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Abstract: Electronic interactions and metal—metal communication in a wide range of cobaltacarborane—
hydrocarbon complexes containing one to six metal centers, and exhibiting a variety of modes of inter-
cage connectivity and molecular architectures, have been investigated via cyclic voltammetry, controlled
potential coulometry, and UV—visible spectroelectrochemistry. The properties of mixed-valent Co'"'/Co"
and Co"/Co" species that are generated on oxidation or reduction of dinuclear and polynuclear Co"
complexes were examined and classified as Robin-Day Class | (localized), Class Il (partially delocalized),
or Class lll (fully delocalized) systems. The extent of metal—metal communication between metallacarborane
cage units is strongly influenced by the type of intercage connection (e.g., cage B—B or Cp—Cp); the
vertexes involved (equatorial vs apical); the nature of the linking unit, if any; and the presence of substituents
on the carborane cages. In multi-tripledecker complexes where three CpCo(C,B3H4)CoCp units are linked
through a central triethynyl benzene connector, the data suggest that Co—Co electronic communication is
extensive (Class Il) within individual sandwich units while intersandwich delocalization is weak or absent.
An extended Huickel study of CpCoC,B4He double-decker and CpCo(C.BsHs)CoCp triple-decker sandwich
model complexes shows significant differences in the orbital contributions involved in the HOMO and LUMO
of the former vs the latter type. The calculations afford additional insight into the electronic structures and
properties of these systems as elucidated by the experimental studies.

Introduction in the mixed-valent species, i.e., to relate the obselked
valued to their respective Robin-Day classificaticnidere, we
extend our electrochemical studies to a wider series of poly-
cobaltacarboranes having different molecular architectures, in
which the building block subunits are double-decker sandwiches
(Charts 1 and 2y250r triple-decker assemblies (Chart3F.”
Our main objective in this work was to better define the nature
of the mixed-valent species by comparing their preliminary
classifications based on the pertiné@pm values (a parameter
which contains different contributions, not all of which arise
gom mutual electronic interactions between redox centérs)
with those from more selective spectroelectrochemical findings,
in both cases supported by qualitative theoretical calculations.
Electrochemistry. Dinuclear Cobaltacarboranes. Com-

T Dipartimento di Chimica, Universitdi Siena. pounds3a—c, 4, 5, 6a—b, and7a—b, with their varying modes

* Department of Chemistry, University of Virginia.

8 Current address: Department of Chemistry, University of lllinois,
Urbana, IL 61801.

Metallacarboranes of the transition elements, owing to their
generally robust character, high solubility in organic solvents,
and ability in many cases to undergo reversible oxidation and
reduction, afford special opportunities for investigating the
electronic properties of well-defined organometallic systems.
In recent papers, we have elucidated the redox behavior of
several families of cobaltacarbordieand ferracarborare
sandwich complexes, building on earlier electrochemical in-
vestigations of small metallacarborarféMany of these are
polynuclear assemblies, where the separation between sequentl
oxidations or reductions allowed us to draw qualitative conclu-
sions about the degree of intramolecular electronic delocalization

(4) P. ZanelloJnorganic Electrochemistry. Theory, Practice and Application
RS C, Oxford, UK, United Kingdom, 2003.

I'Current address: Institute for Technical Chemistry (FTPV), (5) Robin, M. B.; Day, PAd.Inorg.Chem.Radiochem967, 10, 247.

Forschungszentrum Karlsruhe, P. O.Box 3640, 76021 Karlsruhe, Germany. (6) (a) Davis, J. H., Jr.; Sinn, E.; Grimes, R. N.Am. Chem. S0d989 111,
(1) Yao, H.; Sabat, M.; Grimes, R. N.; Zanello, P.; Fabrizi de Biani, F. 4776. (b) Daws J.H., Jr.; Slnn E.; Grimes, R.INAm. Chem. Sod989

OrganometallicSZOO?. 22, 2581. 111, 4784. (c) Yao, H.; Grimes R. I(Drganometallic§003 22, 4539. (d)
(2) (a) Yao, H.; Sabat, M.; Grimes, R. N.; Fabrizi de Biani, F.; Zanello, P. Wang, X.; Sabat, M.; Grimes, R. NDrganometallics1995 14, 4668. (e)

Angew. Chem., Int. E@003 42, 1002. (b) Yao, H.; Grimes, R. N.; Corsini, Curtis, M. A.; Muller, T.; Beez, V.; Pritzkow, H.; Siebert, W.; Grimes, R.

M.; Zanello, P.Organometallic2003 22, 4381. N. Inorg. Chem1997, 36, 3602. (f) Bluhm, M.; Pritzkow, H.; Siebert, W.;
(3) (a) Fabrizi de Biani, F.; Fontani, M.; Ruiz, E.; Zanello, P.; Russell, J. M.; Grimes, R. NAngew. Chem., Int. E@00Q 39,4562. (g) Yao, H.; Grimes

Grimes, R. NOrganometallicR002, 21, 4129. (b) For a listing of previous R. N. J. Organomet. Chem2003 680, 51.

electrochemical papers in this area, see ref 3a, refs. 4 (7) Yao, H.; Sabat, M.; Grimes, R. NDrganometallics2002 21, 2833.
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cal and spectroelectrochemical features suggest3#ratand
3a are mixed-valent systems possessing partially and com-
pletely delocalized charges, respectivély.

In the present study, cyclic voltammetry of the—B
connected dimeBb in CH,Cl, solution shows a single oxidation
coupled to chemical complications, in that the current rigo
ipa@t scan rates increasing from 0.02 V0 0.5 V st remains
below 1.0 (the highest ratio of 0.8 is reached at the highest scan
rate). In addition, the current functidg. v~ progressively
decreases with increasing scan rate, eventually leveling off at a
constant value which is about 2/3 of that observed at the lowest
scan rate. Attempts to determine the number of electrons
involved in the process via controlled potential coulometry were
unsuccessful. However, given the similarity of the cyclic
voltammetric pattern i8b to that of the analogous isoelectronic
ferracarborane dimer [wherein®CgHg)Fe' replaces Cp*CH],
which involved a two-electron process in exhaustive electrofysis,
it is very likely that the present process involves a primary
oxidation to the monocatioBb*, which in turn converts to a
further oxidizable byproduct. This would imply that the expected
second oxidatioBb™/2* is masked by the solvent discharge; in
tetrahydrofuran solution the same oxidation pattern is main-
tained, but the lifetime o8b™ is even shorter. Unexpectedly,
no reduction process was detected.

