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Abstract: Reduction of the dication{f-Ind)(Cp)Mo[ P(OMe}} 2]?" (12*) and oxidation of the neutral complex
(73-Ind)(Cp)Mo[ P(OMe})} » (1) proceed through a one-electron intermediate, The structures of?" and1

have been determined by X-ray diffraction studies, which show the slip-fold distortion &gbéthe indenyl

ring increasing from 4:°Lin 127 to 21.7 in 1. Cyclic voltammetry and bulk electrolysis were employed to
define the thermodynamics and heterogeneous charge-transfer kinetics of re#ctisne™ = 1+ and 1+ +

e = 1 AEy, =113 mV in CHCN and 219 mV in CHCI,/0.1 M [NBuw][PFg]; ks = 0.4 cm s for 12+/1*
couple, 1.0 cm st for 1*/1 couple in CHCN. ESR spectra of" displayed a surprisingly large hyperfine
splitting (7.4x 10~ cm™1) from a single!H nucleus, and spectra of the partially deuterated indenyl analogue
confirmed assignment ady to the H(2) proton of the indenyl ring. The relatgd 18-electron complexes
[(7>-Ind)(Cp)Mo(dppeR™ (227) (dppe= diphenylphosphinoethane) angP{ind)(Cp)Mo(CN} (3) may also

be reduced in two successive one-electron steps; ESR spectra of the ratieald3~ showed a similarly
largean(2) (8.7 x 1074 and 6.4x 104 cm 1, respectively). Molecular orbital calculations (density functional
theory, DFT, and extended idiel, EH) predict metal-indenyl bonding " that is approximatelynidway
between that of the® and #® hapticities (e.g.Q2 = 11.4). DFT results show that the large value afy)
arises from polarization of the indenyl-H(2) by both inner-sphere orbitals and the singly occupied molecular
orbital (SOMO) of1*. The measureé#s values are consistent with only minor inner-sphere reorganizational
energies being necessary for the electron-transfer reactions, showing thay#fulhapticity change may
require only small inner-sphere reorganization energies when concomitant with a gi@pwiseone-electron-
transfer processes. The indenyl ligandlinis best described as donating approximately fetglectrons to

Mo by combining a traditionak?® linkage with two “half-strength” Me-C bonds.

Introduction

The hapticity of a polyolefin ligand often exerts a dominant
influence on the reactivity of its metal complexXe®ne such
ligand, namely the indenyl (Ind) anion, is of special intetest
owing to its analogy to the common and important cyclopen-
tadienyl (Cp) anion. The propensity of the former to undergo
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slip-fold distortion from a pentahapte;) to a trihapto £°)
bonding modé accounts for its being viewed as a polyolefin
ligand in the “facile slippage” limit, useful in probing how ring
slippage may affect substitution reactidndlithin the context

of organometallic radical chemistry, efforts have been made to
determine how the slip-fold distortion is affected by stepwise
one-electroriransfer reactions. Definitive answers through X-ray
structures have been obtained, however, only for bisindenyl-
metal complexe&8 Marder and co-workepdraced the effects
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of added electrons on the structures of sandwich complexesundergo indenyl slip-fold changes when two electrons are gained
(Ind);M (M = Fe, Co, Ni) and foundjradual distortion of the or lost. The structures of the one-electron intermediates were
indenyl ring away from the pentahapto bonding mode as the evaluated through density functional theory (DFT) calculations.
number of electrons increased. Also, the sandwich derivative Voltammetric and ESR results were appraised in light of the
(Ind).V(CO), has been shown to possess aiging and one degree of DFT-calculated and X-ray-determined slip-fold changes
slightly distortedy;® ring, resulting in an odd-electron compound  in the two one-electron steps. It is found that the first and second
having essentially a 17-electron méetdl. one-electron reductions off{-Ind)(Cp)Md P(OMe})} ]2+ (1%1)

In contrast, well-designed efforts to probe theversusy,?® [or the two corresponding oxidations of;%Ind)(Cp)Mo-
ligand hapticity of odd-electron complexes possessismgle {P(OMe}}, (1)] give rise tosuccessie changes in the degree
indenyl ring, in which ring slippage is less likely to be divided of the slip-fold bends, witlh* having a structure approximately
between twar-ligands, have given more ambiguous conclu- midwaybetween the two extremes expected for structures having
sions#89The radicals have been generated through one-electronformal 17-electron versus 19-electron metals. Although the value
reductions of 18-electron precursors displaying pentahapto- of k(1) was in each case less thiaf2), both electron-transfer
indenyl bonding. Complexesi-Ind)Fe(CO)] ™ (41),* (y>-Ind)- rates are relatively large, showing that ovengll;® indenyl-
Mn(CO); (5),2 and ¢°-Ind)Rh(COD) 6) (COD = cycloocta- metal hapticity changes may occur with low internal rearrange-
dieney may each be reduced in two successive one-electronment energies if the structural changes are spread out over two
stages (Eq 1), first to the radicals Red(#) 5, or 67) and one-electron processes.
then to Red(2). Owing to limitations in the lifetimes and/or

@
\ . ~P(OMe)s
chh“P(OMe)s @g"’]
spectral properties of Red(1), arguments about the indenyl
hapticities of the radicals have been largely restricted to 1 2
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couples. Because the electrochemical thermodynamics and 7

kinetics mayunder some circumstandés?! be influenced by A -P(OMe);
Qg"’-P(OMe)s

molecular structure changes, voltammetry may be used, in &

principle, to probe whether the® to %2 indenyl ring slippage 2

occurs during the first or second redox process of Eq 1. This

s

approach utilizes the often easily measufdtl, values of the

couples AE1, = Ein(1) — Eix(2)] and the less frequently

P>
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measured heterogeneous electron-transfer kirlglieglues and oc e co oc™co C/ R%ﬂ
charge-transfero) parameters of the couplés. co o

Some of the constraints in using the electrochemical approach 4 5 6
have been previously discuss&t:® Conclusions about slip-
fold distortions that are based on td=;» values measured  Results

for a single complex are particularly arguable, becatEgy,

may also be sensitive to metdigand electronic effects and to

Preparation and Structures. Complexesl and 12+ were
prepared following the method previously reported ¥ ind)-

experimental measurement factors such as solvation and ion(Cp)Mo(dppe) ?) and [¢5-Ind)(Cp)Mo(dppet (22+).15

pairing (this is further examined in the Discussion section).

18-Electron complexes of the type;féind)(Cp)ML,]>" and
(7%-Ind)(Cp)ML, (M = Mo, W; L = CO, PR) are part of a
sufficiently large group of analogu¥sto allow the first

systematic study of how slip-fold distortions affect electro-
chemical properties. Preliminary voltammetric data have been
reported on several compounds in this setfemd the present
paper amplifies those results for several systems known to
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Veiros, L. F.Eur. J. Inorg. Chem200Q 331 (f) Gamelas, C. A. Ph.D.
Dissertation, Instituto de Tecnologia Qutale Biolwmica, Oeiras, Portugal,
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Reaction of [#5>-Ind)(Cp)Mo(NCMe)])?" with excess P(OMg)
in CH.CI,/NMF gives the dication [f>-Ind)(Cp)Md P(OMe}} 52"
(12") isolated as the BF salt. ThelH NMR indicates the;®
coordination of the indenyl with resonances similar to those
observed foP?" and its analogue {f-1nd)(Cp)Mo(PMe),]2".1
Coupling of the two P atoms to H(1,3), H(2), and the Cp ring
protons is observed. The reaction18f with cobaltocene in a
suspension of CKCN gives the neutral, hexane solubkg<
Ind)(Cp)Mc{ P(OMe}}» (1). This compound has been previ-
ously obtained by less obvious roufésf

TheH NMR spectrum ofl in CgDg confirms the expected
7 coordination with the H(1,3) resonance (a multipletdat
3.90-3.87 ppm) and the H(58) resonances (a multiplet &t
6.56-6.50 ppm) shifted upfield and the H(2) resonance (a
multiplet atd 7.20-7.17 ppm) shifted downfield, relative to
their usual positions in thg® coordination mode. The broad
peak ato 4.58 ppm assigned to Cp protons appears shifted
upfield as observed in similar (ring-slipped-indenyl)Cp com-
poundst415 These structural assignments were confirmed by
X-ray analysis of botd and1?* (vide infra). These compounds,
therefore, behave quite similarly fband 22", in which X-ray
analysis had also confirmed that the indenyl ligand goes from
the %3 to #° coordination modes a2 undergoes 2-electron

(15) Gamelas, C. A.; Herdtweck, E.; Lopes, J. P.; Rom&. C.
Organometallics1999 18, 506.
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Figure 1. Cyclic voltammograms ol (top, A) and1?* (bottom, B)
in CH3CN/0.1 M [NBw][PFe] at 298 K, scan rate 0.1 V/s. (A) 0.45
mM 1 at a 0.5 mm Pt disk. (B) 0.59 mNIP™ at a 2 mm Pisk.

oxidation, leading to 18-electron metal configurations for both
even-electron species.

