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The reaction of hydrazoic acid with [RuM(NH;);H,0]2* yields ammonia, nitrogen gas, and ruthenium(III) complexes. The

ammonia formed is found coordinated to the oxidized ruthenium, since [Ru(NH;)s]3* is a reaction product.
is isolated and characterized as the perchlorate salt of its sulfate ion pair, [Ru(NHj)s] (SO,)CIO,.

for the decomposition reaction is discussed.

Introduction

Interest in the interaction of the azide ion with
transition metal complexes has led to a variety of azide
ion decomposition reactions. The one electron reduc-
tion of transition metals (Ce(IV),! Co(I1I),2 Mn(III),?
Ru(II1)4) by azide ion, to yield 1.5 mol of Ny/mol of
azide ion, is well documented. The decomposition
of Ru(III) coordinated azides has been proposed to
proceed via a coordinated nitrene intermediate.*

A nitrene intermediate is also proposed® for the acid
decomposition of the azide ligand in [Ir(NHj;);N;]*+.
Reduction of the Ir(III) ion does not occur, but evi-
dence for an electrophilic nitrene intermediate has
been observed.

Different behavior has been reported for the reac-
tion of azide ion with one-electron reducing agents
(Cr(1D),57" VII)” Co(II),* Ni(I)).* Both chromous
and vanadous ion reduce the azide ion to N and NH;,
and one of the products of the chromous reaction is
[Cr(NH;) (H0)s 2.

Our general interest in the field of azide ion decom-
position reactions led us to investigate the reaction
of [Ru(NH;);H,O]**, another strong reducing agent,
with the azide ion. We wish to report on the decom-
position of the azide group to NH; and Nj, and of the
identification of [Ru(INHj)s]3+ as a reaction product.

Experimental Section

Preparation of - Aquopentaammineruthenium(II) Cation.—A
solution of [Rull(NH;)sH:0]?* was prepared by zinc amalgam
reduction of [RuMI(NH;);Cl]Cl,. The chloride ligand was
labilized when the ruthenium was reduced to the divalent state,
so the resulting solution was predominantly the water substituted
product, [RuM™(NH;);H,0]2+.® The following operations were
done in deareated solutions under an argon blanket,

Freshly prepared zinc amalgam (1-2 g) was dropped into an
aqueous solution of [Ru(INH;)sC1]Cl.: (0.29 g, 1.0 mmol in 15-20
ml H;0). Three drops of concentrated H;SO, were added to
the solution, and the bubbling solution was allowed to stand at
room temperature for 45-60 min. The product was used im-
mediately.

Reaction of Hydrazoic Acid with Aquopentaammineruthenium-
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This species
A possible mechanism

.(III) Cation.—Standard Schlenk tube and syringe techniques

were used to ensure exclusion of air, - The [Ru(NH;);H,0]2+
solution was filtered from the zinc amalgam into a previously
deareated aqueous solution of sodium azide (0.49 g, 0.75 mmol).
Immediate effervescence was observed. The addition of 34
drops of 4 M HySO4 was often necessary to keep the reaction mix-
ture acidic—an orange solution and a fluffy Zn(OH). precipitate
signaled when such acid was needed.

Separation of Hexaammineruthenium(III) Sulfate Perchlorate.
-—The reaction mixture was allowed to react at room tempera-
ture for 4 hr before it was filtered into an aqueous solution of
LiClO4 (0.5 gin 10 ml HyO). The white precipitate which formed
was collected by filtration (in the atmosphere), washed with cold
water,ethanol,and acetone,and air dried ; yield 0.16 g (409, based
on total Ru). Anal. Caled for [Ru(NHs)(SO.)CIOs: N,
21.08; H, 4.55; SO, 24.09. Found: N, 20.67; H, 4.65;
S042-, 24.16.

Ion-Exchange Chromatography.—Whatman CM-32 cation-
exchange resin was prepared as prescribed by the manufacturer
in the lithium form and packed into a 12-in. column. The reac-
tion mixture was concentrated to a volume of 5 ml and was loaded
onto the column. Using dilute LiClO, (0.01 M) as eluent, and
controlling the flow rate to 1 ml/min, the sample required about
3 hr to descend the column. Small fractions (3 ml) were col-
lected and their electronic spectra recorded.

