a* Electronic Transitions of [MoO(PMe 3),Cl] .
The n— x* electronic absorption band system of [MoO-
(PMe;)4CI] ™ exhibits characteristics similar to those found
for [MoO(dmpe)CI]*. As shown in Figure 6, the A~ 7*

and 16500 cm! (e ~ 10) is predominantlyix-polarized but
shows nonzero intensity ity- andllz-polarization, because
of either the crystallographic disorder of the [MoO(Pe
Cl]* ion or contributions from overlapping bands. Assign-
ment of this feature to A'A;) — Bi(°By) (n — x*y) is
suggested by théx-polarization and the reasonable 4350
cm! separation between its origid o = 14350 cm') and

band envelope of this ion in solution is considerably broader that of!A; — B, (n — *4;). No other bands in this region

than that of [MoO(CNBY,CI]* and exhibits a distinct

could be straightforwardly assigned.

shoulder on the high-energy flank. These observations Analysis. The electronic spectra of the [MoQCI]" ions

suggest that th€,,-symmetry ligand field of [MoO(PMg4-
Cl]*, like that of the [MoO(dmpeLl]* ion, splits the
degeneracy of thegdand g, orbitals, giving rise to twd[n

*] transitions.
The polarized single-crystal absorption spectra of [MoO-
(PMe;)4Cl][PF¢], shown in Figure 11, confirm that this
chromophore possesses tifio— 7*] transitions, which give
rise to the vibronically structured bands with origins at 16950
and ca. 18700 cmt. The molecular-axis polarized spectra
(Figure 12) allow assignment of the lower-energy bdbd (
polarized) to théA; — B [(dx)® — (dy)*(dy,)"] transition
(n— z*y,) and the higher-energy banidi/{polarized) to the
IA; — 1B; [(dyy)? — (dxy)X(dky)] transition (n— *,;).42 The

—

show unequivocally that the nature of the-nz* excited
states and, thus, the electronic structure of the MoO bond
depend on the geometry of the equatorial ligands. Specifi-
cally, the spectra of th€,,-symmetry ions [MoO(dmpell]

and [MoO(PMeg),CI]" each exhibit two'[n — z*] ligand-

field bands, indicative of a splitting of the.dand g, 7*-
(MoOQ) orbitals, whereas the spectrum Gf,-symmetry
[MoO(CNBUW)4CI]* shows a singlé[n — z*] band. More-
over, the intensities of these bands (and of their spin-
forbidden counterparts) vary dramatically among this series
of ions. The theoretical treatments outlined earlier (Figures
3 and 4) allow the spectroscopic data to be reduced to a set
of one- and two-electron parameteys Kyy, A) that afford

vibronic structure observed in both bands is attributable to insight into the differences among the electronic structures

the MoO stretching mode, exhibiting average vibronic

of these ions.
The [MoO(CNBU)4CI]* ion provides spectroscopic bench-

(42) Thelly-polarized spectrum also shows features that arise from the marks for understanding the spectra of the [MOO(de@QE‘)

crystallographic disorder of the [MoO(PMgCI]* ion. A detailed

analysis of these features, the interpretation of which is not germane

to the subject of this paper, is provided in the Supporting Information.
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and [MoO(PMg)4CI]" ions. Importantly, the observation of
a single'[n — %] band in the electronic absorption spectra
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Table 5. Ligand-Field Parameters (cr for [MoOL4CI][X]
Complexed

[MOO(CNBW)4CI]-  [MoO(dmpe)}Cl]-  [MoO(PMe;)Cl]-
param [BPhy] Cl-5H,0P [PRg©
\Y 0 1400-1560 1366-1500
Ky 1790-1880
K1 2220-2300 2066-2200
Ko 1900-2020 1746-1820

aThe ranges ofV and Ky, (or Ky and Kz) correspond to agreement
between experimental and calculated transition energigss6fcnt?; the
value of¢ was taken to be 5001000 cntl. ® The calculated ranges
K1, and Kz for [MoO(dmpe)CI][BPhs] are similar to those for this salt
(see the Supporting Informatiorf)The energy of onset of the red absorption

dy; and g, orbitals is found to be/ = 1400-1560 cnt?,
with K; = 2220-2300 cn1? for [(die-y?)}(d)!] and K, =
1900-2020 cm'! for [(de—»)Y(dy)'] (Table 5). Analysis of
the excited-state energies of [MoO(PMEI]™ is less
straightforward, because fewer+fz* bands were identified,
but comparable values & K;, andK; are obtained (Table
5).

