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The electrochemical reduction of two types of £¥{riolefin)(CO) complexes has been studied by
voltammetry and by electrolysis. In contrast to £8rarene)(CO) compounds, the bicyclic ligand in
Cr(n*n?-CoHgPhy)(CO)s (1a) and the fulvene-type ligand in Gi{-CsH,CPh)(CO); (2) are nonaromatic
and display twoseparateone-electron reductions to the nominally 19e and 20e compleggl) =
—2.00 V andEy;»(2) = —2.20 V for 1a, Ey(1) = —1.40 V andEy»(2) = —2.10 V for2 in THF/0.1 M
[NBug][PFg] (potentials vs ferrocene/ferrocenium). On the basis of the IR and ESR da& @find on
the redox behavior when one or more phenyl groupkaiare replaced by a SiM@roup,la is viewed
as a delocalized metaligand radical that is likely to retain the*? hapticity of the bicyclic ligand. In
contrast, am®»° haptotropic rearrangement is very fast and perhaps concomitant wigf2thelectron-
transfer process. The rearrangement lends thermodynamic stability to the mon®damaeanifested as
an increased separation of the two one-electron potenidlg,(= E1»(1) — E12(2)) to +700 mV for2,
compared to-200 mV for laand thenegatie values previously reported for Cr(arene) complexes. The
dianions1a?~ and 2>~ undergo facile protonation reactions. Whereas the protonation pradiitt is
reoxidized with loss of H to regeneratela, the protonation produc2aH™ is a stable 18-electron
cyclopentadienyl-substituted compound which, when oxidized, retains its chrep@pnecharacter. The
results are evaluated in light of the redox-induced haptotropic rearrangements previously identified for
relevant metatarene complexes.

Introduction (naph) complex was more resilient, and by recording NMR

. . . .. spectra of the dianion [Cr(naph)(C{¥), Rieke and co-workers
Given the fundamentally important role of ligand hapticity o rmed the occurrence of a haptotropic rearrangement

in determining the structures an(_JI reactivities of trarjsmon-metal wherein the naphthalene ligand takes on an essentigiy

o complexes, electron-transfer-initiated haptotropic rearrange- bonding mode in the reduced compHéxThese dianions are
ments (often referred to as “ring slippage”) are of intense interest strong nucleophiles and react readily with protons and other
in organometallic redox chemisttyPrototypical candidates for electrophileg:5 Similar rearrangements propo§¢d accompany
inquiry are Crg°-arene)(CO) compounds, for which reduced the reduction of isoelectronic Mn complexes, e.g. [yfdrene)-
arene hapticities are held to be a key property of intermediates(CO)a]H_’ have largely been confirmed ir; a recent payer.

fo”“‘?d |n3the|r th_ermal, p_hotochem|ca|, or electrochemical Although the favored structures of reduced chromium arene
!reactl_onsz.v Cathodic reduction O.f Cq@-benz_en_e)(CQ)occ_urs complexes are more difficult to precisely categorize, calculations
in a single two-electron pr.oceéyjeldlng a dlgmon, short-lived g0y that lower ligand hapticities are clearly necessary to avoid
at room temperature,zyv?mh has been assigned/tistructure ;b geralent 20-electron metal certtdine single two-electron

[Cr(»*-benzene)(CQ)*".> The analogous reduced naphthalene o itammetry waves of these systems reflect the thermodynamic
instability of the 19-electron radical intermediate, which causes
an “inversion”8 of the formal potentials, witlE®, (eq 1) being

*To whom correspondence should be addressed. E-mail: jsheridn@
andromeda.rutgers.edu (J.B.S.); william.geiger@uvm.edu (W.E.G.).

T Rutgers University.

* University of Vermont.

(1) (a) Astruc, DElectron Transfer and Radical Processes in Transition-
Metal ChemistryVCH: New York, 1995; pp 145151. (b) Geiger, W. E.
Acc. Chem. Red.995 28, 351. (c) Stoll, M. E.; Belanzoni, P.; Calhorda,
M. J.; Drew, M. G. B.; Féx, V.; Geiger, W. E.; Gamelas, C. A.; Goalves,

Cr(nﬁ-arene)(cogi [Cr(n”-arene)(CO)~ =
[Cr(;*-arene)(COY* (1)

I. S.; Rom@, C. C.; Veiros, L. FJ. Am. Chem. So@001, 123 10595 and

references therein. (d) Reingold, J. A.; Virkaitis, K. L.; Carpenter, G. B.;

Sun, S.; Sweigart, D. AJ. Am. Chem. So2005 127, 11146.
(2) Basolo, FNew J. Chem1994 18, 19.

(3) See leading references in: Cohen, R.; Weitz, E.; Martin, J. M. L,;

Ratner, M. A.Organometallic2004 23, 2315.

(4) (a) Rieke, R. D.; Arney, J. S.; Rich, W. E.; Willeford, B. R.; Poliner,
B. S.J. Am. Chem. S0d.975 97, 5951. (b) Rieke, R. D.; Henry, W. B.
Am. Chem. Sod 983 105 6314. (c) Rieke, R. D.; Henry, W. P.; Arney,
J. S.Inorg. Chem.1987, 26, 420.

(5) Leong, V. S.; Cooper, N. J. Am. Chem. S0d.988 110, 2644.