In the case of bis(phosphite) complexeand1?*, the one-
electron intermediat&* was quite stable in solution (vide infra),
but attempts to obtain pure crystals from the comproportionation
reaction mixture ofl and several salts of?* (BF4~, PRy,
BPh,”) were unsuccessful. Complexes which were partially
deuterated at the indenyl ring were obtained for Ho#md 12"
by procedures described in the Experimental Section and
Supporting Information.

Reaction of [{5-Ind)(Cp)Mo(NCMe}]?" with excess KCN
in CH,CI,/NMF gives the cyanide complexy¥Ind)(Cp)Mo-
(CN),. To the best of our knowledge, this is the third example
of a cyano derivative of Mo and W metallocenes, with the other
ones being CW(OR)CN2and CpMo(CN),.16b

Electrochemical Studies The four complexes studied?",

1, 22%, and 3) all exhibited two closely spaced, diffusion-
controlled cyclic voltammetry (CV) waves at Pt, Au, and glassy
carbon disk electrodes in either @&, or CH;CN containing
[NBug][PFg¢] as the supporting electrolyte. No electrode history

or adsorption problems were encountered. Except at high scan

rates, all the CV waves obeyed the diagnostics of Nernstian

J. Am. Chem. Soc., Vol. 123, No. 43,05%901

Table 1. Ei; Values (Volts vs Ferrocene) and Heterogeneous
Electron Transfer Rateky( in cm s2) for Indenyl-Molybdenum
Complexes Measured by Cyclic Voltammetery at Glassy Carbon
Electrode, 0.1 M [NBU[PFs] Electrolyte

compound solvent Epp(1)?2 Ein(2)° AEySf k(1) k(2)
1 CH.Cl, -0.785 -—1.004 0.219
1 CHsCN —-0.837 —-0.950 0.113 040 1.0
1[BF4]. CH,Cl, —0.792 -1.002 0.210
2[BF4)2 CHCl, -0.709 -0.914 0.205
2[BF4]2 CH,CN —-0.716 -—-0.877 0.161
3 CHCl, -1578 -1.914 0.336
3 CH,CN —1.531 -1.787 0.256 0.03 0.06

aMo(IV)/Mo(Ill) couple. ® Mo(ll1)/Mo(ll) couple. ¢ AEy, = Ey(1)
— E12(2). 9 A value of 0.05 cm st was observed foky(1) in square
wave voltammetry experiments.

A

-0.8
Volts vs Fc

T 1 | 1 1
0 0.4 -0.8 -1.2 -1.6
Volts vs Fc
Figure 2. Comparison of experimental (solid lines) and simulated (open
circles) CV curves fod at two different scan rates. Experimental data
taken on 0.50 mM.in CH3CN at (A) 10 V/s, 0.5 mm Pt disk, and (B)
80 V/s, 0.125 mm Pt disk. Simulation parameters in text.

values 0f—0.950 V [Ey/2(2)] and—0.837 V [Ey»(1)] versus Fc
(Eq 2, Table 1). The limited potential difference of these two

12+ E1/2(1) l+ E1/2(2) l

)

one-electron processes with stable reaction products. Thus, each

electron transfer is chemically reversible with relatively high
heterogeneous charge-transfer rakesdlues). As will be shown
below, theks value of the Mo(IV)/Mo(lll) process is in each
case slightly lower than that of the Mo(lll)/Mo(ll) process for
the same compound.

Complexedl?" and1 showed the expected similarities in two
reversible reduction waves for the former and two reversible
oxidation waves for the latter (Figure 1). CV scans of nedutral
in CHzCN demonstrated two closely spaced oxidations &ifh

(16) (a) Green, M. L. H.; Lindsell, W. E]. Chem. Soc. A969 2150.

(b) Martins, A. M. Ph.D. Dissertation, Universidadéchia de Lisboa,
Portugal, 1991.

waves AEi, = Ej(1) — E1x(2) = 113 mV] required the use
of digital simulations to obtain precide;;; values (Figure 2).
When the scan rate’ was increased above about 10 V/s, the
peak separations of the couple fbf/12* [Eyx(1), —0.837 V]
increased compared to those for thé™ couple Ei (2), —
0.950 V]. Agreement of the experimental CVs with digital
simulations from 0.1 V/s< v < 80 V/s established heteroge-
neous electron-transfer parametekg(l) = 0.4 cm/s,a(1) =
0.58,ks{(2) = 1 cm/s, andx(2) = 0.5 (Table 1).

Square-wave voltammetry (SWV) was also helpful in char-
acterizing the redox properties bfand12". The response df
over the frequency range-8500 Hz in CHCN was as
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Figure 3. Comparison of experimental (solid) and simulated (circles)
square wave (SW) voltammograms of 0.5 niMh CH;CN at 298 K A
using a 0.5 mm Pt disk at 600 Hz SW frequency. #

1A

expected’ for a complex undergoing two relatively rapid one- ~—— . T+ ‘11 1o T T o111

0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4

electron transfers. The diminished peak height observed for the Volts vs Fc Volts vs Fe

1*/12* wave at high frequencies (Figure 3) is indicative of a Figure 4. Square wave voltammograms of 0.64 n2 in CH:CN at

slower heterogeneous electron transfer for this couple compareda 0.5 mm Pt disk electrodd,= 298 K. SW scan rates were (A) 5 Hz,

to 1/1*. Simulations of the square-wave responses at various (B) 100 Hz, (C) 400 Hz, and (D) 1000 Hz.

frequencies are largely consistent with the parameters measured

by cyclic voltammetry and given in Table 1. passage of 0.91 F/equiv, a sample of the very dark orange
The largest discrepancy was in the value determined for the solution of 1* was taken for ESR measurements, after which

heterogeneous charge-transfer rate oflthd?* couple, where changingEappito —1.2 V resulted in the quantitative regeneration

ks(1) was found to be 0.05 cnTy somewhat lower than the  of 1.

value of 0.4 cm st determined by cyclic voltammetry. The Reduction of the dppe comple®?*, also proceeds in two
quantitative difference between these values does not alter thereversible one-electron processes in eithesCM or CH,Cl,.
conclusion that the rate of heterogeneous electron transfer foralthough the potentials 022+ are slightly positive of those
oxidation of the radical1* to 1** is less than that of the  observed for*, the voltammetric characteristics of these two
reductionof the same radical th (~1 cm s™* by both methods).  dications, including chemical reversibility, electron-transfer
However, the rate constants for either oxidation or reduction rates, andAEy;; values, are otherwise quite similar (Table 1).
of 1" are sufficiently large that the inner-sphere reorganizational at higher CV scan rates, the Mo(IV)/Mo(lll) couple Bt(1)
barriers of both couples must be relatively sniall. = — 0.71 V became obviously quasireversible, whereas the
The oxidation ofl in dichloromethane also followed an EE  second reduction &,»2) retained the characteristics of a more
mechanism, confirmed by digital simulations up to scan rates rapid charge-transfer reaction [e.g., in acetonitrilerat 5 V
of 2 V/s. After resistance corrections, the waves are essentially s-1 AEy(1) = 94 mV, andAE,(2) = 70 mV]. In square-wave
Nernstian, buks values were not precisely determined owing yoltammograms, the first cathodic wave-&0.71 V diminished
to the quantitative uncertainties typical for fast electron transfers jn height compared to the second at higher frequencies (Figure
in low-polarity solvents. The two oxidations have a larger 4). The resulting conclusion that the electron-transfer rate of
potential differenceAE,, = 219 mV) than that found in C#H  22+/2+ is lower than that 02+/2 is similar to the results detailed
CN (113 mV, Table 1), reflecting an increased disproportion- above for complex and its ions. Bulk coulometry at the
ation energy fod™ in CH,Cl,, For this reason, dichloromethane potential of the first reduction d#2* in CH,Cl, (Eapp= —0.8

was the solvent of choice for generating the one-electron v) showed that the radical intermediaf,, is persistent. An

intermediatel™ (and2" as well) for ESR studies. initially pink solution of the dicatior22* became brown with
Bulk electrolysis experiments were performed in eithesCH  passage of 0.95 F/equiv, and a sample was taken for ESR

