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Abstract: A series of fulvalenediyl-bridged dimanganese complexes has been studied by electrochemistry
and by IR, optical, and ESR spectroscopic methods. The redox site is based on the Mn(l) moiety
(CsH4R)MNn(CO)LPPH and variations thereof. Six dinuclear complexes are each oxidized in two one-electron
steps withE;, separationsAE;,;) of between 80 and 450 mV. Each of the monocations exhibits trapped
valence by IR spectroscopy. Analysis of the carbonyl stretching frequencies of the mixed-valent systems allows
calculation of a charge distribution paramet&p, that estimates the relative charges at the two redox sites
and which correlates linearly with th&E;, values. This correlation extends to mixed-valent Cr(I)Cr(0) systems
linked by a biphenyl bridge. The doubly linked system [(FgMN(CO)} 2(u-dppm)], 17, displays trapped
valence in its IR spectra, but delocalized valence in its ESR spectra, implying a time-dependent delocalization
process.

Introduction by a single electron, shares the characteristics of both a trapped-
valent (Robin-Day Class 11}? system and a fully delocalized

Continuing inquiries into the fashion in which metals interact (Class Ill) system and suggested that the time scale of the
through or across bridging ligands are driven by the need to

understand metalmetal interactions in metalloproteifgon-
ducting metallopolymer3, and redox-triggered molecular
switches? to name just a few areas in which polymetallic redox
systems find relevandeAmong organometallic complexes, the
metal-(u-ligand)—metal arrangement based on fulvalenediyl-

(6) (a) Dong, T.-Y.; Lee, S.-H.; Lee, T.-YOrganometallics1996 15,
2354. (b) Dong, T.-Y.; Huang, C.-H.; Chang, C.-K.; Hsieh, H.-C.; Peng,
S.-M.; Lee, G.-N.Organometallics1995 14, 1776. (c) Jang, H. G;
Wittebort, R. J.; Sorai, M.; Kaneko, Y.; Nakano, M.; Hendrickson, D. N.
Inorg. Chem.1995 31, 2265. (d) Webb, R. J.; Dong, T.-Y.; Pierpont, C.
C.; Boone, S. R.; Chadha, R. K.; Hendrickson, D.JNAm. Chem. Soc.

type ligands has been most intensely studied owing to the full 1991 113 4806. (e) Dong, T.-Y.; Hsu, T.-LJ. Organomet. Chen1989

range of weak-to-strong metal/metal interactions possible in this

molecular arrangemef Among the factors identified as
affecting the nature and magnitude of metaletal interactions

in mixedvalentcomplexes of this type are their physical state,
the identity of the solvent and counterion in the mafrikie
nature of any groups connecting the two cyclopentadienyl
rings®° and the d-orbital electron count at the metal centers.

We communicated preliminary resdftsshowing that one

367, 313. (f) Dong, T.-Y.; Hendrickson, D. N.; lwai, K.; Cohn, M. J.; Geib,
S. J.; Rheingold, A. L.; Sano, H.; Motoyama, L.; NakashimaJ.SAm.
Chem. Soc1985 107, 7986. (g) Hupp, J. T.; Dong, Yd. Am. Chem. Soc.
1993 115 6428. (h) Sinha, U.; Lowrey, M. D.; Hammack, W. S.;
Hendrickson, D. N.; Drickamer, H. G. Am. Chem. S0d.987, 109, 7340.
(7) () Chen, P.; Meyer, T. Zhem. Re. 1998 98, 1439. (b) Neyhart,
G. A.; Hupp, J. T.; Curtis, J. C.; Timpson, C. J.; Meyer, TJ.JAm. Chem.
Soc.1996 118 3724. (c) Sullivan, E. P., Jr.; Hazzard, J. T.; Tollin, G.;
Enemark, J. HJ. Am. Chem. Sod992 114, 9662. (d) Todd, M. D.; Dong,
Y.; Hupp, J. T.Inorg. Chem1991, 30, 4685. (e) Lewis, N. A.; Obeng, Y.
S.J. Am. Chem. Sod.988 110 2306. (f) Delville, M.-H.; Lacoste, M.;

member of this set of complexes, namely the doubly bridged Astruc, D.J. Am. Chem. S0d.993 114, 8310.

complex (Fulv)[Mn(CO}]x(u-dppm),1, where Fulv= [C1oHg]2~
and dppm= bis(diphenylphosphino)methafkwhen oxidized
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Biology, Elsevier: Amsterdam, 1990. (b) Marcus, R. A.; SutinBibchim.
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Moore, M. F.Comments Inorg. Chemi985 4, 329.
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Fairhurst, S. A.; Hughes, D. L.; Ibrahim, S. K.; Talarmin, J.; Pickett).C.
Chem. Soc., Chem. Commu®98 675. (c) Tolbert, L. M.; Zhao, X.; Ding,
Y.; Bottomley, L. A.J. Am. Chem. Sod.995 117, 12891. (d) Sponsler,
M. D. Organometallicsl995 14, 1920. (e) Watanabe, M.; lwamoto, T. I.;
Nakashima, S.; Sakai, H.; Motoyama, |.; Sano,JHOrganomet. Chem.
1993 448 167. (f) Dong, T.-Y.; Hwang, M.-Y.; Wen, Y.-S.; Hwang, W.-
S.J. Organomet. Cheni99Q 391, 377. (g) Ratner, M. AJ. Phys. Chem.
199Q 94, 4877.

(9) (a) Creutz, CProg. Inorg. Chem1983 30, 1. (b) Crutchley, R. J.
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Rev. 1998 178, 431.

(10) Atwood, C. G.; Geiger, W. E.; Rheingold, A. I. Am. Chem. Soc.
1993 115 5310.