10.1021/0m058046u CCC: $33.50

positive of E°;. The resulting strong tendency toward dispro-
portionation of the monoanion makes it difficult to obtain
structural or even spectroscopic information about the one-

(6) For leading references see: (a) Veauthier, J. M.; Chow, A.; Fraenkel,
G. A.; Geib, S. J.; Cooper, N. @rganometallic200Q 19, 3942. (b) Park,
S.-H. K.; Geib, S. J.; Cooper, N.J. Am. Chem. S0d997 119, 8365. (c)

Lee, S.; Lovelace, S. R.; Arford, D. J.; Geib, S. J.; Weber, S. G.; Cooper,
N. J.J. Am. Chem. S0&996 118 4190 (note that the voltammetry reported
in this paper was called into question in ref 1d).

© 2006 American Chemical Society

Publication on Web 11/18/2005



276 Organometallics, Vol. 25, No. 1, 2006 Garg et al.

electron intermediate. In fact, ring slippage was assigned asspaced approximately 5 cm from a 450 W Hanovia medium-

occurring in the first one-electron reduction of giarene)- pressure Hg broadband UV lamp. X-band ESR spectra were
(COX* but in the second one-electron reduction of [Mf( measured on a Bruker ESP 300E spectrometer, IR spectra were
arene)(CQOj+.6 obtained on a Mattson FTIR spectrometer operating at 4'cm

We were interested in investigating the reduction of systems resolution, and NMR spectra were recorded on a Varian VXR-
in which theyS-triolefin ligand is nonaromatic, thereby allowing ~ 400S (400 MHz) or Varian Unity Inova (500 MHz) spectrometer.
a different approach to probing the electron count/structure Alynes were purchased from GFS Chemicals, and compteate$

. . . 9,10 13 14 i
relationship for this general class of molecules. One of the 1P 167 and 2™ were prepared by the literature methods.

models chosen for this study, Gf(;2-CsHsRR)(COs) (1), has Electrochemistry. A standard three-electrode configuration was
' ' employed for voltammetry and electrolysis experiments. A PARC

273A potentiostat was used in conjunction with homemade software

H H linking the potentiostat to a personal computer. All electrochemical
R experiments were conducted inside a Vacuum Atmospheres drybox
) under nitrogen. The drybox was outfitted with a cooling bath
W R capable of controlling solution temperatures to better thac.1
_CR_ c Oxygen levels in the drybox were typically-5 ppm during the
oc”{y co do course of an experiment. THF was first distilled from potassium
. ) under Schlenk conditions and then from a purple potassium
]z 2’5 ;hp;. = SiMe, 2 1a benzophenone mixture under bulb-to-bulb vacuum conditions. The
1c R,R' = SiMe, collection bulb was transferred to and opened in the drybox.

Glassware was heated overnight at ZD and then transferred

a bicyclo[4.2.1]nonatriene ligafé®in which a Cr(CO) moiety directly to the drybox antechamber.

is coordinated to am*diene group as well as to a third, All potentials given in this paper are referenced to the ferrocene/
nonconjugatee)?-C=C bond. The rigidity of the bicyclic ligand ferroc_enlum reference couple, as recomm_ende_d elsewhete
imposes restrictions on possible haptotropic rearrangements.eXpe”menta' reference electrode at_the University ofVermc_)nt was
Complexes having R= R' = Ph (La), R = Ph, R = SiMe; a homemade AgCl-coated Ag wire. At Rutgers, AglAin

(1b), and R= R' = SiMe; (10) weré investigi'ited by cyclic acetonitrile performed this function. In both laboratories, at an

voltammetry, andla was submitted to a more thorough appropriate time in the experlm_ent, a small amount of ferroce_ne
! was added to the analyte solution and the ferrocene/ferrocenium
electrochemical study.

. . otential was recorded. To convert the potentials listed in this paper
A second model system was the fulvene comg@ex which b P pap

; . ) . to an SCE reference potential, 0.55 V must be added. A Pt wire
the third chromiumr-olefin bond includes the-carbon. It was was used as the auxiliary electrode, and the supporting electrolyte

expected that the rather weak-GZ, bond* in 2 might be easily  \ya5 0.1 M [NBU][PF4] (prepared by metathesis of K[EFand
cleaved in a one-electron reduction, and, if so, result in a [NBy,]I, recrystallized twice from 95% EtOH, and vacuum-dried).
h6apt_otrop|c rearrangement based @na-electrortransfer. Both Glassy-carbon (GC) electrodes gave the most consistent behavior
n°-triolefin compounds were judged to be more likely than their for the compounds studied, which were prone to exhibit electrode
n°-arene counterparts to support thermodynamically accessiblenistory effects on Pt or Au electrodes, especially when scanning
one-electron intermediates. through the second reduction waves. These effects apparently arise
We found that both compoundsiand2 do, indeed, undergo  from a tendency of the product dianions to adsorb onto the electrode.
sequential one-electron reductions to the corresponding monoanGcC electrodes were cleaned frequently using alumina or diamond
ions and dianions, which were detected by cyclic voltammetry polishing compounds of 100.25um diameter. Bulk electrolyses
(CV), allowing characterization of electron-transfer kinetics and were carried out using a platinum-mesh cylindrical working
measurement of th&E;, valued? (AEy, = E1»(1) — Eyo(2)). electrode separated from the auxiliary compartment by a fine frit
The monoanions were sufficiently stable to permit their spectral and required 2630 min for completion. Samples of the electrolysis
characterization, which supports the assignment of a haptotropicsolutions were taken by syringe for IR and ESR analysis. Digital

