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The S-bonded sulfenamide isomers have been prepared by the known reaction of hydroxylamine-O-sulfonate with
(en).Co(lll) thiolate complexes of aminoethanethiol, cysteine, and penicillamine and the cis dithiolate formed by
N,N’-ethylene-di-penicillamine (EDP) and Co(lll). It is shown that the sulfenamides undergo linkage isomerization
in alkaline solution to produce their respective N-bonded linkage isomers. The addition of acid yields the protonated
N-bonded isomers. The structures of [(en),Co(NH2S(CH,),NH,)]2(S206)s and [Co((NH2S).EDP)]Br have been
determined by X-ray crystallography, and the pK, of [(en),Co(NH;S(CH,),NH,)]** has been determined by
spectrophotometry. The pH dependencies of the kinetics of the linkage isomerization reactions have been studied
and yield pK, values of the S-bonded isomers. The (en),Co systems give only the acid-stable N,N' isomer at
equilibrium, whereas the EDP complex gives a mixture of N,N' and N,S isomers at pH 7-9.

Introduction With regard to reactivity, the sulfenate and sulfinate
complexes of various cobalt(lll) amines are generally rather
inert toward decomposition in aqueous solution. Adamson
et al® first observed that S-bonded sulfinate undergoes
photochemical conversion to the O-bonded isomer, which
slowly reverts thermally to the S-bonded isomer. Kojima and
co-workerg have demonstrated similar linkage isomerism
in several systems with both sulfenates and sulfinates.
Recently, Kovacs et &lhave shown that the sulfenate may
adopt an#?SO bonding mode in a cobalt(Ihimine
complex. Lahti and Espensbrstudied the oxygen atom
abstraction from sulfenatocobalt(lll) complexes by methyl-
dioxorhenium(V) and evaluated the protonation equilibria
_of the complexes from the [H dependence of the rate.
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" Department of Chemistry. of the sulfenamide analogues of the sulfenates. Reynolds et
* X ray Crystallography Service Laboratory. al1% showed that these can be prepared easily in aqueous
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solution by the reaction of a thiolate complex with hydroxy-
lamineO-sulfonic acid. The latter reagent is effectively a
donor of NH . Reynolds et al. also studied the kinetics in
acidic solution and determined the structure of [{€o)
(S(NH,)(CHy):NH,)]3* by X-ray crystallography. As deriva-

Sisley et al.

The structure shown is based on earlier results of Martell
and co-workers' on Ga(lll) and In(lll) complexes of the
cysteine analogue, but an amide derivative of Co(lll) is
shown in this work to have the same arrangement of N- and
O-donor atoms.

tives of thiolate complexes, sulfenamides have the advantage
of ease of preparation and purification (because of the added
positive charge) over sulfenates. It is shown here that these
derivatives undergo linkage isomerism in mildly alkaline

solutions to become the N-bonded isomer. The only previous
N-bonded sulfenamide was reported by Sargeson and co-

workers!? using a different and much less general route. This
group also found that the sulfur of their N-bonded sulfen-
amidé? is susceptible to reduction and reaction with nu-
cleophiles. This leads to the possibility of a wide range of

new derivatives once the linkage isomerism is characterized.

Results

Reactions of Thiolate Complexes with Hydroxylamine-
O-sulfonic Acid. Previous work® has demonstrated that
hydroxylamine©-sulfonic acid (HSA) reacts in water, pre-
dominantly as the anion, to amidate coordinated thiolates,
as shown in eq 1.

(z+1)+

z+ 2
(LnCoHISR) + H,NOSO; —><LnCom—S: ) + 80> )
R

For the (em)Co" derivatives studied here, a limited kinetic
study of these reactions was done at pH 6:3387 in 5 mM
phosphate buffer at 2% and ionic strength 0.10 M (LiCIp

by monitoring the absorbance decrease at 283 nm. Undert

these pH conditions, the HSA is fully dissociatedK{d.2)
into its conjugate base NI®SQ;~. The HSA concentration
was varied in the range of 0.77 to 5.8 mM, with [Co(ll#]
0.07-0.10 mM, and the rate was found to be first order in
HSA and independent of pH. These observations are
consistent with the rate law of Reynolds et%The second-
order rate constants for [Co(e(8(CHy).NH-)]?", [Co(en)-
(SCHCH(CO)NH)]*, and [Co(enSC(CH;).CH(COy)-
NH)]" were found to be 16, 10, and 2.15Ms™?, re-
spectively. The first value is'5 times larger than that deter-
mined by Reynolds et al., possibly because of differences
in ionic strength (1.0 vs 0.1 M) and medium (HGI®s
phosphate buffer).

To expand the scope of this chemistry, we examined a
dithiolate,N,N'-ethylene-di-penicillamine (EDP). The cobalt-
(1) complex Co(EDP) has the probable structure shown

below, although several coordination isomers are possible.
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The reaction of Co(EDP)with HSA was studied at higher
acidity (0.50 mM H in 0.10 M NaCl) to avoid the linkage
isomerization described below and at somewhat higher HSA
concentrations (2:620.2 mM) because the reaction is
biphasic and the slower step is more sluggish than that of
the other systems. During the reaction, the absorbance maxi-
mum at 291 nm decreases in intensity and shifts-g97
nm and then back t&290 nm. Absorbancetime data were
collected at 280, 290, and 304 nm on a Hewlett-Packard
diode array spectrophotometer and analyzed simultaneously
by a standard biphasic model to obtain rate constants of 3.6
+ 0.2 and 0.67+ 0.02 M s7. The kinetic observations
and the full characterization of the subsequent isomerization
product, described below, indicate that the two reactions are
he consecutive amidations of the two coordinated thiolates
to produce Co((SNL,EDP)".

The S-bonded sulfenamide derivative of [(#9)(S(NH)-
(CHy)2NHy)]3*" was fully characterized, including a crystal
structure, by Reynolds et &.The analogous derivative of
the cysteine complex has been characterized similarly here.
The structure of the perchlorate salt is shown in Figure 1,
where pertinent bond lengths and angles also are given. As
expected, the structures show similar bond lengths and angles
for their common functions. For example, the bond lengths
in the sulfenamide function are, respectively,€$2.213
and 2.250 A; SN 1.638 and 1.659; and-SC 1.789 and
1.782. Similarly, the angles are €6—C 98.3 and 97.%,
Co—S—N109.5and 112% and S-Co—N (of cysteine) 86.7
and 87.4.

N-Bonded Sulfenamides of (enfCo": Synthesis and
Characterization. In general, the conversion of the S-bonded
sulfenamide to its N-bonded isomer involves the deproto-
nation of the S isomer, followed by linkage isomerization,
and reprotonation by quenching with acid. For the {€n)
systems, the reactions are shown in Scheme 1.

The method has been demonstrated for aminoethanethiol
(Y = (CHy),), cysteine (Y= CH,CH(CGQ,)), and penicil-
lamine (Y= C(CH;).CH(CG(,)). Spectrophotometric obser-
vations of the reaction in dilute OHeveal the same general
trends in the 256450-nm region for these systems. The

(14) Li, Y.; Martell, A. E.; Hancock, R. D.; Reibenspies, J. H.; Anderson,
C. J.; Welch, M. Jlnorg. Chem 1996 35, 404.



