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ABSTRACT: The reduction of metal nitride to ammonia is a
key step in biological and chemical nitrogen fixation. We (g
report herein the facile reduction of a ruthenium(VI) nitrido
complex [(L)Ru"(N)(OH,)]* (1, L = N,N'-bis(salicylidene)-
o-cyclohexyldiamine dianion) to [(L)Ru™(NH;)(OH,)]* by L-
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cysteine (Cys), an ubiquitous biological reductant, in aqueous solution. At pH 1.0—5.3, the reaction has the following
stoichiometry: [(L)Ru"'(N)(OH,)]* + 3HSCH,CH(NH,)CO, — [(L)Ru™(NH;)(OH,)]* + 1.5(SCH,CH(NH,)CO,),.
Kinetic studies show that at pH 1 the reaction consists of two phases, while at pH S there are three distinct phases. For all phases
the rate law is rate = k,[1][Cys]. Studies on the effects of acidity indicate that both HSCH,CH(NH;*)CO,” and
“SCH,CH(NH;")CO,~ are kinetically active species. At pH 1, the reaction is proposed to go through [(L)-
Ru"Y(NHSCH,CHNH,CO,H)(OH,)]* (2a), [(L)Ru"(NH,SCH,CHNH,CO,H)(0H,)]** (3), and [(L)Ru"Y(NH,)(OH,)]*
(4) intermediates. On the other hand, at pH around S, the proposed intermediates are [(L)Ru"'(NHSCH,CHNH;CO,)-
(OH,)]* (2b) and [(L)Ru"v(NH,)(OH,)]* (4). The intermediate ruthenium(IV) sulfilamido species, [(L)-
Ru"Y(NHSCH,CHNH,CO,H)(OH,)]** (2a) and the final ruthenium(III) ammine species, [(L)Ru™(NH,;)(MeOH)]* (5)
(where H,0 was replaced by MeOH) have been isolated and characterized by various spectroscopic methods.

B INTRODUCTION

Transition metal nitrido complexes (M=N) and related imido
complexes have received much attention in recent years
because they are potentially useful reagents for nitrogenation
reactions.' " The reduction of metal nitride to NH, is also a
key process in biological and chemical nitrogen fixation.”
Among transition metal nitrido complexes, osmium(VI) nitrido
complexes bearing polypyridyl or tris(pyrazolylborate) ligands
are electrophilic and exhibit oxo-like reactivity.””'® Recently, a
number of iron(IV) and iron(V) nitrido complexes have also
been reported to display electrophilic reactivity.'”~'? Our group
has shown that ruthenium(VI) nitrido complexes bearing Schiff
base ligands are highly electrophilic/oxidizing. For example,
[(L)Ru"(N)(MeOH)]* (1, L = N,N’-bis(salicylidene)-o-cyclo-
hexylenediamine dianion) readily undergoes C—H bond
activation of alkanes,”® C—N bond cleavage of aniline,”’
aziridination of alkenes,** nitrogenation of alkynes,B and
oxidation of phenols™* in organic solvents.

Thiol-containing compounds play significant roles in various
physiological processes, such as the protection of cells against
oxidative stress, maintenance of cellular redox potentials, and
regulation of metabolism and gene expression.”>~"’ L-Cysteine,
HSCH,CH(NH;")CO,", is one of the simplest biological
thiols. It is susceptible to oxidation by various reagents to give
the corresponding disulfide (cystine), sulfenic, sulfinic, or
sulfonic acids.”® Various mechanisms have been proposed for
the formation of these products, including thiol/disulfide
exchange, hydrogen atom transfer, and electron transfer.”” >’
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Oxidation by metal aqua species such as Fe(III) proceeds via an
inner-sphere electron transfer mechanism.’' On the other hand,
oxidation by substitution-inert oxidants such as [Ir'VCl¢]*~,**
[Fe"'(CN)]*~,* [Fe(bpy),(CN),]*** [Fe(bpy)(CN),]~*"
and [Mo"(CN)g]>™* occurs via an outer-sphere electron
transfer to produce cysteic acid, cystine, or cysteinesulfinate.
More recently, a concerted electron—proton transfer (CEPT)
mechanism is reported for cysteine oxidation by M(bpy);** (M
= Fe, Ru, Os) to produce M(bpy);** and cystine.*’