(11) Abbreviations in this paper: C¥ cyclic voltammetry; Dcm=
dicyclopentadienyl methane; dppmbis(diphenylphosphino)methane; Fluor
= fluorene; Fulv= fulvalenediyl; Phen= 9,10-dihydrophenanthrene; SSV
= steady-state voltammetry.
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experimental observation may be the key to understanding theChart 1

intramolecular electron-transfer behaviorldf The arguments
involved are reminiscent of those involving study of the Creutz
Taube ion {(NH3)sRu} 2(u-pyrazine)?*,'2 now generally ac-
cepted as a delocalized systétmby a variety of physical
methods® There is sustained interest in dinuclear systems which
are on the borderline of Class Il and Class Il behafof?
owing perhaps to their sensitivity to structural or environmental
factors that might trigger intramolecular electron transfer, and
the concomitant opportunities to incorporate those factors into
molecular design&t

Complex 1 has certain physical properties that improve
prospects for a quantitative probe of its mixed-valent ion. Two
of these, namely thAE;, value€® involving oxidation of the
two Mn(l) redox centers and the optical properties of the
intervalence transfer (IT) barfd24are common to mixed-valent
complexes in general. Additionally, however, hyperfine split-
tings from the two sets of Mn and P atoms afford information
on spintrapping from ESR experiments, and the sensitive link
of carbonyl stretching frequencies to metal oxidation sfates
ensures a probe achargetrapping from IR experiments. Given
the short time scale of IR spectroscopy and its often definitive
interpretationg®26 this physical method is arguably the most
powerful for the diagnosis of trapped vs delocalized
Va|ence‘3_a,8a,15b,16,2731

(13) Creutz, C.; Taube, HI. Am. Chem. S0d.969 91, 3988. Creutz,
C.; Taube, HJ. Am. Chem. S0d.973 95, 1086.

(14) (a) Zzhang, L.-T.; Ko, J.; Ondrechen, M.JJAm. Chem. S0d987,
109, 1666. (b) Ondrechen, M. J.; Ko, J.; Zhang, L.JT.Am. Chem. Soc.
1987 109 1672.

(15) For leading references see: (d)llz, U.; Bugi, H.-B.; Wagner,

F. E.; Stebler, A.; Ammeter, J. H.; Krausz, E.; Clark, R. J. H.; Stead, M. J;
Ludi, A. J. Am. Chem. S0d.984 106, 121. (b) Best, S. P.; Clark, R. J. H.;
McQueen, R. S. C.; Joss, $. Am. Chem. S0d.989 111, 548.

(16) (a) Ito, T.; Hamaguchi, T.; Nagino, H.; Yamaguchi, T.; Washington,
J.; Kubiak, C.Sciencel997, 277, 660. (b) Ito, T.; Hamaguchi, T.; Nagino,
H.; Yamaguchi, T.; Kido, H.; Zavarine, I. S.; Richmond, T.; Washington,
J.; Kubiak, C.J. Am. Chem. S0d.999 121, 4625.

(17) (a) McManis, G. E.; Nielson, R. M.; Weaver, M.ldorg. Chem.
1988 27, 1827. (b) Manriquez, J. M.; Ward, M. D.; Reiff, W. M.; Calabrese,
J. C.; Jones, N. L.; Carroll, P. J.; Bunel, E. E.; Miller, JJSAm. Chem.
So0c.1995 117, 6182. (c) Lambert, C.; Noell, Gl. Am, Chem. S0d.999
121, 8384.

(18) Jones, P. L.; Jeffrey, J. C.; Maher, J. P.; McCleverty, J. A.; Rieger,
P. H.; Ward, M. D.Inorg. Chem.1997, 36, 3088.

(19) Evans, C. E. B.; Naklicki, M. L.; Rezvani, A. R.; White, C. A;;
Kondratiev, V. V.; Crutchley, R. JJ. Am. Chem. S0d.998 120, 13096.

(20) Rocha, R. C.; Araki, K.; Toma, H. Enorg. Chim. Actal999 285
197.

(21) (a) Demadis, K. D.; EI-Samonody, E. S.; Coia, G. M.; Meyer, T. J.
J. Am. Chem. Sod 999 121, 535. (b) Neyhart, G. A.; Timpson, C. J.;
Bates, W. D.; Meyer, T. 1. Am. Chem. So0d.996 118 3730.

(22) Stoll, M. E.; Lovelace, S. R.; Geiger, W. E.; Schimanke, H.; Hyla-
Kryspin, I.; Gleiter, R.J. Am. Chem. S0d.999 121, 9343.

(23) A review of certain aspects of mixed-valence chemistry, with
emphasis on the diagnostic useAft;, values: Ward, M. DChem. Soc.
Rev. 1995 121.

(24) (a) Allen, G. C.; Hush, N. rog. Inorg. Chem1967, 8, 357. (b)
Hush, N. S.Prog. Inorg. Chem1967, 8, 391.

(25) (a) Nakamoto, Klinfrared and Raman Spectra of Inorganic and
Coordination Compoundéth ed.; John Wiley: New York, 1986; pp 291
295. (b) Willner, H.; Aubke, FAngew. Chem., Int. EA.997, 36, 2403. (c)
Goldman, A. S.; Krogh-Jespersen, K.Am. Chem. So4996 118 12159.

(26) Time scales of between 18 and 1013 s are commonly quoted
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We now report details of electrochemical and spectroscopic
studies ofl and its oxidation productsl™ and 12*. Certain
spectroscopic results are also included for the related complexes
2t—77, the electrochemistry of which has largely been previ-
ously described? For reasons that will become apparent, we
include newly obtained IR and near-IR spectra of the oxidation
products of the dichromium complex@s 11. It is worth noting
that complexl with its two synoriented d metals is related
directly to fulvalenediyl complexes in which the metals are
confined to the same side of the hydrocarbon by a second
bridging ligand® among them bis[(fulvalenediyl)Br* [M =
Fe,n=0 (12);3* M = Co,n = 2 (13)’»3] and 11,36 the latter
included here even though the bridging hydrocarbon is a
biphenyl group.

(32) Atwood, C. G.; Geiger, W. E.; Bitterwolf, T. El. Electroanal.
Chem.1995 397, 279.

(33) We exclude from this analysis complexes which attain the syn
configuration through formation of a metainetal bond in one oxidation
state, such as (Fulv)MCO), M = Cr, Mo, W. See:(a) Moulton, R;
Weidman, T. W.; Vollhardt, K. P. C.; Bard, A. Inorg. Chem.1986 25,
1846. (b) Kovacs, I.; Baird, M. COrganometallics1996 15, 3588. (c)
Brown, D.; Delville, M.-H.; Volhardt, K. P. C.; Astruc, DNew J. Chem.
1992 16, 899.

(34) (a) Morrison, W. H., Jr.; Hendrickson, D. Morg. Chem.1975

for IR spectroscopy. See ref 16b for a discussion and leading references.14, 2331. (b) Le Vanda, C.; Bechgaard, K.; Cowan, D. O.; Mueller-

(27) Moore, M. F.; Hendrickson, D. Nnorg. Chem.1985 24, 1236.

