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Abstract: Treatment of isolable, paramagnetic,Cau-CH,).CoCp (L, Cp= °-CsHs) with aromatic disulfides

RSSR affords diamagnetic monothiolate complexes &f-CH,).Co(SR)Cp in quantitative yield. The structure

of CppTa(u-CH,)Co(SGH3(CHzs)2)Cp (2a) has been characterized by X-ray crystallography. The mechanism

of this disulfide S-S bond cleavage reaction has been probed using kinetic, substituent effect, and solvent
effect techniques. A Hammett/p substituent constant analysis yields a nonlinear correlation. In contrast,
application of thee- andC-based dual-parameter substituent model gives a good fit of the data and demonstrates
that the reaction is sensitive to both the electrostatic and the covalent characteristics of the entering disulfide.
All substituents examined (excluding(trifluoromethyl)phenyl) exhibited a solvent effect consistent with a
modest amount of charge separation in the transition state. The reactibnviti the strongly electron
withdrawing substituted bipf(trifluoromethyl)phenyl] disulfide is much more sensitive to solvent polarity
changes. As a comparison system expected to proceed via a limiting outer-sphere electron-transfer mechanism,

the reaction of aromatic disulfides with the 19-electron complex cobaltocene ¢C8Cwhich leads to salts
[CoCp][SR] (4), was investigated using methods parallel to those employed in the study of Ta/Co complex

1
is especially sensitive to the electrostatic character

In the cobaltocene system, the kinetic, solvent effect, and substituent effect data showed that the reaction

of the disulfide and relatively insensitive to its covalent

character and steric bulk. The comparison of cobaltocene with Ta/Co corhgleows that the latter reacts

with most diaryl disulfides (perhaps with the exceptionpe€F; compound2f, which may be a borderline

case) via a transition state with substantially more covalent character, and correspondingly less charge separation,
than that involved in the outer-sphere reactions of@p

Introduction

The oxidative addition of organic disulfides to metal centers
is an ubiquitous reaction in inorganic chemistry. Despite their
importance in both chemistry and biolo§y:® very little
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mechanistic information is available for most of these trans-
formations. Activation of the SS bond by coordinatively
unsaturated complex&$;1415by 18-electron compounds with
easily dissociable ligand$;!316and by homobimetallic com-
plexe$4610has been observed. This last class of reactions is
normally assumed to proceed via dissociation of the binuclear
complex into metal radical intermediates, followed by reaction
of M* with the disulfide (eqs 1 and 2).

M—M = 2M° 1)

2M" + RS—SR— 2M—SR )

Mechanistic study of this type of transformation has been limited
to reactions in which the organometallic radicals have been
generated as transient species, e.g., in the photochemical
dissociation of metatmetal-bonded dimer&*®

A clearer understanding of this process would be achieved
through a thorough, direct study of the reaction of disulfides
with isolable monomeric organometallic radicals.
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We previously communicated the synthesis and characteriza-
tion of thiolate complexes Gpa(u-CH,),Co(SR)Cp 2) from
the reaction of disulfides with isolable, paramagnetic@p
(u-CH2)2CoCp @).2° We also reported the preparation and
isolation of [CoCp][SR] (4) from the reaction of disulfides with
the 19-electron complex Cog(B). This paper reports the full
details of these studies and extends them to encompass the us
of the E- and C-based dual-parameter substituent constant
modef! as an analytical tool for the interpretation of kinetic
and substituent effect data. Additionally, we have conducted
in-depth solvent effect studies on both reactions. Interpretation
of these new data has shed light on the transition state of both
transformations.

Results

Reaction of Aromatic Disulfides with Cp,Ta(u-CH5).CoCp
(1). Treatment of orange Co(ll) complex &a(u-CHy),CoCp
(1),22 with 0.5 equiv of bis(2,6-dimethylphenyl) disulfide in
methylene chloride over the coursk4oh atroom temperature  Table 1. Crystal and Data Collection Parameters for
causes a color change to deep brown. Monitoring this reaction Cp.Tau-CH;),Co(SGH3(CHs)2)Cp (23)

Figure 1. ORTEP diagram of G a(u-CH,),Co(SGH3(CHs),)Cp (24d).

by 'H NMR spectroscopy shows the formation of a single formula TaCoSGHas
diamagnetic product in quantitative yield (FeCmternal formula weight 600.44
standard) with the formula Gpa(u-CH,)>Co(SGH3(CHz),)- nyS:a: Sizet 0-%? ?]-14;;_0-40 mm
H crystal system orthornomnpic
Cp 2a) (eq 3). The'H NMR spectrum oRain CD,Cl, shows space group P2.2.2,
a(A) 18.8484(1)
H H HH b (A) 9.8502(1)
Cpr. Cpi., /_( “Cp c(A) 11.2465(2)
Cp,'Ta—Co—Cp + 05RSSR — Cp’Ta\(Co\SR (3) 7 4
e < V(A9 2088.03(7)
H H
T (K) 153
] 2 earc (g/CnP) 1.91
u(Mo Ka, cn?) 61.32
R = 2,6-dimethylphenyl 2a scan type (deg per frame) w (0.3)
p-methoxyphenyl 2b scan rate (s per frame) 30.0
radiation Mo Ko (1 = 0.71069 A)
p-tolyl 2e monochromator graphite §Rax= 50.%)
phenyl 2d 26 Range (deg) 3:045.0
p-chlorophenyl 2 no. of reflns measd 9228 (unique: 20Rn(= 0.071))
p-trifluoromethylphenyl  2f EW 883;
Rai 0.042
three singlets atd 5.37, 5.04, and 4.36, indicating three GfOFt g'ggo
. . . . . . p factor )
inequivalent cyclopentadienyl rings along with a singletat no. of variables 954

2.43 consistent with two equivalent methyl groups on the aryl
ring of the thiolate ligand. Doublet resonances)a.99 and Table 2. Selected | ecular D .
7.39, indicative of bridging methylene units, along with a 'able 2. Selected Intramolecular Distances for
multiplet in the aromatic region make up the rest of the CpeTafu-CH)2Co(SGHA(CH3)2)Cp (2)

spectrum. Elemental analysis was also consistent with the Ta—Co 2.8005(8) TaC16 2.115(6)
formulation of 2a as shown in eq 3. Dark brown platelike Ta—Cl7 2.126(6) TeC10F 2.1427(2)

X e Ta—C102 2.1220(2) CeS 2.317(2)
crystals of2a were obtained by toluene/pentane diffusion to Co—C16 2.037(6) CoCl7 2.033(6)
give pure2ain 84% recrystallized yield. Co—C103 1.7512(7)

To confirm the structure of2a_a single-crystal X-ray aC101 is the centroid of cyclopentadienyl ring €€5.° C102 is
diffraction study was undertaken. The structure was solved by the centroid of cyclopentadienyl ring €€10.¢C103 is the centroid

direct methods in space group2;2;:2; qnd refined using of the cyclopentadienyl ring CHC15.
standard least-squares and Fourier techniques. The bonding and _ _ )
molecular geometry a2a are shown in an ORTEP diagram in  and the Ta-Co distance of 2.8005(8) A is approximately the
Figure 1. The crystallographic data and parametergéamre sum of the atomic radi® The core of the molecule is very
given in Table 1, positional parameters are given in the Similar to structurally characterized; the two u-CH,—Ta
Supporting Information (Table S-1), and selected bond distancesdistances of 2.126(6) and 2.115(6) AZa are nearly identical
and ang|es are given in Tables 2 and 3’ respective|y_ to those found inlL (213 and 2.11 A}Z These distances fall
There are a total of four molecules in the unit cell, and there roughly between those characteristic of a tantakearbon
are no abnormally short intermolecular contacts between Single bond gca. 2.25 A) and a tantaleiwarbon double bond
molecules. The four-membered dimetallacycle ring is planar, (ca. 2.03 A* The twou-CH,—Co distances of 2.037(6) and
2.033(6) A in2a are also similar to those found in(1.98 and
(20) Aubart, M. A.; Bergman, R. Gl. Am. Chem. So4996 118 1793.
(21) Drago, R. S.Applications of Electrostatic-G@lent Models in (23) Slater, J. CJ. Chem. Phys1964 41, 3199.
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Table 3. Selected Intramolecular Angles for Table 4. Rate Data for the Reaction dfwith RSSR in CHCI,
Cp:Ta(-CH,)Co(SGH3(CHs),)Cp (28) Solvent at 15°C
Co-Ta-C10® 11455(2) CeTa—C102 118.08(2) R ki (M~1s71, £50%) keel
C16-Ta—C17 92.6(2)  Cl103Ta—C102  127.32(1) -
Ta—Co-S 95.28(5) S Co-C103 122.64(5) proKr ety 00 e 20
C16-Co—C17 97.7(2) TaC16-Co 84.8(2) EGH: eri4 381% 102 10
Ta-C17-Co 84.6(2) Ce-S—Ci8 112.2(2) 0 CICeH, 0289 149
2C101 is the centroid of cyclopentadienyl ring €€5.° C102 is p-CRCeH4 0.892 23
the centroid of cyclopentadienyl ring E&€10.¢C103 is the centroid 2,6-(CH)2CeH3 2.66x 1073 0.070

of the cyclopentadienyl ring CHC15.

