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NMR line widths observed for the present series of compounds
are uniformly broader in DMF than in the less viscous solvent
MeCN.

The line widths for the '33W (I = !/,) resonances for the
limited range of binuclear and trinuclear tungsten species
examined (Table IX) are rather difficult to measure accu-
rately. The low sensitivity of the !83W nucleus frequently
means that only a limited number of data points define the
signal after a reasonable data collection time (10-30 h for [W]
= 0.5 M), and this leads to large uncertainties in line width
measurement. However, the effect of the quadrupolar Cu
nucleus on the !33W NMR line widths (Hz) can be discerned
as follows: [WS,]%, <1; [(CN)CuS,WS,])*, ~5; [(CN)-
CuS,WS,Cu(CN)]*, ~60. Interpretation parallels that of
the Mo derivatives discussed above.
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The stoichiometry, kinetics, and mechanisms of the chromium(VI) oxidation of L-cysteine at neutral pH have been studied.
A 3:1 L-cysteine:Cr(VI) redox stoichiometry has been established, with L-cystine and Cr(L-cysteinato-N,0,5), as the sole
products. The rate law is of the form —d[Cr(VI)]/dz = a[L-Cys]?}[Cr(VI)]/(1 + b[L-Cys]), where a = 140 £ 13 M257!
and b =220+ 25 M1 at 298 K, I = 1.0 M (Na*), and pH 7.04 £ 0.02 (0.2 M HC,H,0,/NaC,H,0,). The temperature
dependencies of @ and b were evaluated in the range 15-35 °C. Four mechanisms are presented; however, the preferred
one involves the initial formation of a chromate thio ester [Q; = 220 £ 25 M (AH, = -4 % 1.6 kcal/mol, AS, = -1 %
6 cal/(mol K))], a two-electron reduction of Cr(VI) with concomitant formation of L-cystine [k, = 0.64 + 0.003 M1 57!
(AH,* = 13 £ 3.2 keal/mol, AS,* = —20 % 11 cal/(mol K))], and follow-up steps to complete the stoichiometry. The
results are compared with those of related studies of thiol oxidations by Cr(VI) in both acidic and neutral solutions.

Introduction

The oxidations of L-cysteine and related thiols by chromi-
um(VI) in acidic solution have been studied by McCann and
McAuley' and by McAuley and Olatunji.2 Each of the ox-
idations is characterized by a preredox equilibrium involving
the formation of a 1:1 thio ester of chromium(VI).!* Both
equilibrium spectrophotometric data and stopped-flow kinetic
data support this mechanistic step. The rate laws for the redox
processes are of the form

-d[Cr(VD)] _ (a[RSH] + b[H*])[Cr(VI)][RSH]
dr - 1 + ¢[RSH] 1)

and involve a redox stoichiometry of [RSH]:[Cr(VI)] = 3:1
with L-cysteine in substantial excess. A mechanism utilizing
the formation of the thio ester species followed by competitive
redox decomposition of the intermediate by reaction with either
H* or RSH was postulated to accommodate the rate law. At
least two products of chromium(III) were formed in the case
of L-cysteine: the first, presumably Cr(H,0)4(L-cystine-NV,-
0)*, in ~60% yield and a more highly charged (=4+) species
in ~40% yield.

By contrast, two preliminary kinetic studies** on the oxi-
dations of L-cysteine and other thiols at or near neutral pH

(1) McCann, J. P.; McAuley, A. J. Chem. Soc. Dalton Trans. 1978, 783.

(2) McAuley, A; Olatunji, M. A. Can. J. Chem. 1977, 55, 3335.

(3) McAuley, A,; Olatunji, M. A, Can. J. Chem. 1977, 55, 3328.

(4) Hojo, Y.; Sugiura, Y.; Tanaka, H. J. Inorg. Nucl. Chem. 1977, 39,
1859.