(28) Bignozzi, C. A.; Argazzi, R.; Schoonover, J. R.; Gordon, K. C,;
Dyer, R. B.; Scandola, Anorg. Chem.1992 31, 5260.

(29) (a) Delville, M.-H.; Rittinger, S.; Astruc, D. Al. Chem. Soc., Chem.
Communl1992 519. (b) Ketterle, M.; Fiedler, J.; Kaim, W. Chem. Soc.,
Chem. Commuri998 1701.

(30) George, M. W.; Turner, J. Loord. Chem. Re 1998 177, 201.

(31) For an organic example involving quinone redox sites see: Almlo
J. E.; Feyereisen, M. W.; Jozefiak, T. H.; Miller, L. . Am. Chem. Soc.
1994 112 1206.

Westerhoff, U. T.; Eilbracht, P.; Candela, G. A.; Collins, RJLAm. Chem.
Soc.1976 98, 3181. (c) Blim, M. C.; Gleiter, R.; Delgado-Pena, F.; Cowan,
D. O.J. Chem. Phys1983 79, 1154. (d) Kirchner, R. F.; Loew, G. H,;
Mueller-Westerhoff, U. Tlnorg. Chem.1976 15, 2665.

(35) (a)Clark, S. F.; Watts, R. J.; Dubois, D. L.; Connolly, J. S.; Smart,
J. C.Coord. Chem. Re 1985 64, 273. (b) Davison, A.; Smart, J. Q.
Organomet. Chenml973 49, C43. (c) Kramer, J. A.; Hendrickson, D. N.
Inorg. Chem.198Q 19, 3330.
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L. J. Am. Chem. S0d.987, 109, 5680.
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The separation of;/, potentials for successive one-electron Table 1. Ey;; Potentials (Volt vs Ferrocene/Ferrocenium) in
processes has been routinely interpreted as being associated witfH2Cl2/0.1 M [NBu][PF]

the degree of metalmetal interactions in homodinuclear compd Eiz (1P Ewz(2P AEysS(mvV)
complexegp.8a.23,3745 Ia_rger AEjp _vaIues (or, equivalently, (FUN)[Mn(CO)]o(u-dppm) @) ~0.07 0.38 450
larger Kcomp Valuesy® arising from increased (largely electro- (Fulv)[Mn(COYXPPh], (2) 0.19 0.40 210
static) M—M interactions!” The AE;, values of thesyndimetal (Fulv)[Mn(COX(py)]2 (3) —-0.20 0.06 260
complexes mentioned above [450 mV figt’ 540 mV for11,36 (Demy[Mn(CO)XPPh]2(4) 019 027 80
590 mV for12,242and 930 mV for (reductions of)3'79 are all [CPMN(CORo(u-dppm) ©) 019 031 120
higher than the value of ca. 350 mV typically viewed as the (FUM)IMn(COX2 (6) 0.91 °

'9 vaiu - typically view (Fulv)[Mn(CO)(PPh).], (7) —0.64 —0.40 240
upper end for Class Il systerfi&Yet, from among them, the  cpmn(CO)PPh) (8) 0.23
mixed-valent ion ofl stands out as showing evidence of valence (Fluor)[Cr(CO}PPh],(9) -0.21 0.06 270
trapping. We therefore sought to learn more atiduand about (Phen)[Cr(CO)PPR] (10) —0.28 —0.01 270
the relationship between “delocalization” and,, values by ~ (Bipheny)[Cr(CO)]z(u-dppm) ¢1) —0.36  0.18 540

analysis of the shifts inco brought about by the successive a0/1+ couple.b 1+/2+ couple.® Eyx2) — Eyx(1). @ Dem = dicy-
one-electron oxidations of the dinuclear complexes shown which clopentadienyl methane; Flucs fluorene; Phen= 9,10 dihydro-
contain carbonyl groups. Employing the IR shifts to estimate fhheegzgrggniﬁgeﬂcéﬂtéx;’& Igrfofr’;(i?;tigg gpir:?grlftr ;F’ggafegt;r?ﬁggwk
th_e charge distribution betyveen Fhe two redO)_( sites in eight converted from SCE reference to ferrocene by subtraéti%n of 0.46 V.
mixed-valent systems, we find a linear correlation of a charge

distribution parameterp, with increasingAE;, values that is Table 2. IR Frequencies and Frequency Shifts (inéjrfor
consistent with an electrostatic model for vibrationally trapped Compounds and lons in GBI,

mixed-valent systems, including. compd neutral + 2+  Avod® Aved Ap?
. . (Fulv)[Mn(CO),].- 1861 1888 2025 50 18 0.29
Experlmental Section (u-dppm) (1) 1934 1931 2053
All operations were conducted under an atmosphere of nitrogen using %gg% gggg
standard Schlenk or drybox conditions. Solvents were distilled from (FUN)[Mn(CO)LPPh], 1861 1878 1972 14 8 009
appropriate drying agents. Dichloromethane and 1,2-dichloroethane, ™ 5 1930 1938 2050
when used for electrochemical or ESR experiments, were distilled from 1959
CaH; in vacuo and subjected to three cycles of freegemp-thaw to 2036
ensure the absence of oxygen. THF and 2-methyl-THF were similarly (Fulv)[Mn(COX(py)]- 1840 1978 1864 28 12  0.16
distilled from potassium. Ligands such as phosphines or pyridine were  (3) 1907 1919 2055
obtained from commercial sources and recrystallized or distilled before (Dcm)[Mn(CO)PPh], 1860 1866 1967 6 4  0.04
use. ESR spectra were obtained using a modified Varian E-4 spec- (4) 1928 1932 2050
trometer and NMR data were obtained at 250 mHz. %82?1
Compounds.Most of the complexes had been previously reported.
Preparations followed the literature methods8gdf 1, 2, 4, 5,496,509, [CoMn(COY]z(u-dppm) 11982% 1153%5 21&771 6 7005
105! and 11.52 Difficulty was encountered in obtaining through the 1963
Karasch coupling of CoMn(C@yhen the recommendédiethyl ether 2041
was used as solvent. Substitution of THF in the procedure gave an (rjyor)[Cr(COPPh], 1822 1853 1894 22 20 0.18
80% yield of pure (vacuum sublimed at 7G) 6. Complexes3 and7 9 1875 1876 1994
are apparently new. Both were prepared by photolysi$ @i the 1895
presence of an excess of either pyridiBedr PPh (7). Neither complex 1972
was obtained in a pure state, judging from elemental analysis, but their (Phen)[Cr(CO)PPhy],» 1824 1850 1902 20 19 0.16
10 1875 1875 1994
(37) Morrison, W. H., Jr.; Krogsrud, S.; Hendrickson, D.INorg. Chem. 1894
1973 12, 1998. 1974
2 g%)folbran, S. B.; Robinson, B. H.; SimpsonQ¥ganometallicsl984 (Biphenyl)[Cr(CO}].- 1833 1899 1989 52 68 0.50
’ (39) Lee, M.-T.; Foxman, B. M.; Rosenblum, @rganometallics1985 (u-dppm) @1 1895 1963 2015
4, 539.