We previously reported that 1 reacts with 1 equiv of ‘BuSH
or PhSH in CH;CN to afford the corresponding ruthenium-
(IV) sulfilamido species.*’ The lack of RSH/RSD deuterium
isotope effects suggests that the reaction occurs via a rate-
limiting nucleophilic attack of RSH at 1 followed by a fast
proton shift. We report herein the facile reduction of 1 by L-
cysteine to [(L)Ru™(NH,)(OH,)]" in aqueous acidic solutions
(Scheme 1). In this case, kinetic and mechanistic studies
suggest that proton-coupled electron transfer processes are
involved in the reaction. Although there is an extensive aqueous
redox chemistry of metal—oxo species, corresponding aqueous
metal nitrido chemistry has received much less attention.”*™**

B EXPERIMENTAL SECTION

Materials. [(L)Ru"(N)(MeOH)](ClO,) was prepared by a
literature method.*® L-Cysteine (Aldrich, >97.0%), CF,CO,H
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Scheme 1. Reaction of 1 with Cys in Aqueous Solutions at Different pH Values
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(Aldrich, >99.0%), CF,CO,D (Aldrich, >99.0%), CH;CO,Na
(Aldrich, >99.0%), CH;CO,H (Aldrich, 99.8%), D,O (Cambridge
Isotope, 99.8 atom % D), and DMSO (Aldrich, >99.0%) were used as
received. The deuterated cysteine, DO,CCH(ND,)CH,SD, was
prepared by recrystallization from D,0O and characterized by Raman
spectroscopy.*® Water for kinetic experiments was distilled twice from
alkaline permanganate. All other chemicals were of reagent grade and
were used without further purification. Ionic strength was maintained
with CF;CO,Na (Aldrich, 98%). The pH values of solutions were
determined either by direct titration with standard NaOH solutions or
by using a pH meter (Mettler Toledo, FE 20). For D,0 solutions, the
pD values were obtained from a pH meter using the relationship pD =
PHinews + 0.4

Instrumentation. The kinetics of the reaction were studied by
using either an Agilent 8453 diode—array spectrophotometer or an
Applied Photophysics SX20 stopped-flow spectrophotometer. The
temperature of the solutions was maintained with a PolyScience digital
temperature controller connected to a circulating water bath.
Electrospray ionization mass spectrometry (ESI/MS) was done on
an API 150EX mass spectrometer. The analyte solution was
continuously infused with a syringe pump at a constant flow rate of
10 yL min~" into the pneumatically assisted electrospray probe with
nitrogen as the nebulizing gas. The declustering potential was typically
set at 10 V. NMR spectra were recorded ona Bruker (600 MHz) FT-
NMR spectrometer.

Kinetics. The concentrations of cysteine were at least in 10-fold
excess of that of 1. The reaction progress was monitored by observing
absorbance changes at 551 nm for the first and second phases at pH <
3. At pH > 4.5, the kinetics of the reaction were monitored at 551 nm
for the first phase and at 519 nm for the second and third phases.
Pseudo-first-order rate constants, kg, were obtained by nonlinear
least-squares fits of A, versus time t according to the equation A, = A,
+ (A — Ay )exp(—k.yst), where Ay and A, are the initial and final
absorbance, respectively.

Product Analysis. The ruthenium product for the reduction of 1
by Cys was detected by the following procedure. Cys (1.06 X 107> M)
was allowed to react with 1 (1.06 X 107 M) in 1 mM CF;CO,H (2
mL) at 25 °C. The resulting solution was analyzed by ESI/MS at
various time intervals.