Studies of Sulfenamide Complexes of Cobalt(lIl)

Several lines of evidence show that the products of the
reactions described above are indeed the N-bonded linkage
isomers of the sulfenamides derived from aminoethanethiol
(IA), cysteine IC), and penicillaminelP), as shown in Chart
1. There is no doubt that the most definitive evidence is the
crystal structure of the dithionate salt &\, which is
discussed below.

The3C NMR of the CHS group shows a characteristic
change in the chemical shift froms30 ppm in the thiolate
to ~50 ppm in the S-bonded isomer and back te-38 ppm
in the N-bonded isomer. The chemical shifts of the ,CH
groups in the'H NMR are much less diagnostic and can be
difficult to unravel because of the resonances from the
methylenes of the ethylenediamine.

Two features of the electronic spectrum differentiate the
N-bonded sulfenamide from the S-bonded isomer and the
thiolate starting material. The first is the loss of the intense

Figure 1. Perspective drawing of [(es00(S(NH)CHCH(CO)NH,)J2+ band in the 286-:300-nm region, as shown in Figure 2 for
based on the crystal structure of [(8Dd(S(NH)CH,CH(CO,)NH2)]- the aminoethanethiol system. This difference is consistent
(ClO)2H0. with the assignment of the band in the latter complexes to S
Scheme 1 — Co(lll) ligand-to-metal charge transfer. The N-bonded
TN TN isomer lacks a CeS bond. The second difference is the
HaNy, [ N +OH™  HyNy, \\\\\Nz\ appearance of a new, less intense charge-transfer band at
~N S — AL Y O 330 nm. Such a band seems typical of-©6-S chro-
HaN S, Kp HaN s mophores (X= NH; or O). In the O-bonded sulfinate of
NHz N2 \_ N, NH Adamson et al,this band is at 326 nme(4.1 x 10° M1
l K, cm™1), and in the N-bonded sulfenamide of Sargeson and
co-worker$? (1), itis at 345 nm ¢ =2.59x 10*M1cm?).
(" NH Ha . /T NH, The latter complex was prepared by Sargeson and co-workers
HaNgy,,, | N=—y +H HaNy, \\\\HLY by a unique series of rearrangement and condensation
~N_L — R reactions from N,S-bonded Co(eftysteinatod* reacting
h N No HoN st with acetic anhydride in DMSO.
2 NH,

reactant peak at 295 nm decreases in intensity, and a new
peak appears at350 nm with an isosbestic point at325

nm. The product in alkaline solution has a peak-860 nm

that after quenching in acid shifts t6330 nm, depending

on the quenching time.

Unfortunately, the synthesis is not quite as simple as
outlined in Scheme 1, which may be apparent from the
procedures described in the Experimental Section that have The N-bonded isomer has been most unequivocally
the appearance of a magic ritual. Optimum yields require identified by the crystal structure of the dithionate salt of
careful control of the conditions because of parallel and |A shown in Figure 3. The sulfenamide of aminoethanethiol
subsequent reactions. The parallel reaction is a redox pathways coordinated through two N atoms to give a six-membered
that leads to cobalt(ll), ammonia, and ethylenediamine for chelate ring. The structural features may be compared to that
which the products have been identified by cobalt(ll) analysis of I1, the only other N-bonded sulfenamide of cobalt(ll1).
and NMR after acid quenching. This contributes about 10 Although structurally more constrained, as part of a tridentate
and 13% during the linkage isomerization of the cysteine chelate, the CeN(S) bond length irl (1.984 A) is similar
and aminoethanethiol derivatives, respectively. If the initial to that inIA (1.995 A), and the other CeN bonds are
basic solution is not anaerobic, then ®acts with Co(erj* normal for Co(lll}-en systems in both complexes. However,
species to give cobalt(lll) and probably-®b, which is a the bonds to sulfur are notably shorteiAnthan inll : S—N
problem for long-term storage of solutions of the N-bonded 1.657 versus 1.756 A;-SC 1.752 versus 1.803 A. The
product. The subsequent reaction during the synthesis causestructure of the Co(EDP) analogue, described below, sheds
a general loss in absorbance in the 2880-nm region over  more light on this feature.

NH__ _—CH
11

1-2 h and is faster when the [OHis increased from 4.1 Linkage Isomerization Kinetics of (enpCo-sulfen-
to 8.2 mM. This decomposition may involve a nucleophilic amides. The rate of linkage isomerization for the (g@p
attack of OH at the sulfur. systems has been determined by stopped-flow spectropho-
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Chart 1

103x e, M~ cm™!

-’ | | .. n " L
290 330 370 410 450 490 530 570 610
Wavelength, nm

Figure 2. Electronic spectra of (eg0o(S(CH)2NH2)?" in 0.01 M HCIQ, ! ! 1 1 ! ! ! ! ! !

(—); (enpCo(S(NH)(CHz)2NH2)3+ in 0.01 M HCIQ, (— — —); (en)kCo- 100 200 [OHS-O]'OmM 400 500
((NH2)S(CHy)2NHZ)®" in 0.01 M HCIQ (-); (enkCo((NH)S(CH)2NHZ)** _ ' . . -
in pH 11.1 CAPS buffer«¢-). Figure 4. Dependence of the rate constant for linkage isomerization on

[OH] for (en),Co(S(NH)CH,CH(CO)NHZ)?" (O); (enpCo(S(NH)C(CHy)2-
CH(CO)NH2)2" (@); (enkCo(S(NH)(CHy)2NH2)3™ (O).

studied independently for the product fraf as described
below.

The observed pseudo-first-order rate constants ([JO#
[Co(l)]) show saturation behavior as the [OHs increased,
as shown in Figure 4, and are consistent with eq 2.

aOH] _ kKy[OH]
1+bOH] Ky+[OH]

Kobsa = )

The expression on the right is derived from Scheme 1, where

Ky andk; are defined, assuming that thg step is a rapidly

maintained equilibrium and that thestep is rate-controlling.

The results forlC, 1A, and IP are given in Supporting

Information Tables S3S3. ForIC, ki = 17.0+ 0.3 M !

standK, = 18.2+ 0.7 x 1072 M, and the corresponding

values are 23.& 1.2 Mt st and 4.6+ 0.5 x 1072 M for

IA and 10.7+ 0.3 M* st and 15.1+ 0.8 x 1072 M for
Figure 3. Perspective drawing of [(e5G0(NHS(CHs)sNH2)]* based on IP. The curves in Figure 4 are drayvn using these parameters.
the crystal structure of [(esFo(NHS(CHy)2NH,)](S206)1.52.5H0. TheKy values can be combined wikh, (1071* M?) to obtain

the (Kavalues of 12.3, 11.7, and 12.2, respectively. Overall,
tometry. The reactant has an absorbance maximum in thethek; values show minor variations with the substituents on
290-nm region, but a new peak 890 nm appears as the the thiolate ligand.
[OH7] increases and becomes dominant for [QH> Acid Dissociation Constant of Co(em)(NH,SCH,-
0.01 M. This is consistent with the rapidly maintained CH,NH,)*". Because this N-bonded isomer is moderately
deprotonation equilibrium defined ¢, in Scheme 1. The  stable in alkaline solution, it has been possible to determine
product spectrum also is dependent on the pH, with the its pK, by spectrophotometry. Nevertheless, it was necessary
maximum at~330 nm shifting to~350 nm as the pH to add a stock solution of the complex in acetate buffer to
increases. This is consistent with the deprotonation of the an equal volume of a 0.02 M buffer solution, previously
Co—NH,—S moiety in the product. This equilibrium has been adjusted to the desired pH, and then run the spectrum
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Studies of Sulfenamide Complexes of Cobalt(lIl)