It is important to note that the gross differences between
the spectra of [MoO(CNBCI]" and the [MoO(PR)4CI]*
ions are a consequence of both the splitting of theadd
dy, orbitals / = 0) and ofKy, (K; = Ky) in the phosphine

edge of the electronic spectrum was used as an estimate for the energy ofderivatives. This point is emphasized by the fact that the

the A;(*A1) — B2(3B4) transition (Figure 4), which could not be straight-
forwardly assigned.

of [MoO(CNBW),CI]* indicates that the,dand d, orbitals
are degenerate/(= 0), consistent with effectiv€,, point

separation between thé{n — z*,;] and[n — z*,;] bands
(AEg—o = 1750 cn?) is larger than the calculated,ftl,,
splitting (V = 1500 cn?), which requireK; > K24 It is
logical to attribute both the splitting of the.gnd g, orbitals

symmetry for this ion. Therefore, the relative excited-state and ofK,, of the phosphine derivatives to the structurally
energies can be analyzed in the context of the simple stateimposed inequivalence of their Mg@-P and Mo(g,)—P
diagram shown in Figure 3. Because only two of the four interactions.

expected n— s* transition energies are spectroscopically

What are the specific ML orbital interactions responsible

established, neither of which (for a second-row metal ion) for lifting the degeneracy of thegand g, orbitals in [MoO-

is strongly dependent on the magnitude of sginbit
coupling €), a range foKK,y is calculated on the basis of the
assumption of a chemically reasonable range ¢6500—
1000 cm?; ¢[Mo(IV) free ion] = 920 cmt).3! Fitting of
the relative energies of the 1) and EfE) excited states
(within & 50 cmY) yields Ky, = 1790-1880 cnmi! (Table
5). Although no literature values df,, for Mo(lV) are

(dmpe)CI]* and [MoO(PMg)4Cl]? While the exact natures
and strengths of these interactions are best deduced by
guantum-mechanical calculations, which are beyond the
scope of this work, calculations based on simple geometrical
(angular-overlap) considerations provide some insight into
this question. For [MoO(dmpg}l]*, angular-overlap cal-
culations predicE(d,;) > E(dy,) for the dmpe ligands acting

available for comparison, the calculated range lies below thatexclusively as>-donors and=(dy,) > E(dy,) for them acting

derived for Mo(lll) from the*A,qy — 2E4,%T14 transitions of
[MoXg]®~ (X = Cl, Br) ions (energy= 3Ky Ky, = 3100~
3200 cn1?).43 The fact thaK,y is reduced for [MoO(CNBiu-
CI]* is undoubtedly the result of covalent M&® and Mo-C
bonding, which quenches two-electron tef$From the
values ofK,, and ¢, one can conclude that the energies of
the ECE) and EfE) excited states are little perturbed from
their first-order valuesAE < 75 cnt? in Figure 3b).

The observation of twd[n — z*] electronic absorption
bands for the [MoO(dmpgll]* and [MoO(PMeg)4Cl]* ions
indicates that the ,dand d, orbitals are nondegenerate (

exclusively ast-acceptors toward these orbitdtsAlthough
interactions of both types undoubtedly influence the energies
of the #*(MoQ) orbitals, the spectroscopically observed
E(dw) > E(dy;) ordering suggests that Me- dmpesx-back-
bonding is principally responsible for splitting the, @nd
dy, orbitals for this ion. For [MoO(PMg.Cl]*, angular-
overlap calculations predidg(dy) > E(dy,) because of a
cooperative destabilization of by o-donation and stabiliza-
tion of d, by m-back-bonding of the PMeligands?®
consistent with the relative energies of the-nz*,, and n
— m*y, bands of this ion. Regardless of the specific Mo