The apically linked dimeBc shows a first oxidation that is

roughly similar to that of its equatorially linked isom&b; in
addition, 3c exhibits a second oxidation, albeit an irreversible

of cluster connectivity, allow us to study subtle electronic effects One. In contrast t8b, a one-electron reduction is found 8¢
that govern the interactions between two cobaltacarboranein tetrahydrofuran solution. The redox potentials for these

subunits. Let us start with complex8a—c whose clusters are
directly linked with no intervening units. It was previously
shown that the fulvalene-bridged compl@&a exhibits two
separate one-electron oxidations (in £ip) as well as two
separate one-electron reductions (in thfjhere the separation
of the two oxidations AE° = 0.25 V) is slightly lower than
that detected in biferrocenAE° = 0.35 V)? The electrochemi-

(8) (a) Chin, T. T.; Grimes, R. N.; Geiger, W. Fiorg. Chem 1999 38, 93.

(b) Chin, T. T.; Lovelace, S. R.; Geiger, W. E.; Davis, C. M.; Grimes, R.

N. J. Am. Chem. S0d994 116, 9359.

compounds are compiled in Table 1, together with those of other
dinuclear species discussed below.

A few observations can be made concerning the directly
linked dicobaltacarborane®a-3c. (i) Connection through the

(9) For data on biferrocene measured inCH solutions, see: (a) LeVanda,
C.; Bechgaard, K.; Cowan, D. Ql. Org. Chem 1976 41, 2700. (b)
LeVanda, C.; Bechgaard, K.; Cowan, D. O.; Rausch, MJDAm. Chem.
Soc 1977, 99, 2964. (c) Kotz, J.; Neyhart, G.; Vining, W. J.; Rausch, M.
D. Organometallics1983 2, 79. (d) Lee, M.-T.; Foxman, B. M,
Rosenblum, MOrganometallics1985 4, 539. (e) O’'Connor Salazar, D.
C.; Cowan, D. OJ. Organomet. Chenl991, 408 227.
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Table 1. Formal Electrode Potentials (V, vs SCE) and
Peak-to-Peak Separations (mV; measured at 0.2 V s71) (in
brackets) for the Redox Processes Exhibited by the Dinuclear

Complexes 10 pA
complex [P E® .o E®o- E® - solvent
12 +1.55 CHCl;
—-1.71 thf
2 +1.16 (L00) CH.Cl
+1.43°c  —1.99 @8 DME
3a —1.53 —1.99 thf
+1.75 +1.50 CHCl;
3b +0.8% thf
+0.61 (80) CH.Cl
3c +1.14 (100) —2.15 (1309 th — ——— -
+1.36¢ +1.00 (130) CHC 02 04 06 08 10 12 14
4 +1.04' +1.06f 172009 —1.72@0% CH.Cl, E (Volt, vs. S.C.E)
S +1.08  +0.9T CHCl Figure 1. Cyclic (—) and deconvolution (- -) voltammetric responses
6a  +150° +1.18°  —169 —lr# thf recorded at a platinum electrode in g solution of7a (5 x 104 mol
+1.48° +1.15@00¢ —1.7760 —1.83(70 CH.Cl dm~3). [NBu,][PFg] (0.2 mol dnm3) supporting electrolyte ) Scan rate
6b  +1.45° +1.3F°  —182(20 —1.94(20 thf 02V sl
7a +1.140 +1.0800 CH.Cl,
7b +1.13h +1.0m”0 CH.Cl . . . Lo
FcH +0.53 (95) thf separation of the two oxidation processes, it is likely that the
+0.39 (70) CHCI, elusive5* belongs to the partially delocalized Robin-Day Class

.
aFrom refs 8a,bP From ref 10.¢ Peak-potential value for irreversible . . . .
processes! Partially chemically reversiblé.Value estimated by differential The redox behavior of the diethynyl-linked isoméimand

pulse voltammetry’ Two-electron proces$.Partially resolved one-electron  6b has been describédt is uncertain whethea undergoes a
processes! From deconvolution voltammetry. single two-electron oxidation (complicated by subsequent
chemical reactions) or two separate one-electron oxidations, the
second of which takes place beyond the solvent discharge. Two
nearly overlapping, partially chemically reversible one-electron
reductions are observed. Considering just the cathodic process,
the transient mixed-valent monoaniéa~ should be assigned
to the localized Robin-Day Class I. We note that the CeHe)-
Fe! analogue of6a displays a single two-electron oxidation,
coupled to chemical complicatiof¥whereas 1,4-diferrocenyl-
1,3-butadiyne undergoes two slightly separated one-electron
oxidations AE° = 0.1 V)9%12

The electron-transfer properties &l resemble those da,
but the separation between the two reduction processéb in
is slightly higher AE° = 0.12 V vs 0.05 V), suggesting that
6b~ belongs to the partially delocalized Robin-Day Class II; in
this case, unlike the directly BB linked dimers3b and 3c,
electron delocalization is evidently greater in the apically vs

equatorial B(5) atoms strongly destabilizes the HOMO, resulting
in a first oxidation that is ca. 0.5 V easier 8b than in its
mononuclear precursa@; a similar effect was seen for the
analogous iron dimer with respect to the corresponding mono-
mer (75-CsHe)Fe(EbCB4H,).%2 (i) A more attenuated cathodic
shift is observed in isomeBc, in which the intercluster
connection occurs through the apical B(7) atoms; the oxidation
process is about 0.2 V more facile 3t than in the monomer

2. (i) If one assumes that a second oxidation of comBéx
occurs at potential values higher than 1.5 V (i.e., beyond the
anodic window of the solvent), then the relative separation of
the two one-electron processes in compleas3b, and 3c
suggests that B(5)B(5) linkage allows stronger electronic
interaction between the redox centers in the mixed-valeht-Co
Cd" monocation, than does BFB(7) or Cp-Cp intercon-
nection. Unfortunately, nothing can be concluded about the th toriall ted i
possible interaction between the redox centers in the mixed- € equatorially connected ISomer.

valent monoanions, since the expected sequence of reduction Consider now _the benz_ene-l_mked |soméesand7b._Th§se
steps is completely masked 3 and is only partially detected complexes (_exh|b|t nearly identical behavior, shov_vn in Flgure 1
in 3¢ for 7a. Cyclic voltammetry of both compounds is consistent