Scheme 2 Chart 2
HoC—Clz CH3 CHs

H
He N/ N M B 2
e N Co
Cq
Hac\l /\ ‘/CHQ* HaC™ CHs
c c g CHHC

Y
A > e a4 CHy 2 NHz
HoN >/o - z NH; (SR)
o)
CH
HoN, 3 CHs . Hp CHa CHs NH;
Co. Co.
HaC CHs HzC— CHgz
CHHC' CHHC
N A NHp “ \
% (RR) R.S)
.
S 4 was guantified from the integrated intensities of tHENMR
2

spectra of the product solutions when it was important for
subsequent use of the solutions, such as in the analysis of
immediately on a Hewlett-Packard diode array spectropho- the electronic spectra. Nonetheless, it was possible to obtain
tometer. As the pH is increased, the peak for the acidic form the solid bromide salt of the N;Nsomer, which was used
at 330 nm appears to shift as the more intense peak of theto determine the electronic afdll NMR spectra of the pure
basic form starts to appear at 350 nm. The absorbance changiBl,N' isomer.
is about 3.5 times larger at 350 nm, so this wavelength was The 'H NMR spectra were crucial to unravelling this
used to determine thekg from measurements at 8 pH values  system, and the chemical shift details are tabulated in the
in the range of pH 5.0 to 10.5. Supporting Information. It should be noted that samples from
The results were fit by least squares to eq 3 D- andpL-penicillamine have identical spectra. The spectrum
. of the N,N isomer is straightforward, but the spectra of the
A (éualH ] + € KJ[CO(IIN] ¢ S,S and N,S isomers reveal a mixture of conformers, as
(Ky+[H'D

®)

described below. These spectra have been useful in establish-
ing that there is no detectable S,Bomer present at
whereA is the absorbance measured in a 1.00-cm path length€quilibrium and giving a measure of the amounts of N,N
cell, ena and e are the molar absorptivities of the acidic and N,S isomers in equilibrium.

and basic forms, respectively, [Co(It})]is the total complex ~ Forthe N,Nlisomer, there are two GHlesonances of equal
ion concentration, and, is the equilibrium constant for  intensity because of the normal exo and endo positions in
proton dissociation from the complex. the six-membered chelate ring. The £tdgion shows two

The analysis gavé&, = (2.62 + 0.14) x 10° M (pKa complex multiplets in acidic solution, but in the equilibrium
8.58) with eqa andea values of (2.43+ 0.02) x 10® and mixture at pH 7.3, these collapse to doublets<(8.5 Hz).
(5.03+ 0.03) x 10®* M~ cm Y, respectively. The I, for This suggests that the multiplicity is due, in part, to coupling
IA is similar to the value of 9.3 reported fbir, and it seems ~ to the NH protons and that the coupling is lost because of
that the Co(lll-NH,S— unit is rather weakly acidic. fast proton exchange at pH 7.3. This was confirmed by

N-Bonded Sulfenamides of Co(EDP). Synthesis and decoupling experiments on acidic solutions of the N,N
Characterization. For Co(EDPY, analogous reactions have isomer, which revealed that irradiation of NH at 7.078 ppm
been observed, as shown in Scheme 2 fo=YC(CHs),. causes the CHmultiplets to collapse to doubletd(CH) =
Scheme 2 is representative of the synthetic procedure but8.5 Hz). The irradiation of one GHnultiplet collapsed the
is somewhat simplified in that at intermediate pH values other to a doublet YNH) = 4 Hz). Then, the broad,
(6—9) mixtures of (N,N), (S,N), and (S,3 isomers and asymmetric doublets centered at 6.58 and 7.00 pl§hiH)
various protonated forms are present. ~ 11 Hz) must be assigned to nonequivalent protons on the

This system is substantially more complicated than the —SNH, groups of the N,Nisomer. As expected, irradiation
(en)Co analogue for several reasons. The deprotonatedat 6.58 ppm collapsed the resonance at 7.00 ppm to a singlet.
N-bonded isomer, Co((NHEIDP), forms in the usualway ~ The*C spectrum shows all of the expected features.
in alkaline solution (pH= 10, NaOH or HPG* /PO~ The situation is more complex for the SiSomer because
buffer), and acidification of this solution produces the of the slow inversion of the-SNH; groups. This is illustrated
expected protonated N-bonded isomer, Co({8)EDP)", in Chart 2, which shows a simplified picture of one
as the dominant product, but the acidified solution is always conformer and projections along the-6 bond for the three
contaminated with some mixed-linkage isomer, Co(¢SH nonequivalent forms. We note that the conformation of the
(SNH.)EDP)". The latter appears to result from some NH groups is essentially locked by the coordinatedO,~
reverse-linkage isomerization during the acid quenching (not shown) attached to the CH group.
operation. Even with the rapid addition of acid to the alkaline  The simplified structure on the left in Chart 2 and the
solution or vice versa and vigorous stirring, the acidified projection along the SC bond below the structure have the
product contained-15% of the mixed-linkage isomer. This S atoms with the R conformation on the left and on the right

Inorganic Chemistry, Vol. 43, No. 17, 2004 5343
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and will give four CH-resonances. If this is designated the : : ' ' ' : : : '
(R,R) conformer, then the inversion of the left S atom will ~ *°F il
give the (S,R) conformer, which will give two GHeso- 180
nances, as will the (R,S) conformer. The spectrum shows 's[
the expected eight GHesonances, with six of very similar 1408
integrated intensity and two of equal intensity but with
to Y5 of the intensity of any one of the other six. This
intensity pattern is consistent with either the (S,R) or (R,S) = so
conformer being less favorable and constituting about 5%, o
whereas its opposite is about 32%, and the (R,R) conformer, o
shown in Chart 2, is dominant at about 63% of the total.
The CH region shows the four resonances expected from L ! L n L L !

230 250 270 290 310 330 350 370 390
the above analysis, with three of essentially equal intensity Wavelength, nm
and one of much lower intensity. Again, the intensity pattern Figure 5. Electronic spectra, as molar extinction coefficiea) yersus
is consistent with~60% of the (R,R) conformer and 32 wavelength, of {- - ) Co((NH;SREDP) (N,N isomer); () Co((SNH)2-
and ~8% for the other two, respectively. The conformer EDP) (S,Sisomer); ¢ - - ) Co((SNH)(NH2S)EDP) (N,S isomer).
distribution is in reasonable agreement with that obtained
from the CH resonances. The Ghegion of the S,Sisomer
shows four complex multiplets.

In the low-field region, there are three broad but distinct
resonances of similar intensity at 7.92, 8.04, and 8.30 ppm
and a weaker shoulder at8.33 ppm. The chemical shifts
and breadths clearly indicate that they are N-bound H’s.