(5) Connett, P. H.; Wetterhahn, K. E. Struct. Bonding (Berlin), in press.

indicate a simple, mixed second-order rate law. The redox
stoichiometry for the oxidation of D-penicillamine* remains
3:1; however, the sole chromium(III) product, Cr(D-
penicillaminato-N,0,S),", is radically different from that re-
ported for the L-cysteine oxidation in acidic solution. A crystal
structure of the closely related species Na[Cr(L-cysteinato-
N,0,85),]-2H,0 has been reported,’ where the amino acidato
groups are facially coordinated with trans sulfurs and cis
nitrogens and oxygens.

In the present work a detailed kinetic and stoichiometric
investigation of the oxidation of L-cysteine by chromium(VI)
at neutral pH is reported.’

Experimental Section

Reagents. Sodium chromate and L-cysteine were used as received
from Fisher Scientific Co. and U.S. Biochemical Corp., respectively.
Sodium perchlorate solutions were prepared by neutralization of an
aliquot of standard perchloric acid (70% Sargent-Welch) with an-
hydrous sodium carbonate (Mallinckrodt, AR) and diluted to volume
with doubly distilled water. Solutions of perchloric acid were prepared
by dilution of the stock acid with doubly distilled water. Sodium
acetate (Mallinckrodt, AR) and glacial acetic acid (Du Pont, Elec-
tronic grade) were used to prepare buffer solutions to pH 7.02-7.06.
Na[Cr(r-cysteinato-N,0,5),]-:2H,0 was prepared by the method of
ref 6. Doubly distilled water was prepared from deionized tap water
by distillation first from alkaline permanganate solution and then from

(6) De Meester, P. Hodgson, D. J.; Freeman, H. C.; Moore, C. J. Inorg.
Chem. 1977, 16, 494.

(7) The present study was well underway when a preprint of the preliminary
report® was graciously shared by Dr. Wetterhahn.
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dilute sulfuric acid solution and stored in Pyrex bottles. Sephadex
C-25 and A-25 resins were used as received.

Stoichiometry. Sodium chromate and L-cysteine, each mixed in
a buffer of sodium acetate/acetic acid at pH 7.02-7.06 and I = 1.0
M (NaClQ,), were mixed and allowed to react for at least 10 half-lives.
The solutions were diluted and charged onto Sephadex A-25 resins.
(Sephadex C-25 resins were also employed in early runs to test for
the presence of any cationic species.) Solutions of Cr(L-cysteinato-
N,0,5),” were eluted with 1% (by weight) sodium chloride solution.®
The chromium(III) product was identified by its ion-exchange be-
havior, its visible/UV absorption spectrum [Apg,, nm (¢, M~! em™):
605 (87.3), 540 (64.5) sh, 410 (81.7), 257 (10000) authentic sample:$
605 (88.0), 540 (66.7) sh, 410 (86.7), 257 (9840)], and a total
chromium assay.® The L-cystine product was identified only qual-
itatively by its melting point, 257 °C dec (lit.!® mp 258-261 °C dec),
and an IR spectrum (which compared band for band with that of an
authentic sample of L-cystine). The redox molar stoichiometry,
L-cysteine:Cr(VI), was determined by spectrophotometric titrations
at 372 nm after the method of Hojo, Sugiura, and Tanaka.*

Kinetics. Kinetic studies were conducted by monitoring the ab-
sorbance of the chromate ion at 372 nm vs. time under pseudo-
first-order conditions of excess L-cysteine. In a typical experiment,
freshly prepared L-cysteine stock solution [in a 0.2 M NaC,H;0,/
HC,H;0, buffer of pH 7.02-7.06 and I = 1.0 M (NaClQ,)] and the
buffer were pipetted into a 5.00-cm spectrophotometer cell. The cell
was thermostated to the appropriate reaction temperature, and a small,
thermostated volume of Na,CrQ,/buffer stock solution was injected
into the reaction cell via a hypodermic syringe. The cell was then
stoppered, shaken, and returned to the sample compartment of a Cary
14 recording spectrophotometer for continuous measurements of
absorbance vs. time. The temperature at the end of each run was
monitored in the cell by a thermistor probe connected to a Thinc Model
Tm-701 thermistor. After it was ascertained graphically that first-
order plots of In (4, — A.,) vs. time were consistently linear for at least
3 half-lives, the data were all analyzed by utilizing a nonlinear
least-squares program, where k,peq and A. were “best-fit” values of
the pseudo-first-order rate coefficient and infinite-time absorbance,
respectively.