Complex4, in which the B(5) vertexes are connected by a with a single two-electron oxidation possessing features of
CH,CH, brid,ge (a typical spacer which prevents effective chemical reversibility. Both square wave and differential pulse

electronic communication between two redox centers. as in voltammetric profiles show the occurrence of partially overlap-
diferrocenylethané} displays a single, irreversible two-electron PINg processes. The plot of the_ semi-derivative currents from
oxidation. Exhaustive oxidation ofi generates the parent cyclic voltammetry (deconvolution voltammet#y)allows us

monomer2*, as revealed by the ultimate appearance of the definitively to distinguish two peaks separated by 0.08 V. As

corresponding reversible redox system. A single two-electron ponflrmatlon that inter-cluster communication is slightly less

reduction of4 with features of partial chemical reversibility is in B—B connected dicobaltaboranes compared tp their difer-
also observed. Complekhas a—CH—=CH— linkage, which rocene analogu_es, we _note that bptbhenylene-brl_dged and
usually permits some electron conduction (as in diferrocen- m-phenylene bridged d|ferr_oce_nes undergo two slightly better-
ylethenel! for example), exhibits two slightly separated one- separat_ed on4e-electron oxidations&( = 0.10 V, +0.09 V,
electron oxidations, which are irreversible in character. No respectively):

reduction processes were detected. In view of the small 0.17 V

(12) Adams, R. D.; Qu, B.; Smith M. D.; Albright, T. Aorganometallic2002
21, 2970

(10) Stephan, M.; Hauss, J.; Zenneck, V.; Siebert, W.; Grimes, Rndtg. (13) (@) Philp, R. H.; Reger, D. L.; Bond, A. Mdrganometallics1989 8, 1714.
Chem 1994 33, 4211. (b) Oldham, K. B.; Philp, R. HCurrent Separationd499Q 10, 3.

(11) Ferguson, G.; Glidewell, C.; Opromolla, G.; Zakaria, C. M.; Zanelld, P. (14) Patoux, C.; Coudret, C.; Launay, J.-P.; Joachim, C.; Gourdoimadkg.
Organomet. Chenl996 517, 183. Chem 1997, 36, 5037.
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Table 2. Formal Electrode Potentials (V, vs SCE) and Peak-to-Peak Separations (mV; measured at 0.2 V s~1) (in brackets) for the Redox
Processes Exhibited by the Trinuclear Complexes

complex E® 413+ E® 34104 E®"24/s E”0 E®o- E* - E®y-p3- solvent
8a +1.1% +1.13 +1.06 CHClI,
8b +1.459c +1.45¢ +1.49c —1.53 60) —1.64 65 —1.76 60) thf
+1.40¢ +1.40¢ +1.40¢ —1.60 ©0) —-1.71 Q0 —1.85 Q0) CH.Cl,
9 +1.74b.c +1.52¢ +1.3Pc +0.70d —1.92 ©60) —2.06 ©60) —2.16 ©0) thf
10a +1.34c¢ +1.34c¢ +1.34c¢ —1.80@00 —1.80 (L00 —1.80 (L00O thf
+1.15 @0)¢ +1.15 @0)¢ +1.05 @0)¢ CH.Cl,
10b +1.30¢ +1.36¢ +1.3@¢ —1.95 QY —2.10 @9 —2.20 09 thf
+1.32 (70)f +1.20 (70)f +1.04 (70)f CHClI,

aFrom deconvolution voltammetry.Peak-potential value for irreversible processgsom differential pulse voltammetry.lron-centered process (see
text). ¢ Complicated by following chemical reactior§NBu,][B(CeFs)4] supporting electrolyte.

While detection of the cobalt-centered oxidation steps is
ambiguous, these are clearly anodically shiftel with respect
to 8a. Conversely, the iron-centered oxidation process is
cathodically shifted (by about 0.3 V) relative tg%CgHg)Fe-
(Et,C,B4H,4),% indicating a significant transfer of electron
density from the cobaltacarborane units to the central ferracar-
borane unit. Complegb shows an irreversible three-electron

' oxidation and three separate reversible reductions (Figure 2b);
o it was not possible in this case to resolve the overall oxidation.
c s The pertinent formal electrode potentials are compiled in Table
§2’/ 2, together with those of the remaining tricobaltacarboranes.
With respect to complexe8a and 8b, it seems likely that
permethylation of the cyclopentadienyl ring & is the main
—— T source of the anodic shift of both the oxidation and the reduction
25 20 15 05 10 1.5 20 processes relative to the nonmethylated comglex
E (Volt vs. SCE) The redox behavior of the triethynylbenzene-linked com-
Figure 2. - Cyclic () and deconvolution (- -) voltammetric responses plexed 10aand10bis interesting. In dichloromethane solution,
ﬁgfgﬁ%?ﬂi Fg‘;‘é'g"g‘xel'%‘ﬂomd; é’:}q%%(cs)og’;'ccl’irc‘ ?i)(?r?ggsérjgng 10bdisplays a reversible three-electron oxidation, which in the
square wave-(-) voltammetric responses recorded at a gold electrode in Presence of the weakly coordinating supporting electréiyte
thf solution of 9 (2 x 1074 mol dnr3). [NBug][PF¢] (0.2 mol dnT3) [NBu4][B(CeFs)4] splits into three close one-electron oxidations.
supporting electrolyte. Scan rates 0.2 \1.s Three close reductions are also observed in tetrahydrofuran
Although the overall oxidation processes7afand7b exhibit ~ Solution. A similar pattern holds fotOg except that only a

features of chemical reversibility on the cyclic voltammetry time Partial separation of the oxidation peaks in two subsequent
scale, the original yellow solutions turn green upon exhaustive Processes is seen, even when [NMEB(CeFs)4] is present. In
electrolysis E, = +1.2 V) but the original voltammetric profiles ~ thiS connection, we have previously pointed'dhat the contrast
disappear, indicating that the corresponding cations are notbetween this behavior and that of tris(ferrocenylethynyl)benzene,

indefinitely stable. No reduction steps were found within the which exhibits a single three-electron oxidation, is evidence of
cathodic window (up to-2.2 V). significant intramolecular interaction in the tricobaltacarboranes.