CN or CHClI; solutions. When a yellow solution dfis oxidized analysis of 2*. Continuation of the electrolysis at a more

in CH3CN atEqppi= — 0.65 V,1*" is produced with release of  negative potentialfspy = —1.1 V) consumed one more electron

1.9 F/equiv. Reverse (reductive) electrolysis of this orange per mole and gave the bright orange color of neu@raBack-

solution atEapp = — 1.1 V regenerated (1.9 F/equiv) without  glectrolysis at- 0.5 V regenerate@* in about 90% yield.

loss. Whenl was electrolyzed in CkCl,, an applied potential
(—0.87 V) that is intermediate between the tip, values was
used in order to favor formation of the monocatidri, With

Electrochemical studies were also performedpa biscya-
nide compound which is neutral as the Mo(IV) complex, thereby
distinguishing it from the analogous dicatiol¥s and22*. The

(17) Osteryoung, J.; O'Dea, J. J. Hectroanalytical ChemistryBard, neutral complex undergoes two successive one-electron reduc-
A. J., Ed.; Marcel Dekker: New York, 1986, vol 14, pp 209 ff. tions (Eq 3) as the;®-indenyl complex3 goes to a dianion,

(18) This statement draws on the original Marcus theory (e.g., see: - PR ; :
Marcus, R. AJ. Chem. Physl965 43, 679.). Some leading references to 3", which is assumed to have aftbonded indenyl ligané® The

ks values for organometallic complexes: Weaver, M. J.; Genne@hem.
Phys. Lett1985 113 213. Chin, T. T.; Geiger, W. E.; Rheingold, A. 1. Evdld) __ Epd)
Am. Chem. Sodl996 118 5002. 3=—3 =3

®3)
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Figure 5. Cyclic voltammetry (A, top) and square wave voltammetry
(B, bottom) scans of 0.61 mN in CH;CN at 298 K. CV at 0.5 mm
Pt disk, scan rate 0.2 V/s; SWV at 0.5 mm Pt disk, 700 Hz.

potentials of the two waves-1.53 and—1.79 V in acetonitrile)

are considerably negative of those observed for the same
changes in formal electron counts for complegesnd 2 and

are also more highly separated than those observed for the
bisphosphite or -phosphine complexes (Table 1). CV scans of
3in CHsCN once again showed that the electron-transfer rate
of the Mo(IV)/Mo(lll) couple atEy(1) was lower than that of
the Mo(lll)/Mo(ll) couple atEy»(2), with estimate® of ky(1)

= 0.03 cm/s andks(2) = 0.06 cm/s being obtained frolE,
values over the range = 0.2—5 V/s at a 500um Pt disk.
Representative CV and SWV scans are shown in Figure 5.

Bulk electrolysis of a red solution &fin CH,Cl, at a potential
negative ofE;;(1) passed 0.94 F/equiv and produced a red-
brown solution of monoanio3~, the charge of which was
confirmed by steady-state voltammograms. This solution was
sampled for ESR analysis. Reoxidation of the solutio&
= —1.1 V regenerate8 in high yield. An attempt to produce
dianion 32~ failed, as the Mo(ll) product appears to undergo
slow regeneration t@~ in this solvent.

ESR Measurements ESR spectra of isoelectronic radicals
1+, 2+, and3~ were obtained on both frozen and fluid solutions
generated by coulometric oxidation or reduction of the ap-
propriate precursor. In the case bf, the radical was also
generated by the comproportionation reaction of equimolar
quantities ofl and 12+, giving spectra identical to those of

J. Am. Chem. Soc., Vol. 123, No. 43,059@1

25 gauss
=

Figure 6. Fluid solution ESR spectra in GBI, at ambient temperature

of (A) electrochemically generateld’; (B) partially deuterated™ under
same conditions; (C) simulated spectrum ugigg= 1.963,a(Mo) =

21.75 G,a(P) = 14.50 G, anda(H) = 8.00 G. Line width= 3.5 G.

A

h—

25 gauss

—

Figure 7. Comparison of simulated (A, top) and experimental (B,
bottom) ESR spectra a" generated through ambient-temperature
oxidation of2 by ferrocenium ion in CECl,. Simulated valuesgiso =
1.965,a(Mo) = 19.00 G,a(P) = 9.50 G, anda(H) = 9.50 G. Line
width = 3.5 G.

electrochemically generated samples. The frozen spectra werdeadily interpreted and simulated (Figures 6 and 7). All three

sufficiently broad and poorly resolved (Supporting Information
Figure S1) that an interpretation was not attempted. In contrast,
fluid solution spectra displayed line widths of- 8 G and were

(19) Neutral3 also gives a one-electron oxidation wave v = 0.67
V versus Fc which is chemically irreversible at scan rates below 0.2 V/s.
The wave has some reversibility at higher scan ratesediivg value of
0.83 being obtained for a CV scan rate of 3 V/s.

(20) Theseks values are taken from the results of a single CV experiment
in which IR compensation was not employed. They should be taken as
lower limits. The apparerks value of ferrocene was about 0.1 cm/s under
these conditions.

radicals display hyperfine splittings from M@(i,, = (17.3—
21.4)x 104 cm™1, | = 5, for %Mo and®’Mo, combined 25%
natural abundance) and either one (in the cas& pfor three
(for 1™ or 2™) 100% abundant, spit; nuclei. Two of the ligand
splittings in1* and2* are assigned t&'P (13.3x 104 cm™?!
for 1t and 8.7x 1074 cm™1 for 2™, Table 2) on the basis of
their absence in the spectrum 8f, a complex which lacks
phosphorus nuclei. The third ligand splitting 14 and2*, as
well as the single ligand splitting i®, is assigned aay, with
values of (6.4-8.7) x 10 %cm™L.
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Table 2. Selected Isotropic ESR Parameters for Formal Mo(lll)
Complexes in CECl; Hyperfine Splittings in Units of 10*
Reciprocal Centimeters (e.dalluo = 20 x 107* cm1)?2

radical g0 @0 F1P) F:1n T(K)
1+ 1.9628 20.0 13.3 7.4 208
d-1* 1.9628 20.0 13.3 7.4 298
2+ 1.9650 17.5 8.7 8.7 208
3 1.9600 22.1 a 6.4 250

a2 No phosphorus atoms in this molecule.

Table 3. Selected Bond Distances (A) and Angles (deg) in the
Molybdenum Coordination Sphere of Complexiesd 1+

Bond Distance

1 12+
Mo—C(31) 2.327(6) 2.318(6)
Mo—C(32) 2.357(6) 2.299(6)
Mo—C(33) 2.359(6) 2.318(6)
Mo—C(34) 2.310(6) 2.327(7)
Mo—C(35) 2.291(6) 2.356(6)
Mo—C(2) 2.209(6) 2.277(7)
Mo—C(3) 2.362(6) 2.313(6)
Mo—C(4) 3.039(6)) 2.429(5)
Mo—C(5) (3.029(6)) 2.452(5)
Mo—C(6) 2.359(6) 2.290(6)
Mo—P(1) 2.404(3) 2.468(3)
Mo—P(2) 2.377(2) 2.462(3)
Mo—Cp 1.998 1.999
Mo—Ind 2.069 2.014
Bond Angle
1 12+

P(1-Mo-P(2) 88.51(8) 86.72(8)
Cp—Mo—Ind 123.6 135.5
Cp—Mo—P(1) 113.7 106.7
Cp—Mo—P(2) 117.0 104.7
Ind—Mo—P(1) 105.8 105.9
Ind—Mo—P(2) 102.2 106.7

and refers to the indenyl ligand and represents the centroid of five
members for compled and the midpoint of the two carbon atoms

Stoll et al.

Figure 8. Molecular structure of the complex cation;¥Ind)(Cp)-
Mo{P(OMe}},]?* (12*) with ellipsoids drawn at 40% probability: (a)

view parallel to the plane-PMo—P with labeling scheme adopted and

adjacent to the six membered ring (atoms C(42) and C(49), see Figure(b) view perpendicular to the-FMo—P plane.