Gas Evolution Measurements.—The quantitative gas evolu-
tion measurements were performed with standard vacuum line
techniques, as reported elsewhere.*

Ultraviolet and Infrared Spectra.—The ultraviolet spectra
were recorded on a Hitachi Perkin Elmer 124 double beam spec-
trophotometer, using l-cm gquartz cells. Infrared spectra in
the region 4000-400 cm ™! were recorded on a Perkin Elmer 457
spectrophotometer - calibrated against polystyrene. Spectra .
were taken as Nujol mulls between KBr plates.

Elemental Analyses.—Nitrogen, hydrogen, and sulfate anal-
yses were performed by Mr. G. M. J. Powell of the University of
Kent at Canterbury (England).

Results

Reaction of Hydrazoic Acid with Aquopentaammine-
ruthenium(III) Cation.—The addition of sodium azide
to an acidic solution of [Ru''(NH;);H,0)2+ causes the
immediate evolution of gas and a rapid color change
from orange to pale yellow. The electronic spectrum
(Figure 1) of the resulting acidic solution is complex
and does not correspond to the spectrum of any single
ruthenium(IT)~ or ruthenium(III)-ammine species.
The intense bands in the ultraviolet region, character-
istic of monomeric (220 nm) or dimeric (260 nm) Ru-
(II)-dinitrogen species,* are not observed. The spec-
trum remains unchanged when the solution is exposed
to the air.

Gas evolution measurements showed that when
excess [Ru(NH;);H,0]*+ is added to sodium azide,
1.0. mol of nitrogen is released per mole of azide ion
initially present. (Ceric ion oxidation of sodium azide
yields 1.5 mol of nitrogen per mole of azide ion.) In
the reaction of [Ru(NH;);H,0]*t with azide ion, the
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Figure 1.—Spectrum of solution after reaction of [Ru(NH;)s-
H,0]2* and sodium azide (pH 1).

unaccounted for nitrogen atom does not enter the
solution as free ammonia, hydrazine, or hydroxylamine,
for sensitive qualitative tests found no evidence of
these species. ™

The reaction solution contains the products [Ru-
(NH;);H,0** and [Ru(NH;)]**. The two complexes
were partially separated by ion-exchange chromatog-
raphy, but were more simply separated by fractional
crystallization. Addition of lithium perchlorate solu-
tion to the reaction mixture (which had been made
acidic with sulfuric acid) precipitated the hexaam-
mineruthenium(III) cation as [Ru(NH;)s](SO,)ClO0..
The product remaining in solution was primarily
[Ru(NH;);H,O*+, identified by its electronic spec-
trum (Figure 2). Neutralization of this solution led
to the immediate, reversible, formation of [Ru(INH;);-
OH ]2+ with its characteristic, intense ultraviolet spec-
trum.!'  Attempts to isolate [Ru(NH;);H,O](ClO,);
yielded a white solid contaminated with [Ru(NH;)s-
Cl1]2+ cation.

The amount of [Ru(NH;);H,O)3+ generated in this
reaction was measured by neutralizing the reaction
solution, and measuring the absorption at 295 nm,
characteristic of [Ru(NH);OH]** (Amax 295 nm, e
2100 M~! cm~!).'1 The absorption of [Ru(NHj)s]*+
at 295 nm is small compared to the intense absorption
of [Ru(NHj;);OH]** so that by the careful reaction
of measured amounts of [Ru?(NH,);H;0** and so-
dium azide the stoichiometry of the reaction could be
studied.

The maximum yield of [Ru(NH;);OH]** attained
from this reaction is 509, of the initial concentration
of [Ru™(NH;);H,O]*t; atmospheric oxygen generates
twice as much [Rul!(NH;);OH]?* from [Ru''(NH,);-
H,0]** as azide ion does.

The [Rul'(NH;);H,O]2+:N;~ ratio in the stoichiom-
etry of this section could also be monitored by measur-
ing the amount of [Ru!(NHj3);OH]**+ produced. The
yield of [Rul'(NH;);OH]2+ increased as the azide ion
concentration increased, until the azide ion concentra-
tion was 0.5 of the initial [Ru?*(NH;);H,O]*+ concen-
tration (Figure 3). Neither the introduction of atmo-
spheric oxygen nor the addition of excess azide ion in-
creased the yield of [Rul**(NH;);OH J?* after the N;—:
Ru(II) ratio had passed 1:2. When the azide ion
concentration was less than that prescribed by the
1:2 ratio, the presence of unoxidized Ru(II) was noted.
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Ralph E. Qesper, Elsevier, New York, N. Y., 1958, pp 235-247.
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Figure 2.—Spectrum of reaction solution after separation of
[Ru(NH;)e] (S04)Cl0,. Curve A is due to {Ru(NH,);H0}*+
(pH 1); addition of NaOH gives curve B, due to [Ru(INH,);OH]2+
(pH 6).
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Figure 3.—Analysis of stoichiometry of reaction between [Ru-
(NH;);Hy0]2 " and azideion. This graph measures the amount of
[Rulll(NH,);OH]?* generated in the reaction as a function of
the initial azide ion concentration and shows that only half of
the ruthenium atoms form [Rul(NH;);OH)2* in the reaction.
The concentration of [Rull’(NH;);OH]?* was measured by its
intense absorbance at 295 nm.