Measurements. Visible/UYV spectra and kinetics were recorded
on a Cary Model 14 recording spectrophotometer equipped with a
thermostated cell holder, which in turn was connected to a Forma
circulating, constant-temperature water bath. IR spectra were recorded
on a Perkin-Elmer Model 1320 infrared spectrophotometer. All pH
measurements were made on a Beckman Model Century SS pH meter
using a combination electrode.

Results and Discussion

Stoichiometry. The results of experiments performed to
establish the redox stoichiometry of the chromium(VI) oxi-
dation of L-cysteine at neutral pH are shown in Figure 1. On
the basis of the break in absorbance at 372 nm the molar ratio
is L-cysteine: Cr(VI) = 3:1. Additionally, Cr(L-cysteinato-
N,0,5),” was found to be the sole chromium(III) product, and
L-cystine was identified as the oxidation product (vide infra).
Thus, the formal, overall reaction stoichiometry is given by
eq 2. The four L-cysteines over and above the redox stoi-

2HCrO,~ + 10L--0,CCH(*NH;)CH,SH =
2Cr[L-0,CCH(NH,)CH,S],” +
3(L--0,CCH(*NH,)CH,S-), + 8H,0 (2)

chiometry are required to account for the observed ligation
of the chromium(III) product. The observed redox stoi-
chiometry is the same as that reported by McCann and
McAuley' for the same reactants in acidic solution and that
reported by Hojo, Sugiura, and Tanaka* for the Cr(VI) ox-
idation of D-penicillamine at neutral pH. Furthermore, the
chromium(III) product, Cr(L-cysteinato-N,0,5),", observed
in the present study is quite analogous to the Cr(p-penicill-

(8) Grouhi-Witte, G.; Weiss, E. Z. Naturforsch., B: Anorg. Chem., Org.
Chem. 1976, 31B, 1190.
(9) Haupt, G. W. J. Res. Natl. Bur. Stand. (U.S.) 1952, 48, 414.
(10) “Handbook of Chemistry and Physics”, 14th ed.; Chemical Rubber
Publishing Co.: Cleveland, OH, 1959; p 948.
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Figure 1. Spectrophotometric redox titration of L-cysteine and Cr(VI)
at neutral pH.

aminato-N,0,S),” ion reported by the latter authors. Given
the close agreement (vide infra) of both visible and ultraviolet
spectral maxima and intensities between the observed product
and those of an independently prepared and structural char-
acterized isomer,® the chromium(III) product is very probably
the cis(N),cis(O),trans(S) isomer of the Cr(L-cysteinato-N,-
0,S),” ion. However, spectral data on the other two facially
coordinated, geometric isomers of this ion are lacking, thereby
precluding an unequivocal product identification. Interestingly,
product identification in the reactions of Cr(VI) with various
one- and two-electron substrates led Cooper, Staudt, Smalser,
Settzo, and Haight!! to conclude that initial one-electron re-
duction of Cr(VI) leads to Cr(III) entrapment of oxidized
substrate whereas initial two-electron reduction leads to Cr(III)
entrapment of excess substrate. If this generalization were
accepted, then the observation of Cr(L-cysteinato-N,0,S),” as
product herein would imply an initial two-electron reduction
of Cr(VI) by L-cysteine at neutral pH. In acidic solution the
reported product is Cr(H,0),(L-cystine-N,0)**, and a one-
electron initiation step is implied. Alternatively, the obser-
vation of different products, Cr(H,0),(L-cystine-N,0)* in
acidic solution vs. Cr(L-cysteinato-N,0,S),” at neutral pH, may
simply hinge on the acid lability of the Cr-S bonds. For
example, Agent has found!? that the structurally characterized
isomer® of the Cr(L-cysteinato-N,0,S),” ion undergoes se-
quential acid hydrolyses of the two chromium-sulfur bonds.