) ) aSee eq 4P Weak intensity band.
(40) Bligh, R. Q.; Moulton, R.; Bard, A. J.; Piorko, A.; Sutherland, R.

G. Inorg. Chem.1989 28, 2652.

(41) Bruns, W.; Kaim, WJ. Organomet. Chenl99Q 390, C45.

(42) Siemeling, U.; Jutzi, P.; Bill, E.; Trautwein, A. X. Organomet.
Chem.1993 463 151.

(43) Das, A.; Maher, J. P.; McCleverty, J. A.; Navas Badioga, J. A,;
Ward, M. D.J. Chem. Soc., Dalton Tran$993 681.

(44) Gilbert, A. M.; Katz, T. J.; Geiger, W. E.; Robben, M. P.; Rheingold,
A. L. J. Am. Chem. S0d.993 115 3199.

(45) Tolbert, L. M.; Zhao, X.; Ding, Y.; Bottomley, L. AJ. Am. Chem.
Soc.1995 117, 12891.

(46) With E° values defined for successive oxidations, Kagmp= 16.95-
(E°, — E°y) at 298 K, where potentials are in units of volt.

(47) There are exceptions to this rule, some of which have been noted
in ref 5a. For a very recent example see: Unseld, D.; Krivykh, V. V.; Heinze,

identities were inferred from their electrochemical and IR properties.
When 200 mg o6 was UV-photolyzed for 35 min at 278 K in a mixture

of 75 mL of toluene and 25 mL of pyridine, the originally yellow
solution turned red and the IR bands of the starting material were
replaced by a pair at lower energies. Removal of the solvent under
vacuum gave a dark residue that was subjected to column chromatog-
raphy on silica gel under nitrogen at 288 K. Hexanes and hexane/
dichloromethane mixtures eluted several fractions of starting material
or other unidentified species, and finally pure dichloromethane was
used at 258 K to elute a red sample that gave an orange-red powder
(78 mg, 31%) having electrochemical and IR data (Tables 1 and 2,

K.; Wild, F.; Artus, G.; Schmalle, H.; Berke, HOrganometallics1999
18, 1525.

(48) (a) Manuel, T. A.Adv. Organomet. Chem1965 3, 181. (b)
Stroheimer, V. W.; Barbeau, @. Naturforsch.1962 17B, 848.

(49) Bitterwolf, T. E.J. Organomet. Cheni986 312 197.

(50) Herrmann, W. A.; Andrejewski, D.; Herdtweck, E.Organomet.
Chem.198Q 319, 183.

(51) Pierce, D. T.; Geiger, W. Hnorg. Chem.1994 33, 373.

(52) Bitterwolf, T. E.J. Organomet. Chen198Q 252, 305.

respectively) consistent with the formulation (Fulv)[Mn(G@))]z, 3.

The complex7 was prepared by similar photolysis {150 mg) with
excess PPN(5 g) in benzene (8 h, 280 K). Decrease of the IR bands
of 6 and appearance of a broad band at 1821 'csignaled the
production of a substituted product. After stripping the solvent, the

residue was eluted with hexanes and then 2:1 toluene/hexane, where-

upon a dark red band was collected which appeared to be a mixture of
the desired and the less-fully substituted system (Fulv)[Mn(GRRh]-
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Figure 1. Plots of absorbance vs charge passed in an IRTTLE : ! I li:

experiment in which 0.97 mMB is oxidized at 273 K in ChCI,/0.76
M [NBuy][PF¢] for selected IR bands arising from either neutsal
(1861 cn1Y), 5+ (1963 cnT?), or 52 (2047 cnt?). The dotted lines are
the calculated product distributions based on a valuABf, = 121
mV.

[Mn(CO)(PPHh)].5 When recrystallized from dicloromethane/pentane,
this sample gave red crystals of a complex with a single CO band (1822 8

cm™tin CHyCly) and very negativé,, values (0.64 and—0.40 V) L 1 1 Tie

that are consistent with the properties expected for the tetraphosphino- 04 0 04 lha

substituted? (*H NMR in C¢Ds: equally intense singlets at 4.307 and VOLT vs Fc

3.892 ppm). This sample was exceedingly air sensitive and satisfactory gjgre 2. voltammetric scans at the rotating Pt electrode for three

eleme_:nta_l analyses were not_ obtained. It decomposed in £DCI isolated cationic complexes, all about 1 mM in £H/0.1 M [NBu]-
Oxidation products of 1: (i) [(Ful){Mn(CO)}»(u-dppm)][BF], [PFs] at ambient temperatures, scan rate 5 mV/s. The sign of the currents

[1[BF4]: 66 mg of1 and 16.5 mg of Ag[BE were combined in 80 ¢ "cathodic vs anodic) may be used to infer the relative concentrations

mL of dichloromethane under low light conditions. The resulting deep ¢ 16 oxidized and reduced species, respectively, for a particular redox
purple solution was filtered and reduced in volume to 15 mL. Addition pair.

of 35 mL of pentane caused precipitation [30 mg (41%)] of a dark
purple solid which gave satisfactory C,H analysis based ghld&
BF4Mn,0O4P;. (i) [1][BF4]2: Oxidation of 1 with 2 equiv of Ag[BF)] result is shown in Figure 1. Each IR spectrum was simulated using an
in dichloromethane, filtration, and dilution with an equal volume of in-house program employing Lorentzian line shapes for the absorption
THF gave a thermally and photolytically sensitive dark purple bands.
precipitate that was vacuum-dried and stored at 253 K under nitrogen  Electronic Spectra. The optical and near-IR spectra of the com-
(73 mg, 68%). It was primarily characterized by its voltammetry, which  pounds and ions were recorded with a Cary 14 spectrometer for the
showed two reduction waves at the expeded values of 0.38 and  spectral range 2566750 nm and a Perkin-Elmer Lambda 6 spectrom-
—0.07 V (Table 1). No electrochemically active impurities were eter for wavelengths below 750 nm. The oxidized forms of the
observed, and the steady-state currents of the voltammograms showegomplexes in this study were photolabile when exposed to visible light
that >95% of the complex was present in its doubly oxidized form, petween 500 and 700 nm, bleaching to insoluble brown decomposition
i.e., asl*" (see Figure 2). products, so their solutions had to be photoprotected in the Cary 14