= 0). Interpreting the transition energies of these ions PR;interaction(s) involved in splitting thegand g, orbitals,
requires the theoretical picture shown in Figure 4. Ranges however, the strong*(MoO) character of these orbitals is

of V andK,, were established for these ions by fitting the
relative energies of the ;B and B-symmetry states. For
[MoO(dmpe)CI|CI-5H,0, relatively poor agreement between
calculated and experimental energie2p5 cnr?) for the

not appreciably altered. This point is emphasized by the fact
that the excited-state distortions of the MoO bond are similar
for all three [MoOLCI]™ ions (AQ(MoO) = 0.09 A).
Consistent with this, the values &, calculateé from the

B: and B states was obtained unless different two-electron state energies and values 6§y (or K1 andKy) lie in the

terms were used for the [¢d,2)}(dx)Y] (K1) and [(de—2)*(dy)]
(K2) electron configuration® This is not unreasonable, in

narrow range 1900021000 cnt! for all three ions.
The splitting of the ¢y and g, orbitals of [MoO(dmpe)CI]

terms of the nephelauxetic effect of the phosphine ligands, and [MoO(PMe),CI]* has important implications for the spin

because the degeneracy of the ahd d, orbitals must be
lifted by differing interactions with phosphine orbitals (vide
infra). Allowing for this splitting of K,, dramatically
improves the agreement 60 cn1!) between the calculated

and experimental relative energies. The splitting between the

(43) Smith, P. W.; Wedd, A. GJ. Chem. Soc. AL97Q 2447-2454.
(44) Lever, A. B. Plnorganic Electronic Spectroscopgnd ed.; Elsevier:
Amsterdam, 1984; Chapter 9.

purity of the n— s* excited states and the intensities of the
associated absorption bands. The fact that 0.7K (K =
H5(Ky + Kp)) for [MoO(dmpe}Cl]* and [MoO(PMg),Cl]*
means that these chromophores lie between the limits of

(45) E(dy,) = 0.0802(g(dmpe))+ 1.653¢e,(dmpe)); E(dy;) = 0.1155-
(es(dmpe))+ 2.347(e,(dmpe)).

(46) E(dy) = 0.2482(g(PMey)) + 1.669(e,(PMe3)); E(dy) = 0.0143-
(es(PMes)) + 1.990(-e-(PMey)).
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Figure 13. Transition energies and extinction coefficients—tnsz*) of
[MoOL4CI]* ions: (a) [MoO(CNB.CI][BPhy]; (b) [MoO(dmpe)CI|CI-
5H,0. Energy separations between states are given irt.cm

tetragonal symmetry, for which the mixing of singlet and
triplet states is small (e.g., [MoO(CNByCI] "), and of the
avoided crossing & = 2K,y (Figure 4), at which point the

Da Re and Hopkins

states of [MoO(dmpelLl]t and the B(®B,) (n — 7*«;) and
B.(*B,) (n — 7*,;) states of [MoO(PMg.CI]™, in contrast,
are not.

Relevance to Related Complexes and Excited States.
The data and analysis presented here call into question the
validity of approximate electronic structure models that
ascribe functional tetragonal symmetry to the general class
of ME(PRs),X and ME(PRs), chromophores. Specifically,
the lower symmetries of these compounds can result in
significant splittings of the d and d, 7*(ME) orbitals (in
the present case, by ca. 10%/%f) and of the two-electron
term Ky, resulting in two n— s* transitions and strong
mixing between certain singlet and triplet excited states.
Although this has not been previously recognized for this
class of compounds, the reported solution electronic spectra
of several such compounds appear to manifest these
effects!™13 The spectra for third-transition-series metal
complexes of these general types are expected to be more
complicated than those for metal complexes of the second
transition series, because of their greater-spitbit coupling;
preliminary investigations of the analogous ion [WO-
(dmpe)CI]*™ confirm this predictiort® Naturally, the spec-
trum of any d MEL4, MEL,L',, or MEL,L'>X complex with

converged B-symmetry singlet and triplet states are com- @PProximateC,, symmetry, of which numerous examples
pletely mixed. Consequently, there should be a significant € known, can be expected to be similarly affected; the