The organic products were detected by '"H NMR. In a typical
reaction, a mixture containing Cys (1.71 X 107> mmol) and 1 (2.85 X
1073 mmol) in 1 mL of 1 mM CF;CO,D in D,O was stirred at 25 °C
under argon. After 12 h, 77 uL of CF;CO,D was added to dissolve the
precipitated cystine. DMSO (1.32 X 107> M) was added as internal
standard, and the mixture was analyzed by "H NMR.

Synthesis of [(L)Ru'Y(NHSCH,CHNH;CO,H)(OH,)1(ClO,),:
2H,0-0.3EtOH (2a[ClO,],). A solution of cysteine (12.1 mg, 0.1
mmol) in 0.1 M HCIO, (83.3 uL) was slowly added to an orange
solution of [(L)Ru"(N)(MeOH)](ClO,) (56.7 mg, 0.1 mmol) in
EtOH (8 mL) containing HCIO, (48 yL), and the mixture was stirred
in an ice bath for 20 min. The resulting deep-purple solution was
filtered and followed by the addition of diethyl ether (200 mL). The
resulting purple precipitate was filtered off and washed by CH,Cl, and
Et,0. The solid was recrystallized from EtOH/Et,0 and dried in
vacuo at room temperature. Yield: 63%. 'H NMR (600 MHz) in
CD,OD (0.5 mL)/HCIO, (1 uL): 6 8.71 (s, 1H, N = CH), 8.67 (s,
1H, N = CH), 7.56—7.64 (m, 2H), 7.42—7.46 (m, 2H), 6.82—6.84 (t,
2H), 4.42 (s, 1H, N—CH), 4.18—4.21 (t, 1H, N—CH), 3.99—4.05 (tt,
1H, CHCO,H), 3.48—3.63 (m, 2H, S—CH), 3.25—-3.28 (m, 2H),
2.02-2.25 (m, 4H), 1.72—1.80 (m, 2H), 1.30 (s, 1H, CO,H). *C
NMR (151 MHz) in CD;OD (0.5 mL)/HCIO, (1 uL): 49.41
(SCH,CO,H), 45.48 (SCH,CO,H). Elem. anal: Caled (%) for
C,3HyCLN,O,;RuS-2H,0-0.3Et0H: C, 34.38; H, 4.38; N, 6.80.
Found: C, 34.13; H, 4.63; N, 6.79. UV/vis (in 0.1 M CF;CO,H):
Amanm] (e[mol™ dm® ecm™]): 352 (3900), 374 (10600), 339
(14400). ESI/MS in EtOH (1 mL)/HCIO, (1 pL): m/z 557 {[(L)Ru
(NHSCH,CHNH,CO,)]*}, 603 {[(L)Ru(NHSCH,CHNH,CO,)-
(EtOH)]*}.

Synthesis of [(L)Ru"(NH5)(MeOH)](ClO,)-MeOH (5[CIO,]). A
solution of cysteine (12.1 mg, 0.1 mmol) in 0.1 M HCIO,, (83.3 uL)
was slowly added to a purple solution of 2a (42 mg, 0.0S mmol) in
MeOH (2 mL) containing HCIO, (20 yL), and the mixture was
stirred for 3 h. The resulting dark green solution was filtered and slow
evaporation of the filtrate gave dark green single crystals that are
suitable for X-ray analysis. Yield: 70%. IR (KBr, cm™): v(N—H)
3321(s), 3236(w), 3134(s). Elem. anal.: Caled (%) for
C,,H,,CIN,O,Ru-MeOH: C, 43.89; H, 5.19; N, 6.98. Found: C,
43.77; H, 528; N, 6.99. UV/vis (in 0.1 M CF,CO,H): A, [nm]
(e[mol™ dm® ecm™]): 628 (4040), 374 (16200), 351 (14800), 231
(35800). ESI/MS in MeOH: m/z 439 {[(L)Ru(NH;)]*}, 471
{(L)[Ru(NH;)(MeOH)]"}.