1.97 A)22 The Co-S distance of 2.317(2) A is somewhat stoichiometry of the reaction requires a different derivation of
longer than in other CpCo(SR) complexes (typically 2:2727 the correct exponential function for flooding with(0.5 mol
R)25-27 and is likely due to the steric interaction of thenethy! of di-p-tolyl disulfide:1 mol of2c). This derivation, which is
groups with the Co-based Cp ligand. However, the-Go  given in the Experimental Section, provides the correct rate
distance is also approximately equal to the sum of the atomic constant for comparison between the two different flooding
radii.23 regimes. A plot of the apparent pseudo-first-order rate constants,
To further probe the reaction mechanism of aromatic disulfide found using the derived exponential function for the appearance
activation by1, we synthesized other aryl-substituted Ta/Co ©Of 2¢, versus the varied concentration bfave a straight line
thiolate complexes. Gfa(-CH,)2Co(Sp-methoxyphenyl)Cp  that passed through the origin. The second-order rate constant

(2b), Cp:Ta(u-CHy),Co(Sp-tolyl)Cp (20), CpeTau-CHs),Co- ki found in this manner was 3.8:(0.3) x 1_0‘2 .M‘ll s‘l_and
(S-phenyl)Cp 2d), CpyTa(u-CHs,),Co(Sp-chlorophenyl)CpZe), agrees well with the value found by flooding in disulfide.
and CpTa(u-CHy),Co(Sp-(trifluoromethyl)phenyl)Cp Zf) were The temperature dependence of the reaction rate was mea-

synthesized in a fashion similar to that used for the preparation sured as well. The rate constakt was measured for the
of 2a. Each compound exhibited spectral characteristics reaction ofl with a 20-fold Normal excess of gi-+olyl disulfide

analogous to those &a. for temperatures ranging from 14.9 to 48%. A linear Eyring
Kinetics of the Reaction of 1 with Aromatic Disulfides. relationship was observed (see the Supporting Information). The
Kinetic studies were carried out on the reactionlofith di- activation energyH;) for this reaction is 11.4= 0.2 kcal/mol,

p-tolyl disulfide in methylene chloride solution using excess while the activation enthalpyYH*) is 10.8+ 0.3 kcal/mol. The
concentrations of the disulfide and separately with excess activation entropy AS) is —27 + 5 eu. The latter value is
concentrations of the bimetallic complex. The appearance of consistent with a reaction in which substantial translational
thiolate 2c was monitored at 18C by UV—vis spectroscopy, entropy is lost in bringing the two reacting particles together in
and the progress of the reaction was followed to at least greaterthe transition state.
than 3.5 half-lives. SpeCtra taken over time of solutions with The effect of Changing substituents on the ary| ring of the
greater than 9-fold Normal excess flooding reagent (pseudo- disulfides was examined. Rates were measured for the reaction
first-order conditions) gave a good isosbestic point at 425 nm. of 1 with bis(p-methoxyphenyl), diphenyl, big{chlorophenyl),
Conditions for the kinetic experiments are discussed in the pjis[p-(trifluoromethyl)phenyl], and bis(2,6-dimethylphenyl) dis-
Experimental Section. Representative kinetic data for these andylfide by using a 20-fold Normal excess of disulfide in
other kinetics experiments are shown in the Supporting Informa- methylene chloride at 15C (Table 4). Some of the rates were
tion. too fast to measure using standard techniques. In these cases,
Excellent pseudo-first-order rate behavior was observed. Thethe reaction rate was measured using a stopped flow apparatus
appearance of thiolate produ2c under disulfide flooding  protected from oxygen attached to the bvis spectrometer
conditions was monitored as a function of time at 5. (see the Experimental Section). A dramatic rate acceleration
Pseudo-first-order rate constants were obtained by fitting the js observed in the reaction df with electron-withdrawing
data with an exponential growth curve (alternatively, the disulfides (relative to the reaction with diphenyl disulfide), but
identical rate constants could be obtained from the linear plOt a Simp|e Hammett p|0t of the results y|e|ds a nonlinear
of the natural log of concentration vs time). The pseudo-first- correlation (Figure 2). Methyl substituents on the ortho
order rate constants for the appearanc2atkony were plotted  positions of the aryl ring (rate constant not included in Figure
as a function of dp-tolyl disulfide concentration under disulfide 2, see Table 4) slow the reaction rate by an order of magnitude_

flooding conditions. A straight line was obtained that passed The rate of reaction betwednand several of the substituted
through the origin, indicating that the reaction is first order in 4. ifides at 15C was measured in diethyl ether, acetone, and/
both1 and dip-tolyl disulfide and second-order overall (€q 4). o cetonitrile as well as methylene chloride solvent. The
The second-order2ratlecoirlstaqt,obtamed in this manner, was  gecond-order rate constants, measured with a 20-fold excess of
43 @ 0.3)x 10°M™ s disulfide, are reported in Table 5 as rate constants relative to
the parent diphenyl disulfide value in methylene chloride
solvent. The rate increases by a factor of 20 in going from

. . . ) diethyl ether ¢ = 4.3) to acetonitriled = 36.6) for the reaction

To verify the rate law for the reaction, kinetic studies were ¢ 1 \vith electron-donating disulfides. For theCFs-substituted

also carried out using an excess of bimetallic comflexAs disulfide, the rate of reaction withis enhanced by a factor of
opposed to the standard analysis applied to the appearance 0%5 i going from diethyl ether to acetonitrile.
product (1 mol ofl:1 mol of 2¢) in flooding with disulfide, the

d[2g)/dt = 2k,[1][di- p-tolyl disulfide] (4)

E- and C-Based Dual-Parameter Substituent Constant

. £2255)98a0, Q.-B.; Rheingold, A. L.; Brill, T. BOrganometallics1986 Correlation for the Reaction of 1 with Aromatic Disulfides.
: 26) Macomber, D. W.: Rogers, R. Mrganometallicsl985 4, 1485. In view of the poor correlation obtained in the sm_ple Hammett
(27) Miller, E. J.; Brill, T. B.; Rheingold, A. L.; Fultz, W. CJ. Am. analysis (Figure 2), the effect of changing substituents on the

Chem. Soc1983 105, 7580. aryl ring of the disulfides was analyzed using the dual-parameter
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2 Table 6. Calculated Values off andd® for the Reaction ofl
t with Bis(p-X-phenyl) Disulfides in Different Solvents
154 solvent d= dc d&/dc
I . Et,O ~7.65 0.94 -8.1
g o (CHs),CO -27.6 5.29 -5.2
;\; 11 CH:Cl, —-17.0 3.21 —5.3
x‘l A L
~ t . Table 7. Measured ((CH2CO Solvent, 15°C) and Calculated
g 057 Rate Constants for the Reaction bivith Bis(p-X-phenyl)
i Disulfides
0 A’-_ ° ° X |Og Kmeasd |09 Kealcd
1 OCHs -0.379 -0.378
CH; -0.923 —0.925
0.5 f 1 ; 1 H 0.210 0.212
0.4 0.2 0 0.2 0.4 0.6 Ch 141 141
0 . . . .
Figure 2. Hammett plot for the reaction of with bis(-X-phenyl) diethyl ether (four equations), methylene chloride (five equa-
disulfides in CHCI, solvent, where X= OCHs, CHs, H, Cl, or CF. tions), and acetone (four equations). ValuesdoanddC are
_ _ shown in Table 6. An example of the quality of fit for the
Table 5. Rate Data for the Reaction dfwith RSSR at 15C reaction of1 with diaryl disulfides in acetone is demonstrated
R solvent ki (M~1s71, 4+-5%) kre! in Table 7. The log of the measured rate constant is compared
p-OCHCeH:  EtO 6.07x 102 1.6 with the log of the calculated rate constant from the data
p-OCH:CsH4 CH,Cl, 0.132 3.5 analysis. (Fits of poorer quality were obtained for diethyl ether
p-OCHsCgH4 (CHs)CO 0.418 11 and methylene chloride solvents but reflect the same trend, vide
p-OCHCeHs ~ CHsCN 1.33 35 infra. )2
- 2 . R . .
P-CHsCoHa EtO 2.14x 102 0.56 Because of the relatively small ratif5/d® in all cases, either
p-CH3CeH4 CH.Cl, 4.06x 10~ 1.1 the electrostatior th lent t of th fi
P-CH:CoHa (CHy),CO 0.119 31 e electrostatior the covalent component of the reaction can
p-CHaCeH. CH:CN 0.377 9.9 be the dominant influence on the reaction rate, depending on
CeHs CHxCl, 3.81x 1072 1.0 the electrostatic and covalent characteristics of the substituent.
p-ClCeHa EtLO 0.231 6.1 An analogous duality has been observed in the evaluation of
p‘g:gﬁ:‘* CCH|_2|C'2C o %5629 }é-g the ionization energies for a series of monosubstituted benzene
E:CFBEG;ELI EEtZOS)Z 0280 73 chromium tricarbonyl complexesli¥/d® = 1.97,df = —0.59,
D-CFsCeHa CH,Cl, 0.892 23 d® = —0.30)2! Similar values ford® anddC indicate that the
p-CRsCeH4 (CHs),CO 25.6 672 measured property is sensitive bmth the electrostatic and
p-CRCeH4 CH:CN 69.7 1829 covalent character of the substituent.
2 Solvent (dielectric constar): EO (4.3), CHCI, (8.9), (CH).CO Q_uantltatlve_ So_lver_lt Effect_ AnaIyS|_s_ for the R_eactlon of
(20.7), CHCN (36.6). 1 with Aromatic Disulfides Using a Unified Solvation Model

