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The trimethylrhodium(l1l) complex CnRhM€1, Cn= 1,4,7-trimethyl-1,4,7-triazacyclononane) undergoes a nearly
reversible one-electron oxidation&t = —0.15 V vs CpFe/CpFe' (cyclic voltammetry, 1.0 V/s) in acetonitrile/

0.1 M BwuNPFs. Preparative electrolysis as well as homogeneous oxidations with substituted ferricinium salts
gives a mixture of CnRhMgNCMe)" (2) and CnRhMe(NCMef+ (3), the 2:3 ratio being independent of the
nature of the oxidant. In addition, the reactions yielded ethane, mostly by intramolecular elimination. An
investigation of the kinetics of the reaction &f" by derivative cyclic voltammetry revealed a unimolecular
reaction AH* = 57.04 0.9 kJ/mol,ASF = —35.4+ 3.0 J/(Kmol), k(20 °C) = 5.9 s'1) with negligible solvent
effects (MeCN vs CkCl,). Itis proposed that*" eliminates ethane to generate the formally 15-electron CnRhMe

in the rate-determining step. The final Rh-containing products are likely formed from this speciés and

Introduction ethane formation and (for MeCN solvent) Cp*Rh(BPh
(NCMe)2* by an ECE mechanis#i. The rate of this reaction
was rather insensitive to the identity of the solvent, suggesting
that 15-electron Cp*Rh(PRh* was the initially formed orga-
nometallic product. Rapid capture of two solvent molecules
and reoxidation gave Cp*Rh(PRINCMey*. Similar behavior
resulted from the oxidation of the 16-electron complex Ru(CO)-
(PBuzMe),(CCPh},*¢ indicating that this behavior may have

some generality.
In this contribution, we will describe the oxidation chemistry

The electron-transfer oxidation of organotransition metal
complexes containing-bonded ligands is frequently observed
to induce reductive elimination, defined in a broad sense as
summarized in eqs-13. Metal hydrides are activated toward

two-electron, one-ligand o
reductive elimination

@

M*—R —= M + R*

one-electron, one-ligand

M+—R —» M+ + R° - oo
reductive elimination

R ' of CnRhMg (where Cn = 1,4,7-trimethyl-1,4,7-triazacy-
M.\t —> M+ + RR ;‘e’“:ugfvce“:l‘:m‘l‘::nl(‘)ia“d 3) clononane). Although intramolecular elimination is again the
R result, it will be seen that this system differs from Cp*Rh(BPh

Me; in interesting ways. Recent publications by Flood and co-

deprotonation and typ|ca||y react according to eﬁvﬂhereag worker$ have focused on the Organometa”ic Chemistry of the
homolysi$ (eq 2) and apparently concerted reductive elimina- CnRh moiety. The Cn ligand is bonded to the metal through
tions* according to eq 3 are found for compounds containing three “hard”® poorly polarizable N atoms, devoid af-back-
o-bonded hydrocarbyl groups. bonding capabilities. This is in contrast with more conventional
A detailed investigation of the kinetics and mechanisms for ligands like Cp, CO, PR etc., which are relatively “soft”,
the reductive elimination from the cation radical of Cp*Rh- Polarizable, and capable of accepting electron density from the

(PPh)Me; revealed a first-order process that gave intramolecular metal by backbonding. It is hoped that the relatively hard Rh
center that results from the coordination of the Cn ligand will

significantly alter the chemistry of coordinated hydrocarbon
ligands when compared to the behavior of related Rh complexes
that are ligated by softer ligan@. Although it is not clear
whether the effects arise from the altered hardness of the metal,
several reports indicate important reactivity differences between
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4 on 1.7-5.0 mM solutions ofl in acetonitrile/0.05 M MgN*tBF,.
N The measurements yieldeghs= 1.12(3) F/mol, in quite good
I agreement with the value of 1 anticipated for a one-electron
2r process. 'H NMR spectra of the concentrated anolyte after
1k electrolysis (see Experimental Section for details) revealed the
01Vis presence of CnRh(NCMe)Meé (2) and CnRh(NCMeMe?* (3)
or . — . . in a 1:0.33 ratio (eq 4). The charge consumption and2tBe
8 CnRhMe3 iﬁef—l\i CnRh(NCMe)Me," + CnRh(NCMe),Me?* (4
6| (CpoFe™ or : )
— electrode) major minor
4 -
g 2+ ratio were independent of the substrate concentration in the range
ol 1Vis 1.7-5 mM. (Details about the preparation and identification
300 —_— of 2 and3 are given later.) The electrolyses were furthermore
performed at different potentialg,= —0.04,+0.12, and+0.33
20 V vs E°(1), corresponding to positions before, shortly after, and
10k well after the cyclic voltammetry oxidation peak. The charge
consumption and the product ratio were again independent of
Or the applied electrode potential. The 1:0.33 ratio would require
10k 10 Vis the passage of 1.25 F/mol of charge, assuming that only neutral

Y 0'6 0'4 . 0'2 . 0'0 ' organic products are formed. Despite the minor discrepancy
o e s e -~ ‘ between the coulometria value and that predicted from the

E (Vvs Fc) observed product ratio, these data taken together are indicative
Figure 1. Cyclic voltammograms for the oxidation of CnRhMat of a somewhat greater than 1 F/mol process.
voltage sweep rates = 0.1, 1.0, and 10 V/s. Experimental condi- Preparation and Characterization of CnRh(NCMe)Me,*-
tions: 2.0 mM substrate in acetonitrile/0.1 M BUPR, 20°C,d = (BF47) (2(BF47)) and CnRh(NCMe),Me?"(BF47)2 (3(BF47)2).
1.0 mm Pt disk electrode. The compound®(BF,~) and3(BF;), were prepared in good