8a) for 12*. Cp denotes the centroid of cyclopentadienyl ring for both
complexes.

To further clarify the assignment of thgroton hyperfine
splitting in these radicals, a sample ©f which was 70%

deuterated in the indenyl 1,3-positions was prepared. The radical
was generated again by electroreduction of a sample of the

corresponding partially deuterated dicatidA* in dichlo-

romethane. The resulting spectrum was identical to that of the

protio sample (Figure 6), eliminating the possibility that either

of the protons on the C(1) or C(3) indenyl carbons is responsible

for ay. The most credible source of this hyperfine splitting is
therefore the proton on the indenyl C(2) carbon (see drawing).

5

6 g 2
2

7

891

This assignment fot™, and the analogous ones intimated for
2" and3™, are not accounted for by the McConnell relationship
(anq = —Qp™c),?* which would require a spin density 6f30%

at C(2). The comparatively large hyperfine splitting (hfs) from

(21) p™ ¢ is the p— spin density on the carbon ato;varies with the
charge and size of the overaiiligand but is generally in the range 230
x 1074 cm™L. See: Carrington, A.; McLachlan, A. DOntroduction to
Magnetic Resonancédarper and Row: New York, 1967; p. 83. Weil, J.
A.; Bolton, J. R.; Wertz, J. EElectron Paramagnetic Resonand&iley-
Interscience: New York, 1994; p 243.

H(2) is better addressed by the recent work of Braden and
Tyler?2 who showed that ligand hyperfine splittings of orga-
nometallic radicals are often greatly affected by distributions
in orbitals other than the singly occupied molecular orbital
(SOMO). It will be shown below that the abnormally large

values ofay(o) are well accounted for in DFT calculations.

Crystallography. The crystal structures of complexeg¥{
Ind)(Cp)M0[ P(OMe}} 2][BF 4] ([1%*][BF 4]2) and ¢*-Ind)(Cp)-
Mo(P(OMe)), (1) were determined using single-crystal X-ray
diffraction. The asymmetric unit consists of one cation and two
anions for complex T27][BF 4], and a discrete molecule for
complexl. The dication1?" is shown in Figure 8, and complex
1 is shown in Figure 9, in two different views, side and top.
Selected bond angles and distances are listed in Table 3 for
both compounds. In the catiof?™, the five Mo—C distances,
ranging from 2.276(7) to 2.453(5) A, indicate that the indenyl
ligand is#®° coordinated to the metal. In compléxonly three
Mo—C distances are within bonding distance, with the indenyl
ligand being linked to the metal center by carbon atoms C(2)
[2.209(6) A], C(3) [2.362(6) A], and C(1) [2.359(6) A], Table
3. The other two carbon atoms of the C5 ring, C(4) and C(9),
are not bonded to the metal atom (distances of 3.039(6) and
3.029(6) A, respectively), leading to af coordination of the
indenyl ligand. Two P(OMe)ligands and oney®-cyclopenta-
dienyl ring complete the molybdenum coordination sphere of

(22) (a) Braden, D. A,; Tyler, D. RI. Am. Chem. S0d.998 120, 942.
(b) Braden, D. A.; Tyler, D. ROrganometallics200Q 19, 1175.



Redox Reactions of Indenyl-Molybdenum Complexes

Figure 9. Molecular structure of complex¢-Ind)(Cp)Mo{ P(OMe}} >

(1) with ellipsoids drawn at 40% probability: (a) view parallel to the
P—Mo—P plane with labeling scheme adopted and (b) view perpen-
dicular to the P-Mo—P plane.

both complexes. The values of the subtended angles (including
the centroids of ther label moieties) at the molybdenum center
show a distorted pseudotetrahedral arrangement for complexe
in both oxidation states.

The average MeP distance it [2.465(3) A] is signifi-
cantly longer than in complek[2.390(2) A], owing to the lower
formal Mo oxidation state in the latter. The angle Mo—P in
127 [86.72(8Y] is slightly smaller than irl [88.51(8Y], but both
values fall within the range observed for related derivatites.

To compare X-ray structures of the present complexes with
other [(Ind)(Cp)MLL]"* systems, a search on the Cambridge
Structural Data Base (CSD) was undertakenly three
complexes were obtained, and these are listed in Table 4 togethe
with their REFCODES, sources, and relevant structural param-
eters used in the characterization of th& and #° indenyl
complexes, as well as the structural data for one molybdenum
complex not yet available in the CSD. Several parameters were
introduced by Faller et & to characterize the coordination of
the indenyl ligands to a metal center. Among them, the folding
Q angle, defined here as the angle between the plane forme

S
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occurs, and so, the angle is very small. Thus, in the catin,

the indenyl ligand shows a smdl angle of 4.2, comparable

to those found for the other transition metal complexes quoted
in Table 4 containing a singlg® indenyl ligand.

In contrast, the indenyl ring in compleg displays a
pronounced folding, characteristic ¥ coordination, across the
vector C(1)-C(3), leading to &2 angle of 21.7. In fact, this
value is only 0.4 larger than that found for comple®, which
also contains an3-indenyl ring. The indenyl rotation angl#,
is easily defined for j¢>-Ind),MLL']"* systems as the angle
between the projections of the two vectors determined by the
centroids of the five and six member rings on the plarévl—

L'. For the metal systems containig§Cp andz3-Ind rings,

this definition of A must necessarily be adjusted. For the Cp
ring, the centroid of the six-membered ring is replaced by the
midpoint of the two carbon atoms trans to the L andigands
[atoms C(32) and C(33) in complex&%" and1, (see Figures

8 and 9)]. Forn®-indenyl rings, the centroid of the five
membered ring is replaced by the midpoint of the two carbon
atoms adjacent to the six-membered ring [atoms C(1) and C(3)
in complexl (see Figure 9)]. For a fully eclipsed arrangement
of the twos-ligands, al angle of 0 is expected, while a fully
staggered arrangement will correspond té angle of 180.
The 4 value for complexi?* is 117.%F, indicating a partially
staggered arrangement of the indenyl and Cp rings, while in
complex1 these rings are almost eclipsed, withl angle of
7.1°. The A value in then3-indenyl complex is 0.9 while, in

all the related complexeg,varies from 93.5to0 110.5 (Table

4). These preferred values are most likely caused by steric
intramolecular effects, as is discussed in a following section.

Theoretical Studies: Bonding and Structures.Here, we
address electronic and structural aspectd @nd 12+ using
extended Hakel (EH) and DFT calculations. The ultimate goal
of the DFT calculations was to determine the accuracy of this
method in probing the structure of odd-electioh Hence, the
DFT structural predictions oft and 12+ were compared with
the geometries established by X-ray results before proceeding
to use the method to predict the structureldf These efforts
were aided by consideration of the calculationally easier
dicarbonyl complexes, ff-Ind)CpMo(CO}]?" and §3-Ind)-
CpMo(CO); the X-ray structure of the neutral dicarbonyl
complex was reported earli&f?

Taking into account that am®-indenyl group is a three-
electron-pair donor, the interaction diagram, based on EH
calculations, between this anionic ligand and the CpMo¢CO)
fragment (Figure 10, left side) shows that these electrons are
donated to three empty metal orbitals,,2kd’, and 34 and
that only bonding orbitals are occupied. In the schematic
pliagram, only the strongest interactions are drawn, although
there is mixing as a result of low symmetry. If another pair of
electrons is added, as when reduction takes place, it will occupy
the high energy Meindenyl antibonding orbital 4awhich is
clearly a very unfavorable electronic situation. When the ligand
becomes;?, these electrons occupy the equivalent drdital
(right side of Figure 10), which is still antibonding, but much

dess so0. Indeed, only three carbon atoms from the indenyl group

by C(3), C(4), C(9), C(1) and that formed by C(3), C(2), and contribute to this orbital; the carbon atoms in the junction move

C(1), shows the most straightforward relationship with indenyl
hapticity. The ligand is almost planar wheft coordination

(23) Allen, F. H.; Davies, J. E.; Galloy, J. J.; Johnson, O.; Kennard, O.;
Macrae, C. F.; Mitchell, E. M.; Mitchel, G. F.; Smith, J. M.; Watson, D.
G. J. Chem. Inf. Comput. Sc1991, 31, 187.