Kinetics. L-Cysteine is present in to 50-500-fold molar
excess, ensuring pseudo-first-order kinetic conditions at pH
7.04 (0.2 M HC,H;0,/NaC,H;0, buffer) and at 7 = 1.0 M
(NaClOQ,). Treatment of the kinetic data was accomplished
via a nonlinear least-squares program designed to fit the ab-
sorbance vs. time data to a single exponential function of the
form A, = (4, - A.) exp(—kgpeqt) + Ao, Where kg4, Ao, and
A are adjustable parameters. In all cases the absorbance A4,
calculated from the above equation by using the adjusted

(11) Cooper, J. N.; Staudt, G. E.; Smalser, M. L.; Settzo, L. M.; Haight,
G. P. Inorg. Chem. 1973, 12, 2075.

(12) Agent, C. L.; Pennington, D. E. “Abstracts of Papers”, 34th Southwest
Regional Meeting of the American Chemical Society, Corpus Christi,
TX, 1978; American Chemical Society: Washington, DC, 1978; INOR
23.
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Table I. Pseudo-First-Order Rate Coefficients for the Oxidation
of L-Cysteine by Chromium(VI) at Neutral pH®

Kwong and Pennington

Table II. Rate Coefficients Derived from the Dependence
of kgpsq on [L-Cys]®

15.4°CP 24.9°ct 34.5°Cct
10° x 10° x 10° x

[L-Cys], 103kobsd’ [L-Cys], 103kobsd, [L-Cys], 103kobsd,
M s7! M st M s7!

213 0.277¢ 2.18 0.489 2.10 0.834¢
432  0.804¢ 2.25 0.490 4.42 2.564
6.68 1.354 431 1.55¢ 6.62 4.49¢
8.72 1.834 4.38 1.35 8.72 6.81
880  1.98 4.48 1.26 8.80 6.51
13.2 3.159 6.58 2.60¢ 13.2 12.1¢
17.6 4.504 8.67 3.904 17.7 17.7¢
17.6 3.93¢ 8.79 3.37 22.1 23.04
17.8 4.02 13.1 6.57"
22.0 6.234 13.1 6.49¢
22.1 5.95 13.3 6.648

17.5 9.264

21.8 12.87

21.9 12.4¢

22.0 10.9

¢ At/=1.0M (NaClO,); 0.2 M NaC,H,0,/HC,H,0, buffer at
EH 7.04 £ 0.02; [Cr(V])] =4.39 X 107° M except as noted.

£0.2 °C. ¢ Average of triplicate runs. d Average of duplicate
runs. € 10°[Cr(V)] =2.22 M. f 105 [Cr(VI)] = 8.79 M.
£10%[Cr(VD)] = 1.77 M.

parameters consistently agreed with the measured absorbances
within 1%, never deviating by more than 2%. The k. values
so derived are given in Table I for each of three temperatures:
15.5,24.9, and 34.5 °C. An examination of entries 3 and 4,
9 and 10, 11 and 10 in column 4 reveals that k4 at 24.9 °C
is relatively independent of [Cr(VI)] as would be expected on
the basis of a rate law —d(In [Cr(VI)])/dt = kpeg, Where kgpeg
= f([L-Cys]). It was assumed that similar behavior obtained
at the other temperatures. Although it is evident from the data
(cf. columns 1 and 2, 3 and 4, and 4 and 5 in Table I) that
the dependence of k. upon [L-cysteine] is somewhat greater
than 1, two preliminary sets of results on Cr(VI) oxidations
of thiols at or near neutral pH had indicated an essentially
first-order dependence of k. upon [L-cysteine].** Hence,
a function of the type kg = a + b[L-Cys] was tried first. A
linear least-squares fit of the data, e.g., at 24.9 °C, yielded
values of @ = (-1.24 £ 0.20) X 107 s ' and b = 0.599 £ 0.015
M-1/s7! at pH 7.03, where the errors are standard errors'? in
the slope and intercept, respectively. While the function is
linear except for a badly deviant point at low [L-cysteine] and
even gives a rate coefficient comparable to the simple, mixed
second-order rate coefficients (both preliminary) reported
earlier,*’ a fatal blow for this simple function is the negative
value derived for the intercept. The error in the intercept is
not large enough to compensate for the negative value, and
a negative rate coefficient has no rational interpretation.
Entirely similar results were obtained at the other two tem-
peratures.

