J. Am. Chem. S0d.997,119,521—-530 521

Oxidation of Coordinated Ammonia to Nitrosyl in the Reaction
of Aqueous Chlorine witleis-[Ru(bpyk(NH3)2]?*

Zerihun Assefa’ and David M. Stanbury*

Contribution from the Department of Chemistry, Auburn &g¢msity, Auburn, Alabama 36849
Receied September 25, 1996

Abstract: Rapid-scan stopped-flow kinetic studies show that the multielectron oxidation of coordinated ammonia in
cis-[Ru(bpyx(NH3)2]2" by acidic (pH 0.5-1.3) aqueous chlorine provides the nitrosyl compis{Ru(bpy)(NHs)-
(NO)J®* as the final product. The first step in this process involves the metal-centered oxidatisH{Rii(bpy)-
(NH3)2]?" to cis-[Ru(bpyk(NH3)2]3", and the rate law for this process-si[Ru(ll))/dt = 2ki[Ru(I)][CI ;] with the
second order rate constakt, as (1.14- 0.1) x 10° M1 s71, Independent studies conducted on ¢ie[Ru(bpy)-
(NH3)2]3t complex show that conversion to the nitrosyl complex follows ar-/8 — C type consecutive pathway

with ksjow and kiast cOmponents, respectively. In the pH range of-23, thekgow process follows a competitive
pathway where both ¢and HOCI react with deprotonated coordinated ammonia. The rate law flgigherocess

has the fornksow = { (ka[H][CI 7] + kaKc)/(Kci + [HT][CI D)} ([Cl2]wd[H 1), whereKc corresponds to the equilibrium
constant for the hydrolysis of €l The rate constark, corresponding to the €term, is 6.5+ 0.3 st while the

rate constanks, corresponding to the HOCI reaction, is 2:00.2 s'1. The kst process involves further oxidation

of intermediate B by Gl The intermediate of this reaction is speculated as either a nitrene, nitrido, or chloroamine
complex. The kinetic studies indicate that the conversion of this unidentified intermediate to the final nitrosyl complex
proceeds through a fast preequilibrium, involving deprotonation of the intermediate, followed by a direct attack by
Cl,. The rate law corresponding to thea.s: process has the formkast = [KaKindClolio HTIICIT /[ {Kine +
[HTIH[HTICIT] + Kci}], the equilibrium constarKiq for the deprotonation process is 0.£10.04 M, and the rate
constantk, is (7.8 + 1.5) x 1® M~1s71,

Introduction shown that oxidation of [Os(Ngk]3™ by Ce(IV) leads to an
intermediate nitrido complex, and here too it can safely be
trosomonas europaea an important component of the global as_symed that the ammonia IS coordinated yvhen_om_dized.
nitrogen cyclé: These bacteria use the copper-dependent Nitrido complexes are formed in the hypochlorite oxidation of
enzyme ammonia monooxygenase to catalyze the conversioncr(”') porphyrins in the presence of ammonia, but it is unclear
to hydroxylamine? whether the ammonia is coordinated during the oxidative step.
' Similar remarks apply to the formation of a nitrido complex of
phthalocyaninatomanganese®/)Formation of a dinitrogen
complex occurs in the reaction of NO with [Ru(Ng]3+.%-10
) ] o ) ] Isotopic tracer and kinetic studies imply that the mechanism
One might kk\‘ope to gain some |nIS|ght into this process by jnyolves attack of NO at [RU(NHs)s(NH5)]2+ with subsequent
examining the oxidation of metal-coordinated ammonia in gehydration. Dinitrogen complexes are also formed in the
agueous synthetic systems, but the data are quite limited. reaction of NO with [O¥ (NH3)Xs_n]™ 2+ complexes, and
_Most commonly, oxidation of coordinated ammonia leads to g jitative evidence indicates a mechanism similar to the
n;{tro;ﬂcor;plgxes, an?éqlsthaks'gleentacthlevecbi Ctzetmlca”y With analogous reaction of [Ru(Ng3+.12 Albeit in nonagueous
{ “(§ 3)3] K 3|’ ”S%;NH' ute A Qaqs eaénl-—izg tempera— media, chemical oxidation of a bis(ammine) cofacial ruthenium-
ures$ and alkaline 3 mixtures, Q, an , at room : ; : ;
temperaturé:®> No suggestions were made regarding the mech- (I-I) qlmorphyrm Ieadg to NN bond forma_uon, ultimately
nism in the HCIQ report? while the evolution of N@vapor yielding a bridged dinitrogen complé%. Qualitative observa-
anis e eport, e the evolution o apors tions indicate that this reaction goes by way of one-electron

durlr;]g t.he 'rear::tlon led to the suggestion qffa complex oxidation of both metal centers, followed by amine deprotona-
mechanism in the @GINHs report? More concrete information 0024 N-N linkage. In early studies it was shown that

was presented in the report of oxidation bydhd HOz, where g ioramido complexes (B-NCly) are formed in the reaction
it was established that oxidation took place through attack at of hypochlorite with [P¥(NH3):Clj]* and related com-

coordinated ammonfa. In other chemical studies it has been poundsi®14 The rate laws for these reactions were interpreted

Oxidation of ammonia by nitrifying bacteria such k-

NH, + O, + 26" — NH,0OH + H,0 (1)
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in terms of rate-limiting attack of OClat PtV—NHj3;, which in a polyethylene Nalgene bottle which had been aged by previous
presents conceptual difficulties because of the lack of an exposure to a hypochlorite solution. The bpy (byridine) ligand
available site for attack. Thus, there appear to be no kinetic Was purchased from Aldrich and was _recr_ystallized twice_by adding
studies of the oxidation of coordinated ammonia to an oxoni- n€xane (2:1 (v/v)) to a saturated solution in £ and cooling the
trogen species. mixture in a freezer.

. . - Synthesis ofcis-[Ru(bpy)2(NH3)2](ClO4),. This compound was
Electrochemically, coordinated Nthas been oxidized to synthesized by slightly modifying the literature procedireirst, cis-

nitrosyls at [Ru(trpy)(bpy)(NB)]2*, 15 [Os' (trpy)(bpy)NH] >+, 16 Ru(bpy}Cl; was synthesized by the following adaptation of a literature
[Os'(trpy)(Cl)2(NH3)],*"*® and [Ru(NH)2(bpy)]*".** In the method?5 RUCk-3H,0 (807.4 mg, 3.1 mmol), 962.5 mg (6.2 mmol)
case of [Ru(trpy)(bpy)(NB)]?* it was shown that the first step  of bpy, and 0.9 g of LiCl were dissolved in 7 mL dfN-

is one-electron oxidation to [Ru(trpy)(bpy)(NJE", which is dimethylformamide. The solution was refluxed ®h and cooled to
followed by its disproportionation to give an imido compféx.  room temperature. After adding 35 mL of acetone, the solution was
The corresponding Os(ll) complex behaves differently, in that keptin a freezer over night. The dark-greenish crystalline product was
after oxidation to Os(lll) rate-limiting deprotonation followed filtered while cold and washed with#9 (2.5 mL x 3) and then with
by one-electron oxidation leads to an Os(IV) imido intermedi- €ther (2.5 mLx 3) and dried in air. Yield: 61%. When the synthesis
atel6 Chemical trapping experiments have verified the oc- was conducted in a 2:5 MeGHlimethylformamide mixture the yield

- 2L . ; increased to 73%.
curence of this Os(IV) imido intermediate. A third mecha- A 0.332-g (0.7 mmol) sample afis-Ru(bpy)Cl, was suspended in