Electrochemical and Spectroelectrochemical Proceduregspects spectrometer, which has its monochromator after the sample chamber.
of instrumentation and procedures for these methods have beenyery effective filtering of the Cary source light was achieved by
previously described. Potentials are reported vs the ferrocene/ inserting seven blue and three red plastic transparency sheets between
ferrocenium (Fc) couple and may be converted to the SCE by addition the source and the sample. Spectra recorded as a function of wavelength
of 0.46 V for dichloromethane solutions. The supporting electrolyte \yere digitized using a Summagraphics platen and then re-plotted vs
was 0.1 M [NBU][PFe] unless otherwise noted. The IR spectroelec- energy.
trochemical data were obtained with an IR-Transparent Thin-Layer
Electrolysis (IRTTLE) cell operating in the transmission mode. The Resylts and Discussion
experimental procedure, which is similar to that described by Mann
and co-worker§? has been detailed elsewhété gold minigrid served Oxidative Electrochemical Properties. Potentials for the
as the working electrode in a cell having a volume of8Q(calibrated oxidation of the seven dinuclear Mn complexes and three
by coulometry with ferrocene/GEN, 0.2 M [NBW][PF]). Since the dinuclear Cr complexes referred to in this paper are collected
working electrode potentials in a thin-layer arrangement in highly i, Taple 1. Each redox couple is a fully reversible process, in
resistive media like CEC, electrolyte solutions may not be well ) the Nernstian and chemical senses, on the voltammetric
defined, the progress of anodic oxidation processes was followed by . e " -

time scale, and decomposition of the various ions was rarely

coulometry as well as by spectroscopy. Bands were assigned to the d. Such i ilb ificall . d. Eull
mono- and dications of test compounds based on their intensity changesencoumere - Such instances will be specitically mentioned. Fu

as a function of the number of equivalents of charge passed. A typical €l€ctrochemical Chara_cterizations of all Complexe_s extept
and7 have been previously reporfdind are consistent with

(53) IR spectroelectrochemistry was performed on this mixture. The e simple electron-transfer sequences of either eq 1 or 2:
component suspected as being the trisubsituted complex had IR absorptions
at 1821, 1854, and 1920 crh When oxidized to the apparent monocation

(Exzca.—0.4 V vs Fc), the 1821 cnt band shifted to 1914 cn, whereas Mn(I)Mn(l) == [Mn(Mn(I1)] + == [Mn(IMn(IN] 2+1

the other pair increased by only about 20¢ém
(54) Bullock, J. P.; Boyd, D. C.; Mann, K. Rnorg. Chem.1987, 26,
3084. Original cell design in: Heineman, W. R.; Burnett, J. N.; Murray, R. e L e ot
W. Anal. Chem1968 40, 1974. Cr(0)Cr(0Q)==[Cr(0)Cr(D]" == [Cr(DCr(1)] (2)
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(d) 77K Figure 4. Near-IR spectrum of 0.2 mM[BF,4] in CH,Cl, at room

temperature.
100 G
| (A = 8.6 x 1074 cm L, and two equivalent spins &k (55Mn),
dpph @G = 17.1 x 10 cm™%. Of primary importance is the

Figure 3. ESR spectra of*: (a) simulated isotropic spectrum based implication that the two metals havdentical spin densities

on g = 2.045, two spins of 5/2[@a0= 17.1 x 10™* cm™, and two diagnostic of delocalized mixed valence. As a point of reference,

spins ofY/, A= 8._6 x 1074 cm%; (b) room temperature qui_d spectrum  the mononuclear Mn(ll) complex [CpMn(C&PPh]*, 8+, has

of 0.5 MM 1[BF4] in CH.Cly; (c) reduced temperature fluid spectrum  ayerageg- and A(Mn)-values respectively of 2.075 and about

of the same solution as in part b; and (d) anisotropic spectrum at 77 K 45 + 104 cm~1.55

0f 0.3 MM 1[BF4] in a 1:1 glass of ChCly:CoH.Cl.. C. Optical Spectra of 1". The mixed-valent monocation has
an intense absorption band in the near-IR at 14404wm %130

I. Oxidation of 1 and Properties of 1*. A. Electrochem- M-t cm™) with a broad low shoulder at somewhat higher

istry. Given the centrality ofl and its oxidation products to ~ €nergy (Figure 4). The high intensity band is assigned to the

this study, some details of the anodic behavior of this complex Mixed-valent intervalence transition (IT). Measurements in three

are warranted. The rather large separation of the two one-Solvents varying considerably in solvent dielectric param@ter,

electron oxidations ol (AEy; = 450 mV) is suggestive of a  hamely CHCI, CH;CN, and CHNO,, showed no variation in

strong interaction, if not delocalization, between metal cen- band energy, consistent with a delocalized (Class Ill) system.

ters39.44 There was likewise no spectral dependence on ionic strength

Bulk electrolysis of millimolar solutions of in CH,Cl, at up to electrolyte concentrations of 0.1 M in [NBlPFg], and

an app“ed potentia| of 0.2 V gave a purp|e solution of the no shift in a.bsorbance for the solid salt (aS a NUjOI mU") Since

monocationl* and subsequent oxidationBf,, = 0.6 V gave  the bandwidth Avy; (2.5 x 10° cm™), was much less than

the red-purple dication?*. Solutions of the monocation were ~ Predicted (4.0x 10° cm™) for a valence-trapped (Class II)

used for optical and ESR spectroscopies to characterize theSystem (eq 3} the commonly used optical diagnostit3are

mixed_valent Spec|es (Vlde infra). Ox|dat|0n bW|th e|ther 1 in agreement W|th an assignment Of a de|0ca|lzed mixed-Va|ence

or 2 equiv of Ag[BR] in dichloromethane enabled isolation of ~System forl®.

tetrafluoroborate salts of both the mono- and dications. Although

a satisfactory elemental analysis ifBF,], was not obtained, Avy), = (23107,,,,)cm 3)

steady-state voltammetry showed no evidence of electroactive

impurities (see Figure 2, where the voltammetric scans of the Wherevmax is taken at the center of the band.