(%/7°) rearrangement in the one-electron reductio béit not simulations were performed on background-subtracted CV scans
in the reduction of the more rigitia using DIGISIM (Bioanalytical Systems). Analyte concentrations

were generally about 1 mM or less for CV experiments an® 2
mM for bulk electrolysis experiments. Concentration changes did
not appear to have an effect on the shapes or positions of CV curves,
All experiments were carried out under an atmosphere of dry indicating that second-order processes, such as a homogeneous
nitrogen. Solvents were dried and distilled from appropriate drying disproportionation reaction, were not import&hthis finding was
agents, and other synthetic aspects followed standard Schlenkparticularly importantin the case @f, which has a relatively small
techniques. Microanalyses were performed by Robertson Microlit AE12 value. The interested reader can find a good treatment of
(Madison, NJ). Photolyses were performed through Pyrex g|asswarehomogeneous effects on electrochemical responses in a review by

Experimental Section
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(10) Chaffee, K.; Sheridan, J. B.; Aistars, @rganometallicsl992 11, of laranging from 0.3 to 1.2 mM. There was, however, an effect on the

18. height and breadth of the second wave, in whieh is reduced td.a-, in
(11) Albright, T. A.; Hoffman, R.Chem. Ber1978 111, 1591. differential pulse voltammograms. This is attributed to the adsorption of
(12) An Ey/2 value is the measured quantity in this work. It differs from  the dianion on the electrode, which has the effect of reducing the current
the reversible formal potential of the coupl;, by a term involving the height and increasing the peak width. The fact that a similar effect is not

ratio of diffusion coefficients of Ox and Red. See: Bard, A. J.; Faulkner, seen in CV curves arises from the fact that the CV time scale is much
L. R. Electrochemical Method&Viley: New York, 2001; p 31. faster, thereby minimizing the amount of adsorbed analyte.



Rearrangements in CyS-Triolefin Complexes

Table 1. Electrochemical Potentials Measured for Cr
Compounds in THF/0.1 M [NBug][PFg] in V vs
Ferrocene/Ferrocenium

compd temp (K) E%; E°, comments
la 283 —2.00 —2.20 quasi-Nernstian waves
1la roomtemp —2.63 irrev;Epcat 0.2 V s'given
1b roomtemp —2.16 —2.34 both chemically rev
1c roomtemp —2.3 irrev; second redn not obsd
2 268 —1.40 —2.10 second wave chemically

irrev at low scan rates

Evans!’ Diagnostic criteria for electrochemical mechanisms relied
on current and potential measurements over a range of scan rates
using the procedures described elsewhgre.

Results

Bicyclo[4.2.1] Complexes (1&c). No cathodic processes
were observed for the free ligand itself, 7,8-diphenylbicyclo-
[4.2.1]nona-2,4,7-triene, out to the background-&t2 V. The
bicyclic Cr(CO)} complexes all exhibited at least a single one-
electron reduction. Compound$,c were investigated only by
cyclic voltammetry, for the main purpose of comparison with
the more thoroughly studied bis(phenyl) derivatikee As the
two phenyl substituents ofa are replaced by trimethylsilyl
groups (one inlb, two in 1c¢), the first reduction of the Cr
complexes shifts more negative by about 150 mV for eac
substitution (see Table 1), in keeping with the comparatively
stronger donor character of the SiMgroup. Most importantly,
two chemically reversible reductions are seen as long as there
is at least one phenyl substitueff), but only an irreversible
one-electron wave is seen fbe. As shown below, this finding
was relevant to our interpretation of the cathodic properties of
la

An important control experiment involved checking the
voltammetric behavior of thg8-arene complexda, a knowr?
isomer oflain which the Cr(COj group has thermally migrated
to an arene. This isomer displayed only a single irreversible
reduction at a potential considerably negative of those observed
for the first and second reductions D& (Table 1). There was
no evidence, therefore, that reductionlaf causes migration
of the metal to one of the arenes on either the voltammetric or
electrosynthetic time scale.

Cr(n*n?CgHgPhy)(CO)3 (1a). (a) Voltammetry. Compound
ladisplays two well-behaved one-electron reductions;gf1)
= —2.00 V andEy;x(2) = —2.20 V, with AE1», = 200 mV
(Figure 1a). Cyclic voltammetry over scan rates of-011V
s ! gave a current functiorigd/(scan rate)?) that was constant
to within 10%, showing that both waves were diffusion-

s
repolished between scans. This “electrode history” makes us
hesitant to describe the cougla™ = 1&2~ as anything but a
quasi-reversible couple. Weak adsorption of the diadiafT,

W

Organometallics, Vol. 25, No. 1, 20Q67

g
=
5
£
o
IOV Y VN S N ST ST S YU N PO I SO S
10 15 2.0 25 3.0
VOLT vs FeCp,
’ 2,
b
-~ 1
i
Z
=2
&
&
3 0
PO TIPS U WO ST ST SR ST U AT ST VU WO S SNNT SHY ST S W |
10 15 2.0 25 3.0

VOLT vs FeCp,

Figure 1. (a) CV scans of 0.86 mMain THF/0.1 M[NBuw][PFg]
h at 283 K, at a scan rate of 0.2 Vs with digital simulation of the
EE mechanism given as rings (b) CV scans of the solution in (a)
after addition of 1 equiv of trimethylphenol.

lightly with replicate scans unless the electrode surface is

resulting in a partially passivating film, is likely to be responsible

for the increases ilAEp. This notion is boosted by differential
pulse voltammetry (DPV) data. Whereas DPV scansadét a
concentration of 0.6 mM displayed two cathodic peaks of equal

height, the second wave was considerably smaller and broader
hen the analyte concentration was increased to 1.2 mM. The
dominance of the adsorption effect in these scans is ascribed to

the longer scan time (and, thus, deposition time) for BPV

compared to cyclic voltammetry.

