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A kinetic study of the acid- catalyzed hydroelysis of coordinated cyanate ion to coordinated ammonia plus carbon dioxide has

been carried out for the complex ions Ru(NH;):(NCO)?+ and Rh(NH,);(NCO)?*.
d[M(NHa)e(NCO)”] /dt = kaf M(NHa)s(NCO)2+ [H*] with ks = 0.62 &

complex displayed a simple second-order rate law:

In dilute acid, the hydrolysis of each

0.02 M~1sec™ for M = Rh(III) (AH ¥ = 10.9 kcal/mol, ASF = —23 eu) and with &, = 0.059 & 0.001 M ~tsec~for M =

Ru(Ill) (AH¥ = 12.2 kcal/mol, ASF =

—23 eu) at 25.0°.

At higher acid concentrations (>0.1 3), hydrolysis of the

rhodium (I1T) complex displays more complicated spectrophotometric kinetics owing to the relative stability of a reaction

intermediate Rh(NH;);(NH,CO;H )3* which can be isolated as a solid salt and characterized spectroscopically.
decomposes in the solid form and in aqueous solution to give CO, plus Rh(NH,)e?*.
tion follows the rate law d[Rh(NH;);(NH,CO.H)**]/ds =

secland k-; = 0.96 X 1073 M sec~1at 25

This species
In aqueous solution, the decomposi-

(ko + k-1 [H*]~1)[Rh(NH,)s(NH,CO.H)**] with ks = 2.1 X 10732

These data and reactivity differences between the ruthenium(III)and rhodium-

(IIT) complexes are interpreted in terms of the probahle hydrolysis mechanism.

Introduction

Reactions of ligands coordinated to transition metals
have been a topic of considerable interest in recent
yvears.! These studies have taken the form of com-
parisons of reaction characteristics of coordinated ws.
uncoordinated (free) ligands and comparisons of differ-
ent metal ion coordination sites with ligand reactions,
Relatively few studies (outside organometallic systems)
have compared ligand reactivity between analogous
complexes where the only difference is a single nuclear
charge or a single d-orbital electron. Comparisons of
such compound pairs have been made? for properties
and some reactions of organonitrile ligands in the iso-
electronic complex ions Ru(NH;);(RCN)?+ and Rh-
(NH;);(RCN)?*+ (both low-spin 4d®) where the principal
difference is a single metal atom nuclear charge and
have been made for some ammine complexes of Ru(II)
and Ru(III) where the difference is one 4d electron and
consequently a 41 difference in ionic charge.? In the
present study are compared the reactivity of coordi-
nated cyanate ion in the analogous complexes Ru-
(NH;);(NCO)2+ (low-spin 4d°) and Rh(NH;);(NCO)?+
(low-spin 4d°%) having the same electrostatic charge but
electronic configurations differing by one d-orbital elec-
tron.

The principal reaction with which this study is con-
cerned is the acid-catalyzed hydrolysis of coordinated
cyanate ion to carbon dioxide plus coordinated ammonia
(eq 1). Balahura and Jordan* have reported a similar

(1) For an extensive review see M. M. Jones, “Ligand Reactivity and
Catalysis,’”’ Academic Press, New YVork, N. Y., 1968.

(2) R. D. Foust, Jr., and P. C. Ford, présented at the Pacific Conference
for Chemistry and Spectroscopy, San Francisco, Calif., Oct 1970; to be
submitted for publication.

(3) (a) R. E. Clarke and P. C. Ford, Inorg. Chem., 9, 227 (1970); (b)
R, E. Clarke and P. C. Ford, ibid., 9, 485 (1970); (c) P. C. Ford, R. D.
Foust, Jr., and R. E. Clarke, ibid., 9, 1933 (1970),

(4) R.J.Balahuraand R. B. ]ordan ibid., 9, 1567 (1970).

M(NH;);(NCO)?* 4 HO+ —>

M(NH;)¢* + CO, (M = Rh(III) or Ru(III)) (1)

study of the analogous cobalt(III) complex (eq 1, M =
Co(III)) where they demonstrated that the reaction
rate is first order in acid concentration. A similar acid-
catalyzed pathway has been reported for the hydrolysis
of cyanic acid (HNCO) to CO; plus NH,+,

Experimental Section

Materials.—Chloropentaammineruthenium (II1) chloride, [Ru-
(NH;):Cl] Cly, was prepared by published methods from ruthe-
nium trichloride (Engelhard Industries).® Chloropentaammine-
rhodium(III) chloride, [Rh(NH,);Cl]Cl;,, was prepared by the
method of Johnson and Basolo® from rhodium trichloride (Engel-
hard Industries). Aquopentaamminerhodium(III) perchlorate,
[Rh(NH,;)sH,0][ClO4]:, was prepared using the method of Foust?
by refluxing aqueous [Rh(NH;)Cl]Cl; 2 hr in the presence of
stoichiometric silver(I) perchlorate (Ag(I):Rh(III) = 3). Fil-
tration of the hot reaction solution followed by addition of
sodium perchlorate leads to a nearly quantitative yield of solid
[Rh(NH;)H.0][ClO4]s. Sodium cyanate (Sargent), urea (Mal-
linckrodt), and Spectrograde N,N-dimethylacetamide (Aldrich)
were obtained from commercial sources and used without further
purification.