(USM). Drago has devised an approach to the quantitative
substituent constant equation shown in ed® This method evaluation of solvent effects that divides solvents into two

general groups. The first group is capablespécificdonor—

Ay = d"AE* + d°AC* + Ay" (5) acceptor solventsolute interactions (e.g., hydrogen bonding,

cationst interactions, etc.), and the second group is characterized
of analysis has been developed by Drago in studies of otheronly by nonspecificsolvent-solute interactions. In examining
reaction€:2%32 The AEX and ACX parameters are the dual- solvent effects on the reaction df with substituted diaryl
parameter analogues (electrostatic and covalent, respectivelydisulfides, we restricted our investigation to solvents from the
of the more familiar Hammett substituent constant_ikewise, second group, so that the reaction rates could be analyzed using
the d® andd® parameters are described as the separation of thethe USM-derived correlation for nonspecific solvation shown
analogougp value, split into an electrostatic contribution and a in eq 6 2-:3435 The S value is a measure of a solvent’s polarity
covalent contribution, respectively. The value of the measured

property (in this case, the second-order rate constant) for an X Ay =PS+W (6)
substituent is symbolized b&y*, while the second-order rate
constant for diphenyl disulfide (% H) is symbolized byAy". and has been derived using a variety of spectroscopic transitions

From the know?® values ofAEX and ACX for para substit- that are independent of specific solutlvent interactions. The
uents X= OCHz, CHs, H, Cl, and CE and the corresponding  value of the measured property (in this case, the second-order
measured rate constants, a series of equations having the fornfiate constant) is symbolized by, while P represents the
of eq 5 can be expressed. After least-squares minimization ofsensitivity of the system studied to solvent polarity. If the

these equations, values fd¥, d, and Ay" were obtained for solvation phenomenon is nonspecific for a given system, a linear
- - correlation betweerhy andS with interceptW is anticipated.
(28) Another useful method of analysis, the correlation of kdg the

electronic parameter, has been developed by Giering and co-workers (see, The intercept is the value dfy in the absence of solvent.
for example: Bartholomew, J.; Fernandez, A. L.; Lorsbach, B. A.; Wilson, Plots of the log of the second-order rate constants for the

M. R.; Prock, A.; Giering, W. POrganometallics1996 15, 295). In our reaction ofl with disulfides versus the know8 values for
case, this analysis did not yield much insight beyond the Hammett analysis.
(29) Drago, R. S.; Dadmun, A. B. Am. Chem. S0d.994 116, 1792. (33) R? values for these fits ranged from 0.9999 to 0.82; however, similar
(30) Drago, R. SOrganometallics1995 14, 3408. trends were observed between fits of varying qualities.
(31) Drago, R. SInorg. Chem.1995 34, 3543 and references therein. (34) Drago, R. S.; Ferris, D. Q. Phys. Chem1995 99, 6563.

(32) Drago, R. SJ. Organomet. Chenl996 512 61. (35) Drago, R. SJ. Chem. Soc., Perkin Trans.1®92 1827.
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Figure 3. Nonspecific solvation plots of log; vs S for the reaction
of 1 with bis(p-X-phenyl) disulfides, where X= OCH;, CH;s, Cl, or
CFs. Values forP andW are shown in Table 8.

Table 8. Solvent Effect Analysis Results for the Reactionlof
with RSSR at 15C
R P w
p-OCH;CsH4 1.03 -3.0
p-CH3CsHa 0.96 -3.4
p-CICeH4 0.97 -2.3
p-CRCsHy 1.99 -4.0

diethyl ether (1.73), methylene chloride (2.03), acetone (2.58),
and acetonitrile (3.00) produced the straight lines shown in
Figure 3. TheP andW values are reported in Table 8. The
responses of the reaction dfwith bis(p-X-phenyl) disulfides

to solvent polarity are approximately the same for=XOCH;,
CHa, and Cl. The significant increase ihfor the reaction of

1 with bis[p-(trifluoromethyl)phenyl] disulfide suggests that

J. Am. Chem. Soc., Vol. 120, No. 34,8258

Table 9. Rate Data for the Reaction &fwith RSSR at 15°C
R solvent ki (M~ts™1, +10%) kre!

p-CF3C6H4 CH2C|2 0.32 2.9x 10?
p-CRCsH4 (CH3).CO 34 3.1x 10
p-CRCgH4 CH3;CN 1.8x 10° 1.6x 1C°
p-ClCsH4 CH,Cl, 1.9x 1072 17
C5H5 CH2C|2 1.1x 10_3 1.0
p-CH3CeH4 CH,Cl, 48x 104 0.44
p-CH3C5H4 (CHs)zCO 4.0x 1073 3.6
p-CHsCeH4 CH3CN 5.2x 1072 47
p-OCH;CsH4 CH.Cl, 43x 104 0.39
2,6-(CH)2CeHs  CH:CI; 9.7x 10 0.88

a Solvent (dielectric constard): CHyCl, (8.9), (CH;).CO (20.7),
CH:CN (36.6).

consistent with the formulation @faas shown in eq 7. Bright
orange needlelike crystals é& were obtained by layering an
acetonitrile solution with diethyl ether and allowing the solvents
to diffuse. Pureda was obtained in 87% recrystallized yield.
The other cobaltocenium sattb—f were characterized by NMR
spectroscopy; their spectra were similar to thatiaf

Kinetics of the Reaction of 3 with Aromatic Disulfides.
Kinetic studies were carried out under conditions identical to
those used in the reaction bfwith disulfides except that only
the disulfide flooding regime was investigated. The disappear-
ance of3 was monitored at 13C by UV—vis spectroscopy,
and the progress of the reaction was followed to at least greater
than 3.5 half-lives. Spectra taken over time of solutions with
greater than 9-fold Normal excess disulfide (pseudo-first-order
conditions) gave a good isosbestic point at 435 nm. Conditions
for the kinetic experiments are discussed in the Experimental
Section.

Excellent pseudo-first-order behavior, consistent with the rate

more charge separation in the transition state is necessary withg, shown in eq 8, was observed.

this substrate. However, thW values, admittedly an extrapola-

tion, appear to indicate that in the absence of solvent about the

same rate is observed regardless of substituent.

Reaction of Aromatic Disulfides with CoCp, (3). Cobal-
tocene (CoCp 3), having a well-shielded metal center and a
high reduction potential, is a well-known outer sphere one-
electron donor. To provide a limiting outer sphere metal
disulfide reaction to compare with tlie+ disulfide transforma-
tion, we examined the reaction & with diaryl disulfides.
Treatment of black with 0.5 equiv of bisp-(trifluoromethyl)-
phenyl] disulfide at room temperature in acetonitrile immediately

—d[3]/dt = 2k,[3][RSSR] 8)

The disappearance & under dip-tolyl disulfide flooding
conditions was monitored as a function of time at 5.
Pseudo-first-order rate constants were obtained as in the reaction
of 1 with disulfides, with the exception that an exponential decay
function was fit instead of a growth function.

The results of changing aryl substituents and solvents in the
reaction with3 are shown in Table 9. Rates were measured

causes a color change to orange. Monitoring this reaction by for the reaction of3 with bis[p-(trifluoromethyl)phenyl], bis-

IH NMR spectroscopy shows the formation of a single
diamagnetic product in quantitative yield (FeCpternal
standard) with the formula [CoGJS-p-(trifluoromethyl)phenyl]
(48) (eq 7).