redistribution of absorption intensities between singlet
singlet and singlettriplet n — x* absorption bands of the
[MoO(PRy)4CI]* ions relative to what is anticipated for a
Cy,-symmetry [MoOLCI]* ion (eq 1). The n— z* bands
of [MoO(CNBW),CI]* (AEst = 3750 cn1?) provide refer-
ence points for this prediction: the intensity of the(A;)
— ECE) band € 4) is less than 2% that of the;&A;) —
E(E) band € 234). For [MoO(dmpe)lI]*, by comparison,
the smaller separation between thg°B;) (n — 7*4,) and
B2(*By) (n — z*y,) states AEst = 2850 cn1?) gives rise to
stronger mixing between them; the intensity of thg?A)
— B,(®B1) band is nearly 15% that of the;&A;) — Bx-
(!B2) band. In contrast, the #B,) (n — 7*y;) and B('B,)
(n— m*,) states of [MoO(dmpeLl]* are widely separated
(AEst = 5800 cml); as a consequence of this energy
factoring, the A(*A1) — Bi(*Bp) (n — x*y,) band is
vanishingly weak in the spectra of [MoO(dmp@)]*.#
These observations are summarized in Figure 13. The n
a* bands of [MoO(PMeg)4Cl]*™ behave similarly to those of
[MoO(dmpe)CI]*: the energetic proximity of the #B,)
(n— 7*y) and B(*B,) (n— x*\,) states AEst = 2600 cn1?)
enhances the intensity of the(3A;) — B1(®B,) (N — 7*y,)

theoretical treatment presented in Figure 4 also applies to
these chromophores.

With respect to computational endeavors directed at
understanding the electronic structures of ME{RZR and
ME2(PRs), complexes, the findings presented here suggest
that caution is required in approximating the geometry at
the metal center. It is common practice to assess the quality
of such calculations by comparing the calculated and
observed molecular structures and vibrational frequencies of
the compound in question. For the [Mo@Ll] ™ ions of the
present study, the fingerprint MoO force constant is es-
sentially independent of the geometry of the ancillary ligands;
it would doubtless be the case that calculations dtya
symmetry model compound such as [MoOgpgl]* would
reproduce the MoO bond distances and force constants of
[MoO(dmpe)CI]™ and [MoO(PMeg)4CI]™ while missing the
splittings of the ¢, and d, orbitals and ofK,, that are the
origins of the spectroscopic complexity of these ions.

The results and conclusions described here can also be
extended to M(ER)EX chromophores in which the splitting
of the d, and d, orbitals derives not from a structural
distortion of the L ligands but from an R group on the

band, whereas the much larger separation between thenultiply bonded ligand with a singler face. Common

coupled B(®B1) (n — %y, and B(!B;) (n — 7*4,) states
(AEst > 6000 cn1?) renders the A*A;1) — B,(°By) (n —

examples of such compounds include triply bonded phe-
nylimido (E = NPh)* and benzylidyne (or phenyl carbyne;

) band too weak to be observed in these spectra. Thus E = CPh}® derivatives, as well as compounds with double

the energetically outlying states within the-nsz* manifold
of states are well described by their conventional sjoirbit
designations; the £°B,) (n— 7*4) and B(*B,) (n — 7*,)

(47) The A(*A1) — B2(®B1) n— a*«, band is 15 times more intense than
the Al(*A1) — B1(®B2) n — 7%y, band in spectra recorded of thick
crystals of [MoO(dmpell][BPh,] (see the Supporting Information
for details).
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bonds such as metahlkylidene (or carbene; E= CRy)
complexes. Spectroscopic data are available for metal
benzylidyne complexes of the type M(CPRX; the absorp-
tion bands arising from the + z*,, transition (wheret*,

(48) The exception to this would be M@PRs;)a compounds withDog
symmetry, under which the,gand d. orbitals remain degenerate.
(49) Da Re, R. E.; Hopkins, M. D. Manuscript in preparation.
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is stabilized relative tor*y, due to mixing withzz* orbitals

on the phenyl ring) are strongly red-shifted from the
corresponding n— x* bands of M(CR)LX (R = H,
alkyl),®®° suggesting tha¥V = 6—9 x 10° cm . At such
large orbital splittings { > 2K,,), mixing between like-
symmetry spir-orbit states is dramatically reduced, and as
a result, the’B; and®B; states are expected to exhibit little
or no zero-field splitting (Figure 4). Thus, the extent of spin-
singlet character mixed into tifn — %] excited states is
anticipated to be very small, and the intensities of absorption