CnRh and related CpRh and TpRh complexes. For example,Yi€lds by treating CnRhMewith 1 and 2 equiv, respectively,
Rh(Ill) complexes CnRh(PRH)Me* (R = Me, OMe) are of HBF4-Et,O in acetonitrile (eqs 5 and 6). Théd NMR
isolable and thermally stable at ambient temperature and only

slowly eliminate methane at 5UC 3¢ whereas analogous Rh-  CrRhMe; HBE/ELO CnRhMe2(NCMe)*(BF 1) 3)
(1) complexes Cp*Rh(PMg(H)Me,”2Tp'Rh(CO)(H)Me?!? and 2HBFE,O o
Tp'Rh(CNtBu)(H)MéE® readily eliminate methane at consider-  C"RhMes CnRnMe(NCMe), ™ (BF4 ), ©)

ably lower temperatures.

Results spectroscopic characteristics 2aind3 in acetonitriled; were
] . o . similar, but not identical, to tho8®of CnRhMe(BF,;) and
Cyclic Voltgmmetry Analysis of the OX|d§1t|on of 1. Figure CnRhMe(BR), in dmsods (in which these species presumably
1 shows cyclic voltammograms for the oxidationlofl.0 mM exist as CnRhMgdmsods)*(BF4~) and CnRhMe(dmsds),2*-
in acetonitrile/0.1 M BUN"PFRs™, T=20°C, 0.6 mm diameter  (gr,-), respectively). In acetonitrilés, the Rh-methyl groups
Pt disk electrode). At a relatively fast voltage scan rate 10 for 1 appear as a doublet &t—0.50 Jrn-cr, = 2.5 Hz). For
VIs (bottom), essentially full chemical reversibility is seen, as 5 e Rh-methyl appears as a doubleﬁafsz 0 =22 Hz)

evidenced by the near unity ratio of the cathodic to anodic peak 54 the coordinated MeCN ligand gives rise to a double at
currents. At the intermediate rate= 1.0 V/s, partial revers- 2.27 Orn-ncme = 0.5 Hz). For3, a further downfield shift to

ibility is seen, and at the slowest scan rate= 0.1 V/s, the 0 1.53 is observed for the Rh-methyk{_cn, = 2.2 Hz), while
electrode-generateld™ has sufficient time to undergo essentially 5 MeCN doublet is found at 2.44 (]RrkNCMse =04 Hz),. The

complete reaction on the experimental time scale.v At 10 trend toward lower fields with increasing positive charge at the
V/s, the peak-to-peak separations and the peak currents Wer&omplex is as might be expected. There was no sign of
near those for ferrocene. In tkﬁ scan rate range 0.5-10 exchange of the coordinated acetonitril2inr 3 with solvent
VIs, alinear dependence igfvs v was seen. Taken together,  ,cetonitrileds, even after 57 days at 20C. Elemental analysis
these observations are in accord with an essentially Nernstianyata and completéH and 13C{1H} NMR spectroscopic data
one-electron transfer & = —0.15 V vs CpFe/CpFe’ (Fc) for both species are given in the Experimental Section.
accompanied Ipy a mo.derately. fast (on the CV time scale) chemical Oxidation of 1. CnRhMe was oxidized in
follow-up chemical reactiof. Cyclic voltammograms were also acetonitrileds solution using the BF salts of CpFe*, MeCp,-
monitored when the return (negative-going) scan was taken to g+ (Eox = —0.10 V vs F&), andAcCpCpFé (Eox = +0.25 V

more negative potentials in order to attempt the detection of |4 Fd9) a_s oxidizing agents. A solution of the oxidant (4.3

cationic products that might be reducible. No waves attributable 4 4 mM) was added to a solution d(5.0 mM) in acetonitrile.

to such species were observed before the solvent/electrolytery,g quantities of the oxidants were adjusted so as to ensure

discharge limit. _ _ incomplete substrate oxidation. This way, complications that
Coulometry and Preparative Electrolysis of 1. Constant-  ight arise from overoxidation or from the presence of
potential coulometry was performed t= +0.12 V vsE°(1) unconsumed paramagnetic oxidant in tHeNMR spectra were
avoided. The only detectable Rh-containing products were again
(7) (a) Jones, W. D.; Feher, F.J.Am. Chem. S0d.984 106, 1650. (b) . f
Ghosh, C. K.: Graham, W. A. G. Am. Chem. Sod 987 109, 4726. 2 and 3. The yields of2 and 3, as determined byH NMR
(c) Jones, W. D.; Hessell, E. 1. Am. Chem. S0d.993 115 554.