Syntheses. [Ru(NH,);(NCO)]Br,.—[Ru(NH;);Cl]Cl; (0.27
g, 0.93 mmol) was digested in a 5-ml silver trifluoroacetate solu-
tion (prepared by dissolving AgO (0.20 g, 0.86 mmol) in suf-
ficient aqueous trifluoroacetic acid). The resulting solution was
filtered to remove silver chloride and deaerated by entraining
with argon in a small separatory funnel. The Ru(III) of this
solution was then reduced by adding granular zinc amalgam
(0.5 g) and agitating the solution with a stream of purified argon.
After sufficient time (about 10 min) to effect complete reduction
to Ru(II), the solution was neutralized with sodium bicarbonate,
solid sodium cyanate (0.5 g, 7.7 mmol) was added to it with
agitation, and the resulting mixture was immediately filtered.
The filtrate solution was then exposed to air to allow slow oxida-
tion to Ru(III). Subsequent addition of sodium bromide solu-
tion gave a dark yellow precipitate which was recrystallized from
hot water to give 0.21 g (0.54 mmol, 587, yield) of [Ru(NH;)s-

(5) S. A.Johnsonand F. Basolo, tbid., 1, 925 (1962).
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(NCO)]Br:. Anal. Caled for CHisNgOBrRu:
3.9; N,21.7. Found: (,3.2; H,3.9; N, 21.3.

[Rh(NH;);(NCO)][ClO,],.,—The synthesis procedure was a
modification of the method of Balahura and Jordan! used to pre-
pare the analogous cobalt(IX1) compound. [Rh(NH;);H,0]-
{ClO4]s (0.321 g, 0.64 mmol), urea (0.33 g, 5.5 mmol), “Linde’’
molecular sieve (0.5 g, Type 3A), and 5 ml of Spectrograde N,N-
dimethylacetamide were heated together for 3 hr at 125° in a
small, round-bottom flask with occasional stirring. After this
period, t he mixture was filtered while hot, and 2-butanol (about
30 ml) was added to the filtrate solution to give, after cooling,
a very pale yellow precipitate. This solid was collected to give,
after cooling, a very pale yellow precipitate. This solid was
collected by filtration and recrystallized from ethanol-water to
give 0.176 g (0.41 mmol, 659, yield) of microcrystalline [Rh-
(NH;)s(NCO)]{ClO4]2. A4nal. Caled for CHisNeOyCl,Rh: C,
2.8; H,3.5; N, 19.6. Found: C,2.8; H,63.8; N, 19.2,

Spectra.—All uv-vis spectra reported were obtained with a
Cary Model 14 recording spectrophotometer at room temperature,
of dilute solutions in red istilled water. Solutions for extinction
coefficient measurements were prepared gravimetrically, and
absorption maxima and extinction coefficient values were deter-
mined from reproducible duplicate solutions. These data for the
isocyanatopentamminerhodium(III) and -ruthenium(III) ions
are listed in TableI.

C, 3.1; H,

TABLE 1
Uv SPECTRA OF CYANATE COMPLEXES
Amax, nm e, M~lcem™?
[Ru(NH;)s(NCO)|Br, 347 3610 += 40
i 265 2092 4 5
[Rh(NHj3);(NCO)][Cl10,], 323 276 £+ 5
269 160 = 5

Infrared spectra were obtained for solid samples in KBr disks
using a Perkin-Elmer 225 recording infrared spectrophotometer.
Absorption maxima (4=2 cm ™ for sharp peaks) are reported for
the isocyanato complexes in Table II1.

TaBLE II
INFRARED SPECTRA OF CYANATE COMPLEXES (», cM~1)®

[Ru(NHs)s- [Rh(NH%):(NCO)]-
(NCO)]Br [C10¢]2 Assignment
3450 s, b, sh ~3500 s, b, sh, N-H str
3250 vs, b ~3240 vs, b
2220 vs 2264 vs C-N str
1615, b 1625 s, b NH; degenerate def
1319 m, sh 1355 m, sh C~O str
1295 vs 1310 vs NHj sym def
o ~1100 vs, b Cl04™
S 938 m ClO,~
795s, b 844 s, b NH; rocking mode
. 636, 629, 626 s ClOs~
578 s 585 ms NCO bend
455 m 473 m M-NH; str
345 m
@ KBr pellets. Abbreviations: vs, very strong; s, strong;

m, medium; w, weak; sh, shoulder; b, broad.