[17|st|c variation is seen in the OX|_dat|on of [Qtrpy)(Cl)z(!\ng_)]: MeOH/H,O (3:1 (v/v)) and 4 mL of aqueous NHsolution (sp gr=

a sequence of two reversible one-electron OX|da.t|on.s t0gg g/mL) was added. The suspension was then refluxed foin a
Os(1V), followed by a proton-coupled two-electron oxidation ater bath which was maintained at ca.”@@ The dark red solution
to [0s”(trpy)(CI).N]*. Further oxidation to the nitrosyl was  was filtered while hot, heated in a water bath until all the MeOH
achieved in acetonitrile through reaction with ON(§418 Yet evaporated, and concentrated to one fourth of its original volume. The
another mechanism is indicated for the oxidation of [RughH solution was then allowed to cool to room temperature and loaded onto
(bpy)]?t, where one-electron oxidation to Ru(lll) is followed @ column of (ca. 20 cm in length and 1 cm in diameter) SP-C25
by an electrode-specific 5-electron oxidation to the nitrosyl Sephadex (48120um bead size) in the acid form. The sample was
product!® Formation of N has been demonstrated in the eIuted_ with 0.2 M HCI. The initial yellow band was rejected W_hlle
electrochemical oxidation of [(bpyNHs)RUORU(NH)(bpy)]*+ 2. the middle dark brown band was collected at a rate of 2 mL/min. A

Here. one-electron oxidation is followed by a proton-counled green band remained at the top of the column. The eluted solution
! y ap P was then concentrated to ca. 5 mL in a rotary evaporator. Addition of

S-electron process. Despite the great progress in these eleCice_cold saturated NaClrovided an immediate dark red precipitate.
trochemical studies, no kinetic data have been reported. The precipitate was filtered, washed with ice-cold water (ca. 2 mL)
Herein we present the first study of the kinetics and and then with B, and dried in a desiccator.Warning! In one
mechanism of a chemical oxidation of coordinated ammonia experiment a small quantity of the material exploded and caught fire

to a nitrosyl complex: we find evidence that oxidation by during remaal from a sintered glass funngl.The product was further

aqueous Gland HOCI is activated rather than protected by Purified by recrystallization where £ was added dropwise to a MeOH
coordination of ammonia to a metal center. solution until a permanent cloudiness was observed. Dark brown

shining crystals were obtained after keeping the solution overnight in
a freezer. Yield based on Ru is 76%H NMR (DMSO-ds, 0 Vs
TMS): 9.1 (2H, d), 8.7 (2H, d), 8.5 (2H, d), 8.1 (2H, t), 7.8 (4H, 1),
Reagents. Water was doubly deionized and distilled from a 7.4 (1H, d), 7.2 (2H, t), 2.9 (3H (N4, s). Anal. Calcd for
Barnstead Fi-stream glass still. Lithium perchlorate (Li&8D1,0) CaoNeH26010CloRu: C, 35.20; H, 3.84; N, 12.31. Found: C, 36.42;
was prepared by neutralizingd0; (Fisher) with concentrated HCIO H, 4.08; N, 12.00.
The solution was heated to boiling in order to remove any dissolved  Synthesis ofcis-[Ru(bpy)2(NH3)(NO)](ClO 4).Cl-3H.0. A 0.1-g
CO, gas. Slow cooling provided the crystalline product. The product sample ofcis-[Ru(bpy)»(NH3)2][CIO4], was dissolved in 0.1 M HCI
was washed several times with cold water in order to remove the excess(ca. 20 mL) and Glgas was bubbled through the solution. The initial
acid (until a neutral pH was attained). The salt was further recrystallized violet color changed to light yellow immediately. The excessdals
twice from water and dried in air. LiCl (Fisher) was also recrystallized was then removed by bubbling Ar gas through the solution. Complete
twice from water. Both the LiCl@and LiCl solutions were standard-  removal of the solvent via rotary evaporator provided light yellow
ized by passing a known amount through a Dowex 50W-X8 cation- flakes. Single crystals were grown by slow evaporatiod (veeks)
exchanger and titrating against a KHP standardized NaOH solution. of the HCI solution at room temperature. RNO) in Nujol mull:
Stock solutions of NaOCI were prepared by bubbling Matheson high- 1944 cntl. *H NMR (DMSO-ds, 6 vs TMS): 9.3 (1H, d), 9.2 (1H,
purity Cl, gas, prewashed in 0.1 M KMnand then in concentrated  d), 9.1 (1H, d), 9.0 (3H, m), 8.8 (1H, t), 8.7 (1H, t), 8.5 (2H, m), 8.2
H,SOy,22into a 0.6 M NaOH solution. This solution was then diluted  (1H, t), 8.1 (1H, t), 7.7 (3H, m), 7.3 (1H, d), 5.8 (3H (NHIs). Anal.
with an additional volume of NaOH to raise the pH to 12. This solution Calcd for GoNeH2s0:.ClsRu: C, 32.08; H, 3.36; N, 11.22. Found:

Experimental Section

was assayed at 292 nm € 350 Mt cm™1)2% and stored at ca=5 °C C, 32.49; H, 3.33; N, 11.10. An alternative route to this complex, as
the PR~ salt, was reported by Callahan and Me$fewhile Lai and
55%5) Thompson, M. S.; Meyer, T.J. Am. Chem. So¢981, 103 5577 Wong reported the synthesis of the 5B~ salt®
(16) Murphy, W. R.; Takeuchi, K.: Barley, M. H.; Meyer, T. lhorg. _ Synthesis ofcis—[Ru(bpy)z(NH3)_2](CIO4)3_. A 155-mg sample of
Chem.1986 25, 1041—1053. cis[Ru(bpyk(NH3)2](ClO,), was dissolved in 10 mL of 0.5 M HCI.
(17) Pipes, D. W.; Bakir, M.; Vitols, S. E.; Hodgson, D. J.; Meyer, T. J.  To this solution was added 30 mg of Mp@nd the suspension was
J. Am. Chem. S0d.99Q 112 5507-5514. stirred vigorously. After about 10 min the dark red mixture turned to
(18) Williams, D. S.; Meyer, T. J.; White, P. $. Am. Chem. S04995 light violet. The mixture was then stirred for an additional 1 h, the
11%18)2'_&52\(4..«.; Wong, K.-Y.J. Electroanal. Chem1994 374 255 excess Mn@was filtered off, the solvent was evaporated on a rotary
261. evaporator, and the residue was stored in a freezer. At room
(20) Coia, G. M.; White, P. S.; Meyer, T. J.; Wink, D. A.; Keefer, L.  temperature the compound as a solid has been found unstable. The
K.; Davis, W. M.J. Am. Chem. S0d.994 116, 3649-3650. Ru(lll) solutions for the kinetic studies were prepaieditu by using
(21) Ishitani, O.; White, P. S.; Meyer, T.lhorg. Chem1996 35, 2167
2168. (24) Bryant, G. M.; Fergusson, J. E.; Powell, H. K.Aust. J. Chem.
(22) Cooper, J. N.; Margerum, D. Wnorg. Chem.1993 32, 5905- 1971 24, 257-273.
5910. (25) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem1978 17,
(23) Johnson, D. W.; Margerum, D. Vihorg. Chem 1991, 30, 4845- 3334-3341.