(8) Bard, A. J.; Faulkner, L. RElectrochemical Methods. Fundamentals (9) MeCp = (5°-CsHsMe); AcCp = (5-CsH4COMe).
and ApplicationsWiley: New York, 1980. (10) Connelly, N. G.; Geiger, W. E2hem. Re. 1996 96, 877.
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spectroscopy (PPNBF4~ as internal standard), were 43 and 26%

with MeCp,Fet as the oxidant (mass balance for Rh, 91%), 50 CMRhMes
and 25% with CpFet (100% mass balance), and 43 and 17%

with A°CpCpFé (78% mass balance). The ‘“yields” of the intermediate en route to the final products CnRh(NCMeyMe
neutral ferrocenes could not be evaluated by NMR because theyand CnRh(NCMeMe?".

were prone to removal by sublimation during the workup  The isotopic purity ofl-dy was checked by théH NMR
procedure. However, the weighed amount of oxidant that spectrum ofl-dy, and we estimate the complex to be better than
was added corresponds almost perfectly with the charge balancé9% deuterated at the Rh-methyl groups. The crossover product
of 2 and 3 (see Experimental Section) for the oxidants formation (4-10% CHCDj3) discussed in the previous para-
MeCpFe"BF,~ and CpFe"BF;~, but less well for graph is, therefore, a significant source of information regarding
ACCpCpFeBF,~. Considering the less-than-perfect mass bal- the reaction mechanism. Two fundamentally different scenarios
ance, particularly for the strongest oxidizing agent (which may lead to CHCD;. One possibility is that it is formed in a
conceivably might cause undesired side reactions or overoxi- minor intermolecular reaction that competes with the intramo-
dation), we conclude that the yields @f and 3 are rather lecular reaction of**. The other possibility is that some methy!

MeCN
+ CnRh(NCMe);Me>™ —S¢ » 2 CnRh(NCMeMe,* o)

insensitive to the identity of the oxidizing agent. scrambling occurs il or 1** before the elimination of ethane
Reactions that were performed in sealed NMR tubes led to fakes place. A mass spectrometry experiment was designed to

the formation of ethane, as indicated by a singlep &.85.  further illuminate these possibilities.

Oxidations with the BF salts of CpFe", MeCp,Fet, and First, the chemical ionization (N mass spectra of and

AcCpCpFe were also performed in a closed vessel, sealed with 1-do were obtained. Fot, a well-defined peak an/z321 (M

vacuum stopcocks. The volatiles were analyzed by-®IS. — CHs + NHg) was seen. Correspondingly, a peakrez327

Thus, all experiments led to the formation of ethane and traces(M™ — CDs + NH3) was observed foll-dg; significantly, no
of methane (ca. 1%), regardless of the identity of the oxidizing Signal was found an/z324, which would be indicative df-ds

agent_ (|\/|Jr — CDs + NH3) or l—d3 (|\/|Jr — CHs3 + NH3).

Next, a 1:1 mixture ofl and 1-dy was oxidized with an

Isotope Labeling and Crossover Experiments. A series ) . L
b g b equimolar amount of GfFe"BF,~ in acetonitrile. Unreacted

of labeling experiments were designed to probe the details of . ) . .
the ethane formation. The mass spectrum of the e,[h(,inesubstrate was isolated from the reaction mixture (see Experi-
generated during the oxidation of a 1:1 mixture of CnRh{jgH mental_ Section f(_)_r details) and subjected to the same CIMS
(1) and CnRh(CB)s (1-ds) revealed that mostly C4€H; and analysis. In addition to the peaks seen _loand 1-dy alone
CDsCDs were formed; 410% of the crossover product GH (see aboye), the mass spectrum of the mixture showed a rather
CDs; was detected in different experiments. This establishes dlggncl)stlc peak a:w/ Zt324 Vch'ICh cou!d arltsetrf]rorﬂ-dg and/ ort

that the reductive elimination that generates ethane takes plac f 6 1_2 an impor ?ln anlrg experll;ne_n ’d eTrrr:_ass Spectrum
almost exclusively in an intramolecular fashion. Since the major ©F & 1:1 mixture ofl and 1-d, was obtained. This spectrum

Rh-containing product, CnRhME@NCMe)", containgwo methyl ldiipla]}./eg. peaksta'gll.z ﬁztﬁ ?nd 3127| but not ahfzgl?“- dThe ¢
groups, this must mean thatethyl group migration, necessary atterfindings establish that methy! group scrambling do€s no

to account for the dimethylrhodium product obsed, must occur during the MS analysis. Therefore, the scrambling found

occur after the elimination of ethaneConsequently, the two " the unoxidized substrate of tfel-ds mixture shows that

methyl groups in the major product CnRhiIdeCN)* must partial scrambling occurs as a consequence of the oxidation
originate from two different Rh centers. An MS analysis of process. The crossover (GEDs) ethane may, therefore, arise

the scrambled product in the crossover experiment will from intramolecular elimination from the partially scrambled
therefore, be uninformative. Experiments to be described i,n substrate. On this basis, we propose that all ethane elimination

the following were designed to probe at what stage the methyl oc\c/url;s n antl_ntr?molti_culf_lr fasPlttlaqn. Kineti d Mech
scrambling did occur. oltammetric Investigation of the Kinetics and Mecha-

nism of the Reaction of *. The kinetics and mechanism of
Methyl group transfer frequently occurs between 18-electron the oxidatively induced reaction ol** were probed by
f,11 * . . . . .
ge:ghcggterilCMF02+eI>:()aerle, wher! Cg Rh(PE_)M_ez and derivative cyclic voltammetry (DCV)? The application of
P (. B).( _e)z_ (PR )*2 Were mixed, quan+t|tat|\_/e COM- " pcvin organometallic chemistry has been previously described
proportionation yielding Cp*Rh(PRJ(NCMe)Me"PR~ was in detail, 26471350 only a brief description of the technique will
seen after several houts The dication Cp*Rh(PRI(NCMe)2" '

h h lusive Rh L q biained be given here. In a DCV analysis of the mechanisms of
was, however, the exclusive Rh-containing product obtained g|q o de reactions, the voltage sweep nate adjusted to,
from the electron-transfer-induced reductive elimination of

) at which the reverse to forward derivative peak current ratio
ethane from Cp*Rh(PRJMe,. Given the fact that methyl b