Since a plot of kg vs. [L-Cysteine]? exhibited rate saturation
at high [L-cysteine], a functional dependence of kg pq On [L-
cysteine] analogous to that proposed by McCann and
McAuley! was adopted. The rate law is of the form

-d[Cr(VD)] a[L-Cys]*[Cr(V])]

dr © 1+ b[L-Cys]
In fact, the form of the rate law is a special case of eq 1 with
the assumption that the [H*]-dependent path is negligible at

neutral pH. Thus eq 4 can be cast in a linear form of slope
= b/a and intercept = 1/a.

Kobsa = a[L-Cys]*/(1 + b[L-Cys]) 4

(3)

(13) Squires, G. L. “Practical Physics”; McGraw-Hill: New York, 1968,
Chapter 4.

nbec a,t M2t beM™! ref
15.5 76 + 6.4 250 + 25 d
24.9 14013 220+ 25 d
34.5 220 + 14 170+ 15 d
15.0 8+ 2¢ 1280 = 160 1
25.0 12 + 5¢ 1036z 110 1
35.0 20 = 5¢ 760 = 60 1

¢ At]=1.0M (NaClO,), at pH 7.04 = 0.02 (0.2 M NaC,H,0,/
HC,H,0,) in this work; [H*] = 0.02-1.00 M inref 1. © £0.02°C.
¢ Calculated from eq 4 in this work (see text). 4 This work.
¢ Defined as k,K, in ref 1;errors estimated from errors in &,
and K ;.

Although /inear data fits are given in Figure 2, final data
refinement was accomplished via the nonlinear least-squares
program using eq 4 with a and b as adjustable parameters.
In Table II are presented the results of the final refinement
of the parameters a and b, along the corresponding parameters
of McCann and McAuley! for acidic solution. The values of
a are seen (column 2) to increase with increasing temperature
as do those in acidic solution whereas & is seen (column 3) to
decrease with increasing temperature parallel to the acidic
solution results. Various interpretations of these constants are
presented in the following mechanisms. At least four mech-
anisms can be formulated to accommodate the full rate law
given by eq 3.

Mechanism A. This mechanism is shown in eq 5-7, where
the thio ester I is assumed to be in rapid equilibrium with the
reactants, Q; = k;/k_,, and its reaction with a second L-cys-
teine is assumed to be rate-determining. On the basis of this

k
HCrO;” + L-CysSH == L-CysSCrO;” + H,0  (5)
~ ;

k
I + L-CysSH —> L-cystine + HCrO," (6)

HCrO;” + HCrO, + 8L-CysSH =
2Cr(L-Cys-N,0,S),” + 2L-cystine + 7 H,0 (7)

interpretation, the empirical constants a and b are readily
shown to be a = k,Q, and b = Q; thus k, = 0.64 + 0.13 M~
s'and @, =220 £ 25 M1 at 298 K,7=1.0M (Na‘), and
pH 7.03 (HC,H;0,/NaC,H;0,). A comparison of the value
of k, with that observed (0.012 £ 0.003 M! s!)! between pH
1.00 and 1.70 reveals that I reacts about 50-fold more rapidly
in neutral solution. By contrast Q, in neutral solution is about
a factor of 5 smaller than that observed (1030 £ 110 M™})!
in acidic solution. According to the interpretation of mech-
anism A (and mechanism B to follow), the rate-determining
step is a two-electron-transfer process for Cr{VI) to Cr(IV).
A more detailed treatment of this point is given later. Only
for mechanism A is it possible to utilize fully the temperature
dependencies of a and b. (For the alternative mechanisms
presented below, a and b represent composite quantities that
are only amenable to resolution for k; in mechanism B.) Plots
of In 5 and In (a/bT) vs. 1/T yielded values of AH, = —4
1.6 kcal/mol and AH,* = 13 % 3.2 kcal/mol, respectively.
Values of AS| = -1 & 6 cal/(mol K) and AS,* = -20 = 11
cal/(mol K) were calculated at 298 K from the standard
thermodynamic relationships (AG = —-R7 In Q and AG = AH
~ TAS) and the Eyring equation,' respectively. These results,
along with those of other related thiols, are summarized in
Table III.  Unfortunately, the rather large errors for the