15°C

CoCp, + 0.5RSSR —_— [CoCp,lISRI

3 4

R = ptrifluoromethylphenyl 4a

p-chlorophenyl 4b
phenyl 4c
p-tolyl 4d

4e
4f

p-methoxyphenyl
2,6-dimethylphenyl

The IH NMR spectrum of4a in CD3CN shows a singlet at
5.64, indicative of two equivalent cyclopentadienyl rings, along

(p-chlorophenyl), diphenyl, dp-tolyl, bis(p-methoxyphenyl),
and bis(2,6-dimethylphenyl) disulfide. In contrast to the
behavior ofl discussed above, a simple Hammett plot yields a
fairly linear correlation (Figure 4) for the reaction of oh-
substituted phenyl disulfides witl3. This plot should be
interpreted with care due to the large error associated with the
rate constants, but it does distinctly show that the reaction rate
increases in going from electron-donating substituents to
electron-withdrawing substituents € 4.2). Also, in contrast
to 1, methyl substituents on the ortho positions of the aryl ring
do not slow the reaction 08 with bis(2,6-dimethylphenyl)
disulfide.

The rates of reaction betwe&rand dip-tolyl disulfide, and
3 and bisp-(trifluoromethyl)phenyl] disulfide, were measured
at 15°C in acetone and acetonitrile as well as in methylene
chloride solvent. The second-order rate constants, measured
with a 20-fold excess of disulfide, are reported in Table 9 as

with two aromatic resonances. Elemental analysis was alsorate constants relative to the parent diphenyl disulfide value in
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Figure 4. Hammett plot for the reaction & with bis(p-X-phenyl)
disulfides in CHCI; solvent, where X= OCH;, CHs, H, Cl, or Ck (p
=4.2).

Table 10. Measured (CKHCI; Solvent, 15°C) and Calculated Rate
Constants for the Reaction 8fwith Bis(p-X-phenyl) Disulfides
X Iog Kmeasd |0g Kealcd

Ck —0.49 —0.52

Cl -1.7 -1.7

H —-3.0 —-2.8

CHs; -3.3 -35

OCH; —-3.4 -33

Aubart and Bergman
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X CHj
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Figure 5. Nonspecific solvation plots of o vs S for the reaction
of 3 with bis(p-X-phenyl) disulfides, where X= CH; (P = 2.04,W =
—7.5) or Ck; (P = 3.89,w = —8.4).

Table 11. Peak Potentials for RSSR Measured Using Square
Wave Voltammetry (vs 0.01 M Ag/AgN§

R E, (4 0.03 V) R E, (& 0.03 V)
p-OCH;CsH4 —2.30 p-ClICsH4 —1.93
p-CH3C5H4 —2.26 p-CF3C6H4 —-1.87
CeHs —2.18

values ofP for both reactions relative to the reactionlofith
electron-donating substituted disulfides suggest that this trans-
formation requires significant charge separation in the transition

methylene chloride solvent. The rate increases by 2 orders ofstate. The reaction o3 with bis[p-(trifluoromethyl)phenyl]

magnitude in going from methylene chloride € 8.9) to
acetonitrile ¢ = 36.6) for the reaction o8 with di-p-tolyl

disulfide is much more sensitive to solvent polarity than the
reaction of3 with the p-methyl-substituted disulfide. This

disulfide, while for the same solvents the enhancement is 3 appears to represent a development of even more charge buildup

orders of magnitude for the reaction 8fwith the p-CFs-
substituted disulfide.

E- and C-Based Dual-Parameter Substituent Constant
Correlation for the Reaction of 3 with Aromatic Disulfides.

in the transition state with this substituent. Again, the extrapo-
latedW values appear to indicate that in the absence of solvent,
about the same rate is observed regardless of substituent. In
comparison to the reaction dfwith disulfides, thew values

The effect of changing substituents on the aryl ring of the are more negative consistent with a slower rate in the absence
disulfides was analyzed using the method described (vide supra)of solvent for the reaction 3.

for the reaction ofl with disulfides in methylene chloride
solvent. After least-squares minimization, valuesdo(—16.2)

Electrochemistry. To better understand and confirm the role
that electron transfer plays in these reactions, an attempt to

andd® (1.00) were obtained. A measure of the fit is demon- measure the reduction potentials for the substituted diaryl
strated in Table 10 where the log of the measured rate constandisulfides was made using square wave voltammetry. The
is compared with the log of the calculated rate constant from electrochemical reduction of diaryl disulfides has been studied

the data analysis. The ratif5/d® (—16.2) for the reaction o3
with disulfides is quite different from that measured for Ta/Co
complexl but is approximately the same as the raiféd® for
the dissociation op-substituted benzoic acids (1633).This
relatively large difference betweeti andd® indicates that both
the benzoic acid dissociation and tBet disulfide reactions

extensively and is known to be irreversiBfethis was confirmed

in our experiments. However, we felt it would be useful to
determine qualitatively whether electrochemical reduction of the
substituted diaryl disulfides correlated with the rates of their
reactions withl and3. To make this assessment, we measured
the peak potentials of the disulfides under identical square wave

are relatively insensitive to the covalent character of the voltammetry” conditions (see the Experimental Section for

substituent compared to the electrostatic component.

Thisdetails). These values (relative to 0.01 M Ag/Agh€ee Table

interpretation is consistent with the good Hammett correlation 11) correlate linearly with the Hammett parametesuggesting

and the expected reactivity of paramagnetic

Quantitative Solvent Effect Analysis for the Reaction of
3 with Aromatic Disulfides Using a Unified Solvation Model.
The effect of nonspecific solvents on the rate of reactio of

that the irreversible potentials provide at least a reasonable
approximation to the reversible ones. To assess whether the
measured potentials and thet RSSR and3 + RSSR rates
follow the type of Marcus relationship®® that would be

with substituted diaryl disulfides was analyzed using the method expected for an outer-sphere electron-transfer process, the log

described (vide supra) for the reactionlofith disulfides. Plots

of the log of the second-order rate constants versus the known

of the rate constants were plotted against the potentials. As

(36) Liu, M.; Visco, S. J.; De Jonghe, L. Q. Electrochem. S0d.989

S values for methylene chloride (2.03), acetone (2.58), and 13g 2570.

acetonitrile (3.00) produced the straight lines shown in Figure

5. TheP and W values for the reaction a3 with di-p-tolyl
disulfide and with bigp-(trifluoromethyl)phenyl] disulfide are
2.04 and—7.5 and 3.89 and-8.4, respectively. The large

(37) Osteryoung, J.; O'Dea, J. J. Hectroanalytical ChemistryBard,
A. J., Ed.; Marcel Dekker: New York, 1987; Vol. 14; pp 20309.

(38) Eberson, L.Electron-Transfer Reactions in Organic Chemistry
Springer-Verlag: Berlin, 1987.

(39) Marcus, R. AAnnu. Re. Phys. Chem1964 15, 155.
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X 1+RSSR

X ® 3 +RSSR

Figure 6. Qualitative Marcus plots of lo§; vs E, for the reaction of
1 and 3 with bis(p-X-phenyl) disulfides.

Scheme 1
(a)  Concerted Thiyl Transfer
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Cpl""’T C+~“ P
cp—Ta % 5|
S-eomo-8
+RSSR le \
5
Cpn.. Cpu._ "\ .Cp
cp—T1a_Co—Cp Cp,Ta\/Co\SR + RS
1 2
1 + RS —_— 2
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Cpom., /\ -
p,'Ta—Co—Cp + l SR ] E—— 2
NS
1 + RS * I 2

J. Am. Chem. Soc., Vol. 120, No. 34,8388

Table 12. Productsd®AEX andd°ACX for the Reaction ofl with
Bis(p-X-phenyl) Disulfides and the Reaction 8fwith
Bis(p-X-phenyl) Disulfides in CHCI, Solvent

dEAEX, d°ACX

dEAE* dACX

X AEXa  ACXa (L+RSSR)  (3+RSSR)
OCHs 0.048 0.285 —0.82,0.91 ~0.78,0.29
CHs 0.05 0.192 —0.85,0.62 -0.81,0.19
H 0 0 0.00, 0.00 0.00, 0.00
cl -0.09 -0.323 1.53-1.04 1.46-0.32
CFs -0.176 —0.545 2.99-1.75 2.85-0.55

aFrom ref 31.

the ion pair and fast reaction afwith thiyl radical leads to 2
mol of product. These paths differ in the timing of disulfide
bond cleavage and Cdhiolate bond formation and in the
amount of charge that builds up in the transition state.

To distinguish these two mechanisms, we began by examining
the effect of different substituents on the phenyl ring of the
disulfide in the reaction in CkCl, solvent. The large steric
effect observed on the reactionlivith bis(2,6-dimethylphenyl)
disulfide (a 15-fold rate decrease relative to the reactiof of
with di-p-tolyl disulfide) implies a tight transition state. This
suggests that the entering disulfide must encounter the cobalt
center at close range and argues for a concerted process such
as the one shown in pathway (a). The absence of a correlation
between the log of the relative rate constants versus the disulfide
reduction potentials also supports the proposal of an inner-sphere
process. However, contrary to a purely covalent thiyl transfer
pathway, both electron-donating and electron-withdrawing
groups enhanced the reaction rate. This can be seen by
examination of the Hammett plot (Figure 2) which clearly shows
a nonlinear correlation.