three oxidized complexes', 1*, and1?* are compared; note The optical data recorded for various ions in this study are
that the steady-state currents fi#" are entirely cathodic, collected in Tables 3 (visible to near-IR range) and 4 (charac-
consistent with the virtual absence of eitieror 1™ in the teristics of absorptions assigned as IT bands). A discussion of
sample). the optical data of the other dinuclear systems is deferred until

B. ESR Spectroscopy of 1. ESR spectra of this ion were later in the paper. The dicatiat?" lacked near-IR bands but
recorded under a variety of conditions involving different had an intense absorption in the visible (512 nm) that is likely
solvents and temperatures. The complex tended to form apparen@ ligand-to-metal charge transfer (LMCT) transition.
microcrystals when its solutions were cooled, giving broad  D- IR Spectra of 1* and 1**. Given the ESR and IT data,
spectra characteristic of paramagnetic powders. Randomlyboth of which supported a delocalized model fbf, we
oriented anisotropic spectra were obtained, however, usingéXpected its carbonyl-region IR spectrum to consist of two bands
frozen solutions of a 1:1 mixture of GBIy 1,2-GH.Cl,, which at frequencies intermediate between those of the Mn(l)/Mn(l)
gives an ESR-quality glass at 77 K. Although hyperfine features neutral complex (1861 and 1934 cH and those of a fully
are manifest [Figure 3d], they are not well resolved over the oxidized, Mn(ll)/Mn(ll), system (the mononuclear Mn(ll)
whole envelope of the spectrum. More interpretable results wereSystem [CpMn(COPPh]* has 1966 and 2048 crhin similar
obtained with ambient temperature fluid solutions, although media)?*> The doubly bridged bimetallic chromium complex
broadening of the low-field hyperfine components still restricts [(biphenylf Cr(COY}2(dppm)J*, 11*, showed just such behavior
good resolution to the high-field side [Figure 3b]. This situation (i.€., two bands were observed at frequencies appropriate for a
did not qualitatively change over a temperature range 0230 Cr(0.5)Cr(0.5) complexj®

310 K. Instead, the spectrum dft consists offour intensevco
A simulation using a single line width [Figure 3a] allowed features (Figure 5) typical dfappedvalentsystems in which
assignment of the spectrumg(l= 2.0245) as arising from (55) Pike, R. D.; Rieger, A. L.; Rieger, P. H. Chem. Soc., Faraday

hyperfine interactions with two equivalent spins f (3'P), Trans.1989 85, 391.
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Table 3. Absorptions in the Near-IR to Visible Regions for lons in £Hb

ion bands in 10°cm™ (e in M~tcm™)
[(Fulv){ Mn(CO)} o(dppm)], 1+ 6.94 (5130)~1(* (1000); 18.3 (780)
12+ 11.7 (720); 19.5 (8300)
[(Fulv){ Mn(CO)PPh},]*, 2* 4.88 (1400); 8.33 (300); 20.0 (2000)
[{ CPMn(COY} o(dppm)], 5+ 6.33 (120); 11.1(35); 18.4 (400)
[CPMNn(COYPPhH]*, 8* 5.71 (100); 17.7 (420)
[(biphenylX Cr(COY} o(dppm)], 11+ 6.56 (2110); 10.5 (sh, 400); 15.7 (1240)

Table 4. Characteristics of Intervalence Bands for Mixed-Valent Cations in@IH

bandwidth (cm?)

mixed-valent ion energy (cm) € expt theory for Class !l
[(Fulv){ Mn(CO)} o(dppm)T", 1+ 6.94x 10° 5130 2.5x 10° 4.0x 10°
[(Fulv){ Mn(CO)PPh},]*, 2* 4.88x 10° 710 4.1x 10° 3.3x 10
[{CpMn(CO}} o(dppm)]-, 5F 6.33x 10° 150 4.9x 1¢° 3.9x 10°
[(biphenyl) Cr(COY} »(dppm)]t, 11+ 6.56 x 10° 2110 2.9 x 108 3.9x 1¢°

aUnits of M~ cmL. ® From eq 3.

EXPERIMENT asvasym[Mn(I1)], since spectral intensities usually decrease as
the oxidation state increases in M CO moietie!57 This
spectrum remained unchanged through many variations in
conditions chosen to probe for valence de-trappfh@f
particular note among these attempts is one that probes the
possibility that ion-pairing (with [P§ or [BF4]) may be
responsible for the valence trapping. The monocation was
prepared as the [Nig€,(CFs)2)2] ~ salt by treatment of with
an equimolar quantity of the strong one-electron oxiefaNt-
(S2C2(CHRs)2)2. Since the large, square-planar Ni(lll) counter-
anion is expected to have a different ion-pairing tendency toward
1+ compared to the other anions employed, the lack of change
in spectra in either dichloromethane or in the solid state can be
Ly 4 4 taken to eliminate cationanion interactions as being responsible
1960 1820 1880 1840 cm™! for the trapped-valent IR behavior of the mixed-valent species.
It is appropriate at this point to comment on the IR spectra
of the Mn(l1)/Mn(ll) dication 12*. Two bands of almost equal
SIMULATION intensity are observed at energie400 cnt? higher thani, in
that sense consistent with expectations of a full unit increase in
metal oxidation state, but two points are unusual: the closer
spacing of the two bands (only 28 cindifference compared,
e.g., to the 82 cmt difference in8") and the presence of two
lower intensity features at 1990 and 2007 énfsee spectral
simulation, Figure 6, bottom). Various control experiments
established to our satisfaction that the two minor features do
not arise from impurities. We are at present unable to account
for these aspects of the spectrumléf except to point out that
they might be expected to arise from vibronic coupling of the
| four carbonyl ligands. It is possible that the molecular structure
Figure 5. Experimental (top) IR spectrum df* from the IRTTLE of the dication aIIc_)WS_ this through_formation of aweak metal
cell oxidation of 2.8 mMLin CH,CL/[NBUJ[PF¢] at 273 K. The simu-  Metal bond, continuing the lowering of the MMn distance
lated spectrum (bottom) is based on four energies listed in Table 2; as the oxidation state of the complex increasigg-(w, decreases
the addition of the central components is depicted as the dashed line.by 0.52 A to 4.07 A in going front to 17).1°
Il. Weakly Coupled Mixed-Valent Dimanganese Systems.