Selective decoupling to the GHesonances shows that at
least the three more intense Nigsonances are each coupled
to two CH, resonances, and therefore appear to be NH
protons of the backbone rather than Shtbtons. Although
the decoupling simplifies the low-field resonances, they
remain broad with residual coupling, and it is possible that
the SNH protons are simply obscured by the others.

The 13C spectrum of the S;9somer in the CH region
shows six resonances of similar intensity and two much
weaker resonances, as expected from tHespectrum. Figure 6. Perspective drawing of the structure of Co(M$EDP) based
Otherwise, thé3C spectrum shows three distinct resonances 2n5}_r;teo?0ry§éa:|()s}:ructure of [Cat{ HaNSC(CH;)2CH(CO)NHCHz} 2][Br] -
for each type of carbon (CHC(S), CH, and Cg). ’ ' '

A similar analysis for the N,S isomer, in which the two A perspective drawing of Co((\i$)LEDP)" based on the
halves of the species are nonequivalent, predicts two sets ofcrystal structure is shown in Figure 6 and may be compared
four CH; resonances. Although this isomer has been obtainedto that of (en)Co(NH.S(CH,)oNH2)3" (IA) in Figure 3.
only as an equilibrium mixture with the N;Nsomer at pH Within the six-membered sulfenamide chelate ring there
7.26, the two strong Cktesonances of the latter are clearly appear to be two significant differences. TheI$ bond
distinguisable from eight weaker resonances of the N,S lengthis 1.743 A in Co((NEBL,EDP)", similar to that inll
isomer. The CHregion of the spectrum was deconvoluted but longer than the 1.657 A ibA. The bond angle at the
to obtain integrals for all 10 resonances. This showed that primary amine N is similar to that at the sulfenamide N in
the mixture contains 59% N;Nsomer and that the two forms  IA (~122), but the corresponding angle at the secondary
of the N,S isomer are present in a ratioe2:1. amine N is 106 in Co((NH;SLEDP)'. This may be

The CH region of the equilibrium mixture can be analyzed rationalized as a constraint caused by the coordinate@,™
similarly. The N,N isomer has one resonance, whereas the attached to the chelated ring in the latter and also present
N,S isomer has the expected two sets of two resonancesin Il .

The stronger set is at 3.76 and 3.53 ppm, and the weaker set Kinetics of Linkage Isomerization of Co((SNH,).EDP)*

is at 3.65 and 3.62 ppm. The integration of these resonancesand Co((NH,SLEDP)". In the EDP systems, it was pos-
gives 57% N,Nisomer, in good agreement with the value sible to study the linkage isomerization starting from either
from the integration of the Ciregion. the S,Sbonded Co((SNK,.EDP)" or from the N,N-bonded

The electronic spectra of the three isomers are shown inCo((NH,SLEDP)*. These reactions have been studied in
Figure 5. The spectrum of the N,S isomer has been generatedgeveral buffers (MES, phosphate, bicine, and CAPS) as well
from that of an equilibrium mixture at pH 7.26 and that of as up to 12 mM OH for the S,Sisomer. The pH range is
the N,N isomer, with the condition, from the NMR results, more limited for the N,Nisomer because the equilibrium is
that the mixture is 58% of the latter isomer. These spectra almost completely toward this form for pH 9.5. The ab-
show the features expected from simpler {€) systems.  sorbance-time profiles appear to be first order under all con-

100

3x &
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— r_ r T 1 T T T T T Least-squares analysis gave valueskigrKci, K—20KciKeo,

Kci, andKciKeo of (1.924 0.11) x 10710, (3.764 1.1) x

107%, (6.38 4 1.7) x 107° and (1.25+ 0.44) x 1072,
respectively. The specific rate constantslarg = 0.03 and

k—20 = 30 st with pKcy 8.2 and Kc, 11.7. The curve in
Figure 7 is calculated from these parameters, and the results
and specific conditions are given in Supporting Information
in Table S4.

The situation is more complex for the reaction of the N,N
isomer because both the forward and reverse reactions must
be included and this brings in the proton equilibria of the
N,S isomer. The values dfynsq increase smoothly with
increasing pH and are consistent with eq 5.

03 |

0.1 |-

7.0 8.0 * 9[40 1(;.0 . 11|.0 : (kllT)[H+] + (klOT)
pH bsd
*HIHT + Ky

Figure 7. Dependence of the isomerization rate constant on pH for
Co(EDP) systems: N,Nsomer (0); S,S isomer Q).

(%)

A least-squares analysis of the data gikes = (1.51 +
ditions, and the pH dependence of the rate constant is showr0.07) x 107°, kjor = (1.57 &+ 0.57) x 10°Y, andKy; =
in Figure 7. For both reactions, the rate constants increase(2.25+ 0.7) x 108 (pKy; = 7.65). The curve in Figure 7

with increasing pH, but the rate constants for the 'Nsmer is calculated from these parameters, and the experimental
are always larger and the dramatic change with pH is data are given in Table S5 of the Supporting Information.
apparent at much lower pH. In terms of Scheme 3, the pseudo-first-order rate constant

The kinetic results have been analyzed in terms of the is given by eq 6.
reactions in Scheme 3, where only the reacting ligand groups
bonded to Co(lll) are shown. The vertical proton equilibria Ky Kag[HTT + Ky oKy K no
are based on the observations of the simpler monoamide®obsd ™ [H2 + Ko [H] + KaK
ethylenediamine systems. Reactions of the fully protonated Al ALTA2
forms of either isomer are not included because of the K_11KsgH T + K_1Kg:Ke,
observed stability of .theS(_a systems for pH3. _ [HT? 4+ Kgy[H'] + KgiKs,
We note that the microdissociation constants for the mixed

linkage isomer are related to the overall acid dissociation The experimental rate law (eq 5) must be some approximate

constants byKe; = Ksg1 + Kyer and Kzt = Kyez * + form of eq 6. The experimental conditions of gH9 suggest

Ksez ! and that there are detailed balancing relationships {hat [H'] > Ka» and Kgz so that the third term in the

between the rate constants and the second acid dissociatiogenominator of each fraction in eq 6 can be dropped. The

constants. acidities of the aminoethanethiol derivatives (Table 1) and
The linkage isomerization steps in Scheme 3 suggest thaine proximity of the ionizing group to Co(lll) suggest that

the reactions should be biphasic, but as already noted, onlyk, .. > Kgg; so thatKs; ~ Kyg1. Because both refer to the

simple first-order absorbane¢ime profiles are observed. jgnjzation of a CONHS group, it also seems probable that

Initially, the system was analyzed by a biphasic model, and k,, ~ Kg; (= Kyy). Then, eq 6 simplifies to eq 7 with the

this showed that the simple appearance of the kinetics wassame form as eq 5.

due to two factors. One is that the N, Momer-to-N,S isomer

conversion is always at least 6 times faster than the otherk .=

step, and the other is that the SjSomer-to-N,S isomer +

reaction is essentially irreversible. This has been noted from (s * KoaaRsolH 1 BacfaaRag T Ko ackoied) (7

the NMR observations, which show that there is no detectable [H]* + Ky[H ]

S,S isomer present at equilibrium. As a result, the two

reactions are treated as independent in the following analysis BY combining the above analysis with the equilibrium

because this is much simpler to describe and has been showfomposition determined by NMR, it is possible to obtain

to be quantitatively consistent with a full biphasic analysis. @Pproximate specific rate constants for the linkage isomer-
The reaction of the S!Somer is relatively simple because ization. The NMR study gives the equilibrium ratio of N,S

the reaction is irreversiblée; andky in Scheme 3 can be  t0 N,N' isomers as-0.7, which equals the ratio of kinetic

ignored, and the observed pseudo-first-order rate constan€oefficientskiiKai/k-11Kss: andkioKaiKazlk-10Ka1Ke2 in €q
is given by eq 4. 7. Because the sum of the terms in the first ratio egkiais

kllKAl =0.89x 10°° Then, if Ka1 &~ Kyn1, ONe obtainskll
k721Kc1[H+] + KoK eiKes ~ 0.04 s. A similar analysis of the second ratio akgr,
= (4) along with the condition thata, < 10-2°is consistent with
the derivation of eq 6, givelo > 0.46 s*.