Trinuclear Cobaltacarboranes. The cyclic voltammetric Tetranuclear and Hexanuclear Cobaltacarboranes.As

profile of the benzene-centered spe@asshown in Figure 2a, ~ communicated earliéf, cyclic voltammetry on the planar

is reminiscent of that of the related dinuclear complaxCyclic octagonal tetramet1 (Chart 2) reveals two well-separated one-
voltammetry shows an apparent single, chemically reversible electron reductions followed by a single two-electron reduction,
three-electron oxidation: however, by means of deconvolution indicating measurable intramolecular electronic communication
voltammetry the overall oxidation is resolved into three separate Petween the four cobalt centers. The simultaneous entry of the

processesAE°® ~ 0.06 V). No reduction step was detected up |aSt two electrons is likely due to the fact that, following the
to —2.2 V. first stepwise two-electron addition, the two remaining Co(lll)
Coordination of a fourth metallacarborane unit to the benzene CeNters become energetically equivalent. In turn, the oxidation
ring, as in the heterotetranuclear Fg€omplex9, affords four path appears to involve, in sequence, a one-electron removal
observable oxidations (Figure 2c). The first, chemically revers- followed by a second multielectron oxidation, both processes
ible, step may reasonably be assigned to tHe-F&" couple, being _|rreverS|bIe?.a It is interesting _to compare the_redox
whereas the further cobalt-centered oxidation processes argPOtentials of such redox changes with those of the dirbers
partially covered by the solvent discharge, making it difficult @nd6b (Table 3), both of which can be regarded as building
to determine their chemical reversibility. Controlled potential PIocks of the tetramer. These data are consistent with a view of
coulometry of the first oxidationg, = +0.8 V) consumes one 11 as a bis(diethynyl)-linked dimer of either tv& or two 6b
electron per molecule, and the resulting solution exhibits a cyclic M0ieties, and do not particularly favor one over the other.
voltammetric profile quite complementary to the original one, "€ macrocyclic _hexamej269 (Chart 2) may be viewed either
demonstrating the long-term chemical stabilitydsf Complex as a trimer of 6a units connected by tris(ethynyl)benzene spacers,

9 also undergoes three separate reduction processes. (15) LeSuer, R. J.; Geiger, WAngew. Chem. Int. E200Q 39, 248

J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004 11363
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Table 3. Comparison between the Formal Electrode Potentials (V,
vs SCE) for the Redox Processes Exhibited by Complexes 11 and
12 and Their Low-Nuclearity Counterparts, in thf Solution
[Peak-to-Peak Separations (mV; measured at 0.2 V s71) in
Brackets]

complex EO'second ox Eo’llrsl [us Eo’ﬂrst red Emsecond red Emlhlrd re
11 +1.4%be +126bd —155@0) —1.6560¢ —1.84 80
6a +1.5000 +1.18P0 —1.69d —1.744d

6b  +14%b +13R”b —182(120 -1.94(120

12 415be 41160 —1.62(60f —1.75 (60§

10b +1.36¢ —1.95@100 —2.10(@00 -2.20 (00

a Peak-potential values for irreversible proces8&som differential pulse
voltammetry.¢ Three-electron proces$One-electron proces8Two-
electron process.Partially chemically reversible.

T T
-1.6 -1.4 -1.2 -1.0

E (Volt vs. SCE)
Figure 3. Cyclic (—) and differential pulse-(-) voltammetric responses
recorded at a gold electrode in a thf solutionl@f(1.3 x 104 mol dn-3).
[NBu4][PF¢] (0.2 mol dnt3) supporting electrolyte. Scan rates—) 0.2 V
s L () 0.02V st

or alternatively as a dimer afOb modules linked by three
butadiyne chains. As illustrated in Figure 3, its cyclic voltam-

markedly improved. A plausible interpretation of this finding
is that any destabilization that is produced on addition of electron
density to12 is mitigated by the multiple connections present
in this large system.

Triple-Decker Cobaltacarboranes.As previously reported,
the B(5)-trimethylsilylethynyl comple43 (Chart 3) undergoes
two well-separated oxidations and reductions (only the first step
of each couple is chemically reversible on the cyclic voltam-
metric time scale), which highlight the ability of the central
C.B3ring to allow strong electronic interaction between the two
face-bonded cobalt centers. The same is true in the related
B(4,6)-diethynyl complexed44—17 (Chart 3). Consequently,
both the mixed-valent monocations and monoanions of the
triple-decker complexes clearly belong to the fully delocalized
Robin-Day Class lll. It is notable that the redox potentials of
all the processes of complex&5—17, which are compiled in
Table 4, clearly show a positive linear relation with the inductive
effect of the substituents at the phenyl ring, as evaluated by the
Taft parameter F¢

Reflecting the fact that for distant substituents field effects
are dominant over resonance effects, it was not possible to obtain
any reasonable fit with the resonance Taft parameter R.
Interestingly, the inductive role played by the substituents
becomes more important on subsequent electron additions to
the different dications; thus the slope of the linear best fit
increases from 0.13 fat5—172* to 0.66 for15—17/2".

Controlled potential coulometry corresponding to the first
anodic process for complexéd8—17 shows the consumption
of one electron per molecule, during which the original red-
orange solutions turn red-brown. Cyclic voltammetry on the
resulting solutions indicates that the electrogenerated cations

mogram displays two separated, chemically reversible, reduc-14*, 16", and17" are stable also on the bulk electrolysis time
tions at potential values very close to those observed for 6ascale, while13" and15* undergo minor decomposition.

(Table 3) as well as two irreversible oxidations not shown in

The redox behaviéof the “triple-triple-decker’ complex tris-

the figure. These findings suggest that the intramolecular [B(5)-ethynylcobaltacarborane]benzed®,(Chart 3) is similar
electronic communication essentially arises from the coupling to that of the corresponding triple-decker monomer CpCo(2,3-

of cobalt centers within eacBatype moiety, whereas the

C,B3Hs)CoCpl” undergoing two well-separated oxidation and

triethynyl-benzene linkages connecting these units have almostreduction processes. The first oxidation and first reduction are

no effect.

both chemically reversible on the time scale of cyclic voltam-

On this basis, we can reasonably assume that each reductiometry, while the second oxidation and reduction are chemically
(as well as oxidation) process involves the simultaneous irreversible. Controlled potential coulometric measurement of

exchange of three electrons. Compared to the behaviéa,of
the chemical reversibility of both reduction processe4aris

the first oxidation indicates the consumption of three electrons
per molecule and causes a color change from orange to brown.