bands arising from transitions to these excited states should

be weak relative to théln — z*] bands of MELX and
M(ER)L4X complexes with effective symmetries that more
closely approximate ideal tetragonal symmetry (i\é.<
2Kyy). Preliminary investigations of W(CH)(dmp&) and
W(CPh)(dmpe)X complexes (X= halide) reveal that the
much larger splitting between the,énd d, orbitals of the
latter results in a significant decrease in mixing between like-
symmetry singlet- and triplet-parentage states, as evidence
by the comparatively weakn — z*,; bands of W(CPh)-
(dmpe)}X relative to the3n — z*] bands of W(CH)-
(dmpe}X.5t

dy,
.= \
=3 d,, d
e Gz 2
dxz’ dyz "\: =ess
‘\
*:i “\
C \
P-.w.-P N P..|(|;|..P
L \‘ /VIV\
X \ X
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As a final point, we note that the theoretical treatment

given here can be applied to other excited states generated

by transitions betweed- andzz-symmetry orbitals. Specif-
ically, thesr — n transitions of 8itransMEL4X complexes$?
the [(dx0y)? — (d0y) (de-2)Y] transitions of d ML,
chromophores, and thedf()? — (6*)%(r*)1] transitions of

d>—d> multiply metal-metal bonded complex®seach
generate'E- and3E-derived excited states that are subject
to the perturbations due to structural distortions described
herein.

Acknowledgment. We thank Vince Miskowski for help-
ful discussions, lan Steele and Joe Pluth for assistance with
indexing crystal faces, Larry Henling for helpful discussions
concerning the crystal structure of [MoO(CNRCI][BPhy],
and Professor Don Levy for bringing the program LEVEL
to our attention. This research was supported by the National
Science Foundation (Grant CHE 9700451).

Supporting Information Available: X-ray crystallographic data
for [MoO(CNBU)4CI][BPhy] (300 and 100 K), [MoO(dmpefl]-
CI-5H,0, [MoO(PMe),Cl][PFs], [MoO(dmpe}Cl][BPh,], and
[MoO(dmpe)Cl][PFg], available in CIF format. Ligand-field cal-
culations treating inequivalent two-electron terms fernr*,, and
n — x*y, excited states. Polarized single-crystal and molecular-

c?XiS electronic absorption spectra of [MoO(dmy@#)[BPh,] (at 300

and 16 K). Details concerning the polarized spectra of [MoO-
(PMe&y)4Cl][PF¢). Polarized and calculated isotropic spectra (300
K) of the [MoOL4CI][X] compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.

IC020565R

(50) (a) Bocarsly, A. B.; Cameron, R. E.; Rubin, H.-D.; McDermott, G.
A.; Wolff, C. R.; Mayr, A. Inorg. Chem.1985 24, 3976-3978. (b)
Bocarsly, A. B.; Cameron, R. E.; Mayr, A.; McDermott, G. A. In
Photochemistry and Photophysics of Coordination Compauesin,

H., Vogler, A., Eds.; Springer-Verlag: Berlin, 1987; pp 21A16.

(51) Da Re, R. E. Unpublished results.

(52) (a) Williams, D. S.; Korolev, A. VInorg. Chem.1998 37, 3809—
3819. (b) Williams, D. S.; Thompson, D. W.; Korolev, A. V. Am.
Chem. Soc1996 118 6526-6527. (c) Heinselman, K. S.; Hopkins,
M. D. J. Am. Chem. Sod.995 117, 12346-12341.

(53) The isomorphic relationship between the*J¢ — (0*)(7*)1]

electronic states oDan- and Dog-symmetry multiply metatmetal

bonded complexes with the #+ z* excited states of tetragonally
symmetric MELX and MEL 4 complexes has been described in detail.

(See: Miskowski, V. M.; Hopkins, M. D.; Winkler, J. R.; Gray, H.

B. In Inorganic Electronic Structure and Spectroscopyol. Il.;

Solomon, E. I, Lever, A. B. P., Eds.; Wiley: New York, 1999; pp

343-402.)

Inorganic Chemistry, Vol. 41, No. 26, 2002 6985