Lo . . I'/l's equals a constant value The separation between the
migration occurred in that system, we deemed it necessary to

' ) >3 CV switching potential Eswitch, @and the reversible electrode
check whether the monocation CnRh(NCMejenight origi- potential for the process under investigatiB,, is fixed for a
nate in primary production of CnRh(NCM#Je?*, followed

b id . . ih th b CnRAM measurement series (500 mV for the present work, empirically
y rapid comproportionation with the substrate Cn aMe chosen to give access to partially reversible voltammograms
However, when the product mixture of an incomplete homo-

S . h ot " over a wide temperature range). The valueoWill increase
geneous_oxidation, (Eontalnlng CnR (NCW; . (BFs")z, with increasing rate of disappearance of the electrode-generated
CnRh(NCMe)Me*BF,~, and CnRhMgin acetonitrileds, was

monitored by*H NMR spectroscopy over time, no further ;5 (ay Aniberg, E.; Parker, V. DJ. Electroanal. Chem., Interfacial
reaction occurred during a period of 44 h. This establishes that Electrochem.1981, 121, 73. (b) Parker, V. DActa Chem. Scand.,
the eventual methyl transfer between these 18-electron species ~ Ser. B1984 B38 165. (c) Parker, V. DElectroanal. Chem1986

is much too slow to be involved in the electron-transfer-induced 13) @) %‘ilset M. InEnergetics of Organometallic Speci@imtes, J. A.
reactions (eq 7). The methyl migration that ultimately yields M., Ed.; Kluwer Academic: Dordrecht, 1992; p 109. (b) Tflset, M.;

CnRh(NCMe)Me" must, therefore, occur from some transient Skagestad, V.; Parker, V. D. IMolecular Electrochemistry of
Inorganic, Bioinorganic and Organometallic Compoun&®mbeiro,
A.J. L., McCleverty, J. A., Eds.; Kluwer Academic: Dordrecht, 1992;
(11) For further examples, see ref 16 in ref 4f. p 267.
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Table 1. Rate Constants for the Reactionslof in Acetonitrile/0.1
M BusN"PRs~

run 1 run 2
T(C) wvos(Vs™? k(s) T(EC) ws(Vs? k(s
-15 0.281 0.393
-5 0.497 0.955 -5 0.820 1.103
0 0.823 1.552 0 1.235 1.631
5 1.359 2.516 5 2.282 2.960
15 3.394 6.066 15 5.338 6.683
25 8.324 14.38 25 12.893 15.60
35 18.851 31.51 35 30.267 35.43

species. Foi'/l's = 0.5, one obtaingys which correlates
inversely with the half-life of the electrode-generated species
and directly with the rate constant for its disappearance.
Measurements of. under different experimental conditions
provide information about the reaction order of the homogeneous
reaction with respect to the substrate redox couple, activation
energies, etc. When the rate law and the stoichiometry of the
reaction have been established, a comparison afata with
theoretical working curves can provide the rate constants for
the reactions.

A DCV reaction order analysis in acetonitrile/0.1 M
BuN*PR~ established thaty s was independent of the substrate
concentration in the range 0:2.0 mM, implying a first-order
reaction with respect té**. (One might say, in simple terms,
that these measurements entail establishing the half-livirs of
over this 4-fold range of concentrations). When the solvent/
electrolyte was changed to dichloromethane/0.2 MNBWPR; ™,
it became clear that the voltammetric response was less well-
behaved due to adsorption at the electrode, but we conservativel
estimate that thess values changed less than 20% when
compared to the acetonitrile data. From this, we conclude that
there is no appreciable solvent effect on the rate of the reaction
of 1-*.

Variable-temperature DCV measurements®f andvg g in
the temperature range from15 to 35°C were performed in
acetonitrile. Assuming as a first approximation (but vide infra)
a purely one-electron oxidation df with clean first-order
reaction ofl** (an EC mechanism), the measunedata were
converted to first-order rate constants by comparison with

Fooladi and Tilset

may be caused by methyl scramblibgforeelimination rather
than by a competing intermolecular elimination pathway.
Rate-Limiting Reductive Elimination. Through the ex-
perimental findings, it has been established that, after the one-
electron oxidation (eq 8), intramolecular elimination of ethane
occurs in the rate-determining step (eq 9) to yield the apparently
15-electron product CnRhMe One may ask whether the
=——* CnRhMe;™" + ¢

CnRhMe3 (8

CrRhMe;™ —% » CnRAMe™ + CzHs ©)
reductive elimination occurs in a one-step, concerted reaction
(eq 10, top path) or by a stepwise, homolytig2$athway (eq

10, bottom), which must occur mostly within a solvent cage to
explain the highly intramolecular nature of the reaction. The

o+ ,Me_ I
CnMe)RK_|
Me

N

CnRhMe™ + C,Hs

e

7

CnRhMe;™

™~

(10)
+ Me]
RI

h\Me

Cn{Me)

solvent cage

crossover product alone could be taken as evidence for “leakage”
from the solvent cage in a two-step process. However, the
extremely low yield of methanea product expected from

hydrogen atom abstraction from the solvent after cage
leakage-argues against a stepwise mechanism. Furthermore,

Mhe somewhat negative entropy of activation-&8 J/(K-mol)

is in better agreement with a somewhat ordered transition state
of a concerted reaction than with a dissociative homolytic
process. (An analogous ambiguity was discussed in our
previous papéf on the oxidation of Cp*Rh(PR}Me,.)

Any consideration of what happens after the rate-determining
step must necessarily be based, in part, on educated speculation.
A variety of mechanistic possibilities are conceivable. However,

a rather simple picture can serve to explain all experimental
results.