Rate Studies.——Rates of the acid hydrolyses were determined
for most runs by following the disappearance of a uv absorption
band characteristic of the respective isocyanato complex, 347
nm for the Ru(III) species and 323 nm for the Rh(III) species.
All runs were carried out using a Cary 14 recording spectro-
photometer equipped with a thermostated cell compartment.
Solutions and cells were thermostated prior to initiating a run.
Reaction rates were studied as a function of [H*} and temperature
in aqueous dilute HCI solution using NaCl to maintain the ionic
strength at either 0.1 or 1.0 &/. Pseudo-first-order rate con-
stants for the Ru(I11) complexes were obtained from the typical
In (4, — A,) vs. time plots; however, the consecutive reactions
observed with the rhodium(II1) complex (see Results) necessi-
tated measuring the kinetics of the initial step atlow [H*], and
the kinetics of the second step, at high [H*]. All rate runs were
initiated by pipetting or syringing an aliquot of thermostated
acid solution into a measured volume of thermostated isocyanato
complex solution in the reaction cell, agitating, and transferring
the cell immediately to the spectrophotometer cell compartment.
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Results

Hydrolysis of Ru(NH;);NCO2* (A).—The reaction
between dilute aqueous HCl and A leads to immediate
evolution of a gas identified as CO, from its infrared
spectrum. Addition of concentrated perchloric acid
or sodium perchlorate solution precipitates an essen-
tially quantitative yield of [Ru(NH;)s][ClO;]; identi-
fied by its exact duplication of the ir and uv spectral
properties of an authentic sample of the hexaammine
complex. These products clearly identify the acid
hydrolysis as following eq 1 and the cyanate ion complex
as the N-coordinated isocyanatopentaammineruthe-
nium(IIT). (Hydrolysis of the O-coordinated isomer
would be expected to give Ru(NHj);H;0%+ under the
reaction conditions.) Heterogeneous reaction between
cold aqueous 6 M HCIO,; and the solid [Ru(NHj)s-
NCO]Br; gives a white solid whose properties are some-
what different from those of the dilute acid product.
For example, the solid effervesces slightly on dissolution
in neutral water, although the uv spectrum of the result-
ing solution is that of Ru(NHj)®". However, no
effervescence was observed on dissolution of this prod-
uct in cold aqueous 6 M HCI, and the uv spectrum of
the resulting solution, while similar to that of Ru-
(NH;)s*+ under identical conditions, displayed an addi-
tional absorption at 234 nm. The ir spectrum (KBr
pellet) was essentially identical with [Ru(NH;)e][ClO4l,
but had a single extra band at 2320 cm ™! indicative of
some CO, trapped in the solid matrix. The solid de-
composed slowly at room temperature and after several
hours displayed properties identical with those of
[Ru(NH;)s][ClO,];. These rather insubstantial data
support the tentative conclusion that the isolated prod-
uct of the 6 M HCIO, hydrolysis is a mixture of the
hexaammine and an unstable carbamic acid complex
[Ru(NH;);(NH,CO,H)][ClO,}; analogous to the prod-
uct isolated under similar conditions of hydrolysis of the
isocyanatorhodium(III) complex (see below).

The rates of the dilute HCI hydrolysis of A were
determined spectrophotometrically by following the
disappearance of the 347-nm band (Table I). The re-
actions were first order in [A] giving linear In (4, —
A«) vs. ¢t plots over 3 or more half-lives for all acid con-
centrations examined (0.003-1.0 M), hence the rate law

dfa] _ .,
-~a = ka'[A] (2)
The rate constant k4’ obeys a simple first-order depen-
dence on acid concentration (Figure 1) to give the rate

law

—AAL ) @)
Table IIT summarizes the values of ks determined at

several temperatures (ionic strength maintained at 0.1

TaABLE 111

RATE PARAMETERS FOR THE HYDROLYSIS OF
Ru(NH;),(NCO)** 1y DiLute HCL

Temp, AHF, AS¥F,
°C E2,% M ~1 sec™t kecal mol 1 et
25 0.0593 == 0.0011 12.2+0.5 —23 4= 2

1
1 0.0668 = 0.0012
35.0 0.113 = 0.006
4 0.220 = 0.010
e [Ru(NH;)sNCO2 ] initial = ~2.2 X 107* M for all runs, 4 =
0.10 (C1-).
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ko x103sec

Il i
0.08 .10

[H]

{

Figure 1.—[H *] dependence of rate constant k4’ for hydrolysis of
Ru(NH)s(NCO)?* (25.1°, p = 0.10).