4850. (26) Callahan, R. W.; Meyer, T. Jnorg. Chem.1977, 16, 574-581.
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HCIO, instead of HCI. After weighing and dissolving the Ru(ll) species Table 1. Spectroscopic Properties of the Ruthenium Compounds
in HCIO,4, excess Mn@was added, and the suspension was stirred for

a 3 -1 om1)b
ca. 15 min and filtered into a volumetric flask containing appropriate compd Euz V2 Ama N (107, M7* cm)
amounts of solutions of the various compounds used in the kinetic study. CiS-[RU(bPYR(NHs)z]** 0.86 486 (8.9)

The Ru(lll) solutions were freshly prepared for each run of the kinetic 346 (7.3)

study and used within 0:51 h. No deterioration of the sample was 292 (> 50)

observed during this time, as the Ru(lll) solution is easily and 244 (19.1)

quantitatively reduced back to the Ru(ll) system by ascorbic acid . 3+

providing the characteristicis-[Ru(bpyk(NHs),]?>" peak at 490 nm. cis{Ru(bpyk(NHz)z] ggg ?;0(?5')9)
Intrumental Methods. UV —vis spectra were recorded on an HP 246 (21:3)

8452A diode array spectrophotometer with a 1-cm quartz cell. pH

measurements were conducted at room temperature on a Corning pH cis-[Ru(bpyp(NH3z)NOJ3* 0.34 328 (10.0)

meter, Model 130, with a Corning semi-micro combination glass 296 (19.5)

electrode filled wih 3 M NaCl. Standard electrochemical measure- 242 sh (22.0)

ments were carried out in nitrogen-purged solutions with 0.1 M HCIO )

or LiClO, as supporting electrolyte. Cyclic voltammetry (CV) and  CisTRU(bpyR(NHz)NOZ 432 (6.9)

Osteryoung square wave voltammetry (OSWV) were performed with 328 (6.9)

a BAS-100 electrochemical analyzer employing a conventional three- %gg E‘llggg

electrode cell with a platinum disk working electrode, a platinum wire
auxiliary electrode, and an Ag/AgCl reference electrode. Some 2V vs NHE in 0.1 M LiCIO, at 25 °C with 1 mM [Rulot
electrochemical studies were also conducted using a glassy carbor? Absorption measurements were conducted in 0.1 M HCIO

working electrode. Solutions containedl mM of the ruthenium

complexes. E; values for the complexes correspond to Eig values at 25°C in water ai = 0.5 M (LiClO,). Constant pH was maintained

in CV and E; values in OSWV measurements. They are reported in the experiment by using K#Q, as a buffer. An aliquot of an
relative to NHE using a value of 0.197 V &S for the Ag/AgCl couple. aqueous solution ofis-[Ru(bpyk(NH3z)NOJ3*+ was added to each of

The initial studies were single wavelength kinetics conducted on a twelve 50-mL flasks (containing appropriate amounts of LiC¥Dd
Hi-Tech Scientific stopped flow apparatus, Model SF-51, equipped with KH,PO, solutions of 0.5 and 0.01 M, respectively) to give a complex
an SU-40 spectrophotometer unit. The temperature was maintained atconcentration of ca. 2 1074 M. An aliquot of 0.1 M HCIQ or NaOH
25 °C with a C-400 circulating water bath. The absorbance decrease was added to this solution in order to vary the pH in the range-¢f.3
at 490 nm was monitored by mixing equal volumes of te[Ru- The solutions were allowed to sit for 5 h, since preliminary experiments
(bpyX(NH3)z]?* and C} solutions to give a reaction mixture with  indicated a significant change of the absorbance with time suggesting
concentration of ca. 0.1 mM of the ruthenium(ll) system. The output that the equilibration is a slow process. Afteh the absorbance of
from the SU-40 unit was collected by an On-line Instruments (OLIS) the solution remained constant. After recording the pH, each solution
4300 data acquisition system based on a Zenith computer. The ratewas then measured spectrophotometrically where the absorbance at 432
constants were evaluated by exponential fits with the OLIS subroutines. nm was especially noted. The nitrosyl complex is essentially transpar-
The final studies were conducted on the OLIS rapid scanning ent at 432 nm and only the nitro species absorbs significantly, which
monochromator (RSM 1000) with a dual-beam YW¥s recording and leads to a yellow coloration at higher pH.

a global fitting subroutine.

In order to minimize loss of the €lgas by volatility, the NaOCI
solution was drawn into an air tight glass syringe, equipped with a
small magnetic bar and containing appropriate amounts of the HCIO UV—vis Spectra The absorption data of the compounds
Cl~, and L|QIQ sol_ut_lons. '_I'he solution was stirred for a_few mlnute_s are shown in Table 1. Theis—[Ru(bpy)z(NHg)g]H has the
and part of it was injected into a quartz cell. For experiments at high characteristi& Ru(ll) — 7* (bpy) absorption bands at 486 and

acidity the C} content was immediately measured spectroscopically at - . - .
325 nm € = 70 M-! cm )7 and the HOCI concentration was 346 nm in aqueous solution. These bands are slightly red-shifted

determined from the absorbance at 254 mr(59 M-t cm3).28 For in MeOH and appear at 496 and 352 nm, respectively. The
experiments at pH 1 and without added €| the HOCI concentration ~ PPY 7 — a* transition is observed at 292 nm and shows no
was determined from the absorbance at 254 nm andifGVas taken significant solvatochromic shift. Upon oxidation ofs-[Ru-
as the initial hypochlorite concentration. The remaining solution was (bpy)(NH3)]2" by Ce(lV), PbQ, or MnQ, the band at 486
used for the kinetics study. For each run the actuakcGhcentration nm disappears and a weak shoulder appears at 334 nm. As
was mgasured at the beginning of the experiment and used_ in_theshown in Figure 1, the absorbance of the bpy- 7* band
calculation of [Ci]o. Measurements conducted at the end of the kinetics gecreases significantly, and is observed at a red-shifted position
experiment indicated that loss ofy this technique is less than 2%. ot 305 nm (with a shoulder at 312 nm) upon metal-centered
Eeamo”s were initiated by mixing equal volumes of the two reactants, ,iqation. As evaluated from the absorption spectral change,
oth of which were maintained at 0.5 M ionic strength using LICIO . e - o
as the background electrolyte. In all of the kinetics studies solutions chemical oxidation C_’f theis-[Ru(bpyh(NH3)z] . b_y Ce(IV),
were permitted to contact platinum, glass, and Teflon only. For the PPQ: and MnQ provides a metal-centered oxidation where re-
Ru(ll) system the spectral profile changes were followed in both the reduction with S@~, NO;, and Zn/amalgam provides the
visible and UV regions and the kinetics was analyzed using the global Starting material. On the other hand, oxidatiomisf[Ru(bpy)-
fitting subroutine of the RSM 1000 system. For the Ru(lll) reaction (NH3);]?" by Cl, and Bk leads to a product, identified as the

Results

the spectral changes were monitored in the UV region {3RM nm) nitrosyl complex, cis-[Ru(bpyk(NH3)NOJ**, which is not

by use of the RSM 1000 system, and were further analyzed using thereduced back to the starting diamine species by the above

Specfit software package. o _ reductants. Spectroscopically, the major characteristic difference
Measurement of (K for the Equilibrium cis-[Ru(bpy)>(NHa3)- betweercis-[Ru(bpyp(NHs);]3+ andcis-[Ru(bpyp(NHz)NO]J3+

NOJ®* + H,0 = cis[Ru(bpy)2(NH3)NO,]* + 2H'. The (K value

. . Y : X lies in the absorption band changes observed in the mid-UV
for the nitrosyk-nitro equilibrium was determined spectroscopically

region. The absorbance of the weak shoulder at 334 nm, in
(27) Wang, T. X.; Kelly, M. D.; Copper, J. N.; Beckwith, R. C.; thecis[Ru(bpyh(NH3)2]3* system, increases and a well-resolved
Margerum, D. W.Inorg. Chem.1994 33, 5872-5878. distinct band appears at 328 nm for the nitrosyl complex. In
(28) Zimmerman, G.; Strong, F. G. Am. Chem. S0d957 79, 2063~ addition the band at 312 nm is absent in the nitrosyl complex
2066. . .
(29) Binstead, R. A.; Zubefltler, A. D., SPECFIT, 1995, Spectrum  and the band at 302 nm blue shifts to 296 nm (Figure 1) when

Software Associates, Chapel Hill, NC. compared to the diammine species. These changes have allowed
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I T I I AL L I B Feltham generalizatiéh that { Ru—NO}® complexes are dia-
1 magnetic and that the nitrosyl group is formally bound as"NO
to Ru(ll).