(6)

bsd ™
*HTP A+ K [HT + KKy

Inorganic Chemistry, Vol. 43, No. 17, 2004 5345



Sisley et al.

Scheme 3
Co(NH,), Co(SNH,)(NH,) Co(SNH,),
KAllT Ks% KBIlT N{Nsl Tl K¢
ISY ka1
Co(NH)(NH;) = Co(SNH)(NH,) Co(SNH)(NH) =—> Co(SNH,)(SNH)
k_11 \ K 2
K / K
KAZlT KNQ\ BZlT )/KSBz lT 2
kio kao
Co(NH), - Co(SNH)(NH) <—= Co(SNH),
k_j0 k.20

Table 1. Summary of Isomerization Kinetics and Acidity Results

complex isomerization rate
ion constant, s'2 pKa
(enkCo(S(NH)(CHz)2NH2)3+ 237 11.7
(enpCo(NHSCHp)NHo)3* 8.58
(en)Co(S(NH)CH,CH(CO;)NH)?* 17.0 12.3
(enkCo(S(NH)C(CHs).CH(CO)NH2)>*  10.7 12.2
Co((SNH)EDP)" 0.03, 30.0 8.2,11.7
Co((NH:SLEDP)* ~0.04,20.48  7.65

aAt 25 °C in 0.10 M ionic strength? Rate constants for the second
isomerization stef pKa for ionization of the second protoA.On the basis
of the assumption thaa; ~ Kg1 ~ Kng1 as described in the text.

Absorbance
(=] (=3 (=] j=] <
B L B O &
(=] (=] (=] (=] (=]

o
S

L L L L L
320 340 360 380 400

Wavelength, nm
Figure 8. Absorbance changes due to isomerization and pH change: (

N,N’ isomer at pH 4; equilibrium mixtures at pH 7.00), 7.26 ©), 8.0
(0), 9.3 @), 10.0 ) and 10.7 @).

L
300

L
280

The electronic spectra of the equilibrium mixtures do not
provide very definitive information on the composition

tions show that the modifications of the thiolate ligand and
nonreacting ligand set cause rather modest changes in
reactivity that can be rationalized on the basis of steric effects
of the CH; substituents. Thus, the penicillamine derivatives
of (enyCd" and Co(EDP) react about 5 times more slowly
than the others. The second step in the amidation of
Co(EDPY is 5.4 times slower than the first, which may be
attributed to probability and the steric effect of the NHat

was added.

At least for Co(lll) systems, it appears that the linkage
isomerism of the S-bonded sulfenamides is a general reaction.
The process requires mildly basic conditions; therefore, the
product must be moderately stable in basic solution. Because
this condition is marginally true for the1-min reaction time
of the present systems, we developed detailed synthetic
procedures to minimize this problem.

The kinetic and acid dissociation behavior parameters are
summarized in Table 1. The S-bonded sulfenamides of
(enkCo are all very weak acids, as is the monodeprotonated
derivative of Co(EDP) (Ka 11.7—12.3). However, the first
proton dissociation of Co((SNA$EDP)" appears anomalous
with pK, 8.2. This may be rationalized by intramolecular
hydrogen bonding in the monodeprotonated species, as
shown in eq 8.

S—NH \s N~ H

— NH, —

/ . / .

Co - CO\ H +H* (8)
S— NH, S—N

/

because of the numerous potential chromophores (Scheme

3) and their inevitable similarity. However, the representative The much greater acidity of Co((SNJZEDP)" has the effect
spectra at various pH values in Figure 8 are consistent with ¢ making the isomerization occur at much lower pH values
the kinetic and NMR results. The spectra are relatively han for the (enCo analogues. As a consequence, the former
invariant between pH 7 and 8.5, but above pH 9, there is a,yere studied at pH-612, whereas the latter were observed
decrease in absorbance in the 280-nm region, and an increasgmy in =1 mM OH-. Analogous hydrogen bonding may
in absorbance and shift to longer wavelengths in the 340- to explain the somewnhat greater acidity of Co((M$$EDP)"
360-nm region. The invariance for pHd 8.5 is consistent compared to that of (esFo(NHS(CHy).NH,)3*.
with eq 6, and the variation at higher pH suggests that the  Thg rate constants for the isomerization of the {€n)
condition [H'] > Kaz andKs; is no longer true; that is, systems are relatively independent of the nature of the parent
significant ionization of the second proton of the Nisémer  ig|ate ligand, and the equilibria lie far toward the N-bonded
starts to occur. isomer, presumably driven by the strength of the—Gb
interaction. The Co(EDP) system is different in that there is
a mixture of N,N and N,S isomers at equilibrium for the
For all of the systems studied here, the reaction of the fully protonated species; the N,iéomer is fully formed only
thiolate complex with hydroxylamin®-sulfonic acid is a when the Ce-NH, groups are fully deprotonated. In addition,
facile process in aqueous solution and yields the correspond-the rate constant for the first step of the isomerization in
ing S-bonded sulfenamide derivatives. The kinetic observa- either direction is~500 times smaller than that for the

Discussion
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(enxCo systems, whereas the rate constant for the secondrecipitate the product as a purplish-brown powder. FHh&MR

step with the S,Sisomer is much larger and in the same confirmed the identity of the product and suggested that it contained
range as those for the (e@p systems. The slow first step & greater proportion of thA isomer by comparison to published
may be attributed to movement constraints caused by theresults and also showed the presence of 2-propanol. Anal. Calcd
fact that the sulfenamide part of the chelate ring is coordi- 0" C0G27d1sMNs0s7Cla:. C, 31.75; N, 14.52; H, 7.73. Found:

nated through two groups, and the faster second step mayc’ 3157 N, 14.31; H, 7.79.

be caused by the conjugate base activation through theprepared by dissolving 2.0 g (2.07 mmol) of the above product

ionized CcrNH_—S— group. ~and 0.65 g (2.66 mmol) of BagRkH,0 in 2.50 mL of water and

~ In'summary, it has been shown that S-bonded sulfenamides, yging 4.8 mL of a 0.553 M solution of HSA (2.65 mmol) adjusted
in mildly alkaline solution can undergo linkage isomerism o pH 2.88 by addition of 1.0 M NaOH. After 15 min, the mixture
to the N-bonded form. This general reaction allows exten- was centrifuged to separate the BaS@m the reddish-brown
sions of earlier work13for the one example of this class of  solution. The solution was brought to pH 2.76 by the addition of
compounds where it was found that the exposed S(0) cansolid NaHCQ and cooled in an ice bath overnight. The burnt-
undergo further reactions with electrophiles or nucleophiles orange powdered product was collected by filtration, washed with
and opens the way to a wider range of derivatives of metal methanol and ether, and dried in a vacuum desiccator to yield
thiolated5 and S cluster& In addition, the N-bonded isomer ~ 0-325 g of product (36%). An additional 0.133 g was collected