This was indicated by the immediate growth of the
[Rul(NH;);OH]** ultraviolet spectrum upon intro-
duction of air.

The overall stoichiometry of the reaction can then
be written

2[Rull(NH;):H,0]2* + 3H?* -+ Ny~ ~—>
[Ru(NH;);H:0]%* + [Ru(NHz)e]** + N: + H,O (1)

Isolation and Identification of Hexaammineruthe-
nium(III) Sulfate Perchlorate.—Attempts to use ion-
exchange chromatography to separate reaction products
were only partially successful. The yellow-brown
sample band spread to a width of 4-5 cm after descend-
ing the column, and the initial fractions gave elec-
tronic spectra corresponding to pure [Ru(NHj)]®+
(Amex 275 nm).!? The intense absorption at 295 nm
due to [Ru(NH;);OH)** contaminated all but the first
few fractions, however, until at the tail of the sample
band, pure [Ru(NHj;);OH |2+ waseluted from thecolumn.

A clean separation could be effected by fractional
crystallization. In the presence of sulfate ion, the
addition of perchlorate ion precipitated the hexaam-
mineruthenium(I1I) sulfate ion pair as the perchlorate
salt, [Ru(NH;)e](S0,)ClO;. Isolation of such an ion
paired species is an unusual phenomenon, and its iden-
tification is based upon the following data.

Elemental analyses fit the proposed formulation
(Experimental Section). The complex is paramagnetic,
with pess = 1.96, a typical value for a low-spin Ru(III)-
ammine complex.’® The electronic spectrum (Amax

(12) J.N. Armor and H. Taube, Inorg. Chem., 10, 1570 (1971).
(13) J. A. Broomhead and L. A. P. Kane-Maguire, J. Chem. Soc. 4, 546
(1967).
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TABLE I

VIBRATIONAL FREQUENCIES (CM™!) AND ASSIGNMENTS FOR THE INFRARED ABSORPTIONS OF THE COMPLEXES
[Ru(NH;)s] (80,)C10;, [Ru(NH;)s] Cls, K2SO,, AND KC1O; BETWEEN 4000-400 cM~—1 ¢

Assignment [Ru(NHz)]S0«C104 [Ru(NHy)e]Cls? S04~ ¢ C104~¢
v(NH) 3350-31004 d
S(NHj)deg 1630 s, br 1612 s, br
§(NHj)eym 1340 s 1362 m, 1338 s, 1316 vs
p(NH;) 850 s, br 788 s
y(RuN) 450 w 464 w, 452 w
11(S0,27) 970 vw 983 vw
1/1(C104—) 935 vw 9356 vw
»3(80,2-, Cl0,™) 1080 br 1105 1050-1170
V4(C104—) 626 s 630
v4(S0.27) 615 sh 611

@ Abbreviations:
Can. J. Chem., 45, 1337 (1967).
N. Y., 1970.

4 Region of broad absorption.

275 nm, ¢ 485 M~! em™!) is similar to the spectrum
reported for [Ru(NH;)g]Cly (Amax 274 nm, ¢ 473 M1
cm~1).12 .

The infrared spectrum of [Ru(NH;)s](SO,)ClO,
also supports the proposed formulation (Table I).
Of particular interest is the marked difference in the
NH; rocking vibration (850 cm~!), for this is the most

sensitive of the NH; deformations to the effects of

the outer ligands.!* The increased frequency of the
NH; rocking mode for [Ru(NH;)q](SO,)ClO; is indica-
tive of increased hydrogen bonding to the outer ions,

The infrared absorptions due to the sulfate and per-
chlorate ions overlap extensively, but the very weak
absorptions at 935 and 970 cm™! can be assigned to
the symmetric stretching vibration () of the per-
chlorate and sulfate ions, respectively.’®* No splitting
of the intense »; absorption (1090 em~!), which would
indicate coordination of the sulfate, was observed, nor
were any peaks observed which would indicate bonding
of the sulfate ion to the ammine nitrogens.® Thus it
is concluded that both the sulfate and perchlorate
ions maintain approximate I summetry in [Ru-
(NHjs)6](S0,)ClOs.