Cyclic Voltammetry Studies. The cyclic voltammogram of
cis[Ru(bpyk(NH3)2]2" in 0.1 M HCIO, shows a reversible one-
electron wave withEy, at 0.86 V vs NHE. This value is
comparable to that reported in 0.1 M £&FO,H at a glassy
carbon electrod€ No further oxidation of thesis-[Ru(bpy)-
(NH3),]3* occurs upon scanning the potential to 1.2 V. Scan-
ning the potential at various rates, ranging from 10 to 200 mV/
s, has no effect on the shape of the voltammogram other than
slightly increasing the\E,, potential (from 64 to 75 mV). The
cyclic voltammogram of the nitrosyl complegis-[Ru(bpy)-
(NH3)NOJ3t, in 0.1 M HCIO, shows a reversible reduction wave
with Ei» at 0.34 V vs NHE AEy, = 64 mV) for the ligand-
centered RU'-NO*/RU'-NO} couple. No further oxidation
of the cis-[Ru(bpyp(NH3)NO]3+ system occurs upon scanning

Wavlength, nm the potential to 1.2 V. Varying the scan speed from 10 to 100
Figure 1. Comparison of the spectral profiles of (els-[Ru(bpy)- mV/s also does not cause any unusual alteration of the
(NH3)2]2*, (b) cis[Ru(bpyk(NHs)5]3*, and (c) cis-[Ru(bpyk(NHs)- voltammogram. In addition to the CV studies, Osteryoung
NOJ®*. The spectra were recorded in 0.1 M HGIO square-wave voltammetric measurements (OSWV) were con-
ducted in order to assess the purity of our samples. These
us to follow the kinetics of oxidation of coordinated ammonia measurements gave no evidence for the presence of more than

4 10° |

0 10°
250 400 550

to a nitrosyl ligand. one species in the solution, and potentials similar to the CV
NMR Data. The!H NMR spectral data otis-[Ru(bpy)- studies were obtained for all the complexes reported in this

(NH3)7]?" are given in the Experimental Section, and the peaks paper.

are assigned according to the following diagram: Nitrosyl/Nitro Conversion. The acid-base equilibrium in

the nitrosyknitro interconversion ofcis-bis(bipyridyl)ruthe-
nium(ll) complexes has been studied previou8l§#3°and has

4 3 3 4
s/ N_ Ns been shown to occur as in
— =

6 6
cis-[Ru(bpy),(L)NO]*" + H,O =
When compared to the free uncoordinated ligand, the H6 proton CiS—[RU(bpy)Z(L)NOZ]+ 4+ oH" 2)
of the cis-[Ru(bpyp(NH3)2]>" complex shows a significant

downfield shift (8.7 and 9.1 ppm, respectively), which is  gpectral changes accompanying this reaction fer NH; are
consistent with a cis arrangement where theloud of the shown in Figure 2, and show that the produgis-[Ru(bpy)-
adjacent ligand induces a diamagnetic anisotropic effect. The (NH3)NO,]*, is characterized by an absorbance maximum at
*H NMR data clearly indicate that the pyridines within each 432 nm. The spectrophotometric titration curve at this wave-
bpy ligand in cis[Ru(bpyk(NHs)]*" are magnetically  |ength (Figure 2, inset) shows that above pH 4.5 the nitro form
nonequivalent®™*? As a result, out of the possible 8-proton  eyists in significant amounts at equilibrium. As shown in Figure
resonance peaks, seven distinct bands were observed in DMSQ, a plot of 1/absorbance vs {#f is linear indicating that the
solvent with the peaks for the H5 and Hakotons overlaping.  reaction is an overall two-proton process rather than the stepwise

The'H NMR spectral data of the nitrosyl complesis-[Ru- single-proton process as shown in egs 2a and 2b:
(bpy(NH3)NOJ?+, are given in the Experimental Section.

Replacing one of theis-NHj3 ligands by a nitrosyl reduces the cis-[Ru(bpy)z(L)NO]3+ +H0=

symmetry of the molecule and, thus, the two bpy ligands are ) ot N
placed in nonequivalent environments. The effect of this cis-[Ru(bpy,(L)NOH]™ + H" (2a)
reduced symmetry is clearly evident from & NMR spectra.

Out of a total of 16 nonequivalent protons of the two bipyridyl cis—[Ru(bpy)Z(L)NOZH]2+ -

rings, 12 distinct resonance peaks were observed in the NMR : + +
spectrum, with the other proton resonances giving an overlaping Cis-[RU(bpYL(L)NO,] ™~ + H™ (2b)
signal. Moreover, a dramatic downfield shift in the pbfotons

was observed in theis-[Ru(bpy:(NH3)NO]J*" species when
compared tais-[Ru(bpyk(NHz),]?" (5.8 and 2.9 ppm, respec-
tively), and indicates a significant electron cloud depletion at
the metal center as a result of a strong back-bonding interaction
with the nitrosyl ligand. In addition, the absence of any
paramagnetic induced shift or broadening in the NMR data
shows that the metal center is in at2oxidation state
(diamagnetic) and that the additional positive charge resides on

Note that in the corresponditigans complexes where & OH~
and CI steps 2a and 2b are resol&dFrom the slope and
intercept of the plot in Figure 3 we derive & walue of 11.3
for the net two-proton reaction. In the two examplescisf
[Ru(bpy:(L)NO]3+ species reported previoudh?> the K
values for L= CI~ and pyridine correspond to 18.8 and 8.0,
respectively, and bracket our intermediateyalue of 11.3 for

L = NHs. The wide variation in the acidity of these systems

the nitrosyl ligand, NO. This is consistent with the Enemark (33) Enemark, J.; Feltham, R. @oord. Chem. Re 1974 13, 339~
406.
(30) Lytle, F. E.; Petrosky, L. M.; Carlson, L. Rnal. Chim. Actal971, (34) Godwin, J. B.; Meyer, T. dnorg. Chem.1971 10, 2150-2153.
57, 239-247. (35) Keene, F. R.; Salmon, D. J.; Walsh, J. L.; Abauhl. D.; Meyer,
(31) Spotswood, T. M.; Tanzer, C. Aust. J. Chem1967, 20, 1227 T. J.Inorg. Chem.198Q 19, 1896-1903.
1242. (36) Togano, T.; Kuroda, H.; Nagao, N.; Maekawa, Y.; Nishimura, H.;

(32) Bryant, G. M.; Fergusson, J. Bust. J. Cheml971, 24, 441-444. Howell, F. S.; Mukaida, MInorg. Chim. Actal992 196 57—63.
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Figure 2. Spectral profile change with pH in the conversionocts-
[Ru(bpy:(NH3)NO]J®* to cis-[Ru(bpy:(NH3)NO;]*. The concentration

of cis-[Ru(bpyk(NH3z)NO]®" is 2 x 107 M; KH PO, (buffer) = 0.01

M; 4 = 0.5 M (LiCIOy). The inset is a plot of the absorbance at 432
nm vs pH, with the solid line drawn as an arbitrary curve to guide the
eye.
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Table 2. Kinetic Dependence of the One-Electron Oxidation of
cis[Ru(bpyk(NHz)2]>" on [H'] and [Ch]?