In terms of chemical reversibility, reduced temperatures or
higher scan rates were necessary to completely outrun the

follow-up chemical reaction ofia?~. For example, at room
temperature and a scan rate of 0.2 ¥, geversing the scan

after formation of the dianion shows a small anodic product

wave (shown to be reversible by multiple scandfgt = —1.0

controlled. The observed CV peak separations of the first wave, V- This is barely observable in Figure 1a. The fact that this
ca. 90 mV at 0.1 V ¢, were similar to those measured for the follow-up product increased markedly when a proton donor was

ferrocene/ferrocenium couple under similar conditions, implying
that the increase iAE, over the theoretical value of 60 mV

added to the solution (Figure 1b) argues that it arises from the
protonation ofla?~.2° It was also shown to be the major product

was due to uncompensated ohmic loss. In the time scale of ourfollowing two-electron bulk electrolysis ola (vide infra).

measurements, the procelss= 1la~ can be considered to be
quasi-Nernstian: i.e., exhibiting fast charge transfer. The charge-
transfer kinetic behavior of the second one-electron process,
which exhibits somewhat largeXE, values (e.g., 120 mV at
0.1V s'1), is less well defined. Although the largAE, values
could be interpreted as evidence of a slower charge transfer for
la = 1&, other voltammetric data raise doubts about such
an interpretation. SpecificallAE, for the second wave increases

(17) Evans, D. HChem. Re. 199Q 90, 739.

(18) Geiger, W. E. InLaboratory Techniques in Electroanalytical
Chemistry 2nd ed.; Kissinger, P. T., Heineman, W. R., Eds.; Marcel
Dekker: New York, 1996; Chapter 23.

Assuming a single-step protonation of the diaribthe overall
cathodic mechanism dfa is therefore the EEG" process of

eq 2.

—2.00V . _ —2.20V _ H+ (slow)
1 1a

la laH

(19) Kissinger, P. T.; Ridgeway, T. H. In ref 18, p 156.

(20) The source of the proton in solutions lacking a deliberately added
reagent is not known. For leading references to 19-electron systems which
undergo possible protonation by the medium, see: (a) Sun, S.; Sweigart,
D. A. Adv. Organomet. Chen1996 40, 171. (b) Gusev, O. V.; levlev, M.

A.; Peterleitner, M. G.; Peregudova, S. M.; Denisovich, L. |.; Petrovskii,
P. V.; Ustynyuk, N. A.J. Organomet. Chen1997 534, 57.



278 Organometallics, Vol. 25, No. 1, 2006

Table 2. Carbonyl-Region IR Bands for Relevant Compounds and lons

Garg et al.

compd medium veo(cm) av Avco(cm )2 ref

la THF 1967, 1895, 1867 n.a. this work
la” THF 1888, 1805, 1767 -90 this work

2 THF 1985, 1908 n.a. this work
2- THF 1888, 1793, 1773 —114 this work
2H~ THF 1888, 1781, 1762 not measd this work
[Cr(CsHs)(COXINa THF 1897, 1793, 1743 -123 c
[Cr(CsHs)(COX][Na(hmpa)f 1895, 1778 —117 c
Cr(CsHs)(CO) toluene 2013, 1895 n.a. e
Cr(CsPhs)(CO) THF 2005, 1897 n.a. f
[Cr(CsPhs)(CO)][PPNJ THF 1895, 1792 —108 f
Fe(GPhs)(CO), benzene 1990, 1921 n.a. h
[Fe(GsPhs)(CO)][Na(hmpa)} 1872, 1807 —-116 h

aThe average of the spectral shift fago bands that accompanies the one-electron reductiBar the purpose of calculating an average spectral shift,
the degenerateasym band is counted twice.Darensbourg, M. Y.; Jimenez, P.; Sackett, J. R.; Hanckel, J. M.; Kump, BR.Am. Chem. S0d.982 104
1521.9hmpa= hexamethylphosphoramideMcLain, S. J.J. Am. Chem. S0d.988 110, 643.f Hoobler, R. J.; Hutton, M. A.; Dillard, M. M.; Castellani,
M. P.; Rheingold, A. L.; Rieger, A. L.; Rieger, P. H.; Richards, T. C.; Geiger, WOfanometallics1993 12, 116.9 PPN = bis(triphenylphosphine)ni-
trogen(H-). M Kuksis, I.; Baird, M. C.Organometallics1996 15, 4755.
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Figure 3. Experimental (solid line) and simulated (dashed line)
ESR spectra ola in frozen THF at 135 K using; = 2.024,0,
= 2.004, andy; = 1.996.