Addition of barium ion to a cold solution of freshly
dissolved [Ru(NHj3)](SO4)ClO4 led to the immediate
precipitation of BaSO,. Recrystallization of [Ru-
(NHj;)6](S04)CIOs from a cold solution of NH,Br
yielded the yellow solid [Ru(NHs)s]Br; which gave a
negative test for sulfate. These results confirm that
the sulfate ion is not strongly bound to the ruthenium
or to the coordinated ammines, and that it is best con-
sidered as a free ion in the outer coordination sphere
of the hexaammineruthenium(III) cation.

Discussion

The two-electron reaction of hydrazoic acid with
ruthenium(II), as observed here, has also been re-
ported using Cr(II)%7 and V(II).® The reaction prod-
ucts were also nitrogen gas, ammonia, and 2 equiv
of oxidized metal complexes in the trivalent state. In
the chromous reaction approximately half of the re-
sulting chromic complexes contained a Cr-N bond,®
reminiscent of the formation of [Ru(NH;)s]*+ in eq 1.
This suggests that a similar mechanism may be in-
volved in all of these noncomplementary reactions

(14) G. F. Svatos, D. M. Sweeny, S. Mizushima, C. Curran, and J. V.
Quagliano, J. Amer. Chem. Soc., 79, 3313 (1957).

(15) A.Nakahara, Y. Saito, and M. Kobayashi, ibid., T8, 3295 (1956).

(16) K. Nakamoto, ‘“Infrared Spectra of Imorganic Coordination Com-
pounds,’”’ 2nd ed, Wiley, New York, N. Y., 1870.

s, strong; vs, very strong; br, broad; w, weak; vw, very weak; sh, shoulder.

b A. D. Allen and C. V. Senoff,

¢ K. Nakamoto, “Infrared Spectra of Inorganic Coordination Compounds,”’ 2nd ed, Wiley, New York,

between hydrazoic acid and one-electron reducing
agents.

A plausible mechanism for the reaction of hydrazoic
acid with [Ru(NH;);H;0]** may be similar to that
proposed by Linck” for the reaction of HN; with Cr2+,,.
The experimental results reported here are consistent
with the reaction scheme illustrated by eq 2-5.

[(NH;3):RuH,0]2* + HN; —> [(NH;:RuN;H}]** + H,0 (2)
[(NH;)sRuNgH]2+ —> [(NH;);RuNH]?* + N, (3)
[(NH;)RuNH]?* + H* —> [(NH;)RuNH;]*t  (4)

[(NH;);RuNH,]3* + [Ru(NH;)H,0]** + HY —>

[Ru(NH;)s)** + [Ru(NH;):H.0]3+ (5)

The initial coordination of hydrazoic acid (eq 2) is
consistent with the known substitution lability of
[Ru''(NH,);H,0]%+, and the fact that all of the am-
monia generated in the reaction is coordinated. No
ammonia could be found free in the solution, so the
formation of a Ru-N bond must precede cleavage of
an N-N bond in the azide group. Once formed, this
Ru-N bond remains intact throughout the reaction.

The decomposition of the coordinated hydrazoic acid,
with the release of a molecule of nitrogen gas, is repre-
sented in eq 3. The following reactions (eq 4 and 5)
of protonation and redox to yield the ruthenium(III)
products need not take place in the sequence shown,
and no attempt was made in this work to investigate
the details of these processes.

The interesting question to ask is, what is the nature
of the proposed active intermediate [(NH;);RuNH]2+?

- Similar intermediates have been proposed for the reac-

tions of . [Ru(NHy);N;1*+ and of [Ir(NH;):N;z]?* with
acid. The intermediates in these reactions were
formulated*® as the coordinated nitrene species
[(NHg)sRuM-NH}*+ and [(NH,)sIr-NH]*+, respec-
tively. The formulations were made on the basis of
the electrophilic reactions of the coordinated nitrene.
For example, in the absence of efficient trapping agents
the ruthenium (ITI)~nitrene system couples to form the
known bridged species (eq 6), whereas the iridium (I1I)-

2[(NH;)sRulll-NH]3+ —>
[(NH,)sRull-No-Rull(NH, )sJ4+ + 2H*  (6)
nitrene reacts with hydrochloric acid to form the chlor-
amine derivative (eq 7).
[(NH):IrI-NH]*+ + HCl —> [(NH,)Ir!-NH,Cl]**+ (7)