H*], M [Cl 2], MM kobs ST 1073(2ky), M~1st
0.05 7.0 14.7 2.1
0.08 7.5 15.7 2.1
0.10 7.6 15.0 2.0
0.12 7.0 15.0 2.1
0.14 7.7 15.7 2.1
0.16 7.1 15.5 2.2
0.20 8.0 17.3 2.2
0.30 7.5 16.2 2.2
0.10 7.2 15.0 2.1
0.10 5.2 10.8 2.1
0.10 2.8 6.6 2.3
0.10 7.8 16.0 2.1
0.10 7.3 14.9 2.0
0.10 6.4 13.0 2.0

2 Conditions: Eis-[Ru(bpyk(NHsz)2]>" 1o = 0.05-0.08 mM,u = 0.5
M (LiClO4), and 25°C. [CI"] was maintained at 0.2 M.[CI~] = 0.15.
¢[ClI7] = 0.05 M.

for the reaction with excess chlorine shows a smooth monotonic
loss of the absorbance arising from Ru(ll) and no evidence for
an isosbestic point, the conditions being [Ru@b] 0.05 mM,
[CIT]=0.1 M, [H"] =0.10 M, [Cbliot=7.6 MmM,u =0.5 M
(LiCIO4), andT = 25°C. In Table 2 is shown the dependence
of the rate of this reaction on [gl,; and [H"]. The data show

a first-order dependence on [fz};. Moreover, in the pH range

of 0.5-1.3, the pseudo-first-order rate constants are unaffected
by [H*] and added [Cl]. Thus the rate law for this reaction is
given by

~d[Ru(I)}/dt = 2k, [RU(ID]ICI iy @)
and, under large excess of Wt
Kobs = 2K[Clo] ot )

where [Chliot = [Cl] + [HOCI] because of the hydrolysis of
chlorine as in
Cl, + H,0=HOCI+ H" + CI”

Kel (6)

interconversion. The absorbance value corresponds to the 432 nmSince the § for the hydrolysis of G (eq 6) is ca. 3/ the
measurement. The linear dependence observed in the figure clearlycgncentration of HOCI is negligible in the pH range that the

indicates that the calculatecKpvalue (reaction 2) corresponds to a
two-proton process. Experimental conditions are as given in Figure 2.

with a change in the cis-coordinated ligand, L, parallels the
change in theEy;, value for the corresponding [RuN®Y
[RUNOP* couple and clearly is a consequence of the electron-
deficient nature of the NO group. T8/, values for L= py,
NHsz, and CI are 0.4%5 0.34 (this work), and 0.1%

respectively (the literature values reported against SCE were

recalculated against NHE) and as described above parallel th
acidity of the complexes.

Kinetics: Reaction of cis-[Ru(bpy)2(NH3),]2" with Cl,.
Rapid-scan stopped-flow studies of the reaction betwaen
[Ru(bpy:(NHz3)2]2" and aqueous chlorine show that the first
step corresponds to the one-electron oxidation tocte¢Ru-
(bpy):(NH3),]3" intermediate, presumably as in

2 cis-[Ru(bpy)(NH,),]*" + Cl,—
2 cis-[Ru(bpy),(NH,),]*" + 2CI” (3)

kinetics studies have been conducted, and thus eq 5 can be
rewritten in terms of aqueous molecular,@s

Kobs = 2K4[Cl] ®)

From the data shown in Table 2, the second-order rate constant,
ki, corresponds to (1. 0.1) x 1° M~1s™1,

A rigorous treatment of the equilibria in aqueous chlorine
solutions should also consider the presence gf,@hich exists

e[hrough the following rapid equilibrium:

()

Wang et al. have reported a value of 0.18™Mor K¢z, which
implies that C§~ never contributes significantly to mass balance
in any of the experiments reported heréinThe fact that rate
law 5 is independent of [C]] shows that G~ does not compete
significantly with Cb in the reaction withcis-[Ru(bpy)-
(NH3)2]?".

When the reaction is monitored in the UV region (3@20

ClI™ +Cl,=Cl," Kess

In acidic media the reaction is fast, reaching completion in less "M) a more complicated behavior is observed, where, in addition

than 0.5 s. A series of rapid-scan spectra recorded in the 420

(37) Wang, T. X.; Margerum, D. WInorg. Chem.1994 33, 1050~

550-nm range at a rate of 1000 scans/s over a 0.25 s time periodl055.
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Figure 4. OLIS rapid-scan spectra showing the change in the
absorbance in the UV region for the reactiorcisf [Ru(bpyk(NHs)2]3+ Wavelength (nm)
with Clz. Original data were collected in 120-ms |r.1t.ervalls, for atotal Eigyre 6. Spectral profile obtained from global fitting of the kinetics
of 15 s, and are showr? |n+0.72-s mter.vals. Condltlons.. [Rudl®] for the reaction betweetis-[Ru(bpyk(NHs)z]** and Cb; (a) spectrum
0.05 mM; [?r] - 0.2 M; [H] = 0.29 M; [Chlit = 8.9 mM;u = 0.5 of the Ru(lll) reactant; (b) spectrum of the intermediate; and (c)
M (LiClO4); 25 °C. spectrum of the final product. Conditions are the same as for Figure 4.
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Figure 5. Kinetic time trace at 378.8 nm for the reaction between 0 e
cis-[Ru(bpyx(NHz)2]®" with Cls, illustrating biphasic behavior. Data 0 5 10 15

were extracted from the experiment for Figure 4. Note that the global
fitting method used to analyze the kinetic data effectively achieves o ) . )
signal averaging over a 200-nm range, and hence the noise evident af i9ure 7. Kinetics fit for the consecutive reaction betweeis-[Ru-

378.8 nm is much greater than that in the global fit. Elbpy)z(NHg)z 3t and C}. Experimental conditions are as given in Figure

Time, s

to the fast process of the Ru(ll) to Ru(lll) oxidation, slower 320-350-nm region, and an initial fast increase is followed by
components are also evident. In this UV region both the 5 slow decrease in the 35@40-nm region. The reaction
reaction intermediates and the final product show strong exhibits the features of two consecutive first-order processes
absorbance. The Ru(lll) intermediate produced within the first gpq displays biphasic kinetics. A fairly significant difference
250 ms duration was identified by comparing its characteristic i the two consecutive processes is apparent from the mainte-
UV spectrum with an authentic sample. These data clearly nance of isosbestic points at 322 and 352 nm at the later stage
indicate that chemical oxidation of ths-[Ru(bpy)(NHz)z]** of the reaction. These qualitative spectral features are consistent
to the nitrosyl complexcis-[Ru(bpyp(NHz)NOJ**, proceeds  jth those obtained for the slower phases of the reaction when
through thecis-[Ru(bpyk(NHz)2]** intermediate. In order to  the starting material is Ru(ll) rather than Ru(lll). Quantitative
understand the overall process thoroughly we have conductedireatment of the rapid-scan data was performed by use of the

an independent investigation of the reaction betweisiiRu- Specfit prograr#f to compute global fits. These fits were based
(bpy}(NHz)2]** and Cb in the UV region. on a consecutive first-order kinetic scheme-AB — C under
Reaction ofcis-[Ru(bpy)2(NH3)2]3" with Cl,. Thecis-[Ru- the constraint that the A~ B step be the slow process, for