X-ray Crystallography. A crystal of dimensions 0.39 X 0.09 X
0.02 mm coated with paratone-N and mounted on a nylon cryoloop
was used for X-ray diffraction analysis. X-ray diffraction data of
S[ClO,] were collected using w-scan mode at 193 K on an Oxford
Diffraction Gemini S Ultra 4-circle kappa diffractometer with a 92 mm
diagonal Sapphire CCD detector using monochromatized Cu-Ka
radiation (4 = 1.5418 A). Details of the intensity data collection and
crystal data are given in Table SI. The data were processed and
absorption correction was done by multiscan method using CrysAlis.**
The structure was solved and refined using full-matrix least-squares
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based on F? with programs SHELXS-97* and SHELXL-97* within
Olex2.*° Ruthenium and many nonhydrogen atoms were located
according to the direct method. The positions of other nonhydrogen
atoms were found after successful refinement using program SHELXL-
97. In the final stage of refinement, all nonhydrogen atoms were
refined anisotropically. H atoms were generated by program SHELXL-
97. The positions of H atoms were calculated based on riding model
with thermal parameters equal to 1.2 times (1.5 times for H atoms in
methyl groups) that of the associated C atoms and N atoms, and these
are participated in the calculation of final R-indices.

Warning. Although we have not encountered any explosions so far,
perchlorate salts of ruthenium complexes should be handled with
extreme caution and in quantities not greater than 100 mg.

B RESULTS AND DISCUSSION

Spectrophotometric Changes. Rapid spectrophotometric
changes were observed when 1 was mixed with excess Cys in
aqueous acidic solution under argon. Repetitive scanning at
different time scales indicates that the reaction occurs in two
distinct phases at pH < 3. The spectral changes at pH = 1 are
shown in Figure 1. Well-defined isosbestic points are
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Figure 1. Spectral changes for the reaction of 1 (6.69 X 10~ M) with
Cys (6.69 X 10™* M) in 0.1 M CF;CO,H at 25.0 °C, I = 0.1 M. (a)
Spectra collected at 1 s intervals using a stopped-flow spectropho-
tometer, showing the first phase. (b) Spectra collected at 960 s
intervals using a diode-array spectrophotometer, showing the second
phase of the reaction. Insets show the corresponding time traces at 551
nm.

maintained at 257, 316, 433, and 467 nm for the first phase
and at 259, 351, 385, 432, 464, and 605 nm for the second
phase. At pH > 4.5, the reaction is much faster, and in this case,
three distinct phases were observed; the spectral changes at pH
= 5.3 are shown in Figure 2. Well-defined isosbestic points are
maintained at 316 nm for the first phase, at 452 nm for the
second phase, and at 359 nm for the third phase.

Kinetics. The kinetics of the reaction were followed at 551
nm for both the first and second phase at pH < 3. In the
presence of at least 10-fold excess of Cys, clean pseudo-first-
order kinetics were observed for over three half-lives (Figure 1,
insets). The pseudo-first-order rate constants, k., depend
linearly on [Cys] (Figure 3). The second-order rate constants
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Figure 2. Spectral changes for the reaction of 1 (4.08 X 10™° M) with
Cys (5.00 X 107* M) at 25.0 °C, pH = 5.30, and I = 0.1 M. Data were
obtained using a stopped-flow spectrophotometer. (a) Spectra
collected at 0.002 s intervals showing the first phase. (b) Spectra
collected at 0.1 s intervals showing the second phase. (c) Spectra
collected at 0.35 s intervals showing the third phase of reaction. Insets
show the corresponding time traces.

for the first (k,") and second (k,") phases are determined to be
(4.10 + 0.05) X 10* and (8.73 + 0.20) X 1072 M ' s™! at 25.0
°C, pH = 1.00, and I = 0.1 M, respectively.