The highly unsaturated species CnRhMprobably coordi-

theoretical data. Data for two variable-temperature measuremeninates a solvent molecule to yield a less unsaturated 17-electron

series are summarized in Table 1. The Eyring equation was

used to extract the kinetic parameters for the reaction. These

were (uncertainties given as one standard deviation from the
regression analysisAH* = 57.0+ 0.9 kJ/mol,AS" = —31.2

+ 3.0 J/(K'mol), andk(20°C) = 9.8 s*. (A minor adjustment

to the ASF andk values will be introduced in the Discussion
section.)

Discussion

Summary of Important Experimental Results. When a
mechanism is postulated for the oxidatively induced reaction
of 1, the following observations must be taken into account and
explained: (a) The rate of reaction @f" follows first-order
kinetics, and solvent effects are small. (b) Ethane is the only
significant organic product and is generated by a mechanism
that is at least 90% intramolecular. (c) By chemical as well as
electrochemical oxidation, somewhat more than 1 F/mol of
charge is required for complete consumptionlof (d) The
product ratio (monocatio2 vs dication3) is independent of
the electrode potential, the identity of the oxidizing agent, and
the order of mixing of reactants for the homogeneous oxidation
with Cp,Fe'BF,~. (e) Methyl scrambling in unconsumed
substrate suggests that the 0% crossover product G8Ds

species CnRhMe(NCME) (eq 11). Alternatively, the coun-

CrRhMe™ + MeCN  12pid_  cnRhMe(NCMe)™ 1y
terion* may coordinate at the metal center. (The proposed
solvent or counterion coordination, while not proven, will have
no profound effect on the major features of the later steps of
the mechanism to be proposed.)

Disregarding, for a moment, the formation of the monoca-
tionic product2, the coordination of aecondsolvent molecule
to yield 19-electron CnRhMe(NCMg) at first sight might
provide an attractive, direct route to the dicationic prodsict
through a simple one-electron oxidation. Despite the fact that
the interconversion between 17- and 19-electron species (the
latter often quite strong reducing agents) via ligand association/
dissociation is well documentéfl,we consider this scenario
unlikely in this particular case. We find that the dicati8n

(14) (a) Beck, W.; Sokel, K. Chem. Re. 1988 88, 1405. (b) Strauss, S.
H. Chem. Re. 1993 93, 927.

(15) For some pertinent reviews, see: (@)ganometallic Radical Pro-
cessesTrogler, W. C. Ed.; Elsevier: Amsterdam, 1990. (b) Tyler, D.
R. Acc. Chem. Red991 24, 325. (c) Astruc, DElectron Transfer
and Radical Processes in Transition-Metal Chemist/¢H: Wein-
heim, Germany, 1995.
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cannot be electrochemically reduced before solvent/electrolyte coanmes* + crRnMe(NCMe)* CnMesRh——RhCn(NCMe)Me
reduction commences. This shows that the immediate reduction -+ 12)

product of3, the 19-electron species CnRhMe(NCME) is
MeCN attack

energetically rather inaccessible. Quantitative data are not at at right Rh CnRhMes + CnRh(NCMe);Me*?
hand, bqt we conclude that '.[he 19-e|ectrpn gdduct is Iike!y t0 crmesRh—RhC(NCMe)Me 1 3

be so high in energy that it cannot exist in concentrations MeCN .
sufficiently high to render it a kinetically competent intermedi- atack atloftRh 2 CMRn(NCMe)Me; (13

ate. Another argument against an outer-sphere oxidation of 2

CnRhMe(NCMe)™ or its 17-electron precursor CnRhMe- . . ) .
(NCMeY* is the independence of ti#3 ratio on the reaction according to this pathway may be viewed as an inner-sphere
conditions. electron transfer. Alternatively, acetonitrile attack at the left

Rh center accompanied by a methyl group transfer from the
left to the right and metatmetal bond rupture would yield two

molecules of the monocationic product (eq 13, lower path). The
branching ratio starting from the dinuclear intermediate should

The fact that the2:3 ratio does not depend on the electrode
potential during exhaustive electrolysis experiments can be
readily understood: the lifetime af* is about 0.1 s at ambient
temperature. Under the experimental conditions of vigorous . . "
stirring, the cation can be efficiently removed from the electrode be independent of the exact reaction conditions, and thus a rather
surface before the homogeneous reaction occurs to any signifi-cONStant2:3 product ratio should result.
cant extent. Thus, the homogeneous chemisitigluding the The proposed dinuclear intermediate also serves to rationalize
production and Consumption of any reactive intermediatali the observed methyl SCI’amb|Ing in unconsumed substrate du”ng
take place in the bulk solution, and the outcome should be the oxidation of thel:1-dy mixture. First, methyl groups might
electrode potential independent (as long as the final productsMigrate between the Rh centers in the dinuclear intermediate.
are not electroactive). Reaction 13 will then regeneratdén which methyl scrambling

The observation that th2:3 product ratio is independent of has occurred. Alternatively, methyl migration betw_een the two
the identity of the oxidant or of the order of mixing the reactants CENters may also occur as a consequence of possible reversible
is particularly intriguing and, at first, not so readily understood. dimer formation: after methyl exchange between the left and
The fact that the doubly oxidized, dicationic proddcis not right Rh centers in _the dinuclear species, d|r_ner dissociation
produced in greater quantitieshen a stronger oxidant is used, Would generatd** with scrambled methyl. A simple electron
or when an excess oxidizing agent is present during most of €xchange with unscrambled, neutral will finally give
the reaction (such as when a solutionlofias added slowly to ~ ScrambledL.