M with NaCl) and the activation parameters calculated
for 25.1°.

Hydrolysis of Rh(NH,);NCO2* (B).—The reaction
between dilute aqueous HCI and the rhodium(III)-
cyanato ion complex (B) also leads to immediate gase-
ous évolution of CO,; Perchlorate addition precipi-
tates an essentially quantitative yield of [Rh(NH;)l-
[C10s]; identified by comparison of the product’s spec-
tral properties with literature values and by nitrogen
analysis (caled, 16.699; found, 16.239%). These prod-
ucts identify the hydrolysis of B aseq 1 (M = Rh(III))
and the nature of B (prepared by the reaction bétween
Rh(NH;);H;0%+ and urea) as isocyanatopentaammine-
rhodium(IIT).

The hydrolysis of [Rh(NH;);NCO][ClO4]; in 6 M
aqueous acid (either homogeneous in cold 6 M HCI fol-
lowed by perchlorate addition or heterogeneous in cold
6 M HCIO,) gives a solid which is not the perchlorate
salt of Ru(NH;)s**. The absence of visible bubbles
also suggests that CO; is not formed in the reaction.
The product (C) of the 8 M acid hydrolysis does effer-
vesce vigorously (releasmg COy) when d1ssolved in neu-
tral water, the resulting solution having a uv spectrum
consistent with that of the hexaammine. Dissolution
in cold 4 M HCI, however, did not result in CO, forma-
tion and the solution displayed a uv spectrum distin-
guishably different from that of Rh(NH,)s*+ under
similar conditions: Amax 314 nm (e 154) and 259 nm
(e 122) compared to 307 nm (e 135) and 256 nm (e 105)
for Rh(NH;)s*+in 4 M HCl. The ir spectruni of C (KBr
pellet) is dependent on the time the sample has been in
the spectrophotometer irradiation beam. When the
spectrum was rapidly scanned immediately after placing
the sample in tlie beam, a strong absorption at 1760 cm™?!
consistent with the presence of a ~CO,H group was ob-
served along with the bands expected for the perchlorate
salt of a rhodium(III)-ammine complex cation. After
several minutes in the spectrophotorneter beam (even
at low beam intensity) the sample’s spectrum changed,
the most prominently changed features being the disap-
pearance of the 1760-cm—! band and development of a
new band at 2335 cm~! indicative of CO, trapped in the
KBr solid matrix. These data strongly suggest that C
is the relatively unstable, nitrogen-coordinated car-
bamic acid complex [Rh(NH,);(NH,COH)][ClO4];
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which might be expected as an intermediate in the hy-
drolysis described by eq 1.

The rates of the acid hydrolysis of B were determined
spectrophotometrically by following the disappearance
of the 323-nm band (Table I). In contrast to the hy-
drolysis of the Ru(III) analog, A, the resulting In (4, —
A«) vs. time rate plots were not simply linear at all acid
concertrations. Atlow acid concentrations, simple first-
order dependence on [B] is observed; at intermediate
acid concentrations (~0.05 M), a complicated curve is
observed, while at high acid concentrations (>0.2 M),
a simple first-order reaction is again observed. How-
ever, this reaction was preceded by another reaction too
fast to follow by the conventional techniques employed
(see curves 1, 2, and 3 in Figure 2). This behavior sug-

T T Ll
100 2&0
sec.

Figure 2.—Ln (4: — A.) vs. ¢ plots for Rh(NH;);(NCO)2+
hydrolysis at different acid concentrations (25°): curve 1, [H*]
= 0.0234 M, p = 0.10; curve 2, [Ht] = 0.050 M, u = 0.10;
curve 3, [H¥] =0.20 M, u = 0.2.

gests consecutive pseudo-first-order reactions having
different dependence on [H*}], where in low [H*] the
first reaction is rate determining while in high [H+] the
second reaction is rate determining. Consequently
these can be resolved independently by determining the
rates at the extremes of [H*] concentrations.

Over the low [H+] range (0.005-0.025 M), rates first
order in [B] are observed giving pseudo-first-order rate
constants kg’ which display a simple dependence on
[H+] (Figure 3) to give the rate law

——— = kp[H*][B] (4)
Tdble IV summarizes the values of kyp determined at
TABLE IV

RATE PARAMETERS FOR THE INITIAL STEP OF THE
Acip-CataLyzep Hyprorysis oF Rh(NH;):(NCO)2+

Tetmp, 2, @ AHF, ASF
°C M "1 sect kcal mol—t eu

25.1 0.62 % 0.02 10.9+0.6 —23+ 2

34.5 1‘Q8:I:0.02

44.0 1.92 4+ 0.05

¢ [Ru(NH;)sNCO2 ] initial = ~8.3 X 103 M for all runs, u =
0.10 (C1-).

several temperatures (ionic strength maintained at 0.1
M with NaCl) and the activation parameters calcu-
lated for 25.1°.