Drago has made a case that the use of single parameter,
organic-based substituent scales such as the Hammett correlation
have met with limited success in interpreting reactivity in some
organic and organometallic systefisTo solve this problem,
he has proposed the use of a dual-parameter substituent model
which separates electrostatic from covalent contributions to the
rate; the derivation of this model has been published elsevthere.
The basis for applying DragoE- andC-based model is shown
in eq 5, whered® andd® can be described as the separation of
the Hammetjp value into an electrostati&} contribution and
a covalentC) contribution, respectively. Interpretation of these
values can provide insight into reactions in which a single-
parameter approach is insufficief§t.

In the case of the reaction of with bis(p-X-phenyl)

can be seen in Figure 6, a reasonable correlation is observedlisulfides, the dual parameter approach was applied. Drago’s

for the reaction of CoCpwith disulfides, while the correlation
in the Ta/Co compleX case is very poor.

Discussion

Mechanism of the Reaction of CpTa(u-CH3),CoCp (1)
with Aromatic Disulfides. Outlined in Scheme 1 are two
possible mechanistic pathways for the reaction obTeg-

values ofAEX andACX, derived from well-established reactions,
indicate the proportional effect that a substituent can have on a
reaction system. For example, a positid=X group will
enhance the rate of a reaction in whicf is positive.
Conversely, ifd® is negative, the positivdEX substituent will
retard the reaction rate. Thus, to evaluafe and d°, the
independensensitiities of our particular reaction to thie and

C characteristics of the substituents, the prodwEsEX and

CH).CoCp @) with disulfides that are consistent with the rate d°ACX are calculated to see which term dominates. The results
law that is observed. Possibility (a) involves a rate-determining of these calculations for the reaction in methylene chloride
direct attack of the cobalt center at sulfur. In a concerted solvent are shown in Table 12 and illustrated in Figure 7. The
fashion, disulfide cleavage is achieved simultaneously with bar graph is a direct plot of eq 5. For a given substituent, the
thiolate bond formation. This is followed by rapid reaction of sum of the electrostatic contribution, covalent contribution, and

the generated thiyl radical with a second mold ofPossibility

(b) involves a discrete, outer-sphere electron-transfer from the
cobalt center to the disulfide. Rapid dissociation of the disulfide
radical anion leads to a cationic Ta/Co intermediate along with

log of the diphenyl disulfide rate constant makes up the overall

(40) The use of multiparameter linear free energy relationships has a
long history. See, for example: Lowry, T. H.; Richardson, KM&chanism
and Theory in Organic Chemistr@rd ed.; HarperCollins Publishers: New

a thiyl radical and a thiolate anion. Finally, fast collapse of York, 1987; pp 155159.
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Figure 7. Graphical presentation of eq 5 for the reactionlofvith
disulfides, showing the contribution of electrostatic and covalent effects
(relative to diphenyl disulfide) toward the overall rate constant. Adding

the three regions for each disulfide gives the overall rate constant for

that system.
relative rate constant. For the strongly electron-withdrawing
groupp-trifluoromethyl, the electrostatic contributiodSAEX)

Aubart and Bergman

Scheme 2
+ _
CoCp,  + RSSR ———= [coCp|  + [sR |7 + Rs:
3
3 +  ms+  —— [cocp] " + [isR |

The combination of effects found by these analyses can be
explained by transition structure shown in Scheme 1. The
amount of charge buildup in the transition state varies with the
electrostatic and covalent character of the incoming disulfide.
In the case of most substituents (excludm@Fr;) the amount
of separated charge is modest in the transition state. Neither
electrostatic or covalent contributions are important enough to
force the system to be very sensitive to solvent polarity change.
In the case of theg-CF; substituent, the amount of charge
buildup begins to approach that of pathway (b) shown in Scheme
1. The electrostatic contribution to the overall rate dominates
completely, and the reaction becomes much more sensitive to
solvent polarity change. Thus, the good fit to tke and
C-based model suggests that there is continuum between the
two mechanistic extremes shown in Scheme 1.

Mechanism of the Reaction of CoCp (3) with Aromatic
Disulfides. The reaction of 19-electron complex CaGp) with
disulfides was expected to occur via an outer-sphere single-

dominates. Because it is positive, the reaction rate is enhancedlectron-transfer pathway. This process is depicted in Scheme
by the electrostatic term much more than it is retarded by the 2. Transfer of an electron from the cobalt center to the disulfide
negative covalent component. The dominant term in the casegenerates the disulfide radical anion, and then rapid dissociation
of the electron-donating-methoxy substituent is the covalent of this anion results in the formation of a thiyl radical and a
term dCACX) which increases the reaction rate slightly more thiolate anion. The thiolate associates with the cationic cobalt

than the electrostatic character decreases it. The small magnicenter to yield 1 mol of produet. The resulting thiyl radical

tude of the sums ofFAEX and d°ACX in the case of all the
para substituents except for trifluoromethyl illustrate the close

can then combine with another 1 mol®fo give an additional
1 mol of 4. We hoped that this simpler mechanistic situation

balance of electrostatic and covalent characteristics of the could be used as a benchmark (i.e., closer to p)igystem to

transition state in these cases.

With this information in hand, we now turn to the effect of
solvent on the reaction df with substituted disulfides. The
data were analyzed using a nonspecific solvation model
proposed by Drago. The unified solvation model (USM) was
used to derive empirical values for solvent polary, Drago’s

derivation relies on data from a wide variety of spectral disulfide
transitions of solutes in varying solvents and has been reported .

elsewheré® The basis for this derivation is shown in eq 6,
whereP is the sensitivity of the measured property to solvent

polarity. An advantage of this analysis is that a concrete value

for comparison with other systems is obtained.

In the case of the reaction of with bis(p-X-phenyl)
disulfides, theP values obtained indicate how sensitive the
reaction is to solvent polarity change. For example, a large

compare with the reaction df with disulfides.

The kinetic, substituent effect, and solvent effect studies on
the reaction of3 with disulfides indicated that an outer-sphere
mechanism was operative. Perhaps most convincing with
respect to the reaction df with disulfides was the lack of a
steric effect in the reaction & with bis(2,6-dimethylphenyl)

In contrast to the situation with the reaction of3

with disulfides exhibited a good Hammett correlation (Figure
4), showing that electron-donating substituents hamper the
reaction rate while electron-withdrawing substituents enhance
it. The linear Marcus correlation observed for ¢ disulfides
transformation (Figure 5) also supports the proposal of an outer-
sphere mechanism.

To use the reaction 08 with disulfides as a comparative

positive P indicates a transition state in which a polar solvent 00l in examining the reaction df with disulfides, thee-and
causes a large increase in rate, leading to the conclusion that £-Pased dual-parameter substituent constant analysis was applied
significant degree of charge separation develops in the transitionh€re also. Again to evaluate the values trand d, the

state. However, in the reaction of Ta/Co complewith all
the substituted disulfides examined except for fisfifluo-
romethyl)phenyl] disulfide, thé> value is approximately 1.0.

productsd®FAEX and d°’ACX are calculated to see which term
dominates. The results of these calculations are shown in Table
12 and illustrated in Figure 8. In the case of every substituent

This indicates that for these reactions only a modest amount of€xamined here, the electrostatic contribution was the dominant

charge is built up in the transition stafe.In contrast, theP
value for the reaction of with the p-CFs-substituted disulfide

is significantly greater (2.0). This indicates that there is more
charge separation in the transition state for the reactioh of
with bis[p-(trifluoromethyl)phenyl] disulfide than there is for
the reaction ofl with other disulfides.

(41) Another interpretation could be that charges develop in the ground
state of the starting materials, but this seems unlikely.

component in the rate. In the case of the electron-withdrawing
substituenip-trifluoromethyl, this means that the reaction rate
is enhanced by the electrostatic component (dominant, positive
dfFAEX) much more than it is decreased by the covalent character
(negatived®ACX). In the case of electron-donating substituents,
the effect of the electrostatic character is reversed. The reaction
rate is hampered by the electrostatic component (dominant,
negatived®ACX) more than it is increased by the covalent
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Figure 8. Graphical presentation of eq 5 for the reaction3ofvith
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paramagnetid with aromatic disulfides. Through a series of
kinetic and substituent effect studies, we have found the reaction
of 1 with diaryl disulfides to be a relatively facile, associative,
bimolecular process. A large steric effect decreasing the
reaction rate was induced when the diaryl disulfide used had
methyl groups attached at the ortho positions. A Hammaett
study designed to investigate the distribution of charge in the
rate-determining transition state of the reaction lofwith
aromatic disulfides gave a nonlinear correlation. A qualitative
Marcus plot clearly showed that the log of the relative rate
constants was not linearly related to the peak potential of the
disulfide. Both strongly electron-donating and electron-
withdrawing groups attached on the aryl rings of the disulfide
enhanced the rate relative to the parent diphenyl disulfide.