(24) Faller, J. W.; Crabtree, R. H.; Habib, @rganometallics1985 4,
929.

away from the metal, therefore relieving the antibonding
interaction. For the sake of simplicity, the indenyl ligand in the
n®-Ind compound is rotated from its position in the crystal
structure to achiev€s symmetry. Qualitatively, it makes little
difference. This side of the diagram can be viewed in a different
way. As the metal is reduced and takes up two more electrons,
the indenyl ligand formally donates only two pairs of electrons,
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Table 4. Compounds, REFCODES, Sources, and Structural Parameters (deg) Relevant in the Characterizatigh ahthg-Indenyl
Complexes

complex REFCODE complex A Qina; Qcp ref
12+ [(75Ind)(175-Cp)Mo(P(OCH)3),]2* 117.1 4.1;0.6 b
1 (7%-Ind)(°-Cp)Mo(P(OCH)3) 7.1 21.7;0.2 b
A (7°-Ind)(75-Cp)MO(CN)? 110.5 45;1.4 14f

99.3 3.9;10

B LEHXEB [(375-Ind) (375-Cp)Mo(CO) (NCCH)] >+ 93.5 5.0;0.7 l4a
C SIMDOH, SIMDOH10 ¢°-Ind)(37°-Cp) Ta((CH)Ir(CO),) 102.3 5.5:0.3 55
D ZEGTUA (17%-Ind)(1;7°-Cp)Mo(CO) 0.0 21.3;2.1 l4a

aTwo molecules in the unit cell. This work.

E/V

-7.0H

-8.04

-9.0

-10.0

-11.0

-12.04

£P-Mo-P 89.6°

-13.0+
Figure 11. Structure of ¢*Ind)CpMo(L), complexes. (a) L= CO,
calculated (DFT, left) and experimental (right). (b) = P(OH),

1404 calculated (DFT), side view (left) and top view (right).

out with imposedCs symmetry. In Figure 11la, we show the
most important structural parameters for the optimized structure
and compare them with the experimental structure. The agree-
ment is quite good, considering that only a partial geometry
optimization was attempted. The calculated distances are slightly
longer than the experimental ones; for this reason, the bending
of the indenyl ligand is a bit smaller (17.%s experimental
value of 21.4), but the sequence of distances is maintained.
The dicationic speciesf-Ind)(Cp)MoLy]?" exhibit a dif-
ferent relative arrangement of the two rings, as discussed above.
In the four complexes for which crystal structures have been
determined (Table 4), theangle ranges from 93 5LEHXEB)
to 117.2 (12%). Under Cs symmetry, a local minimum was
found, but after allowing the indenyl ligand to rotate®%hd

o . then optimizing without any imposed symmetry, a new ener
The geometry of the radical intermediate, [(Ind)CpMpL. minimSm wasgfound at 1yz.3 ka an{yThe n)(ost relevant ¥

V\ﬁi |nvelstl?atte dd t:y DtFT calculalilons. tgo chetc klthe drzl.'abt'.“ty. structural parameters, shown in Figure 12a for the calculated
of the calculated structures, results on the neutral and dicationic .\ -t re of [65-Ind)(Cp)Mo(CO}|2* compare well with the

complexes were first opt!mlzed against those pf the known structure of the related phosphite dicationic complex described
systems, putting emphasis on the metdrbon distances to above

the indenyl five-membered ring and the foldin@)( of the The complete rotation of the indenyl ligand in the two

indenyl ligand. _ _ complexes of different charge was also studied using extended
The DFT calculations (see Experimental Section for further ijckel calculations. Im®-Ind)(Cp)Mo(COY}, the energy varies
details) were performed at the nonlocal level, but only the by only small amounts; a$ is changed, indicating indenyl
position of the indenyl group and the angles between ligands fxjonality, the staggered arrangement is the most stable,
were optimized for the carbonyl complexes. For the neutfl (- gllowed by the eclipsed. The electronically prefeA®don-
Ind)(Cp)MoL complexes, the three known structures for-L  formation that puts the six-membered ring above the two
CO, P(OMej, and dppe all have approxima@ symmetry,  carbonyl groups, and leads to a better metal to CO back-
with the two rings being almost eclipsed. Therefore, the gonation, is not observed in these compounds for steric reasons.
optimization for our model dicarbonyl compound was carried g, [(75-Ind)(Cp)Mo(CO}]?*, the conformation having = 90°

(25) (a) Calhorda, M. J.; Gamelas, C. A.; Gahes, I. S.; Herdtweck, (26) Calhorda, M. J.; Veiros, L. FCoord. Chem. Re 1999 185-186,
E.; Ronf@, C. C.; Veiros, L. FOrganometallics1998 17, 2597. 37.

Figure 10. Interaction diagram between the [CpMo(GJ3) fragment
and 7%-Ind (left, n = 3) or x*Ind (right, n = 1); the two arrows
designate the HOMO.

forming two metat-indenyl bonds. The third possible bond has
both the bonding and antibonding orbitals occupied and therefore
does not contribute to the bonding. The conclusion that
reductively induced bending of the indenyl ligand reks
antibonding character in the new HOMi®very similar to what
happens when the indenyl slippage is induced by the addition
of ligands?®
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Figure 13. Structure of [¢-Ind)CpMo[P(OH)},]* calculated with
DFT, side view (left) and top view (right).

similar to those found for the carbonyl complex. One may expect
that the P-Mo—P angle will be smaller, owing to the presence
of P(OH}; ligands, as discussed above for the other complexes.
The geometry of this complex can be compared to that of the
formally 20-electron compound (Ingi, assuming that each
indenyl ring has acquired one extra electron, just as in our
monocation, as has been discussed elsewfiere.

The other relevant question concerns the localization of the
spin density. The DFT calculations indicate that the highest
concentration of spin density resides in the molybdenum atom
(0.70). Significant concentrations of spin density are also found
on two carbons of the Cp ring (0.046 and 0.050) and the benzene
carbons of the indenyl (0.044, 0.030, 0.057, 0.054, 0.032, 0.042),
as well as on the isolated carbon C(2) in the mirror plane of
the molecule £0.017), and the phosphorus atom<(010 and
—0.011). The contributions of the other two carbons are
negligible, as indeed are those of the other atoms.

Theoretical Studies: ESR Hyperfine Splittings.To aid in
the interpretation of ESR hyperfine splittings (hfs) (vide ante)
f of the odd-electron complexes in this series, DFT calculations

were performed using the ZORA formalism within the ADF
e Program (see Experimental Section for details). The spin-
unrestricted calculational method within this formalism has been
shown to be an effective means of characterizing hyperfine

£P-Mo-P 90.1°

Figure 12. Structure of [¢5-Ind)CpMo(L)]>" complexes calculated
with DFT. (a) L= CO. (b) L= P(OH}), side view (left) and top view
(right).

has an energy 28.8 kJ méllower than that of thel = 0°
conformer, in agreement with structural data.

Turning to phosphite complexes with+ P(OH) in order
to modell and its mono- and dications, full geometry optimiza-
tions were performed using DFT calculations without any
symmetry constraints (Figures 11b and 12b). The calculated
geometrical features are very similar to the data given above
(Tables 3 and 4, and text) for complek (i%-Ind)(Cp)-
{P(OMe}},. For example, the experimental folding angle o
21.7 is modeled well by the calculated angle of 22.0he
same full geometry optimization was carried out for th
dicationic phosphite complex. Again, the calculated geometry
(Figure 12b) is very similar to that observed faf". The - =
asymmetry between distances of the same kind is more splittings O.f transition metal complexes. .
pronounced, as no symmetry element is present in this structure. Comparison of the calculgt?:ﬁjand expenment_al hfs values
The two Mo—P distances differ by 0.03 A. The five McC of Mo and P were of less interest than the findings for H,
distances to the five-membered ring of the indenyl are typical becquse those of Mo anq P are roug'hly as expettdtie
of #5-Ind coordination, with the two distances to the hinge predmtedaH(z) va}lues are highly informative, because the value
(junction) carbon atoms being longer. The fact that the calculatedfor H(Z) |s+pred|cted to be ”P“Ch Ia_rger t_hf_;m that of any other
P—Mo—P angle is wider than the experimental value (90.1 proaon 'fll - The calculated isotropic splittingw(z), of 6.7 x
86.9) is probably due to the use of P(OHhistead of P(OMe) 104cmtis |21 excielllent a+greeme_nt with the experimental \Zalue
in the model (bulkier groups will increase the-Cp repulsion). of Z'lg x 107% em™ for 17 and with thf value_of 7.5 107