2156 Imorgamic Chemistry, Vol. 10, No. 10, 1971

e
0.01 0.02

(w}

Figure 3.—[H *] dependence of rate constant k' for hydrolysis of
Rh(NH;)(NCO)?* (25.1°, u = 0.10).

Over the high [H+] range (0.20~1.0 M), the spectro-
photometric rate plots are linear for the second reaction
stage (Figure 2, curve 3) but the reaction being followed
is obviously the disappearance of an intermediate I as
extrapolation of these plots to ¢ = 0 does not give an
absorbance value comparable to that of the starting
material. The pseudo-first-order rate constants kb’ in-
clude contributions from steps zero order and reciprocal
in [H+] (Figure 4) to give the rate law

~ U + e (®)
where &y = 2.1 X 107 %*sec™tand k—; = 0.96 X 10— M

sec™tat 25.1° (u = 1.0 (CI7)).

i <103 see

LN

Figure 4.—[H*] dependence of rate constant k1’ for decomposi-
tion of Rh(NH;)s(NH;CO,H)®* (25.1°, u = 1.00).

Discussion

The common bonding mode of cyanate ion transition
metal complexes is nitrogen coordination® although
recently several oxygen-coordinated cyanate complexes
have been reported.” Isolation of the respective hexa-
ammine products of the acid hydrolysis of Ru(NH;);-
(NCO)?* (A) and Rh(NH;);(NCO)2+ (B) provides con-

(8) (a) J. L. Burmeister, Coord. Chem. Rev., 8, 225 (1968); (b) A, H.
Norbury and A. I. P. Sinha, Quart. Rev., Chem. Soc., 24, 69 (1970).

(7) (a) J. L. Burnieister, E. A. Deardorff, A. Jensen, and V. H. Christian-

sen, Inorg. Chem., 9, 58 (1970); (b) R. A. Bailey and S. L. Kozak, J. Inorg.
Nucl. Chem., 81, 689 (1969).

PeTER C. FORD

vincing evidence tHat these two complexes display
cyanate ion coordination at the nitrogen. A similar ob-
servation! was made for the cobalt(III) analog, Co-
(NHj;)s(NCO)2+,  The ir spectra of these species (A
and B) are also consistent with those of other known
isocyanato (N-coordindted) complexes including [Co-
(NH;)s(NCO) ][Cl0,],*8 with the C~O and C-N stretch-
ing bands (Table II) for each appearing at higher fre-
quencies than in the spectrum of KNCO.*

The uv spectra of A and B differ in a manner easily
explained in terms of the different electronic configura-
tions. The strong 347-nm absorption band (Table I)
of the 4d® Ru(III) species A is undoubtedly a ligand-to-
metal charge transfer from a filled ligand = orbital to a
partially unfilled metal d= (t-type) orbital. Similar
charge transfers have been recognized® for the Halogeno-
pentaammineruthenium(III)  ions, Ru(NHy);X?*,
where X~ = Cl—, Br—, and I~. In contrast, the low-
spin 4d® rhodium(III)-isocyanato complex displays
two, less iritense bands (323 and 269 nm, Table I) which
in analogy to other pentaamminerhodium(III) species
are recognizable as d — d transitions.™™!! Osborn,
Gillard, and Wilkinson used the energy of the longer
wavelength band to assign the position of the ligand X
in a spectrochemical series for Rh(NH;);X?*. In this
manner, the position of -NCO~ (323 nm) in the spectro-
chemical series is found close to that of OH~ (321 nm)?®
and of ~-NH,CO,H (314 nm, the intermediate in Rh-
(NH,);:NCO?*+ hydrolysis) is found close to that of
H,O (316 nm).'® With these additions and with the
spectral data reported by Schmidtke!? for the S- and
N-coordinated thiocyanate linkage isomers of Rh-
(NH;);(SCN)2+ (longer wavelength bands at 375 and
at 820 nm, respectively), this spectrochemical series
reads: I~ <-SCN~ < Br~ < ClI~ <-NCO~ < OH-
<~NCS~ < H;0 < -NH;COH < H- < NH; < ~NO; ™.