Application of theE- andC-based dual-parameter substituent
constant analysis successfully fit the data. The reaction was

disulfides, showing the contribution of electrostatic and covalent effects found to be sensitive to both the electrostatic and covalent

(relative to diphenyl disulfide) toward the overall rate constant. Adding

characteristics of the entering disulfide. The rate-determining

the three regions for each disulfide gives the overall rate constant for transition structurés shown in Scheme 1 best explains all of

that system.

the data. The amount of charge buildup in the transition
structure is determined by the incoming disulfide. Electron-

contribution. The absence of a large covalent component yjithdrawing groups stabilize a large amount of charge separation
explains why a single-parameter substituent analysis (Hammettakin to outer-sphere electron transfer, and electron-donating

correlation) works in this case.

The reversible reduction potentials of cobalt compouhds
and 3 support the above conclusion. If a purely outer-sphere
mechanism were operative in the case of the reactidnvath
disulfides, largek; values should result from the reaction3f
with disulfides, since8 is a more powerful reductant. In other
words, if both the reaction df with RSSR and3 with RSSR

substituents stabilize a more covalent, concerted process. The
E- andC-based model provides an effective means of analyzing
a reaction in which the mechanism changes relatively smoothly
as the electronic character of one reactant changes.

The effect of solvent on reaction rate was investigated using
the USM-derived quantitative nonspecific solvation analysis
model. All substituents examined (excludipgCFs) exhibited

are assumed to be outer-sphere electron-transfer processes, th%{bproximately the same solvent effect. This result is consistent

the driving force for the CoCGyreaction should be much larger.
In fact, the absolute rate constant values for the reactia® of
with disulfides are significantlyower than those obtained for
the reaction ofl with disulfides. This, along with the strikingly
different Marcus plots (Figure 6), supports the operation of an
outer-sphere mechanism f8rand the presence of substantial

covalent character (or inner-sphere character) in the transition

state of the reaction df with aromatic disulfides.

The effect of solvent was examined for the reactioB wiith
di-p-tolyl disulfide and the reaction & with bis[p-(trifluorom-
ethyl)phenyl] disulfide. AP value of 2.0 for the tolyl reaction

indicated that the amount of charge separation in the transition

state for this reaction is significant. It is interesting that this
value for the sensitivity to solvent polarity is approximately the
same as the value found for the reaction lofwith bis|p-

(trifluoromethyl)phenyl] disulfide. In both of these reactions,

the electrostatic character of the reaction is the clearly the most
important factor in the overall rate constant. As the electrostatic
character of the reaction becomes even more important (the cas

in 3 + bis[p-(trifluoromethyl)phenyl] disulfide), the sensitivity
of the reaction to solvent polarity becomes even greder (
3.9). Thus, it appears that even the reactioB with disulfides
cannot simply be thought of as occurring via the mechanistic

extreme of outer-sphere electron-transfer depicted in Scheme

2. Rather, covalent contributions, though minor, still affect the
reaction rate. This may explain why the solvent effect is less
for the reaction of3 with bis(p-methoxyphenyl) disulfide than
for the reaction of3 with bis[p-(trifluoromethyl)phenyl] disul-
fide.

Conclusions

with the fine balance between electrostatic and covalent
contributions for these substituents. In the reactiond efith

the strongly electron withdrawing substituted pi¢frifluorom-
ethyl)phenyl] disulfide, the system becomes much more sensitive
to solvent polarity changes. On the basis of B analysis,

this is attributed to the electrostatic contribution being signifi-
cantly more important than the covalent contribution.

The reaction of cobaltoceneS)(with aromatic disulfides
(expected to proceed by an outer-sphere electron-transfer
mechanism) was used as a comparative model reaction. Kinetic,
solvent effect, and substituent effect studies confirmed a rate-
determining outer-sphere electron-transfer pathway. A linear
Hammetto/p correlation indicated that electron-donating groups
on the disulfide hamper the reaction rate, while electron-
withdrawing substituents enhance it. The absence of a steric
effect along with a linear relationship between the log of the
relative rate constant and the disulfide peak potential were also

onsistent with the operation of an outer-sphere single-electron-
ransfer process. Application of the- and C-based dual-
parameter substituent constant analysis in this case confirmed
that the reaction is sensitive to the electrostatic character of the
entering disulfide and relatively insensitive to the covalent
characteristics of the incoming disulfide. Use of the USM-
derived quantitative solvation analysis in the case of the reaction
of 3 with di-p-tolyl disulfide gave approximately the same
solvent effect as that of the reaction bfwith bis[p-(trifluo-
romethyl)phenyl] disulfide. This is consistent with the large
electrostatic contribution to the rate in both reactions. The
reaction of 3 with bis[p-(trifluoromethyl)phenyl] disulfide
exhibited the most dominant electrostatic contribution and the
greatest sensitivity to solvent polarity changes. The difference

As shown in eq 3, we have synthesized and fully characterizedin solvent effects betweep-CF; and p-CHs substituents may

a series of Ta/Co thiolate complexes from the reaction of

be attributed to some residual covalent character in the electron-
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transfer transition state for this reaction. Although minor, this 18 h during which time it became a homogeneous, dark brown solution.
contribution is still important in the reaction & with diaryl The volatile materials were removed in vacuo, and the residue was
disulfides. washed with pentane (8 5 mL). The brown powder left behind was
dried in vacuo, dissolved in toluene (7 mL), and layered with pentane
(8 mL). After 1 d, the solvents had diffused together and the mixture
was cooled te-30°C. After 18 h,2a(0.077 g, 84% yield) was isolated
as dark brown platelike crystals, mp 12527°C (dec). *H NMR (CD.-
Clz): 0 8.99 (d, 2H,JH7H = 8.7 HZ), 7.39 (d, ZHJHfH = 8.7 HZ),
General Procedure. Unless indicated, all manipulations were 6.95 (m, 3H), 5.37 (s, 5H), 5.04 (s, 5H), 4.36 (s, 5H), 2.43 (s, 6H).
carried out under an inert atmosphere in a Vacuum Atmospheres drybox™*C{*H} NMR (CDCl,): ¢ 191.0, 190.9, 127.1, 123.2, 119.4, 101.9,
or by using standard Schlenk or vacuum line techniques. Solutions 99.0, 87.8, 24.1. Anal. Calcd for6H,sCoSTa: C, 50.01; H, 4.70.
were degassed by sequentially freezingt96 °C, evacuating under ~ Found: C, 49.95; H, 4.78.
high vacuum, and thawing. This sequence was repeated three times Cp.Ta(u-CH2).Co(SCGH4OCH3)Cp-0.5 GHs (2b). In a 20-mL
in each case. Glass reaction vessels fitted with ground glass jointsvessel equipped with a magnetic stir bha(0.050 g, 0.11 mmol) was
and Teflon stopcocks are referred to as bombs. suspended in toluene (6 mL). The yellow suspension was stirred, and
1H, 13C, and!F NMR spectra were obtained on either the 300-, a solution of bigg-methoxyphenyl) disulfide (0.021 g, 0.075 mmol) in
400-, or 500-MHz Fourier transform spectrometers at the University toluéne (6 mL) was added dropwise over 2 min. The mixture was
of California, Berkeley (UCB) NMR facility. The 400- and 500-MHz  Stirred fa 6 h during which time it became a homogeneous, red-violet
instruments were Bruker AM series spectrometers. Two additional Selution. The volatile materials were removed in vacuo, and the residue
(300- and 400-MHz) instruments were Bruker AMX series spectrom- Was washed with cold pentane 45 mL, —30°C). The residue was

eters, while some spectra were recorded on a 500-MHz Bruker DRX dried in vacuo, dissolved in benzene (10 mL), and layered with pentane
series spectrometer. (7 mL). After 2d,2b (0.0434 g, 66% yield) was isolated as red-violet

. : crystals, mp 126130 °C. The amount of benzene solvate was
IR spectra were recorded on a Mattson Galaxy series FT-IR 3000 uantified by NMR spectroscopytH NMR (CD;Cl): o 8.81 (d, 2H,
spectrometer. Mass spectroscopic analyses were obtained at the UC — 8.4 Hz), 7.38 (d, 2HJun = 8.0 Hz), 7.32 (s, 3H), 6.76 (d
mass spectrometry facility on AEI MS-12 and Kratos MS-50 mass 5 "~ ° v P T o AN ’

spectrometers. Elemental analyses were performed by the UCB (ZSHS‘::)’ H4:7§'{4SH522|’)6§)5?2(?S" 23?;%{1}73!\72(33%(5) 56}1)5"55905
microanalytical lab. Melting points were recorded for compounds in o ; L ' ' > o

X X 139.0, 133.5, 128.7, 117.0, 113.6, 102.7, 99.0, 88.3, 55.6. Anal. Calcd

sealed capillary tubes under nitrogen and are uncorrected. for CyH,eC00STa: C, 50.56: H, 4.56. Found: C, 50.61: H, 4.51.