A full geometry optimization was also performed on the cm " measured as the average 10t 2, and3". DFT theory

monocation [6-Ind)(Cp)Mof P(OH + Considering that the accounts, therefore, for the apparen't Qisagreement petwee.nlthe
orientation CE? the)(sixri)rneor{nb(erec}a}rziLg relative togthe two L large measured proton hfs and the minimal SOMO spin densities

ligands of the complex is one of the distinguishing features (<6%) on any G-H carbon. A SOMO-restricted spin-polariza-

betweeny;® and#°® coordination, we decided to optimize the tion val_ue would be_ less than about JXSl(r.‘l cm for any.
geometry in the absence of symmetry. The result is shown in proton in these radicals. The greater unpaired spin density at
Figure 13 hydrogen H(2) apparently arises from polarization of H(2) by

The seiected data shown in Figure 13 indicate that the lower, inner-occupied shells in addition to electron spin in the
coordination is intermediatbetweeny and 7°. Indeed, the SOMO. This finding is in accord with the recent arguments of
indenyl ligand is folded by 11%but the six-membered rhoiety Braden and Tyler that such interactions are necessary to explain
still_ lies trans to the two P’(OI-J)Iigands. In (iNGML hyperfine splittings in many organometallic radic&s.

complexesd = 0° tends to be preferred, as it minimizes rirlg (27) Belanzoni, P.; Baerends, E. J.; Gribnau JMPhys. Chem. A999
repulsion. However, a plangp-indenyl suffers strong repulsion 10»?23)7%2- 1 ate isotrobic hfs oredicted f i other than HE) |
— H pproximate 1sotropic nis predicted tor nuciel other than n

from Cp, andt = 90° becomes favored. Wherlthe indenyl .bends COmplEXT™: awo, 8 x10-4 cm L apy 8 x 104 cm L, Ay = 0.7 x 104
and moves away from the metal, the= 0° conformation cmL; andawe = 0.2 x 1074 cm L
becomes clearly favorable. Notice that although the calculations  (29) For leading references see: (a) Wang;$.; Fettinger, J. C.; Poli,
were done in the absence of geometry constraints, there is ag-'_ Meunier-Prest, ROrganometallics1998 17, 2692. (b) Connelly, N.

. . . .; Geiger, W. E.; Lovelace, S. R.; Metz, B.; Paget, T. J.; Winter, R.
mirror plane in the structure. The M distances are 2.302 Organometallics1999 18, 3201. (c) Pierce, D. T.: Geiger, W. Enorg.

[C(2)], 2.410 [C(1) and C(3)], and 2.788 A [C(4) and C(9)], Chem.1994 33, 373.
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Table 5. Selected Literature Examples of Redox Processes Involihg or 5%1* Hapticity Changes
Eu(1) — Eux(2)

redox couples inmv lower kg change iy radical concerted? ref
(Ind)Fe(CO)*o- 680 ks(2)° second redn 19e yes 4
(Ind)v(CO)*o= 520 kg(1)P first redn 17¢ c 7
(arene)CpRH/+/0 200-330 ks(2) second redn 19e yes 30, 34
(Ind)Rh(cody "2~ 300 k(1) first redn 17e no 9
(Ind)Mn(CO)*o"- 250 e second redn 19e yes 8
(CeMeg),RUZH+10 ~0 ks(2) second redn 19e yes 13

aConcerted: concomitant structure change and electron transfer (E mecharigterogeneous electron-transfer rates were not reported, but
a qualitative assessment was possible from the comparative CV peak sepafatlumauthors suggested a sequential (EC, square scheme) process,
but voltammetric confirmation of the mechanism was not repoft@kpendent on the arene involvedVo information available; the two reduction
waves had close to Nernstian shapes at slow scan rates.

Discussion sphere reorganization energféd,,, of these structural changes
are not easily calculated. The simplest attempt to do so assumes
that Ai, is equal to the changes in bond energy induced by the
electron-transfer reactioff.In the present case, the lowky
values for the sloweE; /(1) couples ofl, 2, and3 suggest a
range of 16.741.8 kJ/mol fordi,. These are for the most part
much lower than the values (38:37.0 kJ/mol) necessary to
account for they®»* changes in metalarene complexe's;3536

or that (~54.4 kJ/mol) calculated from thie value reported

for the reduction of (Ind)Rh(COD}, which apparently involves

an %/, structural chang@Our electron-transfer rate data on
complexesl—3 are therefore qualitatively consistent with a
model in which the structural change is likely greater in the
Mo(IV)/Mo(lll) couple, Eix(1), than in the Mo(lll)/Mo(ll)
couple,E1x(2). The activation barriers for thg; (1) reactions
appear, however, to be insufficient to account factcanplete
1°n°® hapticity change in this single one-electron process. The

Because electrochemical data are frequently used to identify
whether any;5/53 or #%n* hapticity change occurs in the first
or second step of an overall two-electron process, it is
worthwhile to see how the preseng;, andks data compare
with those reported in conceptually similar literature examples.
References to many of the previous studies were given in the
Introduction. When both one-electron waves are observed, one
may attempt to make use of thermodynantg,{ values) or
kinetic (ks values) factors that may differ depending on whether
the major structural change occurs in the first or second electron
transfer process. It is generally thought that if the dominant
structural change occurs concomitant with seeond-eduction
process, the absolute valuesAdt;, will be smaller than if no
structural reorganization occurs in either S$fegnd the hetero-
geneous electron-transfer r&€2) will be considerably lower
thankg(1).18 One or the other of these guides has been employed f | )
in assigning 17-electr8ror 19-electrof? structures to metal DFT-calculated structure o™ offers an explanation of this
indenyl radicals, as well as to metarene radical&®3: Some ~ finding.
of the limitations of such models, especially when itis not firmly ~ The odd-electron compleX,”, is determined to have three
established whether the electron-transfer process and structuraMo—C bond lengths typical of-bonding to the indenyl group
change are concomitant (“simple” E mechanism) or sequential (average~2.34 A) and two Me-C distances that are much
(EC mechanism), have been discus$&in the precedents  longer ~2.78 A). The difference between these average
collected in Table 5, we note the following: (i) for systems distances, AMC, has been shown to be a useful gauge for
having apparently concomitant changes of structure with electrondefining the coordination and the “slippage” of an indenyl
transfer,8:13.3%f the value of AEy, is “small” (arbitrarily, less ligand, rising from about 0:10.2 A for anz;® complex to 0.6-
than 300 mV), the radical has been generally assigned (or0.7 A for ann® complex?* The value calculated fot*, 0.44
demonstrated to have) a 19-electron structure (one exception isA, is about midway between these extremes. The calculated
that of the iron complex (Ind)Fe(C@)assigned a 19-electron  “fold” angle of the indenyl ligand (113 is also between the
structure althoughAEy,, for the two one-electron reduction  average values reported fgpP and#® indenyl complexed?26
waves of [¢>-Ind)Fe(CO)T is quite large (680 mV)},and (ii) Specifically, it is about half the value (22)sobserved for the
with the exception of (Ind)/(CO),,%" a slower electron-transfer  true 2 complexes and ¢3-Ind)(Cp)Mo(CO} (Table 4). For
rate, when measured, has always been observed for the coupl¢éhese reasons, the hapticity of the indenyl ringlih and,
involving the assigned hapticity changg!331 presumably, in isoelectronic complex&s and3~ is arguably

The AE;» values of point (i) are influenced by several factors midway between the idealizeg® and #° shapes. It may be
other thanstructural changes, including electronic configurations asserted that the Meindenyl bonding in the odd-electron
as well as solvation and ion-pairing effeésThey should be  species is closer t3, but with two additional weak bonésto
used with appropriate caution when attempting to assign the C(4) and C(9) indenyl carbons that keep the indenyl ligand
probable hapticity changes. Judgments based on differentfrom completing its partial dissociation until another electron
electron-transfer rates, relevant to point (ii) above, appear to is added to the complex. In this sense, the medtalenyl shapes
have fewer caveats. Still, there is little information on precisely of the odd-electron complexes are analogous to those of the
what ks values areexpectedfor electron-transfer induced hbisindenyl complex (IngNi 3, in which the role of indenyl
hapticity changes of the type being discussed, because the inner-

(33) The inner-sphere reorganization enerfgy, is related to the inner-
(30) A geometric change concomitant with charge transfer energetically sphere activation barrieAG* s, by the expressiolhG*|s = Ain/4.

facilitates the product, leading to a less negative reduction potential; if  (34) (a) Saveant, J. M. Idvances in Electron-Transfer Chemistry

restricted to the second reduction of an EE reduction sequétitg; is Mariano, P. S., Ed.; JAl Press: New York, 1994; Vol 4, p 53. (b) Andrieux,

smaller than if no geometric change occurred. Geometric change exclusively C. P.; Robert, M.; Saveant, J. M. Am. Chem. Sod.995 117, 9340 and

in the first reduction step is, by similar reasoning, expected to increase references therein.