overlap of thevsym feature of the reduced M- CO fragment Four dimanganese complexes studied h&d,, values of 260
with the vsym feature of the oxidized M- CO fragment gives ~ MV or less, typical of less strongly coupled dimetallic sys-
an incompletely resolved center absorption envef§iBpectral ~ tems: the two fulvalendiyl complexés(210 mV) and3 (260
simulation allowed deconvolution of the central branch (Figure MV), a system in which a CHgroup interrupts the two Cp
5, bottom) and assignment of the four frequencies as 1888, 1931fings @, 80 mV) and one in which the dppm ligand is the only
1952, and 2003 cnt. The lower intensity of the 1952 crh bridge between the two metals, (120 mV). IR spectra were
band as compared to the 1931 dnbband favors its assignment obtained for both the monocations and dications of all four

(56) Overlap of central components in mixed-valent complexes having  (57) Bullock, J. P.; Mann, K. Rlnorg. Chem.1989 28, 4006.
multiple carbonyls on each metal is common: see refs 32, 36, 51, and the  (58) Virtually identical spectra were obtained over a temperature range
following: (a) Geiger, W. E.; Van Order, Jr.; Pierce, D. T.; Bitterwolf, T.  of 202-295 K in CHCl,, and at ambient temperature with changes in
E.; Rheingold, A. L.; Chasteen, N. @rganometallics1991, 10, 2403. (b) solvent (CHCN), supporting electrolyte ([RF or [CIO4] ™ as counterions),
Merkert, J. W.; Geiger, W. E.; Paddon-Row: M. N.; Oliver, A. M.; ionic strength (ca. 18 to 107%), and physical state (Nujol mulls).
Rheingold, A. L.Organometallics1992 11, 4109. (59) Connelly, N. G.; Geiger, W. E2Chem. Re. 1996 96, 877.
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Figure 7. Electronic spectra in the near-IR range for two mixed-valent
monocations obtained by bulk electrolysis in £H/0.1 M [NBu]-
SIMULATION [PFs]. The concentrations of the precursors were 2.0 mM5and

0.49 mM for 2.

of the IT bands were consistent with formulation of the ions as
Class Il mixed-valent systems. As shown in Table 4, the bands
were at least as wide as predicted by the Hush equation, eq 3,
for Class Il trapped-valent systems.

B. IR Spectra of Monocations and Dications of 2-5. The
stepwise oxidation of these four complexes was followed
through the monocation stage to the final dications by monitor-
ing the charge passed in the IRTTLE cell. This is especially
important in cases of weakly coupled metal centers in which
the spectral shifts between oxidation states might be close to

L the spectral resolution. The assignment of particular features to
Figure 6. Experimental and simulated IR spectraldf obtained in the mono- or dications was based, therefore, on intensity vs
the same experiment described in the caption of Figure 5 after charge data that were compared with theoretical expectations
exhaustive double oxidation of 2.8 ml for a two-step oxidation process with thé; , values measured
by voltammetry (Table 1, Figure 1).

complexes, and optical spectra were recorded for the monoca- C(')I'hbe pgttefrn ‘i{]fogf C,? bands for tr][e dm.onoca:]lons anc? tV\t'ﬁ
tions of 2 and. In each instance, the spectral evidence favors = ?n” S ort € kllca |ons| '3 reptez?ne; 'r:jsefcth Cﬁ‘_sﬁ' rt1 €
the expected result of trapped valence in the mixed-valent ions.g(r)l delr; \I/se)s/trngr;\;et?ar? dZO:rﬂc?ngs’%lseeset ba;rf]our ébseorg)%o?lss were

) " O
Spectta of these wo. mixechvaient ons chch has a Sngie PIClY Shfted from the energies expected for a fully oxidzed
absorption (543 nm fob™, a shoulder at ca. 525 nm f@r) at Mn(l1) site (for the hlgh-energy_band) and ful!y un-OX|d!ze_d
a position similar to that bf the mononuclear Mn(ll) syst8m Mn(1) site. Whe.“?as this _observa_tlon is valuable in the quallta_t|ve
(565 nm), these visible-region bands are assigned to a LMCT fsoerngf_'g +th1?utrt|:u|esr ;ﬁgi’ggn;ﬂggﬁg;?;iﬁg@fgtstrinrﬁgtzcgpons
transition involving a localized Mn(ll) valence. Excitation into the chargé distribution between the two metal centers. To this
this band is most likely responsible for the photosensitivity urpose. we follow the eneray of the symmetric GO strétch for
observed for all the Mn cationic samples _excﬂepl Exposure Itohepthre(,a charged species ?’:\X\d use e)a 4 to express a “charge
of the Mn(ll) complexes to strong room “ght. orto unﬁl_tered distribution parameter’Ap, in terms of the spectral shifts. This
spectral source light resulted in decomposition, as evidenced

R . parameter was introduced receftlyn an attempt to use IR
by decolorization of the generally purple solutions and the spectral shifts to calculate the actual ground-state charge
appearance of brown precipitates. P 9 9

The near-IR absorptions of the two dimanganese sys&Ems (Sll;ssttrlek?#;lons between two [R-active centers in mixed-valent
and5™ each had two features (Figure 7). It is important to note '
that 17-electron Mn(ll) centers of the type found2h and5*
may have metal & d transitions in this energy range if the
metal centers have approxima symmetry®® This fact ) ,
introduces some ambiguity into the assignmentssfqrwhich whereAvo, = v'(0X) = Vmea{OX), Avrea = vmeadred) — v'(red),
has two transitions of approximately the same intensity as the 21d?'(0x) andv'(red) are the frequencies of thlly oxidized
d — d transition of8* (¢ ca. 100). The breadth of the feature and reducedrespectlve_ly, redox genters. The parameters in eq
centered at ca. 10000 crleads us to assign this band as the 4 @€ presented graphically in Figure 8. » _

IT transition of 5" (Table 4). It seems more certain thatah _Inthis equatiomw is the shift inveo for the oxidized site
the IT band is the one centered at about 2050 nm, since thel" the mixed-valent complex from that of a fully oxidized Mn(ll)
intensity of this transitiond > 700) is too high to be ascribed moiety. Since the latter is available from the spectra of the

to a d— d transition similar to that found iB". The breadths  dinuclear dicationsivex = vco(2+) — veo(0x, 11); similarly,
for the reduced site in the mixed-valent compl&xco = vco

(60) Atwood, C. G.; Geiger, W. El. Am. Chem. S0d994 116, 10849. (red, H) — vco(0), where the number in parentheses refers to