At pH > 4.5, three phases were observed. The kinetics of the
reaction were monitored at 551 nm for the first phase and 519
nm for the second and third phase. The pseudo-first-order rate
constants, k., depend linearly on [Cys] for all three phases
(Figure 4). The second-order rate constants for the first (k,™),
second (k,"V), and third (k,") phases were determined to be
(5.19 + 0.09) x 10°, (1.84 + 0.07) X 10% and (5.07 + 0.15) X
10" M~ 57!, respectively, at 25.0 °C, pH = 5.30, and I = 0.1 M.
The nonzero intercepts in the plots for the second and third
phases are probably due to background decomposition of the
ruthenium(IV) intermediate (see SI and below).

Effects of Acidity. The effects of acidity on k, for the first
phase were studied over the pH range of 1.00—5.30.
Representative data are summarized in Table S2. The plot of
k, vs pH is shown in Figure 5; such a kinetic behavior is
consistent with the rate law shown in eq 1.

k[H'] + kK,

k, =
g [H'] + K, (1)
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Figure 3. Plot of ky,, vs [Cys] for the reaction of 1 with Cys at 25.0 °C, pH (or pD) = 1.00 and I = 0.1 M: (a) first phase; (b) second phase.
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K, is the acid dissociation constant of the S—H of L-cysteine
and is taken as 4.27 X 107 M.>" k, and k; are the rate constants
for oxidation of HSCH,CH(NH,")CO,” and ~SCH,CH-
(NH;*)CO,", respectively. A nonlinear least-squares fit of the
data to eq 1 gives k, = (4.01 + 1.03) X 10° M~ s™" and k;, =
(6.07 + 0.03) x 10° M™' s7 at 25.0 °C and I = 0.1 M.
Kinetic Isotope Effects. The kinetics were also investigated
in D,0 at pD = 1.0 and 5.3 at 25.0 °C (Figure 3 and Figure 4)

and the data are summarized in Table 1. At pH (or pD) = 1.00,
the kinetic isotope effects (KIEs) for the first and the second
phase are the same, k,'(H,0)/k,'(D,0) = k,"(H,0)/k,"(D,0)
= 2.7. On the other hand, at pH = 5.30, the KIEs for the first,
second, and third phases are k,"™(H,0)/k,"(D,0) = 1.7,
k" (H,0)/k,"(D,0) = 1.6, and k,’(H,0)/k,"(D,0) = 2.3.
Activation Parameters. The effects of temperature on the
rate constants were studied from 288 to 318 Kat I = 0.1 M
(Tables S3—SS and Figures S1—S4). Activation parameters
were obtained from the plot of In(k,/T) versus 1/T according
to the Eyring equation and the data are summarized in Table 1.
Product Analysis. The ruthenium intermediates and
product for the reaction of 1 with 10 equiv of Cys at pH 3
were examined by electrospray ionization mass spectropho-
tometry (ESI/MS). The solution turned from orange to purple
immediately after mixing, and a predominant peak at m/z = 557
was observed in the mass spectrum, which is assigned as a
ruthenium sulfilamido species, [(L)Ru-
(NHSCH,CHNH,CO,)]* (Figure 6a). The relative intensity
of the m/z 557 peak gradually decreased, with concomitant
appearance of a new peak at one mass unit higher (m/z 558),
which is assigned to [(L)Ru(NH,SCH,CHNH,CO,)]*. Minor
peaks at m/z 439 {[(L)Ru(NH;)]*} and 457 {[(L)Ru(NHj;)-
(OH,)]*} also gradually appeared, as shown in Figure 6b. After

Table 1. Kinetic Data for the Oxidation of Cys by 1 at Various pHs

pH k, (M~ s7! at 25.0 °C) KIE
1.00 (420 + 0.05) x 10** 2.7¢

(873 + 0.20) x 1072 2.7°
4.88 (2.00 + 0.07) x 10%*

(1.59 + 0.05) x 10**
(4.10 £ 0.20) x 10

5.30 (5.19 + 0.09) x 10%° 1.7¢
(1.84 + 0.07) x 10** 1.6°
(5.07 + 0.15) x 10*° 2.3¢

“First phase. “Second phase. “Third phase.