(14) Moore, W. J. “Physical Chemistry”, 3rd ed.; Prentice-Hall: Englewood
Cliffs, NJ, 1962; p 297.



Cr(VI) Oxidation of L-Cysteine

Inorganic Chemistry, Vol. 23, No. 16, 1984 2531

Table IIl. Comparison of Formation Quotients, Redox Rate Constants, and Associated Temperature-Dependent Parameters

for Chromate Thio Esters

AH |, aS, 2 10%k, 8 aH,*, AS,*8
oxidant Q.M kcal/mol cal/(mol K) M-t gt kcal/mol cal/(mol K) ref
L-cysteine 1030+ 110 ~5.0+0.5 -3:2 1.2+£03 10.8 £ 0.8 -27+3 1
L-cysteine 220+ 25 -4 0.6 -1x6 64 £+ 13 13+ 3.2 =20z 11 b
DL-penicillamine 700 £ 40 -6.8:0.6 -10z5 143+ 1.0 9:+2 -33:6 2,3
glutathione 1440 + 50 —4.5+1.2 -1+2 12.1 £ 0.4 7+2 -40z5 2,3
g-mercaptoethylamine 1300 + 100 -37z15 2+2
® For/=1.0M (Na*), 298 K. ° This work.
Mechanism C. Mechanism C consists of eq S, 8, 6, and 7,
osol . -
18.5°C where e¢q 8 represents the formation of a “dead-end” inter-
mediate in rapid equilibrium with I. The empirical constants
0.80}- k/
I =— *(L-CysS)CrOy~ ®)
b 11
070}~ a = k,Q; and b = (Q; + Q,0) may be derived from mecha-
[L-cyaf?,mEax10™ nism C, where Q, = k/k_; and Q = k;//k_/.
Kobs Mechanism D. Mechanism D is comprised of eq 5, 8, 9,
060 and 7, where II is now assumed to be some “activated” form
(perhaps of distorted geometry or expanded coordination
0.50 number due to chelation of Cr(VI) by L-cysteine) of I.
k
II + L-CysSH —» HCrO;~ + L-cystine ©)
040 Of the four mechanisms presented, mechanisms A and B
are favored over mechanisms C and D due to (1) their inherent
030 simplicity, (2) the implication of an intermediate in the form
’ of the observed rate law, and (3) the previous detection! of
a simple intermediate for the same reaction in an acidic me-
0.20 dium. The formation of chromate(VI)-thio ester species is
quite well documented, with the preponderance of data in-
dicating their equilibrium formation. However, in the absence
0.10 of direct evidence for even one intermediate in neutral solution,
either equilibrium or steady-state formation of I is possible.
0,00 ' | , At first glance it would appear that mechanism A is es-
0. r 080 120 160 200 240 sentially that given by McCann and McAuley! for the title

L-cyd ,mx10°t

Figure 2. Linear least-squares fits of kg as f([L-Cys]) for the
oxidation of L-cysteine by Cr(VI) at neutral pH at 15, 25, and 35
°C.

temperature-dependent parameters derived herein make them
equivalent (within experimental uncertanties) to those derived
in acidic solution. If the mechanistic interpretations are
correct, it is noteworthy that no differences in AH* nor AS*
are discernible for one- vs. two-electron transfers.