Unless specified, all reagents were purchased from commercial Cp2Ta(u-CH2),Co(SGH4CH3)Cp (2¢). In a 20-mL vessel equipped
suppliers and used without subsequent purification. Benzene, toluene,ith 4 magnetic stir barl (0.0432 g, 0.0933 mmol) was suspended in
diethyl ether,.and pentane were distillgd from sodium/benquhenone benzene (10 mL). The yellow suspension was stirred, and a solution
ketyl un_der nitrogen. Acetone was d_rled oveA molecular sieves of di-p-tolyl disulfide (0.0162 g, 0.0657 mmol) in benzene (5 mL) was
under nitrogen and subsequently distilled under vacuum. Methylene gqqeq dropwise. The mixture was stirred for 8 h, during which time
chloride was distilled from calcium hydride under nitrogen. Benzene- i hecame a homogeneous, dark purple solution. The volatile materials
ds was vacuum transferred from sodium/benzophenone ketyl. Aceto- \yere removed in vacuo, and the residue was washed with pentane (4
nitrile, methylenes, chloride, and acetonitrilel; were vacuum trans- . 5 L) until the washings were colorless. The red powder left behind
ferred from calcium hydride. Paramagnetic.Ca(u-CH).CoCp (1) was dried in vacuo. The powder was collected as analytically peare
was prepared according to the literature metfodll disulfides were (0.0516 g, 72% yield), mp 140145°C. 'H NMR (CD,CL): & 8.80
recrystallized from diethyl ether at30 °C under nitrogen. 2,6- (d, 2H, - = 7.9 HZ), 7.34 (d, 2HJy_1 = 7.9 Hz), 6.77 (m, 4H),
Dimethylphenylsulfenyl chloride was synthesized via the oxidation of g 3o (s, 5 H), 5.06 (s, 5H), 4.80 (s, 5H), 2.25 (s, 3HIC{:H} NMR
the corresponding thiol with chlorine gas dissolved in carbon tetra- (CD.Cly): 6 144.7,132.0, 130.5, 128.4, 116.7, 102.7, 99.0, 88.2, 20.8.
chloride, a general method for sulfenyl halide preparafioRreparation IR (KBr): 3111, 2916, 1734, 1655, 1639, 1630, 1595, 1479, 1439,
of this compound by treating the corresponding thioester with thionyl 1257 1079, 1014, 906, 833, 808 chm Anal. Calcd for GiHas
chloride has been reportéd. CoSTa: C, 49.16; H 4.47. Found: C, 49.20; H 4.76.

Bis(2,6-dimethylphenyl) Disulfide. In a fume hood, 2,6-dimeth- Cp2Ta(u-CH,),Co(SCsHs)Cp-CeHe (2d). In a 20-mL vessel
ylthiophenol (0.22 mL, 1.6 mmol) was dissolved in diethyl ether (15 equipped with a magnetic stir bat, (0.0965 g, 0.208 mmol) was
mL) in a 100-mL Schlenk flask equipped with a magnetic stir bar. suspended in benzene (7 mL). The yellow suspension was stirred, and
The colorless solution was stirred and cooled &0 A diethyl ether a solution of diphenyl disulfide (0.0318 g, 0.146 mmol) in benzene (8
(10 mL) solution of orange 2,6-dimethylphenylsulfenyl chloride (0.29 mL) was added dropwise over 3 min. The mixture was stirred for 3 h,
g, 1.7 mmol) was added, and the mixture turned slightly yellow. The during which time it became a homogeneous, dark purple solution.
flask was capped with a rubber septum and allowed to stir for 1 h. The The volatile materials were removed in vacuo, and the residue was
volatile materials were removed in vacuo to leave a white residue which washed with pentane (& 4 mL) until the washings were colorless.
was recrystallized from diethyl ether &30 °C under nitrogen. Bis- The solid was dissolved in benzene (2 mL) and layered with pentane
(2,6-dimethylphenyl) disulfide (0.383 g, 85% yield) was isolated as (10 mL). After 1 d,2d (0.0835 g, 66% yield) was isolated as dark
white crystals. ThetH and $3C{*H} NMR spectra of this material  violet crystals, mp 129132°C. The amount of benzene solvate was
matched that of bis(2,6-dimethylphenyl) disulfide prepared by alterna- quantified by NMR spectroscopy:H NMR (CD.Cl,): ¢ 8.82 (d, 2H,
tive routes*4> Ju-n = 7.8 Hz), 7.48 (d, 2HJ4—n = 8.4 Hz), 7.35 (s, 6H), 6.96 (t,

CpaTa(u-CH,),Co(SCH3(CH3),)Cp (2a). In a 20-mL vessel Ju-n = 7.8 Hz), 6.82 (m, 1H), 6.78 (d, 2Ky = 8.4 Hz), 5.31 (s,
equipped with a magnetic stir bat, (0.071 g, 0.15 mmol) was  5H), 5.07 (s, 5H), 4.83 (s, 5H)**C{*H} NMR (CD:Clp): o 148.9,
suspended in toluene (5 mL). The yellow suspension was stirred, and131.7, 128.6, 127.4, 120.7, 116.6, 102.7, 99.0, 88.1. IR (KBr): 3115,
a solution of bis(2,6-dimethylphenyl) disulfide (0.0267 g, 0.0973 mmol) 2954, 2914, 1732, 1572, 1452, 1435, 1425, 1263, 1078, 1020, 1011,
in toluene (7 mL) was added dropwise. The mixture was stirred for 901, 841, 831, 822 cm. Anal. Calcd for GoHsCoSTa: C, 53.55;

H 4.65. Found: C, 53.39; H 4.83.

Experimental Section

(42) Capozzi, G.; Modena, G. [Fhe Chemistry of the Thiol Groypatai, Cp2Ta(e-CH2)-Co(SCGH4CF3)Cp (2f). Ina 20-mL vessel equipped

S., Ed.; John Wiley & Sons Ltd: Great Britain, 1974; Vol. 2; p 791. with a magnetic stir barl (0.075 g, 0.16 mmol) was suspended in

12&4%)3(1:evasco, G.; Novi, M.; Petrillo, G.; Thea,Gazz. Chim. Ital199Q toluene (10 mL). The yellow suspension was stirred, and a solution
(a4) Fiinhara H.: Chiu, J.-J.; Furukawa, Bull. Chem. Soc. Jprl991 of bis[p-(trifluoromethyl)phenyl] disulfide (0.0391 g, 0.110 mmol) in

64 699. T ' ' ' toluene (5 mL) was added dropwise over 2 min. The mixture became
(45) Yamamoto, K.; Yoshida, S.; Nishide, H.; Tsuchidapll. Chem. a brown-orange homogeneous solution over the course of 2 min and

Soc. Jpn1989 62, 3655. was allowed to stir for 18 h. The volatile materials were removed in
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vacuo, and the residue was washed with pentane 18 mL), followed —2In{1 — [0.5([2c)/[di- p-tolyl sulfide])]} = ky,d ~ (12)
by cold diethyl ether (10« 3 mL). The residue was dried in vacuo,

dissolved in benzene (6 mL), and layered with pentane (7 mL). After | jy/_visible Kinetics: Reaction of CoCp (3) with Aromatic
2 d, 2f (0.062 g, 60% yield) was isolated as red-violet crystals, mp pjgyfides. A stock solution of3 in methylene chioride § = 1.09 x

134-137°C. lH_NMR (CDCL): 6 8.82 (d, 2H,Ju— = 8.8 H2), 102 M) was used in all measurements. In each run, a known amount
7:59(d, 2HJ-1 =8.0Hz), 7.17 (d, 2H)- =8.0 H2), 6.74 (d, 2H, o gisulfide was dissolved in 2.00 mL of methylene chioride. A 1.00-
Ju-n = 8.8 Hz), 5.28 (s, 5 H), 5.08 (s, 5H), 4.86 (s, SHYC{'H} mL aliquot of the disulfide solution was added to a 1.00-mL stock

NMR (CD:Cly): 0156.4,131.1,127.2, 123.8 (@ = 3.9 Hz), 116.4, solution of3. The solution thus obtained, 0.5651073 M in 3, was
107.9, 102.8, 9.2, 88.0:%F NMR (CD,Cly): 0 —52.8. Anal Caled  pjaced in a UV cell fused to a Kontes high-vacuum stopcock. The
for CoiHzCoRSTa: C, 45.01; H, 3.62. Found: C, 44.77; H, 3.65.  gojytion was brought to the appropriate temperature in the temperature
[Cp2Co][SCeH4CF4] (4a). In a 20-mL vessel equipped with @ o) unit of the UV-vis spectrometer, and spectra were recorded at
magnetic stir bar3 (0.065 g, 0.34 mmol) was dissolved in acetonitrile regular intervals so that 3640 points were collected over® half-
(10 mL). The dark brown solution was stirred, and a solution of bis- |ies of the reaction. The intensity of the absorptiori.at 378 nm
[p-(trifluoromethyl)phenyl] disulfide (0.062 g, 0.18 mmol) in acetonitrile 55 recorded for each spectrum. The data thus obtained were used to
(5 mL) was added dropwise over 2 min.  The mixture turned orange ot ahsorbance vs time. The plot obtained was fit with a first-order
immediately and was allowed to stir for 4 h. The volatile materials exponential decay equation. In all runs the correlation coeffidRent
were removed in vacuo, and the residue was washed with toluene (3,55 greater than 0.99.
x SmL). The residue was dried in vacuo and dissolved in acetonitrile  hjg procedure was repeated using acetonitrile and acetone solvents,
(5 mL). This solution was then layered with diethyl ether (7 mL). 55 el as with other disulfides in methylene chloride. In some cases,
After 1 d atroom temperature, the solvents had diffused together. The {16 reaction was too rapid to measure using standard techniques. In

mixture was cooled to-30 °C. After 1 d at—30 °C, 4a (0.109 g, these cases, an anaerobic stopped flow apparatus connected to-the UV
87% yield) was isolated as deep orange needlelike crystals, mp 119 ;g spectrometer was used (vide infra).