AH* (kcal mol™) AS* (cal mol™1-K™?)

(6.7 £ 04)° —(24 £ 1)°
(1.7 £ 0.1) x 10'* —(6+1)°
(89 + 04)° (s +1)*
(14 + 0.1) x 10'* —(1+1)°
(L5 £ 0.1) x 10%° (1 £1)°
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Figure 6. ESI/MS (+ve mode) of the reaction mixture of 1 (1.06 X
107* M) and Cys (1.06 X 10~ M) in 1 mM CF;CO,H taken at
various time intervals. Insets show expanded (top) and simulated
(bottom) isotopic distribution patterns.

12 h, the m/z 457 peak became predominant (Figure 6c). In
addition, the peak at m/z = 241 increased as the reaction
progressed, which is assigned to the protonated cystine,
{[cystine + H]*}.

The protonated cystine product detected by ESI/MS was
further analyzed by '"H NMR (see experimental section). 1
(2.85 X 107 mmol) was reacted with 6 equiv of Cys (1.71 X
1072 mmol) in 1 mM CF,CO,D in D,0. After 12 h, the 'H
NMR spectrum (Figure 7) exhibits two sets of protons arising
from Cys (5 4.16, 2.97, 2.92 ppm) and cystine (6 4.29, 3.25,
3.09 ppm). The amount of cystine produced and Cys remained
are determined to be (3.95 + 0.02) X 107> M (ca. 1.5 equiv)
and (8.29 + 0.04) X 10> M (ca. 3 equiv), respectively, using

DMSO as the internal standard. The 'H NMR and the MS
results together reveal that the overall stoichiometry for the
reaction of 1 with Cys is as shown in eq 2.

[(L)Ru"'(N)(OH,)]* + 3HSCH,CH(NH,)CO,
- [(L)Ru"(NH,)(H,0)]*
+ 1.50,C(NH,)CHCH,S—-SCH,CH(NH,)CO,  (2)

Isolation of Ruthenium Intermediate and Product.
The ruthenium sulfilamido intermediate, which was detected by
ESI/MS, has been isolated as the ClO,” salt, [(L)-
Ru"V(NHSCH,CHNH,CO,H)(0H,)](Cl0,), (2a[ClO,],),
from the reaction of 1 with 1 equiv of Cys in EtOH/HCIO,
solution. Similar purple sulfilamido complexes [(L)-
Ru"(NHSR)(NCCH;)]* (R = Bu or Ph), prepared from the
reaction of 1 with 1 equiv of RSH in CH;CN, have been
reported.”’ Complex 2a is diamagnetic and its NMR spectra are
consistent with N—S bond formation. For example, the 'H
NMR spectrum (Figure SS) reveals that the two imine protons
of the salen occur as two singlets at § 8.67 and 8.71 ppm. With
the support of its '"H—"H COSY spectrum (Figure S6), the a-
CH and two p-CHs of the sulfilamido ligand are assigned as
two sets of triplet (6 3.95—4.26 ppm) and a multiplet (5 3.50—
3.68 ppm), respectively. The *C NMR spectrum (Figure S7)
indicates that the $-C atom of sulfilamido ligand is located at
45.48 ppm, which is shifted from 24.06 ppm of the free
cysteine. This '*C assignment is further confirmed by *C—'H
HSQC experiments (Figure S8). The IR spectrum of 2a shows
that the N atom is protonated rather than the S atom. A v(N—
H) stretching band occurs at 3219 cm™’, which is higher than
the v(N—H) stretches of cysteine at 3178 and 2963 cm™
(Figure S9); while no v(S—H) stretch around 2550 cm™" can
be detected. The ESI/MS spectrum (Figure S10) shows peaks
at m/z 557 {[(L)Ru(NHSCH,CHNH,CO,)]*} and 603
{[(L)Ru(NHSCH,CHNH,CO,)(EtOH)]*}.