Table 4. Formal Electrode Potentials (V, vs SCE) for the Redox Processes Exhibited by the Triple-Decker Complexes [Peak-to-Peak

Separations (mV; measured at 0.2 V s™1) in Brackets]

complex Emsecnnd ox Eo,ﬁrsl oX Ee’ﬂrst red Eo’second red E°'tmm red Eo’lounh red solvent
13 +0.36 802 —1.81 (702 —2.80be th
+1.38be +0.12 (1002 CH.Cl;
14 +1.360¢ +0.33 (0 —1.76 (02 —2.7Bbe thf
+1.2Rbc +0.10 @852 —1.90¢ CHxCl»
15 +1.42b0 +0.44 G0) -1.62 (1202 —2.40vbe th
+1.30be +0.17 (702 —1.8A¢ CH.Cl,
16 +1.36w0e +0.35 (1002 -1.7360)2 —2.70rbe th
+1.24be +0.11 (70)2 —1.8R¢ CHxCl»
17 +1.3gbe +0.39 @52 —1.72 (1002 —2.53be th
+1.30be +0.17 @102 —1.85¢ - CH.Cl;
18 +0.32 120 ¢ —1.82 (70) —2.80ed th
+1.40cd +0.17 @30)de CH,Cl;
19 +1.40cd +0.42 @0)d —1.70 G0)2 —1.75 @0)2 —1.82 0)2 —2.pped th
+1.35cd +0.27pcde —1.800b¢ —1.862bc —1.92b¢ CH.Cl2

aOne-electron proces’ Peak-potential values for irreversible proces&&om differential pulse voltammetr§.Three-electron proces$Three partially

resolved one-electron processes.

11364 J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004



Electronic Properties of Cobaltacarboranes ARTICLES

0.20
0.15
a
;5, 0.10 -
8
<
0.05
0.00 - }
3 |
s
3
<
860 1200 1600 2000
I T T T T T T M T T II/I/ T T T T T T T T M 1 —_
22 -20 -18 -16 -14 00 02 04 06 08 1.0 g
E (Volt, vs. S.C.E.) ]
Figure 4. Cyclic (—) and differential pulse-{-) voltammetric responses
recorded at a gold electrode in thf solutions of &) (4.0 x 10~% mol o5 170 1ab0  1oho
dm=3) and (b)19 (2.6 x 1074 mol dm3). [NBug][PFg] (0.2 mol dnT3) A (am)
supporting electrolyte. Scan rates—) 0.2 V s'%; (--+) 0.02 V s'1. C
10'00 12'00 14I00 16'00 18'00 20'00
Cyclic voltammetric tests after exhaustive oxidation indicate A (nm)

that the electrogenerated tricatioh83* undergoes partial ~ Figure 5. UV—vis—NIR spectra of (a)b, (b) 11, and (c)12, showing
decomposition changes on reduction. Thf solutions containing [JRFg] (0.2 mol dnt3)

o . as supporting electrolyte. Spectra were stepwise recorded in an OTTLE
A similar overall redox pattern Is observed for the related cell after each interval of 2 min of applied potenti&,(= —1.80 V for

pinwheel complex.9, in which the triple-decker units are linked  6b, —1.55 V for 11, —1.60 V for 12).
to the central benzene ring via cyclopentadienyl ligands.
However, Figure 4 reveals an interesting difference in the cyclic
voltammetric behavior 018 and19. In 18, the first oxidation

generates a broad profile, whereas that of the first reduction is

much narrower; the opposite is seen 1&: In the latter case, > o ;
bp Given the fact that the addition or removal of electrons is often

the signal of the first oxidation is quite narrow, whereas the foll dbvd e f molar ab .
signal of the first reduction is broad enough to be resolved into followed by ecomposition, measurement of molar absorptions

three successive, closely spaced processes. Such small separl‘f‘- pointless since precise concentrations of the different species

tions are normally taken to indicate the absence of extensive &€ not known; for this reason, spectral absorptions are expressed

electronic delocalization between the redox centers, and this'" arbitrary units. As direct comparisons of the intensity of the

assumption has been confirmed by spectroelectrochemistry._lT band_s are precluded, guantitative estimates of thr_e coupling
Furthermore, as we discuss below, the nature of the orbitalsmter""c_tlons are not_ possible. _The_ spectral changes induced by
involved in these redox processes supports the presence of ée?,\l;_cﬂou of63 dgr_e |Ilufstrated Im Figure 5a. band .
weak intramolecular electronic communication. As shown in h Ith t ebah |t.|on.od.onc|3 ezctl;on, tWOh?(e}/V banh S appear,
Table 4, substitution of one of the two pentamethylcyclopen- the same behavior is ISplayed by comptx In ot cases,

the lower energy absorption has a bandwidth at half-height that

tadienyl rings in each triple-decker moiety (it8) by an o )
unsubstituted cyclopentadienyl ligand (i8) induces an anodic is slightly larger than the theoretical value expected for class Il
IT bands: Avyp = 48\/5, where Avy, is the half-height

shift by about 0.1 V for each of the redox processes. ! % )
Spectroelectrochemistry. Despite the general lability of ~ Pandwidth and is the wavenumber (in cn).!® For6a™: Avy,
electrogenerated species in macroelectrolysis experiments, spec!’ theoretica)= 4460 €M VS Av15 (experimenta= 4720 cn1'™; for
troelectrochemical analysis in an OTTLE cell allowed us to 8P AVi2 (T, theoreticay= 4800 e VS Ay (experimental= 5030
define the nature of the mixed-valent species involved in the M * These results strongly support the presence of an IT

electron transfer processes of a few representative families. OurProcess, and suggest that b6t and6b™ should be classified
efforts were directed mainly to a search for intervalence 25 partially delocalized class Il mixed-valent species. These

transition (IT) bands that give further insight into the classifica- {indings are consistent with the electrochemical behaviditof
tion of mixed-valent species based on cyclic voltammetry. As described above, but are in partial disagreement with that of
6a. Since the monoanions decomposed after a few scans, the

a general criterion, spectra were collected up to the disappear-
ance of the isosbestic points, a feature which has been assumed
as diagnostic for decomposition of electrogenerated species.

(16) Hansch, C.; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165.
(17) Brennan, D. E.; Geiger, W. E., J. Am. Chem. S0d.979 101, 3399. (18) Hush, N. SProg. Inorg. Chem1967, 8, 391.
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Table 5. Electronic Spectral Data for Complexes 6a-b, 11, 12, 13,

18, 19, and Their Electrogenerated Species [OTTLE Cell, thf
/[INBug][PFs] (0.2 mol dm~=3) Solution. t Increasing during
Electrolysis; | Decreasing during Electrolysis]
complex A (nm)

6a 343, 460 3 !