Wavenumber (cm")
Figure 2. IR spectrum ofla” in THF following bulk electrolysis

of 1.9 mM 1. The residual contribution from unelectrolyzédhas
been subtracted.

together, these data confirm that the radical anian is

Digital simulations of CVs at different scan rates (Figure 1a) persistent.
are consistent with this model. The ESR spectrum ofa™ was also recorded. A frozen

(b) Electrolysis of 1a and Spectral Characterization of 1a. solution at 135 K gave a nearly axial spectrum, with a simulation
Bulk electrolysis to the monoanion was carried out at 268 K allowing an estimate of the small difference in the psegdo-
on a 2 mMsolution oflawith Eappi= —2.1 V. In two different values ¢ = 2.025,g, = 2.004,g93 = 1.996) (Figure 3).
experiments, the electrolysis was interrupted after passage of Reduction of 1a to the dianion was achieved by bulk
either 0.7 or 0.9 F/equiv and linear scan voltammograms (LSV) electrolysis aEapp = —2.8 V (T = 283 K). After about 85%
were recorded which showed that either 75% or 90%, respec-electrolysis (based on LSV scans), 1.5 F/equiv had been passed,
tively, of 1a had been converted to the monoanita-, roughly consistent with an overall two-electron process. The
confirming the one-electron stoichiometry of the reaction and major electrolysis product had a reversible oxidation at the same
showing no evidence of the protonation product. The IR spectra potential €1, = —1.0 V), as seen for the follow-up product
of samples taken from these solutions showed three dominantfrom the second reduction in slow scan C¥$Vhen this fully
bands in the metalcarbonyl range at 1888, 1805, and 1767 reduced solution was back-electrolyzedgl, = —0.55 V, 1.2
cm~1, along with residual bands for the unelectrolyzed starting F/equiv of charge was released and the starting mataiats

material at 1967, 1895, and 1867 th{IR results are collected
in Table 2). With the latter three peaks fba subtracted from
the raw spectruf? (as a 10% contribution), Figure 2 displays
the carbonyl-range IR absorption of the monoanl@n. The
average shift invco was —90 cnt?! on going fromlato la .

regenerated at about 60% of its initial concentration. These
results are consistent with the sequence of eq 2, wherein slow
protonation ofla®~ giveslaH™, and reoxidation oflaH™ to

laH is followed by proton loss, resulting in regeneration of
la. We assume that protonation occurs at the butadiene-like

Treatment of the electrolysis solution with 1 equiv of cobalto- fragment of the ligand. Figure SM1 (Supporting Information)
cenium ion as an oxidizing agent gave quantitative regenerationgives representative CV figures from the electrolysis experi-
of neutral 1a, as shown by both LSV and IR data. Taken ments.

Cr(58-CsH4CPhy) (2). The fulvene compleR also displays

(21) No change in reversibility was apparent in the first reduction wave two one-electron reductions (Figure 4) having a large potential
when a phenol was added, implying that the monoad®nis not readily ration 1)= —1.40 V andE;»(2) = —2.10 V. with
protonated under these conditions. separation, aFy(1) 40 V andEyA2) 10V,

(22) Because IR signal to noise is poor in THF in the spectral range of
ca. 1986-1960 cn! owing to solvent absorption, the spectrumlafwas (23) The fact that the peak current of the second wige € —0.2 V,
best measured in a more concentrated (6 mM) solution. In the less scan rate 0.2 V') arising from follow-up product(s) was equal to that of
concentrated electrolysis solutions, only the two lower energy bands at 1895the follow-up product at, = —1.0 V suggests that they arise from
and 1867 cm! were monitored forla sequential oxidation of the same species, namely protoriated




Rearrangements in Cyb-Triolefin Complexes Organometallics, Vol. 25, No. 1, 20Q69

(@
[ |
. 8
1 c
c ©
2
2
lt i
i
¢ 0
L L 1 L I L | L I
-0.5 -1.0 1.5 2.0 2.5 L
E (Volt vs. FeCp,”") 2015 1950 1885 1820 1755
-1
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ing that the electron-transfer reactif2~ is fast and tha2~ is Wavenumber (cm”)

stable. The half-life of the dianio#?~ is only about 0.3 s at Figure 5. IR spectra of (a) 1.86 m\2 and (b)2~ produced by
268 K, considerably shorter than thatle®—, which is estimated ~ bulk electrolysis in THF/[NBu[PFg] at Eqpp = —1.7 V.

as about 10 s at this temperatd?eA reversible product wave

(Ex2 = —0.85 V) was again observed arising from a follow-up brown to a lighter brown. LSV scans showed that the yield of
reaction of the dianion. That this reaction was a protonation 2~ was virtually quantitative. A very small amount$%) of

was demonstrated by the fact that formation of the product was the secondary product was formed, as shown by a very minor
complete, even at fast CV scan rates, if 1 equiv of phenol was wave at—0.85 V. Samples of this solution were taken for ESR
added to the solution. The reversibility of the first wave was and IR spectroscopy.

unaffected by addition of up to 140 equiv of phenol. The  As shown in Figure 5, the carbonyl region of the IR spectrum
reduction of2 was modeled successfully by digital simulations went cleanly from a pair of bands f@r(vsym 1985 cnT?, vasym

as an EEC process with a first-order chemical reaction having 1906 cnt?) to three bands fo2~ (1888, 1793, 1773 cm), a

a rate constant of 1.5°§ (see Figure SM2 in the Supporting  weighted average shift 6f114 cnt®. The spectrum o2~ did
Information). There are obvious parallels in the cathodic not change when phenol was added, but complete regeneration
mechanisms oR and la, which also undergoes an ERC of neutral2 occurred with addition of 1 equiv of ferrocenium
process. On the basis of bulk electrolysis data (vide infra) in ion as oxidant.