Hydrolysis of Coordinated Cyanate.—Certain ob-
servations suggest a mechanism (eq 6-10) for the hy-

M/

Ks \
M/NCO2* 4+ HT /—== N=C==03+ ()
H
(M’ = Rh(NH;3)s#* or Ru(NH;):3 %)
M’ M’ O~ 3+
AN k1o \ / . fast
N=C=0%* + H,0 —> N==C —_—
/ N
H H OH,+
Q3+
7
M/NH,C )
OH
I
K
M/NH,CO,H*+ === (M'NH,CO,~)* + H* (8)
kg
(M'NH,CO,™)?* —> (M'NH:7)2* + CO: (C)]
fast, H+

M/NH** 4+ CO;
k
M/NH;COH!+ —> (M/NH,~):* 4+ CO,H+  (10)

fast
M'NH;z** + CO,

(8) J. L. Burmeister and N. J. De Stefanoc, Inorg. Chem., 9, 972 (1970).

(9) J. A. Stritar, Ph.D. Dissertation, Stanford University, 1967.

(10) J. A. Osborn, R. D. Gillard, and G. Wilkinson, J. Chem. Soc., 3168
(19864).

(11) C.K. Jgrgensen, Acia Chem. Scand., 10, 500 (1958).

(12) H. H. Schmidtke, J. Amer, Chem. Soc,, 8T, 2522 (1965).
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drolysis to coordinated NHj plus COs... (i) -In dilute
acid, the kinetics of each case studied have displayed a
step first order in [H*]. (ii) A carbamic acid complex
jon, Rh(NH,);(NH,CO;H)3*, can be isolated under cer-
tain hydrolysis conditions for B and a very unstable
analog apparently has been isolated for the Ru(III)
system. (iii) In more concentrated acid solution, a
second step (decomposition of the carbamic acid com-
plex) becomes rate determining for product formation
in the Rh(III) system. This second step displays rate
terms both independent of [H+] and reciprocal in [H*].
With this scheme, the rate-determining acid hydrolysis
step (point (i)), having rate constants ksp for A or ksp
for B, reflects the product of a fast proton-dependent
equilibrium (eq 6) followed by attack of H,O to establish
the new carbon-~oxygen bond (eq 7) giving

koa (or kap) = Kiky (11)

where K; and k; are functions of the specific system
undergoing hydrolysis. There is no evidence which
distinguishes whether initial protonation is of the iso-
cyanate nitrogen (eq 6) or of the oxygen to activate the
carbon toward nucleophilic water. Protonation of
nitrogen serves the purpose and requires fewer proton
transfers to convert the species initially formed by H,O
attack into the carbamic acid complex (I). These
steps (eq 6 and 7) are the only ones observed kinetically
for the ruthenium(IIT) and cobalt(III) isocyanato-
pentaammines either because the carbamic acid inter-
mediate is indistinguishable from the product by the
kinetic techniques employed or because the subsequent
steps are much faster (see below). For the hydrolysis
of the Rh(III) complex, B, however, subsequent steps
are observable in solution sufficiently acidic that forma-
tion of the carbamic acid species (I) is rapid. The rate
law for decomposition of I would be explained by the
proposed mechanism (eq 8-10) giving k; = ky and
k—y = Kgky,. The mechanisms for the [H+]~!-depend-
ent decomposition (eq 8 and 9) appears quite reason-
able as it involves separation of (MNH;~)%* from a good
leaving group (CO,) for the rate-determining cleavage
of the C-N bond. In contrast, eq 10 which employs
CO;H* as the leaving group is not as attractive. None-
theless, the decomposition of I in strongly acidic
solutions occurs at rates not explainable simply by
k—1[H*t]~1.. Another mechanism which would be the
kinetic equivalent of eq 10 is a concerted transfer of H*
to the developing amide group simultaneous with CO,
departure. Such a transfer could be strictly intra-
molecular or could involve intervening water molecules.

Comparison of Different Complexes.—Second-order
rate constants (25°) and activation parameters for the
acid-dependent hydrolysis of coordinated isocyanate
and of cyanic acid are summarized in Table V. Per-
haps surprisingly, the ks’s not only of the complexes
but also for cyanic acid are quite similar varying only
by a factor of about 10. These similarities are some-
what fortuitous, as they result in part from cancellation
of AH¥ variations by AS¥ differences in the opposite
direction. Nonetheless, the general patterns of k;,
AH¥, and AS¥ for these reactions suggest that, as
Balahura and Jordan* concluded in comparing the
HNCO and Co(NH;);NCO?2+ systems, the hydrolysis
mechanisms are similar. More detailed discussion will
be restricted to the Ru(III) and Rh(III) systems since
the hydrolysis rate studies on Co(NH;);(INCO)?+ and
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TABLE V
HyproLYSIS RATE DATA FOR COORDINATED CYANATE ION
k

2
M'NCO"* + H;O* —> M’/NH;®+V+ 4 CO,

ka, AHF, ASF,

M’ M =1 sec~1 kcal mol -t eu Ref
Rulll(NH;)s 0.0593% 12.2 —23 f
RhMI(NH,), 0.617= 10.9 —23 f
Colll(NH,;)s 0.162% 13.1 -18 g
H+ 0.115¢:4 15.1e —13¢ 2

0.121b.¢ 14.6¢ —14¢ 1
ep=010M. bPp=10M ©¢up=02M 9Extrapolated
to 25°. ¢ Calculated from published rate data. / This work.