(bpy)X(NH3)7)®" solution used for the kinetic study was prepared reasons given below. Spectral profiles derived from these fits
in situ by oxidizing thecis-[Ru(bpyk(NH3)z]?* with MnO,. No showing the starting species, the intermediate, and the final
change on the kinetics has been observed upon conducting theroduct are shown in Figure 6 for a typical example. Temporal
oxidation with PbQ@. Thus, the effect of M&i" on the kinetics profiles of the three species for this example are shown in Figure
has been assumed to be minimal. Kinetic measurements were7. The two rate constants deriving from each of the fitg(
performed by following the absorbance change in the UV region andk:,s) are given in Table 3. Under conditions of low acidity
(320—440 nm). Figure 4 shows a series of rapid-scan spectrawith no added chloride the initial rapid phade.{) was of too
recorded over a 15 s time period for a typical expermient, while low amplitude to be detected, and the reaction was fit as single
Figure 5 shows the absorbance at 378.8 nm as a function ofexponential functionkgow).

time for the same experiment. Oxidation of the coordinated Rate Law for the Ksjow Process. A plot of ksjow VS [Cly] ot at
ammonia by chlorine involves increasing absorbance in the constant [H] and [CIT] is linear with an intercept very close
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Table 3. Dependence Ofsiow andkast on [H*], [CI7], and [Ch]wd nitrite form, which complicates the kinetics further. As a result
we have analyzed the data corresponding only to the pH range

[CI 2] toty [CI _] ’ kslow; I(slow,calo kfast, kfast,cals
M 3 3 st

[H*], M mM st st st of 0.5-2.8.

0.292 894 0208 022 020 20  1.89 The kinetic studies conducted under the above conditions
0.152 7.9%  0.208 0.37 0.33 25 254 clearly indicate that both ghnd HOCI react competitively with
0.092 814 0208 057 055 31  3.29 the deprotonated Ru(lll) specigss-[Ru" (bpy)(NHz)(NH2)]2.
0.043 8.3t 0.208 0.91 117 44 418 The overall rate law for thégow process has the form

0.092 8.19 0.208 0.56 0.56 3.2 3.31

0.095 5.16 0.208 0.36 0.34 2.0 2.06 d[Ru(llN] [Ru(lin]

0.097 3.07 0.208 0.26 0.20 1.0 1.21 - Mt {k,[Cl,] + |(3[|_|OC|]}—t°I (8)
0.091 9.94 0.158 0.67 0.68 4.0 3.97 dt [H+]

0.091 9.7% 0.108 0.64 0.64 4.8 3.77

0.092 10.73 0.058 0.63 067 46  3.83 Assuming,
0.017  3.7Z 0.0035 050  0.49

0.03¢  1.80 0.0017 0.5  0.13
0.018 520 0.0048 091  0.68
0.018 720 0.0065 129 101
0.017 20.# 0.0162 356  3.55
0.014 837 0.0076 141  1.44
0.007 98¢ 0.0092 235  3.10

aConditions: [Ru(lll)h =0.06-0.08 mM;u = 0.5 M (LiCIO); 25 [CL]
°C. b [Cly)it calculated as [HOCIH- [Cl;], each being determined 2
spectrophotometrically?. [Cl,]«: calculated from the initial [OCI).
d Calculated from [H] = [Cl;]Kc/([HOCI[CI]), with [Cl2] = [Clo]t

[Clolo = [Cl;] + [HOCI] 9)

and rewriting eq 6 in terms df¢, rearranging and substituting
into eq 9 provides eq 10:

_[Clj]HIICI]
[H7ICI] + Kg,

—h —h —h —h —h —h —h

(10)

— [HOCI]; these H concentrations are in good agreement with those This leads to
estimated from measured pH as1® ¢ Calculated by [Ci] = [HOCI], . _
the concentration of HOCI being determined from the absorbance at  d[Ru(lll)] o, | K[H 1[Cl ] + kK| [CL] o IRUIN] o
254 nm.f Monophasic kinetics observek,s assigned tsiow. - = n — i
dt [H'ICI T + K [H]
O A L L A b (12)
] and hence,
0.8 7]
; [IHC] + kK| [l 12
- - low — _
06 ] Ko +[HYICIT] | [H']
E 0.4 F ] As shown in Table 3, a two-parameter nonlinear least-squares
= [ ] fit agrees very well with the observed data (uskg = 1.04
- ] x 1073 M?)37 and provides values fdr, andks as 6.5+ 0.3
0.2 1 and 2.0+ 0.2 s, respectively.
[ ] If it is assumed that the inverse acid dependence indicates
I ———— reaction through a deprotonated form of Ru(lll) existing as a
0 5 10 15 20 25 minor component according to
V(H, M . e 3+
Figure 8. Plot showing the dependence of tkgw process on [H]. cis[Ru™( py)z(NH3)2] T
The chloride concentration was kept constant (0.2 M) in these CiS—[Ru"'(bpy)Z(NH3)(NH2)]2++ HT Kg, (13)
experiments. Other experimental conditions are as stated in Table 3
with [Clz][ot ~ 8 mM. then
to zero. However, the pH dependency of the rate is more RUM—NH.] = KrJRU(IN] ot 14
complicated. In the pH range of G-2.8 at constant [G]ot [Ru 2= [H+] (14)

and [CIT], the values ok increase with a decrease inTH

A plot of kgow Vs 1/[H'] is linear (Figure 8) but provides a  Moreover, if it is assumed that £&nd HOCI react indepen-
significant intercept, suggesting competitive pathways associateddently with [RU"—NH,] with rate constant,’ andks', then
with this process. One likely possibility arises due to the substituting egs 9, 10, and 14 into eq 8 provides the overall
hydrolysis of C} in aqueous media as in reaction 6. Depending ate law, eq 15.

upon the pH of the solution and chloride concentration either d[Ru(lIN]

Cl, or HOCI could be the dominant species. Two experiments — tot _

were designed in order to investigate the effect of the above dt
equilibrium on the kinetics. The first experiment comprised a ky[HIICI 7] + kg K| [Cl]ioK g [RUIN] oy
series of reactions conducted at high acid and chloride concen- 1~ — +

o _ ; : [HTICI] + K H']

rations, whereas in the second set of experiments reactions were
performed in the pH range of 1-2.8 with no added chloride.  comparison of egs 15 and 11 makes the following identities:
The dominant species in the former is,@hile HOCI is the ko = ko'Kry andks = ks'Kgru-

dominant species in the latter. The final reaction product in  An estimate ofKg, (eq 13) was obtained by following the
both cases has been confirmed to be the nitrosyl complex from change irEy, of the cyclic voltammogramfaa 1 mM solution

its characteristic UV-absorption spectrum. At pH3 a of cis-[Ru(bpyk(NH3)2]?" (u = 0.1 M (LiCIO4)) with pH. In
significant portion of the nitrosyl complex is converted to the the pH range of £5.5 the reversible wave &;, = 0.86 V