which a small amount of the protonation product was detected  Although a shift of this magnitude imco frequencies is
after electrolysis o2 to 27, it appears that the monoanion may generally viewed as indicating a one-unit lowering of the metal
react with weak acids, but at a rate that is orders of magnitude oxidation stat&é the ESR spectra ¢f showed that its SOMO

slower than that of the dianion (see Scheme 1). has virtually no metal character. The frozen spectrum at 135 K
(a) Electrolysis of 2 and Spectral Characterization of 2. consisted of a single intense and symmetrical ling &t2.005

The one-electron electrolysis & to 2~ proceeded without  with abou a 9 Gpeak-to-peak width. When this solution was

complication at 268 KEapp = —1.77 V, 0.96 F/equiv) as the  melted, a narrow-line spectrum rich in hyperfine splittings and

solution went through a nondescript color change from dark diagnostic of an organic radical was obtained (Figur& @he
general pattern of lines in the fluid spectrum is reminiscent of
(24) AE, values for2/2- were within 10 mV of the values measured for  that reported for the free ligand radicajtzCPhy,28 but lacking

the ferrgcene/ferrocenlum couple under the same conditions, which the same degree of overall spread in signal, from the lowest
included: glassy-carbon electrode, room temperature, concentration of _. . .
analyte 0.5 mM. Ohmic errors are essentially the same under these fi€ld to the highest field features. A number of attempts were

conditions owing to the virtually identical diffusion coefficients for ferrocene  made to simulate the spectrumaf, which in principle contains

and for2 (measured by chronoamperometry as.4075and 1.3x 10°° 225 overlapped lines, but a perfect match was not obtained.
cn? s71, respectively). Representative values A, e.g. 115 mV at 0.2
V s tand 250 mV at 2 V st, manifest the comparatively high resistivity
of THF electrolyte solutions. For suggestions on how to minimize this (26) (a) Nakamoto, Klinfrared and Raman Spectra of Inorganic and
experimental difficulty, see: LeSuer, R. J.; Buttolph, C.; Geiger, W. E. Coordination Compoundsith ed.; Wiley: New York, 1986; pp 291295.

Anal. Chem2004 76, 6395. (b) Willner, H.; Aubke, F.Angew. Chem., Int. Ed. Endl997, 36, 2403.
(25) The half-life of 22~ was measured directly from the chemical (c) Goldman, A. S.; Krogh-Jespersen, K. Am. Chem. Sod 996 118
reversibility of the27/22~ couple at scan rates of 6:2.0 V s™%, That of 12159.

122~ was too slow to accurately measure on the CV time scale and was  (27) Careful inspection of the spectrum near 3355G-(2.016) shows
estimated from the lowest scan rate (0.1 W)sat which some evidence of that a small secondary signal grows slowly over time and at higher
the follow-up reaction product was observed-t.0 V. A reaction that is temperatures. This is ascribed to a minor Cr-based decomposition product.
first order in dianion was assumed. (28) Camaggi, C. M.; Perkins, M. J.; Ward,P.Chem. Socl971 2416.
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Figure 7. CV scan after two-electron reduction d{Expp= —2.2
V) in THF/[NBu4][PF¢] at room temperature, at a scan rate of 0.2
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Absorbance

| | . I . I . J
3350 3360 3370 3380 3390
Magnetic Field (G)

Figure 6. ESR spectra a2~ obtained after one-electron electrolytic

reduction of2, at sample temperatures of 135 K (top) and 225 K Figure 8. IR spectrum of the follow-up product produced by
(bottom). electrolysis of 1.86 mM2 in THF/[NBu4][PFg] at Exppi= —2.2 V.
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Scheme 2
However, reasonably good fits were obtained with proton

-1 -2
hyperfine splittings that were about 90% as largeinas in @,:c,,hz CPhy CPh,
the carbo radical €4,CPh.2° The SOMO of2~ is therefore —/ e @_ e @_

—_—
—_ _—

| -
c

assigned as largely localized on the diphenylfulvenyl ligand, e erl ¥y
with the majority of the spin density being on the carbon that ¢ ¢o c° 0¢"¢p c0 0¢°¢g 0
is a to the five-membered ring. 2 z 2%

We were particularly concerned that the fluid spectrum might H*
be arising from a small amount of free ligand radical produced

through a decomposition @. Several facts argue against this.
First, the bulk electrolysis experiment showed that the monoan-

ion 2= and the neutral compoun® could be quantitatively @_cmz
generated and regenerated, one from the other, within the

—_—
| — |

. Cr_ Cr_
accuracy of our measurements. Second, the ESR signal was very oc”/ ~co oc”/*co
strong, suggesting that it did not arise from a minor product. oH oH

Third, if the anion2~ wasnot responsible for the narrow-line

signal, there should be a major superimposed metal-based signakjstribution, arises from the free ligand, diphenylfulvene, which

of significantly differentg value, at least in the frozen spectrum.  increased the sizes of the minor pair when added to the solution.
This was not observed. Fourth, the observed fluid spectrumis 1, major long-term product @H-, formed by reaction of