Mechanism B. Equations 5-7 also constitute mechanism
B, but the intermediate I is now taken to be at steady-state
rather than at equilibrium.!> Applying the steady-state ap-
proximation to I, one obtains a = k\k,/k_; and b = k,/k_j,
from which k, = 0.64 = 0.13 M~ 57! (a/b) can be extracted.
The remainder of the terms are composite quantities. The
same activation parameters derived from k, in mechanism A
are now ascribed to k; in mechanism B. Thus, AH* = 13
* 3.2 keal/mol and AS,* = -20 £ 11 cal/(mol K). The value
for k, above compares favorably with the k; value of 2 £ 1
M1 57! reported by McCann and McAuley! for the formation
of I in acidic media. Unfortunately, no activation parameters
were reported for &y, which represents a minor path compared
to that represented by k/[H*] in acidic media.

While the following two mechanisms are less probable due
to the requirement of a second intermediate, they are briefly
presented for completeness.

(15) The authors are indebted to P. H. Connett and K. E. Wetterhahn
(Cornell University) for suggesting the steady-state nature of I.

reaction in acidic solution. There the intermediate chromate
thio ester (I’, where I’ = HI) was proposed to be in equilibrium
with reactants. Since K; = 1050 M, a sustantial fraction
of the reactant Cr(VI) is diverted to I’ at equilibrium, as is
proposed for I in mechanism A. However, the dominant redox
pathway is by reaction of I’ with H*, presumably via a one-
electron-transfer event. At least the stoichiometric observation,
entrapment of oxidized substrate, supports the one-electron
interpretation of their results. The pathway second order in
[L-Cys] represents only a minor contribution to the overall
disappearance of Cr(VI) in acidic solution whereas in neutral
solution the corresponding pathway is dominant.
Returning now to the question of one- vs. two-electron
transfer for the rate-determining step, the given mechanisms
all reflect the two-electron interpretation. Three lines of ev-
idence, albeit mostly negative, will be presented to address this
point. Several sets of scavenger experiments were conducted
in an attempt to intercept intermediate oxidation states of
chromium. First, jodide ion was employed and was found to
be without effect up to [I7]:[L-cysteine) < 5. However, when
the ratio ranged from 5 to 47, a modest decrease (21% at the
highest ratio) in rate was observed. Since all of these ex-
periments were conducted at the lowest [L-cysteine], it was
concluded that at best Cr(V) is a minor intermediate in the
scavenger experiments and that an insignificant amount of
Cr(V) is formed in the majority of experiments reported herein.
Second, EPR evidence for Cr(V), a d! ion, was sought under
conditions of [Cr(VI)], ranging from the kinetic conditions
upward by a factor of 100 by utilizing both rapid manual
mixing and slow diffusion of the Cr(VI) into the reaction
mixture. No EPR signals were detected.!® Third, efforts to
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intercept Cr(IV) have been partially successful. Manga-
nese(II), a known Cr(IV) scavenger,'” was found to increase
the rate of the Cr(VI)-L-cysteine reaction.!® The increase
in rate due to Mn(II) can be rationalized if, as seems likely,
the Mn species produced were to react with Cr(VI). Thus,
the above experiments point toward a two-electron process,
a result that is at least consistent with the earlier inference
from the stoichiometric results; however, they do not une-
quivocally preclude the participation of Cr(V) even though
no direct or indirect evidence supports its involvement.

(16) The authors wish to thank Drs. William B. Smith and Christopher Saint
of Texas Christian University for assistance with the EPR measure-
ments.

(17) See, e.g: Watanabe, W.; Westheimer, F. H. J. Chem. Phys. 1949, 17,
61

(18) A .detailed account of these experiments is to be submitted for publi-
cation.