The ruthenium ammine product, which was detected by ESI/
MS, has been isolated as [(L)Ru™(NH,)(MeOH)](ClO,)-
MeOH (5[ClO,]) by carrying out the reaction of 2a with
excess Cys in MeOH. Its UV/vis spectrum in 0.1 M CF;CO,H
is similar to the final spectrum of reaction mixture of excess Cys
with 2a (Figure S13). The molecular structure has been
determined by X-ray crystallography (Figure 8). The Ru atom
is octahedrally coordinated by a tetradentate salen ligand on the
plane, one NH; and one MeOH ligand at the apical position.
The Ru—N(NH;) bond distance of 2.073(3) A is similar to
those of 2.083(4) and 2.104(2) A in [(L)Ru™(NH,)-
(NCCH;)]* and [(L)Ru™(NH,)(pyridine)]*, respectively.*>’

ESI/MS of this complex shows peaks at m/z 471 {[(L)-
Ru(NH,)(MeOH)]*} and m/z 439 {[(L)Ru™(NH,)]"}
(Figure S14), which is comparable to those final ruthenium
products of {[(L)Ru™(NH;)(OH,)]*} (m/z = 457) and
{[(L)Ru™(NH;)]*} (m/z = 439) obtained in Figure 6c.

Proposed Mechanism. L-Cysteine can potentially undergo
nucleophilic attack at 1 via the N, O or S atoms. However, since
there is no reaction between 1 and 20 equiv of glycine (NH,-
CH,-COOH) for 24 h at room temperature in aqueous acidic
solutions, we conclude that only the thiol group of Cys reacts
with 1.

In aqueous solutions, the ionization of cysteine can be
described by eq 3.7

In aqueous acidic solutions, the observed pH dependence of
k, on the first phase of the reaction is consistent with parallel
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Figure 7. "H NMR spectrum of the product solution of 1 with 6 equiv of Cys in 1 mM CF,;CO,D in D,0.

Figure 8. Molecular structure of the cation of [(L)Ru™(NH,)-
(MeOH)](ClO,). Thermal ellipsoids are drawn at 50% probability. H
atoms [except N(3)—H] are omitted for clarity.
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pathways involving the nucleophilic addition of HSCH,CH-
(NH;*)CO,” and ~SCH,CH(NH;*)CO,” to the nitrido
ligand, resulting in N—S bond formation (Scheme 2).

The final UV/vis spectrum for the first phase is similar to
that of isolated ruthenium(IV) sulfilamido complex complex 2a
(Figure S11).

At pH = 1, the k, pathway predominates, and a solvent KIE
of 2.7 suggests that the formation of the ruthenium(IV)
sulfilamido species involves O—H cleavage in the rate-limiting
step. In our previous work on the oxidation of SO;H™ by 1, we
proposed a mechanism that involves concerted N—S bond

Scheme 2. Proposed Mechanism for the First Phase of the
Reaction of 1 with Cys

0 NHy |
HS o H\N/s o
0
k
¢ OH,
.
N
— "
OH, 0 NH;*
S o N/S\)}(O-
NH;*
0
.

formation and proton transfer from SO;H™ to a neighboring
H,0.* In this reaction, we propose a similar mechanism for the
k, pathway, that is, both N—S bond formation between 1 and
Cys and proton transfer from Cys to a neighboring H,O
molecule occurs in the rate-limiting step (eq 4). The rather
negative AS* value of —24 cal mol™' K™ suggests an ordered
transition state, which is consistent with this mechanism.