Inc;)t exactlythfe same as tt'at reprc])rf’écdand reprocri]uced n Olrj]r the dianion2?~ with an unknown proton donor, possibly the
Sisgzastgigr)\ tﬁ; I%H;r?g)rEhéRFrl:er;uletrs”;?(reeﬁo&tl?ncsor(r)1W2t'tI)r|] the supporting electrolyte cation, [NBLf, or an adventitious agent.
Iy -~ patibie, SINCeyy;q assignment is based in part on Bye value of2H™~ (—0.85
the. I.R shifts qrechar.g.e sensitive and the ESR hyperfine V), which was identical with that of the product formed by
splittings arespin sensitive. o _ deliberate protonation d¥?~ with phenol (see above). The IR
(b) Electrochemical and IR Characterization of 2H". If spectrum of this solution showed three strong lines at 1888,

the electrolyses were carried outiahy = —2.2 V, apotential 1781 204 1762 crt (Figure 8). Exhaustive reoxidation BH~
sufficient to reduce to the dianion, 1.9 F/ equiv, was taken up by oﬁe electron did not cause proton loss fraki-, as it had

and the resulting yellow solution exhibited two pairs of product from 1aH-. Rather, a persistent produ@H, was formed
waves. The major pair was composed of a reversible oxidation Taken to'gether ihese facts allow Us to’ i’denﬁﬂf as béing

atEy», = —0.85 V and an irreversible oxidation Bp .= 0.20 th bstituted cvel tadienvl lex sh in Sch
V. The minor pair Euo = 214 V andE,. = 26 v; see e mOnesubatnted oycoertadeny| sonplex houn  Scheme
Fi 7 ible f ly about 10% of th duct < 1/2 ¥ o

igure 7), responsible for only abou o Of the produc compares favorably with the value ©00.69 V reported for the

(29) For one of these simulations, see Figure SM2 in the Supporting pentaphenleyCIOpe.madienyl analogqe [(?SR@)(.C.O)S]OF-S%
Information. The observed chemically reversible oxidatior2tdis in concert
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with the known stability of the 17-electron compounds Cr- Scheme 3
(CsRs)(CO)%.20 The IR bands o2H~ compare well with those . - §

of [Cr(CsHs)(CO)]~ (see Table 2). g Ry o
@\/Ph e @EPh d’\/m
Discussion v ~pp =—=— = ph| <~ = S Ph
We first address the reduction Bffor which a one-electron- °°/é:,\ co °°/é:,\ co 00/4:,\ co
induced haptotropic rearrangement explains the body of elec- ,, 1a- - 1a-
trochemical and spectral evidence. Scheme 2 describes our 2 _ 2
conclusions in structural form, with the key step being #fie Ly L
to n° rearrangement of the fulvene ring, wherein the arfion +e G Ph
adopts the character of anradical-substituted cyclopentadienyl ~— 1a~ =—— | -— |
complex. This accounts for the two important spectral features /‘c‘,‘\/ Ph /‘c,f Ph
of 27, namely the highly ligand-based SOMO (based on ESR 0C"¢o 0 0c"do o
spectra) and the strong downfield shiftigo (IR spectra). It is 122 - 122

noteworthy that the IR shift{114 cnt?) is the same as those

reported for other half-sandwich metal carbonyls measured bothiha gne-electron reduction. However the shift of —90 cnT?

as neutral compounds and as monoanions in THF (average shifgyr 1515 is almost as large as expected for a metal-based

of —115 cn1%; see Table 2). This concordance is indicative of oqction. The ESR spectrum b& also sends mixed signals

a full negative charge on the Cr(cyclopentadienyl) tricarbonyl i, that it clearly indicates some metal character in the SOMO,

moiety in 2*_. A_further |nferenc_e |s_thz_at neutralhas a rather but it has a very small spread givalues. Furthermoréy(1),

small contribution from the zwitterionic resonance structure 4 _» oo v/ is quite positive of that expected for a substituted
arene (cf.—2.65 V vs ferrocene for Cr(toluene)(Cgpfa33

.
®/:(:Ph2 @_cphz The experimental findings are consistent with Scheme 3, in

which the original one-electron reduction is seen as involving

oc/?r\co OC/?r\CO the ph.enylethylene group. Analogous reductlon§ are well-known

co co for stilbene and a wide range of other diphenylethylene
derivatives®* Resonance forms fdra~ would include a phenyl-

sometimes used to describe the electronic structures of metal- . . . .
based radical anion (not shown in the scheme) having an 18-
fulvene compounds.

. . . electron neutral metal, a 19-electron metal cett&?>3(third
The structural rearrangement in the reductio2 & 2~ may, . . - .
o . . entry in Scheme 3), and an ethynyl-type radical with a negatively
in principle, be either concerted with the electron-transfer step ;
) : . charged 18-electron metal (second entry). The méigand
or after it3! In the present case there is no evidence for a haticity is 76 in all structural forms exceot in the ethvnvl
nonrearranged isomer @f, at least under these (CV) experi- plicity 1S P yny

ment times, and we favor the model of a structural rearrange- radical, for whichy® hapticity is likely. The electronic structure

ment that is concerted with electron transfer. The fast charge .Of the dianiori.z®" likely involves an extension of this reasoning

transfer is rationalized by the expected facility of making and involving charge on the phenyl rings, the-C moiety, and the
breaking the rather weak bofcbf the metal to thex-carbon metal center. Although there may be some measure of structure

atom. To reiterate, however, a stepwise (EC-type) process cannof:hamge |nvol\_/|ng the C%olefl_n bond in the redox reactions,

be ruled out. we f_md no iwc_ienc_e suggesting a formal cleavage of that bond
The reduction 02" to the dianion is viewed as the reduction ©© 9'V€ am b'CY?“C "Qa”d- )

of a carbo radical, bonded to an 18-electron cyclopentadienyl- ~ There is a striking difference in th&E,, values ofla (200