Concluding Remarks

The rate law for the Cr(VI)-L-cysteine reaction at neutral
pH has been established as a special case of the more general
rate law for the reaction in acidic media, and the redox
stoichiometry was found to be 3:1 L-Cys:Cr(VI). By contrast,
however, the Cr(III) product observed in neutral solution is
radically different from that in acidic solution. These results
have been interpreted in terms of several mechanisms featuring
two-electron-transfer steps in the rate-determining processes.
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A heterobinuclear complex [Fe(mac)(Bpm)Cu(acac),]** (I) (mac = the macrocyclic adduct of 2,6-diacetylpyridine and
hydrazine; Bpm = bipyrimidine), previously postulated to contain a Fe(Bpm)Cu bridge, had been studied as a possible
model for cytochrome oxidase. Four important questions arise with this complex. (1) The high-spin state of the Fe(II)
conflicts with reports of low-spin Fe(II) in closely analogous environments. Our study removes the discrepancy: the complexes
are all low spin except in adducts with M(acac),. (2) Can mac bend enough to permit coordination of the cis Bpm nitrogens,
given that the only reported structural evidence is for planar mac? Our structure of [Fe(mac)bpy](ClO,), demonstrates
appropriate mac bending, though not quite in the way that had been proposed. (3) Cu(acac), is fairly resistant to the addition
of an extra donor atom, and even more resistant to two donors as required for Bpm, and the observed magnetic properties
can be explained by ligand-exchange reactions. We have eliminated this possibility with FAB mass spectral data. (4)
The unpaired electrons of Cu and Fe appear to be coupled in I. To check whether a peculiarity of Bpm sometimes prevents
electron coupling, we demonstrate the generality of coupling through M(Bpm)M bridges with M = Ni, Co, and Mn. Thus,
binuclear complexes of Cu, Ni, Co, and Mn are now known to be antiferromagnetic, the first finding that fails to support
a CuBpmPFe bridge. A further experiment virtually eliminates the possibility of a Bpm bridge. Electronic spectra indicate
the formation, from [Fe(mac)bpy]?*, that Bpm is not necessary to form the binuclear complex. Possible mechanisms for
the binucleation involve hydrogen bonding or, more likely, one of the uncoordinated mac N atoms, in which light the
electrochemistry of the complex can now be reexamined. Crystal data for [Fe(mac)(Bpm)Cu(acac),](ClO,),: FeCl,-

O4NsCysHas, P2,/n, Z = 4, a = 8.943 (3) A, b = 24.332 (8) &, c = 15.954 (5) A, 8 = 100.77 (4)°.

Introduction

Since the first report of magnetic coupling in heterobinuclear
and heterotrinuclear complexes,! there has been steadily in-
creasing interest in such compounds.®”'® One kind of bridge

(1) Gruber, S. J,; Harris, C. M.; Sinn, E. Inorg. Nucl. Chem. Lett. 1967,
3, 495.

(2) Gruber, S. J.; Harris, C. M,; Sinn, E. Inorg. Chem. 1968, 7, 268.

(3) Gruber, S. J,; Harris, C. M.,; Sinn, E. J. Chem. Phys. 1968, 49, 2183,

(4) Sinn, E.; Harris, C. M. Coord. Chem. Rev. 1969, 4, 391 and references
cited.

(5) Kokot, S.; Harris, C. M.; Sinn, E. Aust. J. Chem. 1972, 25, 45.

(6) O’Bryan, N. B,; Maier, T. O; Paul, I. C,; Drago, R. S. J. Am. Chem.
Soc. 1973, 95, 6640.

(7) O’Connor, C. J.; Freyberg, D. P; Sinn, E. Inorg. Chem. 1979, 18, 1077.

(8) Mikuriya, M.; Okawa, H.; Kida, S.; Ueda, I. Bull. Chem. Soc. Jpn.
1978, 50, 2920.

(9) Brewer, G. A.; Petty, R. H.; Wilson, L. J.; Sinn, E. “Abstracts of
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between dissimilar metal atoms, imidazolate (Im™), is of in-
terest because of the existence of such a bridge in bovine
superoxide dismutase'! and the postulate of a Cu-Im-Fe
bridge in cytochrome ¢ oxidase.!>1* In the latter case, the
iron is in a heme environment. To simulate this, a model
compound was devised'* with iron(II) bonded to the conjugated
N, tetradentate mac' (Figure 1), which, from the perspective
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