For the k, pathway, it is proposed that the ruthenium(IV)
sulfilamido species is formed via direct nucleophilic attack of
the thiolate group at 1 followed by rapid protonation by the
solvent (eq 5). The observed small kinetic isotope effect of 1.7
at pH = 5.3, which probably arises from the acid/base
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equilibrium of cysteine shown in eq 3, is consistent with this
mechanism.
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The proposed mechanism for the phase two of the reaction
at pH < 3 is represented by eqs 6, 7, and 8. The first step (eq 6)
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involves rate-limiting hydrogen-atom transfer (HAT) from
HSCH,CHNH,CO, to the ruthenium(IV) sulfilamido complex
[(L)Ru"Y(NHSCH,CHNH,;CO,)]* to give the ruthenium(III)
sulfilamine complex [(L)Ru™(NH,SCH,CHNH,CO,)]* and
*SCH,CHNH;CO,; the latter radical species rapidly couple to
give cystine (eq 8). The HAT mechanism is supported by a
KIE of 2.7 (at pH 1). The ruthenium(IIl) sulfilamine species
could be detected by ESI/MS (Figure 6). [(L)-
Ru"(NH,SCH,CHNH,CO,)]" then reacts rapidly with
another molecule of cysteine to give the final ruthenium
product, [(L)Ru™(NH;)]*, together with one molecule of
cystine (eq 7). Since this step occurs after the rate-limiting step,
no mechanistic information could be obtained. We speculate
that this step occurs via initial homolytic N—S cleavage to give a
ruthenium(IV) amido species, [(L)Ru"V(NH,)]* (eq 9),
followed by HAT from another Cys molecule to give
ruthenium(I11) amine (eq 10).

.
HH\N’S\J:(O—'l NH—' I
SR e
OH,

NH, | NH—|

B

We have also monitored the reduction of 2a by Cys at pH 1
independently. Upon mixing 2a with excess Cys in 0.1 M
CF;CO,H, the UV/vis spectral changes (Figure S12) are
similar to those of the second phase of the reaction between 1

and Cys (Figure 1), and the final spectrum is very similar to
that of § (Figure S13).

At pH > around 5, [(L)Ru"(NHSCH,CHNH,CO,)]* is
reduced to [(L)Ru™(NH,;)]* via two kinetically distinct
(second and third) phases. We propose that the second
phase involves nucleophilic attack at the S-atom of ruthenium-
(IV) sulfilamido species by a deprotonated Cys with
concomitant N—S cleavage, this is followed by rapid
protonation to produce a ruthenium(IV) amido species
[((L)Ru"(NH,)]* and cystine (eq 11). The observed small

NH, | NH;*

(0]
_+tH S
’ \[H\/ \S/\HJ\O‘ aan
0 NH;*

KIE of 1.6 at pH 5.3 is consistent with this mechanism. In the
third phase HAT occurs from a cysteine molecule to
[(L)Ru"Y(NH,)]" to give the [(L)Ru"™(NH;)]* product and
a *SCH,CHNH;CO, radical (eq 10); the latter species rapidly
dimerizes to form cystine (eq 8). The observed second-order
rate law and the significant deuterium isotope effects (>2) for
the third phase is consistent with a HAT mechanism. This step
(eq 10) is also proposed for reaction at pH < 3 but was not
observed because it is much faster than the phase one step at
pH < 3.

B CONCLUSIONS

In conclusion, we have reported the first example of the
reduction of a metal nitrido species by L-cysteine in aqueous
solution. The electrophilic ruthenium(VI) nitrido complex is
rapidly and cleanly reduced by r-cysteine to ruthenium(III)
ammine via ruthenium(IV) sulfilamido, ruthenium(III) sulfil-
amine, and ruthenium(IV) amido intermediates. Our results
also reveal an interesting solvent effect on the nucleophilic
addition of thiol to 1. In CH;CN, no S—H/S—D isotopic
effects were observed in the reaction of RSH (R = ‘Bu, Ph) with
1, which is consistent with rate-limiting nucleophilic attack of
RSH at the nitrido ligand followed by rapid proton transfer. On
the other hand, reactions carried out in H,O may be affected by
H-bonding effects. Thus the reaction of cysteine with 1 in
acidic solution exhibits a S—H/S—D isotopic effect of 2.7, and
we propose a mechanism that involves both N—S bond
formation and proton transfer from cysteine to a neighboring
H,O molecule in the rate-limiting step.

Our work should contribute to the understanding of the
redox chemistry of nitrido complexes in aqueous solutions.
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