a solution of the Cgre* oxidant), is a strong indication that In order to account for a 1:0.33 ratio 8fand3, as found by
dication formation is not the result of two successive outer- exhaustive constant-potential electrolysis, the branching must
sphere electron transfer processes. Rather, it can be argued thde such that 40% of the dinuclear intermediate reacts according
a common intermediate lies at the branching point of two to eq 13, upper path (each dinuclear unit gisesmolecule of
reaction channels and that the branching ratio dmeslepend ~ 3), and 60% according to eq 13, lower path (each dinuclear
on the oxidant. A consistent view can be provided when a unit givestwo molecules of2). If this is taken into consider-
doubly charged, dinuclear species is invoked as this key ation, a small adjustment of the kinetic parameters obtained by
intermediate. the electrochemical analysis is needed. All thealues that

The substrate cation radical CnRhiffeand the proposed  Wwere determined (the original determinations in the Results
acetonitrile adduct CnRhMe(NCMe)are 17-electron species ~ Section were based on theimolecularreaction ofl** according
and can attain a closed-shell (18-electron) configuration through to €q 9) must be multiplied by 0.6 to take into account the fact
radicat-radical coupling processes. A dimerization of Cn- that, of the cation radicals that are consumed according to eq
RhMe;s itself is ruled out because second-order kinetics should 9, 60% will cause the consumption of another cation radical
result. Dimerizations of the reductive elimination “product” according to eq 13. This will have no effect ai*, whereas
CnRhMe™ or its acetonitrile adduct CnRhMe(NCMe&)cannot AS will be slightly more negative. The kinetic parameters will
be ruled out but will be unlikely if they are generated in low then be AH* = 57.0 + 0.9 kJ/mol, AS" = —35.4 + 3.0
steady-state concentrations. On the other hand, the half-life of J/(K‘mol) andk(20 °C) = 5.9 s**. The adjustment has no
CnRhMert is known through the kinetics measurements to be influence on the conclusions based on the past discussion.
on the order of 0.1 s at ambient temperature, and this species Concluding Remarks. The initial one-electron oxidation of
should have ample time to react, even with quite short-lived CnRhMg triggers the largely intramolecular reductive elimina-
intermediates in second-order processes. Many organometalliion of ethane. This is another example showing that apparently
radicals undergo rapid dimerization reactiéhimcluding some uncomplicated intramolecular reductive eliminations of hydro-
cationic specie¥’ We propose, at this point, that a dinuclear carbons can be initiated by single-electron transfer events, as
species is formed by a radiealadical coupling of CnRhMg"™ described by us previousfy:" However, in the present work,
and CnRhMe(NCMeJ. The dimer may possess a metaietal the situation is more complicated than what immediately meets
bond, as suggested for simplicity in eq 12, or (perhaps more the eye because of the methyl scrambling that occurs before
likely for steric reasons) it may be supported by methyl bridges. the rate-limiting elimination, and by the presence of mono- as
Solvent attack at the rightmost Rh center of the dimer (eq 13, well as dicationic organometallic products. The overall results
top path) will lead to dication formation and regeneration of a emphasize the need to closely scrutinize the mechanism of
substrate molecule. The combined dimerization and heterolysisformation of minor products, as well as the major ones. It is
only when this is done that it is possible to understand in detail

(16) (a) Meyer, T. J.; Caspar, J. €hem. Re. 1985 85, 187. (b) Scott, S. these fundamentally important reaction types.
L.; Espenson, J. H.; Zhu, Z. LJ. Am. Chem. S0d.993 115, 1789.
(c) Richards, T. C.; Geiger, W. E.; Baird, M. Organometallics.994 . .
13, 4494. (d) Peters, J.; George, M. W.; Turner, Dihanometallics Experimental Section
1995 14, 1503. (e) Barbini, D. C.; Tanner, P. S.; Francone, T. D; . . ) . .
Furst, K. B.; Jones, W. E., Jmorg. Chem.1996 35, 4017. General Procedures. All manipulations involving organometallic

(17) See ref 13a and ref 15 cited therein. compounds were carried out with use of vacuum line, Schlenk, syringe,
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or drybox techniques. Acetonitrile was distilled from@B, and
acetonitrilees, dichloromethane, and dichloromethadiewere distilled

Fooladi and Tilset

(beginning of slow dec)!H NMR (200 MHz, acetonitrileds) 6 1.53
(d,J=2.2 Hz, 3 H, RMe), 2.44 (d,J = 0.4 Hz, 6 H,MeCN), 2.67

from CaH. Acetonitrile and dichloromethane containing the supporting (d, J = 1.2 Hz, 6 H, N\Me), 2.96 (s, 3 H, WMe), 3.0-3.15 (m, 12 H,
electrolyte were passed through a column of active neutral alumina NCH,); 3C{*H} NMR (50 MHz, acetonitrileds) 5 4.8 (MeCN), 8.5
prior to use to remove water and protic impurities before electrochemical (d, Jrn-me = 21 Hz, RIMe), 49.7, 53.2, 56.2, 62.1, 65.1, 126.9 (OMN);

measurements. The electrolyte was freed of air by purging with purified IR (MeCN) vey 2328 (m), 2301 (m) cmt. Anal.

Calcd for

solvent-saturated argon, and all measurements and electrolyses wer€;4Hs;B2FsNsRh: C, 30.86; H, 5.55; N, 12.85. Found: C, 31.55; H,

carried out under a blanket of argon.
IH and °C{'H} NMR spectra were recorded on Bruker Advance

DXP 200 or 300 instruments. Chemical shifts are reported in ppm A°CpCpFetBF,".