- - . " : imilarly after storage in an ice bath for 3 days. Anal. Calcd for
forms its conjugate base under mild conditions, which may 3™ _ , , ) :
serve to labilize the metal center for ancillary ligand CoCHNGSOuClz: €, 24.55; N, 19.09; H, 6.87. Found: C, 24.71;

L N, 18.84; H, 6.87.
substitution. [(en)CO(NH,SC(CH),CH(CO:)NH,)](Br)»-2H,0 was prepared
by dissolving 0.269 g (0.61 mmol) of the above product in 70 mL
of water and dividing the solution equally into 10 vials. Then 0.80
Materials. Hydroxylamine©-sulfonic acid (Aldrich) was stored ~ mL of 0.10 M NaOH was added rapidly to each vial while stirring
over BOs and analyzed by iodimetry on the basis of the study by vigorously, and after 90 s, the reaction was quenched by adding
Krueger and co-workers.Acidic solutions are subject to hydrolysis, 0.32 mL of 0.50 M HCI. The solutions of the product were
but neutralized solutions can be conveniently stored under refrigera-combined and reduced to6 mL by evaporation of the solvent
tion for several days without serious deterioration. It was observed under vacuum. Then 0.9 g of LiBr was added, and after overnight
that solutions in HEPES buffer decompose much more rapidly than storage in a refrigerator, the product was collected by filtration,
those in MES or phosphate. washed with methanol and ether, and air dried. This product (0.24
Caution! Perchlorate salts of metal complexes with organic g) was recrystallized by dissolving 0.16 g in 4.0 mL of water,
ligands are potentially explogg! They should be handled with great  centrifuging to remove undissolve material, adding 0.20 g of LiBr,

[(en)Co(S(NH)C(CHs):CH(CO)NHZ)](Cl)2+1.5H,0 (IP) was

Experimental Section

care and in small amounts. and cooling as before. The product was collected and washed as
Tables of electronic spectra (absorbance maxima and molarbefore to obtain 0.10 g of a dull orange powder. Analysis suggested

extinction coefficients) and NMR spectrédH and 13C chemical that this is a mixture of protonated and unprotonated forms, but

shifts) are given in the Supporting Information. the material was used for NMR characterization. In a modified

[(en»Co(S(CH)2NH,)](CIO,), was prepared by the method of  procedure, 12 mg of crude product was dissolved in 0.40 mL of
Reynolds et al? [(en),Co(SCHCH(CO,)NH,)](ClO,) was prepared  water, and 5.0 mg of lithium acetate dihydrate was added to bring
from L-cystine, initially by the method of Sloan and Kruelfdsut the pH to 4.5-5. Then 86 mg of LiBr was added, and refrigeration
mainly by that of Freeman et 8B ,which gave a better yield and  for 2 days gave nearly quantitative precipitation of the product as
quality of product. Both substances were characterized bytHeir =~ small crystals. Anal. Calcd for CeB31NeSOQiBr,: C, 20.08; N,
NMR spectra and by the comparison of their electronic spectra to 15.62; H, 5.81. Found C, 20.13; N; 15.17; H, 5.65.
published results. [(en)Co(S(NH,)CH,CH(CO,)NH,)](ClO4)2*H,O was prepared

[(en)Co(SC(CH),CH(CO,H)NH,]Cl,-0.5H,0-1.25 i-PrOH was by reacting [(em)Co(SCHCH(CO,)NH,)](CIO.) (2.0 g, 5.0 mmol)
prepared by slight modifications of the method of Freeman et al. in 95 mL of water at 46-45 °C with hydroxylamine©-sulfonic
pL-Penicillamine disulfide (0.025 mol) was generated in situ as acid (0.68 g, 6.0 mmol) for 23 min. The cysteine complex
described by Freeman et al. The solution was deoxygenated, anddissolves as the reaction proceeds. The warm solution was fil-
then deoxygenated solutions of ethylenediamine (0.124 mol) andtered and cooled to ambient temperature, and then 5.5 mL of 1.0
CoChL-6H,0O (0.05 mol) were added. After reacting overnight at M Ba(ClOy), was added and BaS@as removed by filtration. To
ambient temperature, the brown solution was adjusted to pH 2.2 the filtrate we added 35 g of LiCl{and 225 mL of 95% ethanol,
with 1 M HCI, diluted with 0.01 M HCI, and loaded on a column  and the solution was cooled 5 °C. The product, a curry-colored
of Dowex 50W-X2(H) resin. The column was eluted with  powder, was collected by filtration, washed with ethanol and ether,
increasing concentrations of HCI, and the product was eluted in and air dried. Yield 2.6 g (83%). This product is pure but is a
1.0 and 2.0 M HCI. The eluate was reduced to a small volume mixture of the forms with the protonated and unprotonated carbox-
under vacuum, and then 20 volumes of 2-propanol were added toylate group. Recrystallization from either waterloM HCIO, yields
the pure unprotonated or protonated form, respectively. Cinnamon-

(15) Harrop, T. C.; Marscharak, P. Kicc. Chem. Re2004 37, 253. colored crystals of the unprotonated form were characterized by
fsl’allpperhaus, C. A.; Darensbourg, M. Acc. Chem. Red998 31, X-ray crystallography as [(€sFo(S(NH)CH,CH(CO)NH,)]-

(16) Venkateswara Rao, P.; Holm, R. Bhem. Re. 2004 104, 527. (ClO4)2'Hz0. Anal. Calcd for Co@H2sNeO1:SCh: C, 15.83; N,

(17) Sloan, C. P.; Krueger, J. thorg. Chem1975 14, 1481. Herting, D. 15.82; H, 4.74. Found: C, 15.92; N, 15.54; H, 4.75.
&7, ?Igfgn, C. P.; Cabral, A. W.; Krueger, J. H’lOI’g. Chem 1978 [(en)zco(S(NFb)(CHz)gNHz)](C'OOg‘Hzo was prepared from

(18) Freeman, H. C.; Moore, C. J.; Jackson, W. G.; Sargeson, Aavy. [(en)Z_CO(S(CFDzNHz)](C|O4)2 by the same mEt_hOd as for the
Chem 1978 17, 3513. cysteine analogue, except that a precipitate did not form when
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ethanol was added. The ethanol solution was concentrated undefor CéH.1NO,S: C, 44.70; N, 8.69; H, 6.88. Found: C, 44.49; N,

vacuum to~80 mL and then cooled at5 °C to yield a mus-
tard-colored powder. The solid was collected by filtration,
washed with ether, and air dried. Yield 66%. Anal. Calcd for
CoGsH26eNgO13SCh: C, 12.26; N, 14.30; H, 4.46; S 5.46. Found:
C, 12.35; N, 14.03; H, 4.41; S 5.22. The electronic spectrum is in
excellent agreement with literature resdftswhere the crystal
structure also is reported.