AEip. (35) See ref 31 and the following: Bowyer, W. J.; Merkert, J.; Geiger,
(31) Bowyer, W. J.; Geiger, W. El. Electroanal. Chem1988 239, W. E.; Rheingold, A. LOrganometallics1989 8, 191. Merkert, J.; Nielson,
253 R. M.; Weaver, M. J.; Geiger, W. B. Am. Chem. Sod.989 111, 7084.

(32) Evans, D. H.; Lehmann, M. WActa Chem. Scand.999 53, 765. (36) Nielson, R. M.; Weaver, MOrganometallics1989 8, 1636.



Redox Reactions of Indenyl-Molybdenum Complexes

J. Am. Chem. Soc., Vol. 123, No. 43,0506%1

ligands as effective four-electron donors reduces the Ni electron  The deutero derivative [(1,3-d-Ind)CpNIB(OMe}} ][BF 4]2, [d-1]-

count to 18.
In summary, they®>-indenyl complexes {°-Ind)(Cp)MoL;]?*,
L = phosphine, phosphite, df, dppe, undergo two closely

spaced one-electron reductions to the corresponding mono-

cationic and 43) neutral complexes. A combination of X-ray

[BF4 ]2, was prepared in the same fashion as its protio analogue
beginning with a sample of 1,1,3-trideuterioindene as described in detail
in the Supporting Informatioff. Three-fold repetition of the deuteration
process and subsequent distillation yielded a 70%-deuterated sample
of indene [quantitation by means of the integration of tReNMR
spectrum, namely of the vinylic singlet at= 6.59 ppm, attributed to

experiments and DFT calculations shows that the change fromy ) rejative to the triplet ab = 3.38 ppm, attributed to the geminal

n° to n® hapticity in the Mo-indenyl interaction occurs

protons H(1/1)]. NMR spectra were obtained with either 250 or 300

incrementally, in the sequence shown left to right. The mono- MHz spectrometers from Bruker. X-band ESR spectra were obtained
cation radical has an intermediate hapticity which corresponds on a Bruker ESP 300E spectrometer using 2,2-diphenyl-1-picrylhydrazyl

to effective four-electron donation due to afinteraction in
addition to two half-strength MeC bonds.

Experimental Section

(DPPH) as an external reference. Temperature control was achieved
with a Bruker type B-VT unit down to 110 K. ESR spectra were simu-
lated with a program (SpectSim) written by Prof. Philip Rieger of Brown
University. All electrochemical experiments were performed under
nitrogen within a Vacuum Atmospheres drybox which was outfitted
with a cooling bath capable of controlling solution temperatures to better
than 1°C. Oxygen levels were typically-15 ppm over the course of
an experiment. Solvents were distilled first under Schlenk and then
under bulb-to-bulb high vacuum conditions. Care was taken to minimize
both oxygen and trace water in all electrochemical experinfénts.
Electrochemistry. A standard three-electrode configuration was
employed for voltammetric and coulometric experiments. Although the
experimental reference electrode was usually a AgCl-coated Ag wire,

All experiments were carried out under an atmosphere of nitrogen the potentials in this paper are referred to the ferrocene/ferrocenium
by Schlenk techniques. Diethyl ether, THF, and pentane were dried by couple (Fc). Either ferrocene or decamethylferrocene was added to the

distillation from Na/benzophenone. Acetonitrile was dried over £aH
and distilled after refluxing several hours over Gatd P,Os. Dichloro-
methane was distilled from CaHAcetone was distilled and kept over

solution at an appropriate point to serve as an internal calibrant. The
potential for decamethylferrocene 150.553 V versus ferrocene in
dichloromethane/0.1M tetrabutylammonium hexafluorophosphate. To

4 A molecular sieves. Microanalysis measurements were performed convert the potentials in this paper to an SCE reference, 0.46 V must

by Mrs. Z. Tavares at the Instituto de Tecnologia Quae Biolmica,
ITQB. 'H NMR spectra were obtained with a Bruker AMX 300

be added. Digital simulations of background-subtracted cyclic volta-
mmograms were carried out using Digisim (Bioanalytical Systems,

spectrometer. Infrared spectra were recorded on a Unicam Mattson Modversion 2.1); square wave voltammograms of the reductidi‘olvere

7000 FTIR spectrophotometer using KBr pelletg>]nd)(Cp)Mo(CO})J-
[BF4]2, [(17°Ind)(Cp)Mo(NCMe)][BF 42, **2and Mo(;3-CsHs)CI(CO),-
(NCMe)*® were prepared as described previously.
[(5-Ind)(Cp)Mo(P(OMe)3),][BF 4]» ([121] [BF 4]2). A solution of
[(175-Ind)(Cp)Mo(NCMe}][BF 42 (0.26 g, 0.50 mmol) in CkCI/NMF
(10/1) was allowed to react with excess P(OM@) mL) for 2 h at

simulated using the freeware application Electrochemical Simulations
Package (ESP version 2.4). Analyte concentrations below 1 mM and
working electrodes with radii of 2 mm or less served to minimize ohmic

errors. Background charging currents were subtracted by recording CV
scans over a range of scan rates on the solution containing only
supporting electrolyte, before addition of the analyte. Other details of

room temperature. The resulting yellow solution was concentrated underthe electrochemical procedures have recently been desétibed.

vacuum until the only remaining solvent was NMF. Yellow crystals
precipitated upon slow addition of £, in 80% yield. The complex
was washed with CKCl, and EtO. Anal. Calcd for GoHzoB2F206P2-

Mo: C, 34.42, H, 4.33. Found: C, 34.50; H, 4.63%. Selected IR (KBr,

Crystallography. The pertinent crystallographic data together with
refinement details for complexdsand1?* are given in Table 6. Crystal
data for both complexes were collected with a MAR research image
plate system using graphite-monochromated Mwo tédiation ¢ =

cm™): 3399, 3090, 2957, 2847, 1537, 1486, 1300, 1055, 860, 785, 0.710 73 A). The crystals were positioned at 70 mm from the image

720, 559.H NMR ((CD3),CO, 300 MHz, rt,0 ppm): 7.93-7.90 (m,
2H, H(5-8)); 7.81-7.78 (m, 2H, H(5-8)); 6.35-6.32 (m, 2H, H(1/
3)); 6.30-6.27 (m, 1H, H(2)); 5.82 (t, 5H, C3Jpn = 2.1 Hz); 4.06 (t,
18H, P(OMe)). 13C NMR (CD;CN, 75 MHz, rt,0 ppm): 134.4 (C(5/
8)); 127.6 (C(6/7)); 112.4 (C(4/9)); 96.8 (Cp); 90.4 (C(2)); 88.2 (C(1/
3)); 57.7 (CH).

The [BPh]~ and [PR]~ salts of1?" were prepared by two successive

plate. 95 frames were measured at two degree intervals with a counting
time of 3 min. Data analysis was carried out with the XDS progftam.
Intensities were not corrected for absorption effects. The positions of
the molybdenum atoms were determined by direct methods, and the
positions of remaining non-hydrogen atoms were obtained by successive
difference Fourier synthesis. All hydrogen atoms were refined giving
thermal parameters equivalent to 1.2 times those of the atoms to which

counterion metathesis reactions as described in the Supporting Informa-they were bonded. Anisotropic temperature factors were used for all

tion.