5.57; N, 12.78.
Oxidation of CnRhMe3 with Cp.Fe"BF,~, MeCp,Fe"BF,~, and
(i) Gas Analysis. A solution of1 (51.1 mg, 0.16

relative to tetramethylsilane, with the residual solvent proton resonance mmol) was prepared in acetonitrile (32 mL). The solution was evenly
as internal standards. IR spectra were obtained on a Nicolet Magna-distributed into four Schlenk flasks equipped with rubber septa. Each
IR 550 FT-IR spectrometer. GLC analyses were done on a Hewlett of the oxidizing agent$*Cp,Fe"BF,~ (10.3 mg, 34.2«mol), CpFeBF,~

Packard 5710A gas chromatograph using a 39 h54 mm Megabore

(9.6 mg, 35.2umol), and**CpCpFeBF,~ (11.0 mg, 34.2«mol) was

GS-Q capillary column. Melting points were measured on an Elec- dissolved in acetonitrile (8 mL). The oxidizing solutions were added
trothermal digital melting point apparatus in capillary tubes sealed under dropwise to the solutions of with stirring. The reactions were
vacuum. Elemental analyses were performed by llse Beetz Mikroana- complete within seconds, and the gas phase was imediately analyzed

lytisches Laboratorium, Kronach, Germany.

by GLC. In all cases, the ethane:methane ratio was greater than 98.5:

Electrochemical measurements were performed with an EG&G-PAR 1.5.

Model 273 potentiostat/galvanostat driven by an external HP 3314A
The signals were fed to a Nicolet 310 digital umol) and PPNBF,~ (3.9 mg, 6.2umol, internal standard) was

sweep generator.

(i) Quantitative Yields by NMR. A solution of1 (25.2 mg, 78.9

oscilloscope and processed by an on-line personal computer. Theprepared in acetonitrile (32 mL). The solution was distributed equally

working electrodes were Pt disk electrodes= 0.4—1.0 mm), the

(i.e., 19.7umol in each) into four round-bottom flasks with magnetic

counter electrode was a Pt wire, and the Ag wire reference electrodestirbars. Each of the oxidizing ager{éCp,Fe"BF,~ (5.7 mg, 18.9

assembly was filled with acetonitrile/0.01 M AgNO.1 M BwWN*PR;~.
The reference electrode was calibrated againsE€pwhich is also
used as the reference in this work. The positive-feedifRaclompensa-

umol), CpFe'BF,~ (5.2 mg, 19.1umol), andA°CpCpFeBF,~ (6.0
mg, 19.1umol) was dissolved in acetonitrile (8 mL). The oxidizing
solutions were added dropwise to the solutionslofvith stirring,

tion circuitry of the potentiostat was employed; the separation of anodic whereupon the reactions took place immediately. The solvents were

and cathodic peak for the @fe oxidation was 5961 mV in
acetonitrile.

removed in vacuo. The residues were dissolved in acetonilyjlend
the 'H NMR spectra were recorded. The yieldsfnd 3 and the

Mass spectroscopic analysis was performed on a Fisons VG overall mass balance for Rh were determined from their integrated

ProSpec-Q mass spectrometer. The-BLS analysis was performed
with a Fisons GC 8000 gas chomatograph (5r8.25 mm Chrompack

CP-SIL fused silica column) interfaced to the same mass spectrometer.

The compounds Gpe'PR~, CpFe'BF,~, MCpFe'BF,~, and
ACCpCpFeBF,~ were prepared from the appropriately substituted
ferrocene and AgRfor AgBF..1° A modification'® of the literature
procedurg® was used for preparing CnRhMe In the modified
procedure, CnRhglis more conveniently methylated, and improved
yields result when using Mg instead of halide-free MeLi in THF.
The same applies to CnRhMds.

CnRhMey(NCMe)™BF,~ (2(BF47)). The procedure is a modifica-
tion of that used for preparing CnRhM&, in dichloromethané* A
solution of HBR-E,O (51 mg, 0.31 mmol) in acetonitrile (1 mL) was
added dropwise to a stirred solution of CnRhRNEOO mg, 0.31 mmol)
in acetonitrile/dichloromethane (2:1, 6 mL) atl4 °C. The mixture
was stirred for 5 min before being slowly warmed to ambient

RhMe signals as well as the CnRies signal for the unoxidized solution
relative to PPNBF,~. The results were as follows:

(a) MeCp,Fe"BF,~ Oxidant. The yields were 4392, 26% 3, and
22% 1 remaining (91% mass balance). By charge balance (charge
consumed= % yield of2 + 2 x % yield of 3), these yields correspond
to the consumption of 18.#mol of oxidant.

(b) Cpo.FetBF,~ Oxidant. The yields were 5092, 25% 3, and
25%1 remaining (100% mass balance). By charge balance, these yields
correspond to the consumption of 1ol of oxidant.

(c) A°CpCpFetBF,~ Oxidant. The yields were 4392, 17%3, and
18%1 remaining (71% mass balance). By charge balance, these yields
correspond to the consumption of 15 mol of oxidant. The
discrepancy between this number and the actual quantity of oxidant
added may be traced to the rather poor mass balance.

Cp2Fe"PFs~ Oxidation of CnRhMes. Concentration Effects. An
acetonitrile/dichloromethane (1:4) solution was used in order to fully

temperature. After 1.5 h, the solvent was removed by vacuum transfer. dissolve both reactants before mixing.