6a 343, 460, 605, 1160 ‘3 t '

6b 315, 345, 408 2

6b 315, 345, 408 600, 1130 600 800 1000 1200 1400

11 316, 475

11 316, 475, 1250 } 4 4 a

12 304, 350, 480

128 304, 350, 480, 810

13 308, 355, 427, 516, 751

13" 280, 355, 405, 548, 754, 912, 1050

13 308, 355, 427, 516, 751, 1040

18 353, 437,510, 753 - '

18" 353, 397, 545, 655, 793880, 1070 =

19 355, 410, 520, 780 z i .

19° 355, 520, 780, 1005 < "

800 1000 1200 1400

expected disappearance of the IT bands in the diartafs toy b
and6b?~ could not be observed. 800 1000 1200 1400

Reductions of the tetranuclear complek (Figure 5b) and Alnm
the hexanuclear compleb? (Figure 5c) afforded qualitatively ~ Figure 6. UV —vis—NIR spectra of (a3 and (b)18 showing changes on

similar results; in the case dfl~ the half-height bandwidth is ~ ©Xidation, in thf solutions containing [NBUIPFg] (0.2 mol dn?) as
’ supporting electrolyte. Spectra were stepwise recorded in an OTTLE cell

only slightly larger than the theoretical valu&viio(r, theoretical) ~ after each interval of 2 min of applied potenti&,(= +0.35V for 13,
= 4270 Mt VS Avyjp(experimental= 4400 cnml, whereas fol 28~ +0.30 V for 18).

the observed bandwidth is somewhat larger than the theoreti-

cal: Avi (T, theoreticaly= 5440 cmivsAvyp (experimental= 7890 t
cm~1. On this basis11™ and 128~ can be definitely described

as class Il mixed-valent complexes. As in other cases, the
reduced species decompose and all the bands diminish in
intensity, so that further spectral evolution upon generaétitfg

or 126~ was not observable. All of the spectral data pertinent
to these complexes are compiled in Table 5.

We turn now to the triple-decker sandwiches. Geiger &1 al.
carried out spectroelectrochemical measurements on the one-
electron oxidation of (p-MegHsCHMe,),Ru(Et,CB3H3), which
exhibits an electrochemical behavior resembling that of the
present complexek3—17. It was found that the electrogenerated
monocation [(p-Me@HsCHMey),Rux(Et,C,B3H3)] ™ can be de-
scribed as completely delocalized mixed-valent class Ill. In
support of this conclusion, none of the bands exhibited a
bandwidth as large as that required for a class Il mixed-valent
complex, and the solvent independence of the absorptions was
not consistent with an IT band assignm&hn the present study, )
spectroelectrochemical experiments on both the oxidation and T ; T ; ; ;
reduction of complext3 (Figures 6a and 7a) led to similar 400 e00 820(,,,,,) 1000 1200 1400
conclusions about this system. While detailed assignment of gig,re 7. Uv—vis—NIR spectra of (a3 and (b)19 showing changes on
the spectra 013", 13, and13~ is not straightforward (primarily reduction, in thf solutions containing [NB{PFs] (0.2 mol dnT3) as
Owing to the presence of many weak low energy absorptions), supporting electrolyte. Spgctra were_ stepwise_recorded in an OTTLE cell
their narrowness rules out the possibility that such bands might "iﬂle;()e?f?o:”ltg)rval of 2 min of applied potentidi,(= —1.80V for 13,
be ascribed to IT processes. ' '

Spectroelectrochemical measurements were also carried oukhown in Figure 6b, the spectrum recorded upon oxidation of
on 18 and19 and the respective spectra were compared with 1gjs very similar to that of.3*, apart from a further new band

that of the parent compled3. Since the electrochemical ¢ 655 nm, which is also too narrow to be a reliable candidate
behavior foreshadowed the possible formation of mixed-valent 5o an |T band. Analogously, the spectrum recorded upon

species along the oxidation path 8 and the reduction path
of 19, we studied such a spectroelectrochemical evolution
looking for the possible evidence of electronic interaction. As

Abs (a.u.)

600 800 1000 1200 1400

Abs (a.u.)

t

600 800 1000 1200 1400

| b

reduction of19 (Figure 7b) is very similar to that df3~. On
' the basis of these observations, in agreement with the cyclic
voltammetric results, we conclude that there is no reliable
(19) Merkert, J. W.; Davis, J. H., Jr.; Geiger, W. E.; Grimes, RINAm. Chem. evidence for intramolecular electronic communicatigtween
So0c.1992 114, 9846. the triple-decker subunits ih8 and 19.
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Figure 8. Interaction between the frontier orbitals of the apical’Bldnd CpCé' fragments with the €3Hs*" ring (right and left side) to form gB4He?~
and GB3HsCoCp, respectively. The interaction between the frontier orbitals 48482~ or C;B3HsCoCp?~ with CpC&* (center) to form the sandwich

complex CpCo@B4Hg and the triple-decker complex CpCg3HsCoCp is dep
are shown at the bottom. Hydrogen atoms are omitted for clarity.

Molecular Orbital Calculations. An extended Hakel study
was conducted in order to gain insight into the redox behavior

icted in the middle of the diagram. The reference system and the fragments

empty d, and w &' orbitals. In this case, the mixing is
unimportant and the HOMO is the antibonding combination of

of the cobaltacarboranes. Fragment analyses were performedhe dy and o orbitals, while the LUMO is the antibonding

for two model complexes, consisting of a triple-decker and a
double-decker sandwich unit, respectively. These models and

combination of the g andz &' orbitals.
In contrast, in the triple-decker CpCg&HsCoCp system

fragments thereof, together with the reference system, are showrthe order of ther andx a” orbitals of CpCoGB3zHs2~ fragment

at the bottom of Figure 8. The figure depicts the interaction
between the orbitals of Cp€b(shown at center) and those of
the GB4Hg?~ and CpCoGB3Hs?~ fragments to generate the
CpCoGB4Hg double-decker and CpCgBsHsCoCp triple-
decker sandwiches, respectively.