In contrast to this nitrene behavior, it is clear that
the species [(NH;);RuNH]?+ (eq 3) reacts as a nucleo-
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phile (eq 4 and 5). Thus the coordinated NH group
in this complex reacts as a coordinated imido group,
—I:\iH?‘, and not as a coordinated nitrene, -NH. It
should be noted that the imido and the nitrene
formulations are, in fact, valence resonance structures,
as shown by

[(NH,):RulV-NH]#* <—> [(NH;);Rull-NH]?+

coordinated imido coordinated nitrene

These two structures show an electron pair localized
either on the nitrogen (imido) or on the ruthenium
(nitrene). The electron delocalization representation,
with appropriate orbital overlap, is given by

/,
//// /// \\\\\ @
Ru—;NH

This pictorial representation is preferable to the above
valence bond designations, and suggests a structure
somewhere between the extreme imido and nitrene
forms. The experimental results show that this
species reacts as a nucleophile, indicating that there isa
fairly high electron density at the nitrogen atom of the
intermediate. The electron delocalization stabilization
of such a species may be responsible for the thermal
reaction of certain azido metal complexes with acid,**
as well as their photochemical reactions,” to yield
molecular nitrogen.

Returning to the reaction scheme proposed (eq 2-5),
the species involved can be represented in accordance
with eq 3a—5a.

(17) J.L. Reed, F. Wang, and F. Basolo, J. Amer. Chem. Soc., in press.
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[(NH;)RuTN;H]?* —> [(NH;)RuV-NH]?* 4+ N, (3a)
[(NH)eRuV-NH]?+ + HY —> [(NH)RulV-NHy]*+  (4a)

[(NHs)sRUIV—NHz]3+ + [Rull(NH;):H.0]** + H* —>
[RuT(NH;)s]*+ + [Rul(NH,):H0]!+ (5a)

Under the conditions of the experiments in this in-
vestigation, the stoichiometry of the reaction was
established to be that shown by eq 1. This means the
proposed intermediate reacts (eq 4a) as the imido
nucleophile and not as-its valence resonance equivalent,
the nitrene [(NH;);Ru-NH]?*+. It would be of
interest to attempt this reaction in the presence of a
high concentration of a strong nucleophile to determine
if any of the nitrene behavior can be detected, but this
was not done. However, the reactions!? when oxygen
is passed through a solution containing [Ru(NH;)s]3+
and sulfur nucleophiles to produce [Ru(NH;):NHSO;]+
may involve a nucleophilic attack on the nitrogen of
the coordinated nitrene in the resonance system
[(NH):RuV-NH** < [(NHy),Ru!'-NH]?*. Addi-
tional studies are required to resolve the questions of
reaction mechanisms in these systems, but it will be
important in such investigations to keep in mind that
the intermediate species may behave either as a nucleo-
phile (imido) or an electrophile (nitrene).
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Proton nmr was used to measure the methanol exchange rate from the cis and trans coordination sites of the Co(CH;OH )s-

NCSTion by line-shape analysis of the methyl resonance of the coordinated methanol.
transverse relaxation times of the cis and trans methanols were found to be equal.

The exchange contributions to the
The exchange contribution to the trans-

verse relaxation time of the methyl resonance of the bulk methanol was measured and the result compared to the value

predicted on the basis of the bound solvent relaxation data.

From these measurements it was concluded that the methanol

exchanged from each type of coordination site without internal rearrangement of the complex, and the cis and trans exchange

rates were equal.

The value for the solvent exchange rate constant per coordinated methanol molecule at 25° is 2.4 X 10¢

sec™l. The corresponding values of AH¥ and AS¥ are 11.7 kcal mol~* and 9.9 eu, respectively. Data describing the natural
line widths and chemical shifts of the coordinated solvent are also included.

Introduction
Summaries of current theories concerning the
mechanisms of substitution reactions of labile transition
metal ions can be found in many recent reviews.!
Detailed mechanistic information concerning sub-

(1) (a) D. J. Hewkin and R. H. Prince, Coord. Chem. Rev., B, 45 (1970);
(b) A. McAuley and J. Hill, Quart. Rev., Chem. Soc., 28, 18 (1969).

stitution reactions of Ilabile octahedral transition
metal complexes has generally been limited to a few ions
exhibiting comparatively slow reaction rates. For
reactions involving substitution of coordinated solvent
molecules, the reaction rate appears to be controlled
by the rate of dissociation of the bound solvent molecule
rather than by the rate of bond formation with the