(15)
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shows no significant shift, and indicates that ttgpvalue for spectrometry study conducted ais-[Ru(bpyk(NH3)NOJ3*™
the reaction of eq 8 should be greater than 5.5. Based onshows a distinctive set of ions witlwe corresponding to the
previous studies on similar systems, (tpy)(bpy)Os{NEbKa parent and fragments of the parent derived by loss of, NiD,
> 6.5)16 and [(bpy}(NH3)RuO*" (pKy = 6.5)2! a value of and bpy ligands. The parent ion is observed in the reduced
ca. 6.5 can be estimated fois-[Ru(bpyk(NH3)2]%". form as [Ru(bpy)NH3)(NO)CIO4 " at 560 m/e, whereas
With the above estimate for tHér, value the rate constant  fragments corresponding to the ions [Ru(lyMO)]*, [Ru-
corresponding to the glpathway,k;', is 2.1 x 10/ M~1 s71 (bpy)]™, and [Ru(bpy)(NOH)} were observed at 444, 413, and
and theks value corresponding to the HOCI pathway is 288 m/e, respectively. These results are further supported by
calculated as 6< 10° M~ s71. The data clearly indicate that the satisfactory microchemical analysis obtained on the com-
the process involving Glis about four times faster than the pound.
rate corresponding to the HOCI reaction. Kinetics. As mentioned in the introduction, a variety of
Rate Law for the ksst Process. The values foke,scorrelate mechanisms have been proposed for the oxidation of coordinated
directly with [Cl;] and inversely with [H], which implies that ammonia. These generally include one-electron oxidation from
the intermediate participates in a preequilibrium to generate athe M(Il) to M(lll) stage, followed by a variety of processes
deprotonated species that reacts with. GDn the other hand,  including further one-electron oxidation, deprotonation, dispro-
for a series of experiments at constant]J@nd [H'] there is portionation, electrophilic attack, and complex electrode reac-
no dependence on [C], which indicates that the reaction of tions. Some degree of simplification has been achieved in
HOCI is negligible. The rate law for thie,s; process thus has  reactions of coordinated organic amines, where oxidative

the form dehydrogenation is the norm. Thus, net conversion of chelated
amines to imines has been reported as far back as 3P966.
kK, [Cl,] [H+][CI’] Subsequent studies indicate that the oxidative dehydrogenation
= '”t+ t°t+ - (16) of amines is assisted by coordinated metal i6hs4acrocyclic
{Kie + [HTHHTIICI] + K} amine complexes of Rf, Cl?*, and F&" have been reported

to undergo oxidative dehydrogenation where the net reaction

where Kin; corresponds to the deprotonation pre-equilibrium involves prior oxidation of the metal center followed by
constant andl, corresponds to the rate constant for the reaction Oxidation of the ligand and reduction of the metal 3

of the deprotonated intermediate with,CIAs shown in Table ~ Primary amines bound to the [Ribpy)] moiety also undergo

3, the data were rigorously fitted with a nonlinear least-square Oxidative dehydrogenatic. In cases where the amine ligands
program, and the values @& and Ki,; correspond to (7.8t lack a-CH groups, oxidation can lead to stable amido com-
1.5) x 1® Mt st and 0.11+ 0.04 M, respectively. The plexes* By the use of rapid-scan stopped-flow methods, we
relatively large uncertainties in these parameters arise from thenow show that the oxidation of coordinated ammonia by
low resolution of the data: in all of the experiments thg; aqueous chlorine proceeds through a series of stages with well-
process is associated with small absorbance changes, and iflefined rate laws and mechanisms.

several of the experimen[s it could not even be detected. A The first observable Stage in the chemical oxidation of the
two-term rate law that adds a term corresponding to reaction of Cis-[RU(bpyk(NHz)2]** by aqueous Glis consistent with
the deprotonated intermediate with HOCI gives only a modestly Previous electrochemical investigations in that it involves the
improved fit, and the value of the added rate constant is only Metal-centered oxidation (as shown in eq 3) of Ru(ll) to Ru-
marginally greater than its uncertainty. The fit with eq 16 (lll). Moreover, the rate law indicates a rate-limiting step

indicates that the intermediate is fairly acidic with lgvalue involving the direct interaction of molecular Obith cis-[Ru-
close to 1; with such a lowHy, this species could not beis- (bpy}(NHs)z]**. Inasmuch as the Ru(ll) reactant is substitution
[Ru(bpyk(NH3)2]3+, and hence thkfast Step occurs second in inert, the most-likely mechanism for this first Stage isa pair of
the A— B — C sequence. Despite the |arge Va|ue|4m‘t' one-electron-transfer reactions, as given below:

spectra of the intermediate do not show large changes as a "
function of pH. The identity of the intermediate is discussed Cig[Ru(bpy)z(NH3)2]2+ + Cl2k‘_‘L
below. 1

cis-[Ru(bpy)(NH,),]*" + Cl,~ K, (17)
Discussion

Product Characterization. The nitrosyl product for the cis-{Ru(bpy)(NHy),]*" + Cl,” —
oxidation of coordinated ammonia itis-[Ru(bpy)(NH3)2]2" cis—[Ru(bpy)z(NH3)2]3+ +2CI” k, (18)
by Cl, was characterized using various spectroscopic technigques.
Infrared spectroscopic studies of the product provide a strong This mechanism leads to the observed rate law, egtten the
v(NO) stretching band at 1944 cth The result is consistent  first step is rate limiting. In order for this to be the case, the
with previous assignments for [Riopy),CI(NO)]* complexe®® steady-state approximation requires thit;[Ru(lll)] <
where thev(NO) stretching frequency of the cis geometry (1934 ky[Ru(ll)]. We can estimate that the value lkafexceeds 1.6
cm™t) occurs 20 cm® higher than for the trans isomer. In 10° M~ s1, which is the rate constant for the corresponding
addition, a cis arrangement for the nitrosyl ligand is also inferred reaction of C}~ with [Ru(bpyg]?*, a significantly weaker
from thelH NMR studies. As discussed earlier, the nonequiva- (39) Curtis, N F.J. Chem. Soc.. Chem. Comma966 881_883
lent environment that arises when the two bpy ligands are placed (40) Brown, G. M.; Weaver, T. R.; Keene, F. R.; Meyer, Tlrbrg.
in a cis arrangement is evident from th¢ NMR data since Chem.1976 15, 190-196.
out of a total of 16 proton resonances, 12 distinct bands were 3((;;3’1) Goedken, V. L.; Busch, D. K. Am. Chem. S0d972 94, 7355~
observgd. Moreover, WVIS abs.orptlon f"‘”d cv St.UdleS (Table (42) Dabrowiak, J. C.; Lovecchio, F. V.; Goedken, V. L.; Busch, D. H.
1) provide results consistent with previous studies oncike J. Am. Chem. S0d972 94, 5502-5504.

[Ru(bpy)(NH3)NO]J*+ systemt®26 |n addition, a FAB mass (43) Keene, F. R.; Salmon, D. J.; Meyer, TJJAm. Chem. Sod976
98, 1884-1889.
(38) Nagao, N.; Nishimura, H.; Funato, H.; Ichikawa, Y.; Howell, F. S.; (44) Chiu, W.-H.; Peng, S.-M.; Che, C.-Nhorg. Chem1996 35, 3369

Mukaida, M.; Kakihana, Hinorg. Chem.1989 28, 3955-3959. 3374.
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reducing agem?® An estimate ok_; can be derived from the
measured value df;, the principle of detailed balancing, and
the value ofK;, which can be calculated from valueskEf for
the corresponding Ru(lll)/Ru(ll) and &Cl,~ redox couples.
There is considerable uncertaintykfi for the CL/Cl,~ couple,
with reported values ranging from 0.70 to 0.43'%47 (Note:
Our prior estimat® of this potential overlooked the conflicting
report of Thornton et alt! the origin of the disagreement is