The changes accompanying the interaction between the apica
BH2" or CpCa* units with the GB3Hs*~ ring are depicted at
the right and left side of the diagram, respectively. The
symmetry labels used are those of @gpoint group, which is
the lower symmetry exhibited by the models or fragments
discussed here and is imposed by the CpfBaBs model. Filled
m and o orbitals of the GBsHs*™ ring are involved in the
relevant bonding in these model complexes, all of them
stabilized by interaction with the apical BHfragment (Figure
8, right). On the opposite side, when theBgHs*" orbitals
interact with the apical CpCo fragment theo orbital is
destabilized while the twa MOs are stabilized (Figure 8, left).

For both the triple-decker and double-decker sandwich
models, the HOMO and LUMO hav&' symmetry: these are
the combinations of ther @' and o orbitals of GB4Hg>~ or
CpCoGB3Hs?~ with the dy and g, orbitals of the CpC®
fragment. In the case of the sandwich complex CpiBaHs,
the low lying, filled d, orbital of CpC&* and theo orbital of
C:B4Hg> adequately match in energy, as do the high lying,

is reversed, as is the match in energy between the corresponding
orbitals. As a consequence of this, and also because of the better
overlap between @ and botho and &, orbital mixing is
important. Therefore, the HOMO, which can still be described
as the antibonding combination of,tf CpCat and theo
brbital of the CpCo@B3Hs2~ fragment, has a nonnegligible
contribution from the ¢ orbital of the CpC8&", and is
destabilized with respect to the HOMO of CpCG&GHe.
Analogously, the LUMO is the antibonding combination of
the d,andx &' orbitals, but has a nonnegligible contribution
from the o orbital and is stabilized with respect to the LUMO
of the CpCoGB4Hs cluster. This may explain the large cathodic
shift upon oxidation, as well as the anodic shift of the reduction,
in the triple-decker family relative to that of the CpC&aHs
double-decker sandwiches. Moreover, even the LUMOof
the triple-decker is lower in energy than the LUMO of the
CpCoGB4Hg unit, while the HOMO-1 of the triple-decker is
close in energy to the HOMO of CpCeB4Hs, suggesting that
these orbitals may be involved in the second electron addition/
removal. In any case, owing to the energy match between the
orbitals of the fragments, covalence is approached so that both
the HOMO and LUMO of these models have strong contribu-
tions from both the cobalt atoms and the carborane ligand.
Consequently, while assignment of formal oxidation states to
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the cobalt atoms is useful for comparative purposes, the actual In the multidecker complexes, extendeddiel calculations
charge distribution within the clusters is much less sharply show that the very strong overlap between the carborane ligand
defined than these imply. HOMO and the metal d orbitals is the principal factor in the
Notwithstanding the qualitative basis of the semiempirical delocalization.
approach, closer examination of the frontier orbitals of the triple-  In directly linkedCpCoGB,4 Cd'—Cad" mixed-valent clusters,
decker sandwich throws light on a possible explanation of the meta-metal communication is strongly dependent upon the
redox behavior observed fd8 and 19, discussed above (see mode of connection, i.e., between apex boron atoms, equatorial
Figure 4). Since the HOMO of the triple-decker has no boron atoms, or via GpCp bonding, as illustrated in the series
contribution from the Cp rings, it is reasonable to think that 3a—3c. As discussed above, direct linkage between equatorial
three corresponding, unperturbed, orbitals will be preset®in  boron atoms [B(5)-B(5)] leads to greater metametal interac-
in which three triple-decker units are connected via their Cp tion than does apex-to-apex [B(B(7)] bonding, reflecting
ligands. As a result, the three-electron oxidationl®foccurs larger destabilization of the HOMO (relative to the parent
in one step. The LUMO of the triple-decker, on the other hand, monomer) in the equatorial-linked vs the apical-linked systems.
has a significant contribution from the Cp rings, and the pathway The same effect was observed previously in analogotls-Fe
for electronic communication between redox centers is open; Fe!' iron-arene dimerd
this is consistent with an energy spread among the three Biscobaltacarborane complexes in which the cluster units are
corresponding orbitals presentdf. The reverse is true fd8, separated by intervening groupk §, 6a, 6b) exhibit localized
in which three triple-decker units are connected via the central or partially delocalized redox behavior. Not surprisingly, the
C2Bs ring, which is a major contributor to the HOMO of the  dimethylene-linked4 is Robin-Day Class | (fully localized),
triple-decker model but is less so to the LUMO. while the ethenyl-connected compl&xhows partial delocal-
Conclusions ization (Class Il). In the case of the diethynyl-bridged isomers

. . . . . . 6aand6b, electrochemical measurements imply that their anions
This study is part of a cooperative program in which designed by

th f extended pol I " ducted . exhibit different behavior: the equatorially linkégh~ shows
syntheses ot extended polynuciear systems areé conaucted I}, , yo|calization and is assigned to Class |, while the apically

EaralLIJeI:imt? ?et;”ed prlc;b?s gf\(/aklactrg]mc SE;]Cttlijremar:g %rolper- connectedéb™ is Class Il. However, spectroelectrochemical
ii‘ | tranﬁ % n de ?Otanjino te eOFi)m eIIS)\//vin etrc ex ? i? ggz analysis establishes that badla~ and 6b™ are partially delo-
and electronic understanding to a point aflowing rue exploitation ;64 cjass || systems. In this case, unlike the directly linked

qf this chemistry for practical purposéf_kThe current 'F‘VGS“ga' dimers3b and3c, delocalization is favored by apical rather than
tion of cobaltacarborane systems, building on previous electro- . -
. o - - equatorial substitution.
chemical studies involving carborane complexes of iron, S . .
ruthenium. cobalt. and other metat$:7819.17.1%llows some Metal—metal communication in phenylene-bridged bis- and
generalizaltions th’at should help to é;uide future work in this triscobaltacarboranes is generally difficult to detect via cyclic
area voltammetry but is observable via square wave or differential
Of.central interest, of course, is the question of metaétal pylse voltammetry. The Wea_k in_tercage communication in
communication and’ its influénce by a variety of factors _t:uscobaltacarbo_rane?éa "?‘”d bis shghtly_lgss_, than that seen
including the nature and oxidation state of the metal(s) th,e in phenylene-bridged diferrocenes, but it is increased substan-
S " tially when thiophene is interposed as a linker between,BgeC
metallacarborane clusters selected as building-block units, theclusters?'aln the tricobaltacarborané@a band10a bthe limited
selection of linking groups between clusters, the position of ' Lo L
metak-metal communication is higher than in tris(ferrocenyl-

attachment of the linkers on the cluster skeletons, the identity ethynyl}benzene, the analogueldi, where mutual interaction
and location of attached substituents, and, for extended two-. yny ' 9
is completely absent.