7 Reference4. * M. B. Jensen, Acta Chem. Scand., 12,1657 (1958).
¢ M. W. Lister, Can. J. Chem., 33, 426 (1955).

HNCO were performed in different laboratories and
under nonidentical conditions.

According to the proposed mechanism, the experi-
mental rate constant &, is a product of two terms, K,
and k;. The respective activation parameters repre-
sent the sum of the appropriate thermodynamic func-
tion for eq 6 plus the activation parameter for eq 7.
For this reason, the net results may represent a cancel-
ing or a reinforcing of reactivity differences for the in-
dividual steps. The rate data for the &, step show the
Rh(IIT) species to be about tenfold more reactive at
25° than the Ru(III) complex. Since the low-spin d°
Ru(NH,);¢+ and d® Rh(NH,);*+ fragments have the
same net electrostatic charge and very similar masses,
differences in their influence on coordinated ligand reac-
tivity would be expected to derive principally from
differences in the dm—wp(or =*;) interactions. This
conclusion is substantiated by comparing the acidities
of the relevant aquopentaammine complexes (eq 12).

M(NH,);H.08+ = M(NH;);OH?+  H* (12)

The Ru(III) complex (pK, = 4.2, 25°)!% is more acidic
than the Rh(III) analog (pK, = 5.9, 15°)'* despite the
potentially larger effective rhodium nuclear charge.
An explanation of this phenomenon may lie in stabiliza-
tion of the conjugate base M(NH,;);OH® T by ligand-to-
metal 7 bonding in the Ru(III) complex, since the d°
Ru(III) having a w-symmetry d-orbital vacancy would
be a better 7 acceptor than would the d® Rh(III),

The = bonding argument applies directly to the pro-
posed hydrolysis mechanism (eq 6-10). Since protona-
tion would reduce the isocyanates’ w-donor ability
(regardless of protonation site), the basicity of A should
be less than that of B (i.e., Kgp > Kga). In contrast,
nucelophilic H,O attack on the protonated isocyanate
(eq 7) would lead to enhanced ligand electron density
suggesting that in this step the Ru(III) complex might
be the more reactive (¢.e., kya > k). Since k2 = kK,
these trends are counter, and the observation k;p =~
10%24(25°) implies that (given the proposed mechanism)
the effect of metal ion electronic configuration on the
protonation equilibrium is the more important rate in-
fluence. This conclusion is reasonable in the context
that the thermodynamic parameters for Kq reflect the
effect of a fully developed positive charge on the pro-
tonated isocyanate while the activation parameters for
by reflect only the partial perturbation of the ligand

(13) J. A. Broomhead, F. Basolo, and R. G. Pearson, Inorg. Chem,, 8, 826
(1964).

(14) L. G. Sillén and A. E. Martell, “Stability Constants of Metal-Ion
Complexes,” The Chemical Society, London, 1964, p 57.
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electronic properties owing to the developing carbon-—
oxygen bond in the transition state.

The apparent stability differences between the car-
bamic acid complex intermediates (I) can also be ration-
alized by the 7-bonding considerations. The amide
species (M'-NH,)?* generated by loss of COH* or
CO, from I or its conjugate base (eq 9 and 10) may very
likely be more stable for M’ = Ru(NH;);** than for
M’ = Rh(NH;);**. In support, the rate!® of base-

(15) J. W, Palmer and F. Basolo, J. Inorg. Nucl. Chem,, 18, 279 (1960).

W. O. SieGL, S. J. LAPPORTE, AND J. P. CoLLMAN

catalyzed H-D exchange in D,O of the Ru(NH;j)g®+
ammonia proton is about 3000 times greater than for
those of Rh(NH;)s*t. These reactions, no doubt, also
go through intermediates similar to the amide complex
(M'-NH,), and the rate differences suggest special sta-
bility for the ruthenium(IIT)-amide species.
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Rhodium(I) and iridium(I) complexes of the tripodal ligand 1,1,1-tris(diphenylphosphinomethyl)ethane, TDPME, of the
type MCI(CO)(TDPME) were synthesized. The iridium(I) complex appears to be five-coordinate in the solid state but to be

capable of dissociating a phosphine ligand in solution.