[(enkCo(NH,S(CH,).NH,)]3*" (IA) was prepared by dissolving
0.055 g of [(eMCo(S(NH)(CH2)2NH2)](ClO4)3*H,0 in 12.9 mL
of water and then dividing the solution into three equal portions.

8.63; H, 6.86.

N,N'-Ethylene-dipL-penicillamine EDP) was prepared by so-
dium metal reduction of 5,5-dimethythiazolidine-4-carboxylic acid
in liquid ammonia, following the procedure of Blondeau e#Zal.
Preliminary studies revealed that this material contained what is
believed to be 23% N-methylpenicillamine; the product was
purified by dissolving it in water by the addition of NaOH and
then reprecipitating by the addition of aqueous HCI to ptH43
The 300-MHZz'H NMR in 0.5 M DCI/D,O shows peaks at 1.49
(s, CH), 1.67 (s, CH), 3.75 (m, CHCH,), and 4.22 (s, CH). The

A stirring bar was added to each solution, and then each was closed3C NMR in 0.44 M DCI/D,O (vs dioxane, 67.4 ppm) shows peaks

with a serum cap and deoxygenated with Ar. To each solution we
added 0.49 mL of 0.10 M NaOH. The reaction was allowed to
proceed for 80 s and then quenched by injecting 0.21 mL of 0.50
M HCIO,. Close adherence to the procedure and rapid mixing
during the addition of reagents are critical to minimize side reactions
and product decomposition. Anaerobic conditions greatly improve
the stability of the product solutions. Scaling up the method, in

at o 27.66 (CH), 31.41 (CH), 44.78 (CHN), 44.93 (CS), 72.15
(CH), and 169.07 (CgH). All of the peaks, except that at 44.93
ppm, appeared as pairs separated-b§ 8iz, and the reported shifts

are the average for each pair. This doubling suggests that the product
is a mixture ofop, bL andLL forms, as expected because the amino
acid reactant was racemic. This was confirmed for the product of
a synthesis starting with-penicillamine, for which thé3C peaks

terms of concentrations or volumes, has been found to be are at27.69, 31.43,44.79, 44.82. 72.12, and 169.15 ppm. The NMR

detrimental, and it is important to avoid a large excess of NaOH.
[(enkCo(NH,S(CH:),NH,)]Brz-H,O was prepared by pooling the
three volumes of product solution from above and concentrating
under vacuum te~2 mL. Then 0.1 g of LiBr and 3 mL of ethanol
were added, and after cooling in a refrigerator, the solution yielded

spectra agree with those reported by Okamoto €€ atho used a
quite different synthesis and appears to have run the spectra under
slightly alkaline conditions, on the basis of the pH dependence of
the shifts for the cysteine analogue reported by Li €t #nal.
Calcd for GH24N204S,-2H,0: C, 39.98; N, 7.77; H, 7.83.

reddish-orange crystals that appeared suitable for X-ray analysisFound: C, 40.78; N, 7.78; H, 8.05.

but proved to be disordered. A higher yield of product, in the form
of an orange powder, can be obtained by using more LiBr and
ethanol and cooling te-5 °C in the freezing compartment of a
refrigerator. Yield of orange powder 55%. Anal. Calcd for
CoGsH26NsOSBr: C, 13.62; N, 15.89; H, 4.95; S 6.06. Found:
C, 13.59; N, 15.42; H, 4.84; S, 5.68.

[(enyCo(NH,S(CH:)2NH2)](S206)152.5H,0O was prepared by
dissolving 11 mg of the bromide salt in 0.69 mL of water containing
0.25 M NaS,06 and 1 mM HCIQ. The solution was transferred
to an NMR tube, and 1.5 mL of ethanol was layered on the top.
During 2 days of cooling in a refrigerator, orange-amber crystals
of the product were deposited. These proved suitable for X-ray
analysis.

[(en)Co(NH,SCH,CH(CO;)NH,)]2" (IC) was prepared by a
procedure directly analogous to that fidr. However, it has not

Co(EDP) has been prepared in solution by reacting equimolar
amounts of Co(Ob)4(O,CCHs), and EDP in water at pH-77.5
under anaerobic conditions. The solution was then transferred to a
flask containing a stoichiometric amount of Co(seg)@hder an
argon atmosphere, and the redox reaction was allowed to pro-
ceed for~30 min. The product solution was transferred to a
short, deoxygenated column of Dowex 50W-X8 (N&o remove
Co(sepd*. The eluate solution, typically containing 6:3 mM
Co(EDP), was collected in air. It is necessary to remove the
Co(sep)* because it is oxidized by dioxygen, and theCH
produced oxidizes the thiolate function of the EDP ligand. This
also is a problem if @is used as the oxidant for ©&DP). The
anionic nature of the C&(EDP) complex has been confirmed by
noting that the complex does not bind to cation resins but does
bind to the anion resin Dowex 1-X8 (Ol Tests with Ellman’s

been possible to obtain a pure solid product, although a number off€agent (5,5dithiobis(2-nitrobenzoic acid)) revealed-2% free
counterions and cosolvents have been tried. The cation has beerhiol from crude EDP and-0.25% from purified EDP. ThéC

characterized by its electronic and NMR spectra.
5,5-Dimethythiazolidine-4-carboxylic acid was prepared by the

reaction ofp,L-penicillamine (10 g in 150 mL of water) with

formaldehyde (7.8 mL of 40% in 150 mL of 95% ethanol) for 15

NMR in H,O (12% D,O) (vs dioxane, 67.4 ppm) shows peaks at
0 32.14 (CH), 33.62 (CH), 48.78 (CS), 53.01 (CH\), 80.38 (CH),
and 183.56 (C@). This agrees with the spectrum reported by
Okamoto et al?? except that all signals are upfield byL.75 ppm,

h at ambient temperature. Large shiny-white crystals were collected PreSumably because of the use of different reference compounds.

by filtration and washed with ether. An additonal 3 mL of 40%

formaldehyde was added, and the reaction was allowed to continue

for 24 h and was then cooled te5 °C for 48 h before collecting

The sulfenamide derivative of Co(EDPY¥an be prepared by
the reaction of a solution of Co(EDP)~1 mM), prepared as
described above, with 0.05 M HSA ir0.05 M H" for 10 min

a second crop of product as before. The overall yield was 8.22 g and then separating the product by ion exchange as described below.