and three-dimensional assemblies, their macro architetture. M ble delocalization is al ti |
As this and earlier work demonstrates, the effects of these .easura € goca 1zation 1S also present in r.an:rocyc es
having four to six cobaltcarboranes connected vi@=C—

variables on electronic structure and properties are complex,c=c_ hains. H the effects of lecul hitect
often subtle, and at this stage only partially understood, but some,~ > chains. Here, tne effects ol macromolectiiar architeclure
begin to be seen as well. As discussed above, comparison of

trends are emerging and we summarize these here. . .
ging the redox properties of the octagonal-planar tetrafriewith

Thus far, based on electrochemical and more selectiveth dimers6a and 6b shows thatll can be viewed N
spectroelectrochemical investigations, full electron delocalization € ersoa a shows thatll can be viewed as a
assembly of eitheBa or 6b modules. In contrast, the hexamer

Robin-Day class Ill) has been observed in two types of small 8 ) N .
( y ) yp 12 is clearly a trimer of6a units, i.e., electron delocalization

metallacarborane systems: - o _ o
« Cations or anions generated via oxidation or reduction of occurs mosFIy_W|th|n the individual CoBa— 7C =C
C.,B4,Co moieties rather than across the triethynylbenzene

multidecker sandwiches containing planaBeHs*~ rings (or . . .
substituted derivatives), as in compourlds-19in the present connectors. Spectroelectrochemlcal studle§ conc_luswely dem-
study and earlier examplsand the ruthenium triple-deckers onstrate that1~ and12%~ are partially delocalized mixed-valent
[(p-MeCeH CHMez),RUu(Et,CoB3Hs)]; 2 systems. _

« Dicobalt fulvalene-bridged complexes of tyjz® and In the tris(triple-decker) phenylene-bridged complek@and

oligomeric chains of tetradecker sandwich stacks constructed 1% detailed spectroelectrochemlcal analysis ShOV.VS that, as in
from 3a-type units?! all MC,B3M triple-deckers studied to date, there is full delo-
calizationwithin the sandwich units, but no clear evidence of
(20) (a) Grimes, R. NPure Appl. Chem2003 75, 1211. (b) Grimes, R. N., In communication between them.
Contemporary Boron Chemistrfpavidson, M., Hughes, A. K., Marder,
T. B., Wade, K., Eds.; Royal Society of Chemistry: London, 2000,-283
290. (c) Grimes, R. NMolecular Crystals and Liquid Crysta00Q 342, (21) (a) Meng, X.; Sabat, M.; Grimes, R. N. Am. Chem. Sod993 115
7-14. 6143. (b) Geiger, W. E., private communication.

11368 J. AM. CHEM. SOC. = VOL. 126, NO. 36, 2004



Electronic Properties of Cobaltacarboranes ARTICLES

Taken together, the current state of the art in synthesis, tential coulometry was performed in an H-shaped cell with
combined with electronic findings in this and earlier studies, anodic and cathodic compartments separated by a sintered-glass
suggest that nanoscale devices employing small metallacarbo-disk. The working macroelectrode was a platinum gauze; a
rane building-block units with specified architectures and having mercury pool was used as the counter electrode. The- W&/
electronic components (insulators, semiconductors, and conduc-spectroelectrochemical measurements were carried out using a
tors) in desired locations, are possible in principle. The attractive Perkin-Elmer Lambda 900 UWvis spectrophotometer and an
features of these compoundstheir general robustness in redox OTTLE (optically transparent thin-layer electrode) ¥ediquipped
processes, adaptability to many different metals, metal oxidation with a Pt-minigrid working electrode (32 wires/cm), Pt minigrid
states, and substitution chemistry, solubility in organic solvents, auxiliary electrode, Ag wire pseudoreference and Q@Rdows.
and utility in constructing a wide array of geometrically novel The electrode potential was controlled during electrolysis by
macrostructures— should, in time, overcome the disadvantage an Amel potentiostat 2059 equipped with an Amel function
of their more difficult accessibility compared to conventional generator 568. Nitrogen-saturated solutions of the compound
organometallics. Advances in small borane and carboraneunder study were used with [NBJ[PF¢] (0.2 mol dn13) as
synthesis utilizing readily available bulk chemical starting supporting electrolyte. Working potential was kept fixed at the
materials such as boric aéfdand NaBH?23 suggest that this  peak potential of the process under study and spectra were

time may be not too distant. progressively collected after each 2 min electrolysis.
_ ) Extended Hukel calculations were performed using the
Experimental Section CACA098 for windows programs packageBond distances

Anhydrous 99.9% dichloromethane was an Aldrich product. and angles of the model molecule were taken as the average of

Anhydrous 99.9%, HPLC grade tetrahydrofuran (Aldrich) was the experimental values. Slater orbital ionization energies have
distilled in the presence of sodium before use. Fluka [§Bu  Peen corrected from the default ones by takigfrom a set
[PR] (electrochemical grade) was used as supporting electrolyteOf values calc_ulated from DFT theof§.The expon_entlals of
(0.2 mol dnT3). Cyclic voltammetry was performed in a three- the Slater orbitals were taken from the program library.
electrode cell containing a platinum working electrode sur-  Acknowledgment. P. Z. gratefully acknowledges financial
rounded by a platinum-spiral counter electrode, and an aqueoussupport from the University of Siena (PAR 2003). The syntheses
saturated calomel reference electrode (SCE) mounted with aand characterizations were supported by National Science
Luggin capillary. A BAS 100W electrochemical analyzer was Foundation Grant No. CHE 9980708 to R. N. G. We thank J.
used as polarizing unit. All the potential values are referred to Monte Russell for the synthesis 4f

the s_aturated cal_o_mel electrode (SCE). _Und_er the present Supporting Information Available: Experimental data on the
experimental conditions, the one-electron oxidation of ferrocene synthesis and spectroscopic characterizatio, @&, and14—

occurs aE”=+039V ancE".' =+0.53V ir.1 dichloromethane 17 (7 pages, print/PDF). This material in PDF format is available
and in tetrahydrofuran solutions, respectively. Controlled po- ¢..q of charge via the Internet at http://pubs.acs.org.
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