123°C. *H NMR (CDCN): ¢ 7.27 (d, 2H,Ju— = 8.0 Hz), 6.95 (d, Control experiments were carried out to investigate the possible
2H, Ju—n = 8.0 Hz), 5.64 (s, 10H)*C{'H} NMR (CD:CN): 0 138.6, reactivity of the starting materials and products toward methylene
133.1, 1304, 128.2 (quartele—r = 1.8 Hz) 122.7, 91.1.1% NMR chloride solvent. The reaction 8fwith methylene chloride is too slow
(CD:Lly): 6 —49.0. Anal. Caled for GH1CoRS: C,45.01H,3.62. 4 15°C to affect the data. This was shown by a &Ms experiment
Found: C, 44.77; H, 3.65. Only one of the cobaltocenium altss in which a CHCI, solution of3 was monitored over 48 h at T& and

fully characterized; NMR spectral data for the other compounds were ghoyeqd essentially no spectral change. The reaction of thiolate anion
similar for all of these salts. The cobaltocenium sélmg excellent with methylene chioride is a fast process, but again does not affect
sources of soluble [SR] For example4 reacts readily at room s study as the disappearanceSofias measured (not the appearance

temperature with methylene chloride (vide infra). _ of 4). The data showed excellent pseudo-first-order kinetic behavior
_ UV—V|S|_bIe |_<|net|cs: Reactlon'of szTa(/z-CHz)ZCOCp (1_) with (see Supporting Information).

Di-p-tolyl Disulfide. A stocl_< solution ofl in meth_ylene chl_orldt_a a . UV —Visible Kinetics: Stopped-Flow Experiments. These experi-

= 1.00x 10°°M) was used in all measurements in the regime in which - ents were performed using a Hi-Tech Scientific SFA-20 rapid kinetics

disulfide was in excess. In each run, a known amount qi-thlyl stopped-flow accessory with an anaerobic kit connected to an Hewlett-

disulfide was dissolved in 2.00 mL of methylene chloride. A 1.00- pacyard 8453 Uv-vis spectrometer. The accessory was maintained
mL aliquot of the disulfide solution was added tof 1.00-mL stock nder a nitrogen or argon atmosphere, and the flow circuit itself was
solution of1. The solution thus obtained, 0.56010° M in 2, was also purged with nitrogen or argon before use. Prior to the introduction
placed in a UV cell fused to a Kontes high-vacuum stopcock. The qfihe reagents, the flow circuit was flushed with 40 mL of dry, oxygen-
solution was brought to_the appropriate temperature in the temperaturesae solvent. Both decay of starting material and growth of product
control unit of the UV-vis spectrometer, and spectra were recorded at yere monitored. The wavelength maxima monitored were verified in
r_egular intervals SO that 30.40 points were collecte_d over® half- standard experiments where spectra before and after a solid reagent
lives of the reaction. The intensity of the absorptiorlat 510 nm was added were taken.
(E= 1729 M'* cm™*) was recorded for each spectrum. The datathus |, 5 yynical experiment, a stock solution bior 3 was prepared as
obtained were used to plot absorbance vs time. The plot obtained wasgescribed in the standard experiments. One gastight reservoir syringe
fit with a first-order exponential growth equation. In all runs the 4 |0aded with approximately 10 mL of this solution, and the other
correlation coefficienR was greater than 0.999. was loaded with 10 mL of a solution containing a 10-fold excess of

This procedure was repeated using acetonitrile, diethyl ether, and o examined disulfide. Ca. 5 mL of each solution was flowed through
acetone solvents, as well as with other disulfides in methylene chloride. ina flow circuit to the waste syringe, and then the flow was quickly
In the_ klnetlg measurements of the reaction of exdewgth di-p-tolyl _ opened to the “stop”, triggering data acquisition. The average rate
disulfide, a similar procedure was followed except that the concentration onstant at 15C was determined by averaging rate constants from at
of excessl was =9 times (18 Normal times) the concentration of e five (typically 10) “shots”. Rates of decay of the starting material
disulfide. In some cases, the reaction was to0 rapid to measure usingached rates of growth of the product in all cases. Data were fit using
standard techniques. In these cases, an anaerobic stopped flowhe same methods as for the standard experiments, and the quality of
apparatus connected to the BVis spectrometer was used (vide infra). 6 fits was similar.

Under the flooding regime in whichis in excess, a different analysis E- and C-Based Dual-Parameter Substituent Constant Calcula-
of the correct rate law must be derived. The appearan2eisfrelated tions. The log of the measured rate constanyX) are fit to eq 5
to the disappearance of gitolyl disulfide by eq 9. This expression ging theAEX andACX parameters derived for each para substitéent.
leads to eq 10, where [gi-tolyl disulfide] is the initial concentration  aAp equation for each measurement is written, and the simultaneous

of di-p-tolyl disulfide: equations derived are solved fift, d°, andAy+ using a simple multiple
_ . . regression program. In the case of the parent phenyl substithght,
d[2c]/dt = —2(d[di-p-tolyl sulfide]/dt) 9) was entered as an X-substituent wtE" = AC" = 0. The value of

the measured property (in this case, the second-order rate constant) for
the X substituent is symbolized X, while the second-order rate
) ) ) constant for diphenyl! disulfide (% H) is symbolized byAy". For
This can be substituted into the rate law (eq 4), when, under pseudo-a| reactions, theR2 value for these fits ranged from 0.9999 to 0.82;
first-order conditionskobsis equal to Ri[1]. Integrating the substituted  powever, similar trends were observed between fits of varying qualities
equation leads to the 'desired_exp(_)nential function (eq 11) which can (vide supra). Multicollinearity was, at worst, a mild problem.
also be expressed in its logarithmic form (eq 12). Electrochemical Measurements. All measurements were carried
. . out in an argon-filled drybox using a BAS 100A electrochemical
[di-p-tolyl sulfide]{1 — [0.5 exp(-0.9,, )1} = [2¢] (11) analyzer. Samples were prepared such that the solution was as close

[di-p-tolyl sulfide] = [di-p-tolyl sulfide], — 0.5[2q  (10)
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as possible to 5 mM in substrate and exactly 0.1 M tetrabutylammonium The positional and thermal parameters for the non-hydrogen atoms are
hexafluorophosphate in acetonitrile. The configuration of the cell given in the Supporting Information (Table S-1), while selected
consisted of three electrodes: the working electrode (platinum), a intramolecular distances and angles are given in Tables 2 and 3,
platinum wire counter electrode, and a Ag/AgNO.01 M) nonaqueous respectively.
reference electrode. Potentials were recorded relative to the silver . .
electrode which was calibrated using ferrocéhe. Acknowledgment. We dedicate this paper to the memory
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XPREP. The 9228 integrated and corrected reflections were averaged

to yield 207 i flecti f lution. . . L . S
0 yield 2075 unique reflections or soiution . _data for the reaction df with disulfides, representative kinetic
The structure was solved by direct methods and expanded usmgda,[a for the reaction of with disulfides. and positional
Fourier techniques. Data collection and refinement parameters can be d thei . d dard d nd p foFC
found in Table 1. All non-hydrogen atoms were refined anisotropically. parameters and their estimated standard deviations fgre=p

Hydrogen atoms were included in predicted positions but not refined. (#-CH2)2Co(SGH3(CHa)2)Cp (28) (7 pages, print/PDF). See
any current masthead page for ordering information and Web

(46) Schumann, HJ. Organomet. Chen1.985 290, C34. access instructions.
(47) All calculations were performed using the teXsan crystallographic
software package of Molecular Structure Corp. JA980878E
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