(7%Ind)CpMo(P(OMe)3), (1). The addition of an NCMe solution
of CpCo (0.41 g, 2.19 mmol) to the complexynftind)(Cp)Mo-
(P(OMe});][BF4]2 (0.77 g, 1.10 mmol) dissolved in the same solvent
caused the immediate change. After stirringZdn atroom temperature,

non-hydrogen atoms. The structures were refined by least-squares
methods or=? until convergence was achieved. All calculations were
carried out with SHELXS and SHELXL within the SHELX97 pack-
age?® Molecular diagrams were drawn with XPMA and ZORTEP
programs'*

the solvent was removed under vacuum and the residue extracted with Theoretical Calculations. Extended Hukel calculations were

hexane (2x 30 mL). Upon evaporation of the solvent, the orange
crystalline product separated in 80% yield. Anal. Calcd faHgOsP2-

Mo: C, 45.81; H, 5.77. Found: C, 45.69; H, 5.88%. Selected IR (KBr,

cm1): 3053, 2945, 2835, 1384, 1262, 1177, 1037, 748, HAANMR

(CsDs, 300 MHz, rt,0 ppm): 6.57-6.50 (m, 4H, H(5-8)); 4.58 (s, br,
5H, Cp,3Jpn = 5.4 Hz); 3.90-3.87 (m, 3H, H(+-3)); 3.24 (t, 18H,
P(OMe}). *C NMR (CHsCN-d3, 75 MHz, rt, 6 ppm): 157.5 (C(4/
9)); 120.2 (C(5/8)); 113.5 (C(6/7)); 95.8 (C(2)); 93.1 (Cp); 52.0 £H

(37) The Mo-C(4) and Mo-C(5) distances-2.78 A are also consider-
ably less than those~3.055 A) of another genuing3-indenyl ligand in
the related complex;f-Ind)(;>-Ind)Mo(dppe): Poli, R.; Mattamana, S. P.;
Falvello, L. R.Gazz. Chim. Ital1992 122 315.

carried out using the EH meth®dvith modified H; values!® The basis

(38) Hayter, R. GJ. Organomet. Chenl968 13, P1.

(39) (a) Bergson, GActa Chem. Scand.964 18, 2003. (b) Willner, 1.;
Halpern, M.; Rabinovitz, MJ. Chem. Soc., Chem. Commu®78 155.

(40) Details are available: Stoll, M. E. Ph.D. Dissertation, University
of Vermont, Burlington, VT, 2000.

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

(42) Kabsch, W.J. Appl. Crystallogr.1988 21, 916.

(43) (a) Sheldrick, G. M. SHELXS-86Acta Crystallogr.1990 A46.
(b) Sheldrick, G. MSHELX-97 University of Gdtingen: Gitingen, 1997.

(44) Zsolnai, L XPMA and ZORTEPUniversity of Heidelberg: Heidel-
berg, 1994.
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Table 6. Room Temperature Crystal Data and Refinement Details
for Complexesl and 12+

1 12+
formula CongoMOOGPZ CongoBstMOO@Pz
M, 524.32 697.94
crystal system orthorhombic monoclinic
space group Pbca P2,/n
alA 8.621(11) 11.375(13)

b/A 19.142(22) 12.471(15)

c/A 27.504(31) 19.868(22)

pl(deg) (90.0) 99.03(1)

VIA3 4539(9) 2783(6)

VA 8 4

DJ/g cnr3 1.535 1.665

wlmmt 0.752 0.674

F(000) 2160 1408

6 range/deg 2.6925.82 2.23-25.93

index rangeskl 0=<h=<9, 0<h=12,
—-23< k=23, —-15< k =< 15,
—-33=<1=33 —24<|=<24

reflections collected 14511 7771

unique reflections 403R,;= 0.0332) 4431Rn= 0.0234)

tefined parameters 268 359

goodness-of-fitor  1.108 1.088

final Rindices

(1> 20(1)]
R, WRA 0.0582, 0.1301 0.0551, 0.1589
Rindices (all data)
R1, WR, 0.0777,0.1444 0.0747,0.1776
largest diff peak 1.179 and-0.627 1.194 and-0.708

and hole/e A3

AR = 5 (I|Fol — [Fell)/3|Fol; WRe = [SW(Fo*— FA)Z 3 W(Fo)7">
w = U[o%(F?) + (aP)? + bP], P = [max(F.?) + 2F2)/3.

set for the metal atoms consistedro$, n p, and —1) d orbitals. The
s and p orbitals were described by single Slater-type wave functions,

Stoll et al.

and co-workers (release 23)The slipping, folding, and position of

the indenyl ring and the angles between the ligands (indenyl, Cp, CO)
were optimized for the carbonyl complexes. Full optimization was
carried out for the phosphite complexes. Vosko, Wilk, and Nusair's
local exchange correction potential was u%emhgether with Becke’s
nonlocal exchangéand Perdew's correlation correctiotitJnrestricted
calculations were performed for the paramagnetic complexes. The
geometry optimization procedure was based on the method developed
by Versluis and Ziegletiusing the nonlocal correction terms in the
calculation of the gradients. The core orbitals were frozen for Me- ([1
3]s, [1-3]p, 3d) and C, N, O (1s). Triplé Slater-type orbitals (STOs)
were used for H 1s, C, N, O 2s and 2p, and Mo 4s and 4p. A set of
polarization functions was added: H (sindgle2p), C, N, O (singl€,

3d). The ADF-1999 release was used to calculate the ESR parameters.
An all valence basis set was used for all atoms, and-spibit coupling

and relativistic effects were taken into account, within the “zeroth order
relativistic approximation” ZORA formalism of ADF-1999.
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and the d orbitals were taken as contracted linear combinations of two JA0109951

Slater-type wave functions. The parameters used for Mo weré&,

¢): 5s,8.77, 1.960; 5p, 5.60, 1.900; 4d, 11.06, 4.542, 1.891Q.5899
(Cy), 0.5899 (G). Standard parameters were used for other atoms. The
program CACAO was used in calculatio$he calculations were
performed on model complexes having geometries @ithymmetry,
taken from the experimental structures noted in the text. Thy$; [(
Ind)CpMo(CO}]"™" (m= 3,n = 0 orm= 5, n = 2) complexes have

a distorted pseudotetrahedral geometry around the metal with Ind
Mo—Cp and CO-Mo—CO angles of 14Dand 80, respectively; the
trihapto coordination mode of the indenyl ligand was accomplished
by aQ = 30° bending of that ligand. The bonding distances (A) were
as follows: M-(Cs ring centroid), 2.00; M-C(CO), 2.00; C-0O, 1.25;
C-C, 1.40; C-H, 1.08.

Density functional calculatiodwere carried out on model com-
pounds based on the structured®f for the [#7°-Ind)(Cp)Mo(CO}]>*
complex, without symmetry, and df underCs symmetry, using the
Amsterdam density functional (ADF) progréiteveloped by Baerends

(45) (a) Hoffmann, RJ. Chem. Phys1963 39, 1397. (b) Hoffmann,
R.; Lipscomb, W. N.J. Chem. Physl962 36, 2179.

(46) Ammeter, J. H.; Burgi, H.-J.; Thibeault, J. C.; HoffmannJRAm.
Chem. Soc1978 100, 3686.

(47) Mealli, C.; Proserpio, D. MJ. Chem. Educ199Q 67, 39.

(48) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(49) (a) Baerends, E. J.;’Bees, A.; Bo, C.; Boerrigter, P. M.; Cavallo,

L.; Deng, L.; Dickson, R. M.; Ellis, D. E.; Fan, L.; Fischer, T. H.; Fonseca
Guerra, C.; van Gisbergen, S. J. A.; Groeneveld, J. A.; Gritsenko, O. V.;
Harris, F. E.; van den Hoek, P.; Jacobsen, H.; van Kessel, G.; Kootstra, F.;
van Lenthe, E.; Osinga, V. P.; Philipsen, P. H. T.; Post, D.; Pye, C. C;
Ravenek, W.; Ros, P.; Schipper, P. R. T.; Schreckenbach, G.; Snijders, J.
G.; Sola, M.; Swerhone, D.; te Velde, G.; Vernooijs, P.; Versluis, L.; Visser,
O.; van Wezenbeek, E.; Wiesenekker, G.; Wolff, S. K.; Woo, T. K.; Ziegler,
T. ADF; 1999. (b) Fonseca Guerra, C.; Visser, O.; Snijders, J. G.; te Velde,
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Chem. Acc1998 99, 391.
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Baerends, E. J.; Ros, Pnt. J. Quantum Chem1978 S12 169. (c)
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