(76%). The melting point (21:1213°C, decomp) agrees with that
of Sts 2 If p-penicillamine is used, then the product is much more

The sulfenamide derivative was prepared more directly on the 10
mM scale by reacting an anaerobic solution of equivalent amounts

soluble. The solution was evaporated almost to dryness, and the®f CO(ClQx)2-6H,0 and EDP with Co(NB)sOH;(CIO,)s. The latter
product was recrystallized from hot methanol. This product has a ©Xidant has the advantage that the cobalt(ll) products are not

melting point of 206-203 °C. The 300-MHz!H NMR in D,O
shows peaks ab 1.40 (s, CH), 1.65 (s, CH), 3.98 (s, CH), and

4.42 (d, CH), in reasonable agreement with the reports of Samanen

et al?2° and Dilbeck et af! For thep isomer, the corresponding

peaks are at 1.43, 1.68, 4.01 and 4.48 ppm, respectively. Anal. Calcd

(19) Sis, O.Justus Liebigs Ann. Cheri949 561, 31.
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Studies of Sulfenamide Complexes of Cobalt(lIl)

Table 2. Summary of Crystallographic Data

[(enyCo{ S(NH,)CH, [(en)yCo(HNS [Co(k5-{ HoNSC(CHy)2
—CH(CO)NH}] —(CHz)2NH2)] —CH(CO)NHCHg} 2]
[ClO4]2*H20 [S20¢]1.52.5H0 [Br]+1.5H,0-0.5EtOH
empirical formula GH25Cl,CoNsO11S CsH29CONsO11.554 C13H30BrCoNsOsS,
molecular mass 531.22 556.52 541.37
temp (K) 213 193 193
cryst syst monoclinic triclinic monoclinic
space group P2; (no. 4) P1 (no. 2) Cc(no.9)
a(A) 8.4908(4) 8.4431(14) 16.552(4)
b (A) 14.1916(5) 8.9608(15) 11.927(3)
c(A) 8.4937(4) 15.652(3) 12.639(3)
o (deg) 84.216(4)
S (deg) 113.513(4) 77.067(3) 114.011(4)
y (deg) 64.888
V (A3) 938.49(7) 1045.1(3) 2279.1(9)
z 2 2 4
Pealcd (g T d) 1.880 1.769 1.578

cryst size (mr)
collecn 2 limit (deg)

0.44x 0.31x 0.07
115.0

0.34x 0.13x 0.05
49.98

0.70x 0.04x 0.03
52.90

wavelength (A) 1.54178 0.71073 0.71073
refins collected 2741 5346 4584
indep reflns 2443 3607 3527
final R indice$

R1[Fo? = 20(Fed)] 0.0415 0.079 0.0627
WR; [Fo? = —30(Fo?d)] 0.1148 0.2376 0.1537

ARy = Y ||Fol — IFcll/[Fol; WR2 = [SW(Fo? — FAHyw(Foh)]*2

oxidized by Q in acidic solution. Once the oxidation was complete, X-ray Structures. The crystal data are collected in Table 2.
the solution was opened to air, made 0.05 M in HSA with.06 (a) [Co(en){ S(NH,)CH,CH(CO,)NH2}][CIO4]2*H,0O was ob-
M H*, and allowed to react for 10 min. The product was purified tained as cinnamon-colored crystals from slow cooling of an
by ion-exchange chromatography on Dowex 50W-X2(Heeping aqueous solution of the compound. Data were collected on a
the eluant at pH 23. Any neutral monoamide species and anionic - Siemens P4/RA diffractometer using CuKadiation at—60 °C 25
starting material pass through the column, and the amide form is The data were corrected for absorption through use of Gaussian
eluted with 0.3-0.2 M H". The amidated Co(EDP)complex, integration (indexing of crystal faces). The structure was solved
initially in the S-bonded form, undergoes linkage isomerization to ysing direct methods (SHELXS-88),and refinement was com-
the N-bonded form(s) at a rate that is synthetically problematic for pleted using the program SHELXL-$3.Hydrogen atoms were
pH = 6 and yields mixtures of isomers for pH-8.5. Therefore,  assigned positions on the basis of the geometries of their attached
the S-bonded isomer must be kept in acidic solution (p#), and carbon atoms and were given thermal parameters 20% greater than
the N-bonded isomer, formed at pH 9.5 inevitably yields some those of the attached carbons.
N,S isomer when it is quenched with acid to pH4. (b) [(enkCO(HNS(CH)2NH,)][S206]1.5-2.5H,0 was obtained as
Crystals for the structure determination of the Nigomer were orange-amber crystals from a solution of the bromide salt in 0.25
prepared by evaporating the ion-exchange eluate to dryness,M Na,S,0 and 1 mM HCIQ with ethanol layered over the water.
dissolving the product in a minimum amount of 95% ethanol, and Data were collected on a Bruker P4/RA/SMART 1000 CCD
then adding an equal volume of ether. After several days-ab diffractometer using Mo K radiation at—80 °C. The data were
°C, this yielded thin reddish-purple rods of the bromide salt suitable corrected for absorption through use of the SADABS procedure.
for the structure determination. The structure was solved using direct methods (SIRZ9and
pK, Determination of IA. A 3.00 x 10~* M aqueous solution refinement was completed using the program SHELXL-93. Hy-
of IA was prepared, and 1.50-mL aliquots of this were mixed with drogen atom positions were generated as in part a.
an equal volume of buffer solution. The spectrum was recorded (c) [Co(®-{H2NSC(CH).CH(CO;)NHCH,},][Br] -1.5H,0-
immediately on a Hewlett-Packard 8451 diode array spectropho- 0.5EtOH was obtained as thin reddish-purple rods by cooling a
tometer, and then the pH of the solution was measured. The buffers

(0.02 M) were acetate (pH 5.0); HEPES (pH 7.5), BICINE (pH (24) Sisley, M. J.; Jordan, R. Baorg. Chem 1991 30, 2190.
8—9), and CAPS (pH 9410.5). The change in absorbance at 350 (25) Programs for diffractometer operation, data collection, data reduction,
nm was used to determine th&p and absorption correction were those supplied by the diffractometer
) ) manufacturers (Siemens and Bruker).
Instrumentation. Electronic spectra were measured on Cary 219 (26) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467-473.
and Hewlett-Packard 8451 diode array spectrophotometersHrhe  (27) Sheldrick, G. M.SHELXL-93 University of Gdtingen, Gatingen,
and’3C NMR spectra were recorded on Bruker AM 300 and Varian Germany, 1993. A program for crystal structure determination.
. . . Refinement onFy? for all reflections (all of these havingq? >
500 spectrometers in ©® or HO as required, with internal

—30(F¢?)). Weighted R factors, wR2, and all goodnesses oS fire
standards of sodium trimethylsilylpropanesulfonate fbir and based orf¢?; conventional R factors, R1, are based ey with F,

dioxane ¢ 67.4) for'3C. Details of the electronic and NMR spectra set to zero for negative2. The observed criterion df:? > 20(Fo?)
tabulated in the S ting Inf ti is used only for calculating R1 and is not relevant to the choice of
are tabulated in the supporting Intormation. reflections for refinement. R factors basedrA are statistically about

Stopped-flow studies used a Tritech Dynamics model IIA system, tV\_IIiICg as Iargle as those basedfy and R factors based on all data
; ; ; ; ; will be even larger.
with the Qata collection ?nd gnaly3|s as de§cr|bed previdtsiyd , (28) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giaco-
an Applied Photophysics instrument using the manufacturer's vazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,

collection and analysis software. R. J. Appl. Crystallogr 1999 32, 115.
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1:1 95% ethanol/ether solution. Data were collected on a Bruker  Supporting Information Available: X-ray crystallographic
P4/RA/SMART 1000 CCD diffractometer using MooKradiation details of the three compounds in CIF format, observed and
at —80 °C. The data were corrected for absorption through use of calculated rate constants for linkage isomerization, electronic spectra
the SADABS procedure. The structure was solved using direct (absorbance maxima and molar extinction coefficients), and NMR
methods (DIRDIFY? and refinement was completed using the spectraiH and3C chemical shifts). This material is available free
program SHELXL-93. Hydrogen atom positions were generated of charge via the Internet at http://pubs.acs.org.

as in (a).
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