The oily residue was washed with benzene (2 mL) to remove unreacted

(a) Gradual Addition of Oxidantto 1. CpFe"PFR~ (10.0 mg, 29.8

starting material, dissolved in dichloromethane (10 mL), and filtered xmol) was dissolved in 0.5 mL of an acetonitrile/dichloromethane (1:
through Celite. The product was recrystallized from dichloromethane/ 4) mixture and added dropwise to a solutiorl¢fl0.0 mg, 31.3tmol)

ether to give yellow crystals (108 mg, 81%): mp 581 °C; H
NMR (200 MHz, acetonitrileds) 6 0.32 (d,J = 2.2 Hz, 6 H, RiMe),
2.27 (d,J = 0.5 Hz, 3 H,MeCN), 2.39 (d,J = 1.5 Hz, 3 H, N\Me),
2.69 (s, 6 H, \Me), 2.76 (apparent s, 8 H,GHy), 2.91 (br m, 4 H,
NCH,); 33C{H} NMR (50 MHz, DMSO4dg) 6 1.0 (d, Jrn-me = 28
Hz, RhVe), 3.1 MeCN), 48.3 (2 \Me), 50.1 (1 NMe), 54.9 (NCH,),
57.5 (NCHy), 61.8 (NCHy); IR (MeCN) vcy 2290 (w) cnT®. Anal.
Calcd for GsHsoBFsNJRh: C, 36.13; H, 7.00; N, 12.97. Found: C,
36.29; H, 6.92; N, 13.05.

CnRhMe(NCMe)?"(BF47)2 (3(BF47)2). The procedure is a modi-
fication of that used for preparing CnRhMe(BFin dichloromethané&?
A solution of HBR-Et,O (30 mg, 0.185 mmol) in acetonitrile (1 mL)
was added dropwise to a stirred suspension of CnRh(Ze.6 mg,
0.093 mmol) in acetonitrile (4 mL) at48°C. The mixture was stirred

in the same solvent mixture (2 mL) under vigorous stirring.

(b) Gradual Addition of 1 to the Oxidant. A solution of1 (10.0
mg, 31.3umol) in an acetonitrile/dichloromethane (1:4) mixture (0.5
mL) was added dropwise to a solution of £p'PF~ (10.0 mg, 29.8
umol) in the same solvent mixture (2 mL) under vigorous stirring.

The solvents were removed in vacuo, and the residues were dissolved
in acetonitriled; and filtered through Celite!H NMR spectra were
recorded. The:3 product ratio was 62:38 for experiment a and 61:
39 for experiment b.

Constant-Potential Coulometry and Electrolysis of 1. These
experiments were conducted in an H-shaped cell, the two 20-mL
compartments of which were separated by a medium-porosity sintered
glass filter. A platinum gauze working electrode was used. Stirring
was effected by a vigorous argon flush through the solution in the

for 5 min, whereupon the cooling bath was removed and stirring was working electrode compartment. The solvent/electrolyte was acetoni-
continued until all starting material had dissolved (ca. 10 min). The trile/0.05 MeN*BF,~ (this electrolyte was chosen because of the
solvent was removed by vacuum transfer, and the residue was washedelatively limited solubility even in acetonitrile, facilitating analysis of

with dichloromethane (% 2 mL) and recrystallized from acetonitrile/
THF to yield the product as white crystals (149 mg, 56%): mp 253

(18) Flood, T. C. Private communication.

the electrolysis products by4 NMR spectroscopy without complete
removal of the electrolyte).

Constant-potential coulometry was conducted on 1.7, 3.4, and 5.0
mM solutions ofl at 20°C at an electrode potential f0.12 V vs
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E°(1). Exhaustive electrolyses yieldety = 1.12(3) F/mol. The Mass Spectrometry Analysis of Recovered 1 after Incomplete
solution in the working compartment was withdrawn with a pipet, the Oxidation of a Mixture of ChnRhMe 3 (1) and CnRh(CDs)3 (1-d3).
solvent was concentrated to about one-third of the original volume, The solution obtained in the crossover experiment described above was

and the solution was filtered through a glass wool plug. The remaining evaporated to dryness and held under vacuum to remove the ferrocene
solvent was removed in vacuo. The solid was triturated with ca. 0.5 py suplimation. AH NMR spectrum of a small sample of the solid
mL of acetonitrilees. The2:3 ratio was determined from the integrated  yayealed the presence df 2, and 3, as seen in other oxidation

RhMe signals in the'H NMR spectra and are given in the Results oy neriments. The remainirig(and isotopomers) was separated from
section. the ionic product by extraction with ether. The ether solution was

The same procedure was applied to the constant-potential electrolysis - : .
when1 was oxidized at-0.04,+0.12, and+0.33 V vsE°(1). For evaporated to dryness, and the solid residue was subjected to a mass

this seriesno,, = 1.10(2). Product distributions are given in the Results spectrometry_ analysis (chemical |on|z'at|onIW|th Hikhat revealeq the
section presence of isotopomers @f as described in the Results section.

Homogeneous Oxidation of a Mixture of CnRhMeg (1) and ) .
CnRh(CD3)s (1-ds). Gas Analysis. A mixture of 1 (3.3 mg, 1qumol) Acknowledgment. This work was supported by Statoil under
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with a syringe. An aliquot of the gas phase above the reaction mixture e Rgise, and John Vedde for valuable assistance with the
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instrument. Signals due to the isotopomers;CH; and CRXCD;
dominated the spectrum, whereas signals due tg0ChHlwere present
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