chromium tricarbonyl anion, to the corresponding (and easily MV) and2 (700 mV). The unexpectedly large value f2ris

protonated) carbanic2?~. The protonation produ@H- is then interpreted as originating in the facile haptotropic rearrangement

a simple 18-electron complex having a CHRubstituted Cp in 2/2~ that lowers the free energy of the monoanion and results

ring. As such, it is expected to be easily and reversibly oxidized in @ positive shift ofEyx(1). We have previously noted that

to the corresponding 17e radic, as are other anions of this  thermodynamic factors are more difficult to interpret than are

type3° All of the electrochemical and spectroscopic data appear kinetic factors when considering redox-linked haptotropic

to be consistent with Scheme 2. rearrangements. With that counsel in mind, we comment on
Turning tola, we first address whether its reductions should the possible relevance of the present results to the question of

be viewed as “phenyl-based” or metal-based. Certainly the fact 7%7* rearrangements in one-step, two-electron reductions of Cr-

that anabsencef phenyl groups in the bicyclic ligand makes (arene) complexesThere is certainly a dramatic difference

the reduction strongly negative and chemically irreversible (see between theAE;,,; value of 2 (+700 mV) and that of Cf®-

1¢) suggests that the phenyl group plays an important role in

\ —

(33) The potential reported in ref 4a wad.66 V vs SCE. Conversion
(30) (a) Hoobler, R. J.; Hutton, M. A.; Dillard, M. M.; Castellani, M. to ferrocene/ferrocenium requires subtraction of 0.40 V fogCIM[NEL]-

P.; Rheingold, A. L.; Rieger, A. L.; Rieger, P. H.; Richards, T. C.; Geiger, [CIO4]. The potential for [Cr(naph)(C@)*? is —2.06 V vs ferrocene/

W. E. Organometallics1993 12, 116. (b) Hoff, C. D.Coord. Chem. Re ferrocenium using this conversion.

200Q 206—207, 451. (34) For more recent work on the reductions of multiphenylated ethylenes,
(31) This comment refers to the now classic arguments over single-step as well as leading references to earlier work, see: (a) Geraldo, M. D.;

vs double-step electron-transfer processes when a significant structuralMontenegro, M. |.; Slevin, L.; Pletcher, . Phys. Chem. 2001, 105

change occurs in the transition between Ox and Red. For an introduction 3182. (b) Muzyka, J. L.; Fox, M. AJ. Org. Chem1991, 56, 4550.

to this problem see: Evans, D. H.; O’Connell, K. M. Hectoanalytical (35) Tyler, D. R. InOrganometallic Radical ProcesseErogler, W. C.,
Chemistry Bard, A. J., Ed.; Marcel Dekker: New York, 1986; Vol. 14, pp  Ed.; Elsevier: Amsterdam, 1990; pp 33864. This monograph is Volume
113-207. 22 of theJournal of Organometallic Chemistry Library

(32) The Cr to exo carbon bond length is 2.548 A in newrsee: (a) (36) For an excellent account of a 19e system ([CHOphaving
Andrianov, V. G.; Struchkov, Yu. TZh. Strukt. Khim1977, 18, 318. (b) unexpectedly large metaligand delocalization, see: Braden, D. A.; Tyler,

Watts, W. E.J. Organomet. Chen1981, 220, 165. D. R.J. Am. Chem. S0d.998 120 942.
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arene)(CO)(for which negatie values ofAE;, are required$:3” the ability of the phenyl ethylene moiety to accept negative
However, in both systems the major structural change is assignedcharges, obviating the requirement of a 20-electron metal in
as occurring in thdirst one-electron step. In the case of [Cr- the dianion. The fulvene compleXalso undergoes two one-
(n*—naphthalene)(CQ@)~, the monoanion was thereby seen as electron reductions. In this case a fast and reversibig®
having a 17-electron metal cenfdbirect experimental evidence  haptotropic rearrangement is shown to be coupled t@tpe
of the one-electron intermediate in that case is, of course, couple, facilitated by the formation of a carbo radical substituted
difficult to obtain owing to its strongly favored disproportion-  cyclopentadienyl structure in the monoanion. The fact that the
ation. A recent DFT studiyof arene hapticity in singlet- or  hapticity change is coupled to the first reduction leads to a
triplet-state Cr(benzene)(CQJn = 1-5) complexes showed greatly increased\E;, value for this compound compared to
that a number of lower hapticity structures are possible, at leastthe values for other Cpf-triolefin)(CO) compounds. These
in even-electron systems. Analogous computational studies onresults should prove to be relevant to the broader question of
the nominally Cr(%+) and Cr(2-) reduced Cnf-arene)(CO) the circumstances under which Cr(triolefin)-containing com-
complexes would be welcome. plexes may undergo haptotropic rearrangements. The dianions
of both 1a and 2 undergo facile protonation reactions.
Conclusions
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The apparent lack of an®/y* haptotropic rearrangement Supporting Information Available: Two figur_es showing__(i)
originates in the rigidity of the bicyclic triolefin ligand and in ~ Voltammograms after the bulk cathodic reductionlafand (ii)
CV digital simulation of the EEC mechanism for reduction2of

(37) This requirement is clearest in the case of Cr(naphthalene)(CO) This material is available free of charge via the Internet at
which has the voltammetric behavior of a quasi-Nernstian two-electron http://pubs.acs.org.

process. AE° is likely to be ca.<—120 mV in such a case. See: Polcyn,
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