The rhodium(I) complex is apparently a mixture of four- and five-

coordinate isomers (with TDPME as either a bidentate or a tridentate ligand) both in the solid state and in solution. The
existence of a facile equilibrium between four- and five-coordinate configurations of the rhodium(I) and iridium(I) com-

plexes in solution is suggested by their rapid reaction with carbon monoxide to form dicarbonyl species.

Reactions with

oxygen, sulfur dioxide-oxygen, and p-nitrobenzoyl azide which yield (bidentate) carbonato, sulfato, and isocyanato com-
plexes have been examined. The TDPME complexes differ significantly in reactivity from the rhodium(I) and iridium(I)
complexes, trans-MCL{(CO)L,, from which they are derived. A five-coordinate d® iridium(I) complex with azido and car-
bonyl ligands in adjacent coordination sites was synthesized and found to be stable.

Introduction

Recently attention was called to a broad class of
atom-transfer redox reactions which could be promoted
by a metal which held both oxidant and reductant in
cis positions of the coordination sphere.>* Thermo-
dynamically favorable processes between kinetically
inert reactants might be facilitated with the incorpora-
tion of the potential reactants in adjacent coordination
sites. Significant reactions in this group include those
in which the reductant is a gas (carbon monoxide, sulfur
dioxide, nitrogen oxides) and the oxidant is molecular
oxygen. Stoichiometric reactions of this type have
been reported from this and other laboratories.*®

Although numerous examples of atom-transfer redox
reactions have been reported, our knowledge of the
scope and limitation of the various reactions is almost
totally empirical. Yet to be established is whether or
not coordination at adjacent sites is in itself sufficient to
provoke a reaction. Incorporating a tridentate ligand
in a df or d® metal complex would require the other lig-

(1) Visiting Scholar, Stanford University, 1968-1969.

(2) J. P. Collman, M. Kubota, and J. W. Hosking, J. Amer. Chem. Soc.,
89, 4809 (1967).

(8) J. P. Collman, Accounts Chem. Res., 1, 136 (1968).

(4) (a) C. D. Cook and G. 8. Jauhal, J. Amer. Chem. Soc., 89, 3066 (1967);
(by N. H. B. Stiddard and R. E, Townsend, Chem. Commun., 1372 (1969);
(¢) J. J. Levison and 8. D. Robinsen, ibid., 198 (1967); (d) K. R. Laing and
W. R. Roper, ¢bid., 1568 (1068).

(5) J. Valentine, D. Valentine, Jr., and J. P. Collman, Inorg. Chem., 10,
219 (1971).

(6) R. W. Horn, E, Weissberger, and J. P. Collman, ¢bid., 9, 2367(1970).

ands in the coordination sphere to be cis to each other
and thus might facilitate reactions of this type.

The ligand 1,1,1-tris(diphenylphosphinomethyl)-
ethane, 1, TDPME, has been employed in several metal
complex systems since it was first reported in 1962.7-Y
The geometry of the ligand is such that it can occupy
three facial sites on a tetrahedron, trigonal bipyramid,
square pyramid, pentagonal pyramid, or octahedron but
cannot coordinate to three positions of a square plane or
three meridial sites of a polyhedron. By occupying
three sites of the coordination sphere, the steric relation-
ship of the remaining ligands is often fixed. The situa-
tion is complicated if one of the phosphine groups of
TDPME is not coordinated’ ? 141517 or if two metals are
bridged by a single TDPME ligand.'®* Davis and
Fergusson have recently isolated and characterized two
ReVTDPME complexes of the same stoichiometry, one
in which TDPME serves as a tridentate ligand and the
other in which it serves as a bidentate ligand.'™ Asa

(7) N. Fliteroft, J. M. Leach, and F. J. Hopton, J. Inorg. Nucl. Chem., 82,
137 (1970).

(8) W. Hewertson and H. R. Watson, J. Chem. Soc., 1490 (1962},

() J.Chatt, F. A. Hart, and H. R. Watson, ibid., 2537 (1962).

(10) J.Chatt and H. R. Watson, ibid., 4980 (1961).

(11) J.Chatt and F. A, Hart, ibid., 812 (1965).

(12) A, G.Massey and L. E. Orgel, J. Polym. Sci., 62, $126 (1962).

(13) H. Behrens and H. Brandl, Z. Naturforsch. B, 22, 1353 (1967).

(14) W. S. Tsang, D. W. Meek, and A. Wojcicki, Inorg. Chem., T, 1263
(1968).

(15) R. B. King, L. W. Houk, and K. H. Pannell, ibid., 8, 1042 (1969).

(18) R. B. King and A. Efraty, ibid., 8, 2374 (1069).

(17) (a) R. Davis and J. E, Fergusson, Inorg. Chim. Acla, 4, 17 (1970);
(b) R, Davis and J. E. Fergusson, ¢bid., 4, 23 (1970).