J. Am. Chem. Soc., Vol. 119, No. 3, B297

NH,0} intermediate, which would be expected to show an
intense absorption band corresponding to the H{Ru 7*-
(bpy) transition in the visible region, has not been observed in
the fast kinetic studies and may indicate that either this
intermediate does not accumulate in any significant amount or
the chemical oxidation by gldoes not proceed through such
an intermediate. In fact, Margerum et al. have found that
various alkylamines (including ammonia) react with Géarly

unclear.) So long as the true potential lies within these extremes,at a diffusion-controlled rate to form chloroamiri@sReaction

reaction 17 is an uphill process. Use of the lovi#rvalue
leads to a value fok_; that is too fast (2x 101°M~1s™1), but
the higherE°® value gives a value d€_; that is compatible with

the demands of the steady-state approximation and the first-

order kinetic dependence on [Ru(ll)]. We infer that the/Cl

of free ammonia with HOCI is nearly three orders of magnitude
slower than the corresponding reaction with.GMoreover the

rate constant for the HOCI reaction increases as the basicity of
the amines increases suggesting a nucleophilic attack by the
amine on the CI atom in HOCI as the rate-determining step

Cl,~ potential is greater than 0.43 V and thus that the mechanism(CI* transfer mechanism). In view of these observations and

in reactions 17 and 18 is plausible.

the unique ability of aqueous chlorine to effect this oxidation,

It is reasonable to describe reaction 17 as an outer-sphereit is likely that the observed intermediates,fguand Rk, in
electron-transfer reaction, although some degree of orbital this reaction are chloroamine complexes. This assignment is

overlap between Gland the aromatic ligands may occur. By
way of comparison, the only other reported reaction efv@th
substitution-inert transition-metal complex having no vacant
coordination sites is that with [Fe(phgl?).484° A 460-fold
lower rate constant is reported for the reaction ofWith [Fe-
(phen}]?t (2.4 M~ s71), which is qualitatively in agreement

supported by the low K, of Runy, since chloramines are
generally much weaker bases than their corresponding afines.
Further support comes from reports that aqueous chlorine reacts
with Pt(IV) ammines to give dichloramido complexgs? On

the other hand, oxidation of ammonia in Cr and Mn systems
by Cl, has been found to provide the corresponding nitrido

with expectations based on the greater thermodynamic barriercomplexes.:®°51 Even though we have not been able to identify

for this reductant. Detailed calculations in terms of Marcus
theory would be of interest, but they should be deferred until a
reliable potential for the GICl,~ couple becomes available.
Irrespective of the exact potential for thex(Tll,~ couple, the
values ofk; and E° for the two metal complexes allow us to
calculate that the oxidation of £1to Cl, has a rate constant
(k1) that is 5-fold greater for the reaction with [Fe(phg#)
than forcis-[Ru(bpy:(NH3z);]3*.

the nature of the intermediate, we are able to infer that the
intermediate of this reaction is highly acidic with &gpvalue
close to 1. The high acidity of the intermediate species might
indicate that the nitrido system is an unlikely intermediate in
the ruthenium reactions.

If the assignment of Ryi as a coordinated chloramine is
correct, then the final stage in the mechanism (reaction 23) has
the overall stoichiometry

A mechanism for the subsequent phases of the reaction of

[Ru(bpy:(NH3)2]3" with agueous chlorine that is consistent with
the observed rate laws is presented in Scheme 1.

Scheme 1
RU'-NH;==RU"-NH,  Kg,  (19)
1l cly
Ru”™—NH, — Ru,y K, (20)
Ru" _NHzﬂ Ruqy K (21)
—H+
RL#ntl FH RL%ntZ Kint (22)
Clz I +
Ru,, — Ru'—NO K, (23)

Deducing an overall mechanism for the reaction past the Ru-

cis-[RU" (bpy),(NHZ)(NHCI))*" + ¥,Cl, + H,0 —
cis-[Ru" (bpy),(NHL)(NO)* + 4CI™ + 3H' (24)

This obviously requires a multistep mechanism, and the rate
law requires reaction with @las the first step. Further
information is required to determine whether this occurs through
an electron-transfer mechanism, in analogy with the reaction
of Cl, with cis-[Ru"(bpy)(NH3),]?", or through a Cf transfer
mechanism. Among the subsequent steps, one likely possibility
is hydrolysis, as is suggested by the known hydrolysis of
chloramine??
NH.Cl+ OH — NH,OH + CI™ (25)

Irrespective of the mechanistic details, a potentially important
fact emerges when this reaction is compared with the reaction
of aqueous ammonia with acidic chlorine. This latter reaction

(1) to Ru(lll) stage has been complicated as we were not able generates chloramine and has the rate law

to identify all of the possible intermediates for this multielectron
process. Other intermediates that have been proposed
electrochemical studies of this multielectron oxidation process
include{RUV=NH}, {M"NH,0}, {M'"NHO}, and{M"NO*}

species. Our attempt to observe some of these intermediates

has not been successful in this study. For exampld k-
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Acta1986 113 L1-L2.
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1632-1636.

(48) Ige, J.; Ojo, J. F.; Olubuyide, @an. J. Chem1979 57, 2065~
2070.

(49) Shakhashiri, B. Z.; Gordon, ®org. Chem1968 7, 2454-2456.

—~d[NH, Jidt = (kKy[Cly] + kooKy[HOCI)INH , V[H ]
(26)

wherekcKy = 1.9 st andkocKy = 1.4 x 107357150 |n this
expressionkg is the second-order rate constant for direct
reaction of C} with NHs, ko) is the second-order rate constant

(50) Margerum, D. W.; Gray, E. T.; Huffman, R. P. @rganometals
and OrganometalloidsBrinckman, F. E., Bellama, J. M., Eds.; American
Chemical Society: Washington, DC, 1978; pp 2281.
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530 J. Am. Chem. Soc., Vol. 119, No. 3, 1997 Assefa and Stanbury

for direct reaction of HOCI with NhBl and Ky is the acid Conclusion. Oxidation of coordinated ammonia ais-[Ru-
dissociation constant for Nfi. Casting the rate law in this  (bpy)}(NH3);]?" by acidic aqueous chlorine provides the nitrosyl
form makes it possible to draw direct comparisons with the complexcis-[Ru(bpy:(NH3)(NO)]**, as the final product. The
reaction ofcis-[Ru(bpyk(NH3)2]3" with aqueous chlorine asin  first step in this process involves the metal centered oxidation
eq 8, since they have the same algebraic form. The katio  of cis[Ru(bpy(NH3)2]?" to cis-[Ru(bpyh(NH3)z]3*. Inde-
(kciKn) has a value of 3.4, while a value of 1:4108is obtained ~ pendent studies conducted on tie[Ru(bpy)(NHz)2]*" com-

for ka/(kocKn). These ratios show that coordination of ammonia plex show that conversion to the nitrosyl follows an-AB —

to Ru(lll) activates it with respect to reaction with aqueous C type consecutive pathway witkow and kisi COmponents,
chlorine. The effect most likely derives from the greater acidity respectively. In the pH range of 0-2.8, theksiow process
of RU"—NHjs relative to NH™, and it has its origins in the ~ follows a competitive pathway where both,@nd HOCI react
greater charge on Ru(lll). These insights suggest that otherWith the deprotonatedis-[Ru(bpyk(NH3)NH;]*" complex. The
highly charged metal ions could also activate ammonia in this Kiast Process involves a fast preequilibrium, involving deproto-
reaction, as appears to be the case for PtV. This may be nation of the intermediate, followed by a direct attack by. Cl

of significance in water-treatment systems, where ammonia is Acknowledgment. This research was supported by the
often present during the chlorination procé%s. National Science Foundation. D.M.S. is a Sloan Research
Fellow.
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