Ap = (Avy, + Av, JI2[v'(0x) — v'(red)] 4)
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Figure 8. Schematic depiction of absorption energies of IR labels on

the oxidized and reduced sites of a mixed-valent dinuclear complex.
The symbols are defined as in eq 4 and the accompanying text.

the overall charge on the dinuclear complex. For the sake of
simplicity we include only the symmetric stretching frequency
in this analysis. Whereas the assignmentve§(ox, 1+) is

straightforward as the highest energy band in the spectrum of

the monocation, that ofco(red, 1) is not as obvious owing
to the relatively similar energies of the symmetric stretch of

the reduced site and the asymmetric stretch of the oxidized site.
Each mixed-valent spectrum was simulated (e.g., Figures 5 and
6) to get the exact energies of this overlapped pair, and the

assignment of one band teo(red, ) was made on the
assumption that its energy is lower than that of the asymmetric
stretch of the oxidized side. This led to the intuitively satisfying
result of similar values foAvo, andAvrq, Whereas the opposite

assignment gave values that were quite different. For example,

in 5% the value ofAveqis 7 cnT! under the former assignment,
whereas it is 35 cmt under the latter, compared to a value of
6 cm ! for Awey for this ion. Values ofAp = 0.05 to 0.29 are
obtained for the five mixed-valent Mrcomplexes (Table 2).
The highest value, found ifi*, may be interpreted in terms of
an approximately 30:70 distribution of the positive charge
between the two redox centers.

The larger values ol\p also coincided with the larger values
of AEi, deduced from electrochemical measurements. In an

Atwood and Geiger
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Figure 9. Plot of the charge distribution parameteXp, vs the
measured separation i, values for seven dinuclear complexies5,
9, and10 (data from Tables 1 and 2).

this level of agreement with theory is almost certainly fortuitous.
Nevertheless, the correlation between the electrochemical
potentials and IR shifts lends quantitative support to the often
espoused view that larg&E; , values arise from more strongly
coupled metal centers. This deduction must be applied with
caution. The analyzed set of complexes certainly shares similari-
ties in solvation and ion-pairing and, to some extent, changes
in structure with electron count that tend toward constancy. A
similar analysis applied recently to dicobattyclophane mixed-
valent complexes successfully reproduced charge distributions
calculated by ab initio method3.Application of the charge
distribution parameter in eq 4 appears to be worthy of further
testing. We note that a similar concept has been employed to
estimate a “fractional charge” in the excited state of bipyridy!
metal complexes from a comparison of ground- and excited-
state Raman frequencié.

As this paper was being prepared, an important study
appeared involving organic mixed-valent systems on the Class
[I/Class Ill borderlinet” That work revealed a linear relationship
between the energies of electronic coupling in the mixed-valent
ions (deduced from their electronic IT bands) and &,
values for coupled triarylamine redox centers. The Lambert/
Noell papet’cgives references to attempts at correlatioABf,
with properties obtained from optical mixed-valent transitions;
our data in the present paper establish, apparently for the first
time, the correlation ofAE;, with IR spectral properties.

Relevant to the diagnosis of possible delocalizatiofinit
is most important to note that the IR properties of this ion are
quantitatively consistent with all the Class Il systems analyzed
in Figure 9. That is, its IR shifts arise from a simple extrapola-

attempt to see if there is a systematic relationship between thesdion Of theinductiely sharedcharge observed for less strongly

two parameters, both of which are reputed to increase with the

increasing strength of metametal interactions, we reevaluated
three other dinuclear complexe9—11) which have been
diagnosed as either trapped- or delocalized-valent systéins
based on their carbonyl IR properties. New IRTTLE-cell data
were obtained for the dication afl, which had not previously
been characterized by R.The doubly bridged mixed-valent
ion 117 is intrinsically delocalized, thereby providing a test of
eq 4. Confirming the efficacy of the charge distribution
parameter, a value akp = 0.50 is found forllt, i.e., equal
charges on the two metal centers.

A plot of Ap vs AEy; for the eight mixed-valent systems
investigated shows a clear correlation. If the single intrinsically
delocalized systemi 1" is excluded from the analysis (Figure
9), a correlation coefficient of 0.984 is obtained with an intercept
of 40 mV on the abscissa. The latter is close to the value
expected for two electronically isolated metal centéedthough

interacting systems and strongly support its description as
trapped valent on the vibrational time scale.

Although informative about the charge distributions, the
present studies do not definitively answer the question of why
the mixed-valent iorl1" is intrinsically delocalized, whereas
1" is not. The fact that the metametal distance ismallerin
the latter (4.07 A% vs 4.37 A9) suggests that a direct through-
space mechanism is not responsible for the delocalization of
the former.

Conclusions

1. All members of the series of formal Mn(l)Mn(Il) mixed-
valent ions containing a single fulvalendiyl bridg&(3*, 7),

(61) Ammar, F.; Saveant, J. M. Electroanal. Chem1973 47, 215.

(62) Caspar, J. V.; Westmoreland, T. D.; Allen, G. H.; Bradley, P. G;
Meyer, T. J.; Woodruff, W. HJ. Am. Chem. Sod.984 106, 3492. We
thank a reviewer for bringing this article to our attention.
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a dicyclopentadienylmethane bridgk, or a dppm bridgex") 4. The charge distribution parameter correlates linearly with
display trapped valent (Class IlI) behavior. Both optical (IT) the separation in potentials of the successive one-electron
spectroscopy and IR spectroscopy are consistent with thisoxidations,AE;,, of the dinuclear systems. This appears to be

conclusion. the strongest evidence to date that the valuedBif, for a

2. The doubly bridged complek' is delocalized onthe ESR  closely related series of compounds may be used to make
time scale (ca. 1 s). Along with its larger value oAE;p, guantitative conclusions about the site-to-site interactions in
this is strong evidence that the metahetal interactions i homodinculear complexes.

are stronger than in any of the singly bridged complexes. On  Note Added in Proof: A good review of “almost delocalized”
the vibrational time scale, howevdlr! is also valence trapped  systems has recently appeared. See: Nelsen, Shém. Eur.
and so is designated as having between Class Il and Class II1J. 200Q 6, 581.

behavior.

3. The carbonyl IR oxidative spectral shifts are analyzed in
terms of a charge distribution parametdp, which suggests
that the overall ground-state positive charges are shared betwee
metals in the monocations in the sequefite> 97 > 37, 10"
> 2t > 4t 5%, JA994064P
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