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Ru(medtra)H,O system,!s where medtra = N-methylethylene-
diaminetriacetate. The magnitude of AV* suggests the operation
of an I, rather than a limiting A mechanism.'

A comparison of the substitution rate constants in Table IT with
those reported previously? for the substitution of Ru(Hedta)H,0,
Ru(edta)H,0" and Ru(edta)OH?" clearly indicates that the edta
complexes are at least 1 order of magnitude more reactive and
in some cases more than 2 orders of magnitude for the Ru-
(edta)H,0" species. This must be due to the labilizing effect of
the additional (uncoordinated) acetate ligand as compared to that
of the N-hydroxyethyl group in the hedtra complexes, which

(15) Bajaj, H. C.; van Eldik, R. Work in progress.

(16) van Eldik, R. In Inorganic High Pressure Chemistry: Kinetics and
Mechanisms; van Eldik, R., Ed.; Elsevier: Amsterdam, 1986; Chapter
3.

reaches a maximum in the case of the Ru(edta)H,O™ complex,
i.e. where the acetate substituent is unprotonated and H,O is the
leaving group. Nevertheless, even for the protonated form of the
ligand in Ru(Hedta)H,0, the acetic acid moiety still has a sub-
stantially higher labilization effect than the N-hydroxyethyl group.
This difference is presumably due to the large difference in basicity
of these ligand moieties. The intimate nature of this labilization
effect remains uncertain, and various studies are presently under
way to clarify this aspect.
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A search for metal ion promoted hydrolysis of urea and the factors influencing linkage isomerization on a metal has led us to prepare
and examine reactivities of N- and O-bound phenylurea complexes of pentaamminecobalt(III). The N-bonded isomer reacts in
aqueous acid to yield principally [Co(NH3)g)*t, CO,, and anilinium ion (ca. 70%) but also via parallel paths leading to
[(NH3)sCoOC(NH,)NHC¢H;]** (linkage isomerization) and [(NH;);CoOH,]** (aquation). The major path involves an elim-
ination reaction of [(NH,)sCoNH,CONHC¢H,]** to give anilinium ion and [(NH;)sCoNCO]?*. The latter complex, which has
been isolated and characterized, is known to undergo rapid hydration (pH < 2) to [(NH,;)sCoNH,CO,H]3*, which subsequently
decomposes along three parallel paths to [Co(NH,)¢]* and traces of [(NH;)sCoOH,]3* and [(NH;);CoOCONH,]**. Kinetic
data for the three parallel reactions of [(NH;)sCoNH,CONHC¢H]** in aqueous HCIO, (1.0 M, 25.0 °C) are kg, = 1.04 X
107257 (elimination), kno = 2.39 X 107 s} (isomerization), and k,, = 1.13 X 107 s} (aquation). A single-crystal structure reveals
that the urea exo C-N bond is 0.11 A longer than the endo C-N bond and, as in uncoordinated phenylurea, the electron-with-
drawing pheny! ring is neither planar with nor conjugated to the urea moiety. These features are likely retained in the protonated
form and account for the facility of the elimination path. By contrast, neither elimination nor hydrolysis of the O-bonded phenylurea
complex was detected; instead it slowly undergoes parallel aquation and O- to N-linkage isomerization. Both processes are
base-catalyzed, and each obeys a rate law of the form k(obsd) = k; + kgy[OH™]. The equilibrium constant (K’ng = kno/kon
= 166) reflects the strong thermodynamic preference for the O rather than the N terminus of the neutral phenylurea molecule.
However, the observed equilibrium is pH-dependent (K’(obsd) = K'no[HY]/(K, + [H*1)); for pH > 3, the N-bonded isomer is
more stable due to its selective deprotonation (Kyo(obsd) ~ 107, pH 6.2). The single-crystal structure determination of
[(NH,)sCoNHCONHCH,](Cl0,),-H,O shows the cobalt in an approximately octahedral environment with phenylurea bonded
as its anion through the indicated nitrogen center. As observed for the free ligand, the phenyl substituent is twisted (37°) with
respect to the approximately planar urea moiety. The compound crystallizes in the monoclinic system (8 = 91.64°), with V' =
1887.0 A3, space group C2/c, Z =8,a= 15751 (6) A, 5=12.277(5) A, c = 9.762 A, and R = 0.046 and R,, = 0.043 for 1381
diffractometer data (244 variables) with I = 3¢(/), 4 = 105.47 cm™!, and F(000) = 1023.96.

Introduction

The Ni(II)-containing enzyme? jack bean urease catalyzes the
degradation of urea to ammonia and carbon dioxide by a factor
of 10" (pH 7.0, 38 °C).> Since it is believed that specific
coordination of urea to Ni(II) is intrinsic to the mechanism of
catalysis,? there is special interest in synthesizing metal complexes
of urea that might model urease by undergoing facile decompo-
sition to NH; and CO,. The enzymic degradation of urea is

(1) (a) University of New South Wales. (b) The Australian National
University.

(2) (a) Kobashi, K.; Hase, J.; Uchara, K. Biochim. Biophys. Acta 1962, 65,
380. (b) Dixon, N. E.; Gazzola, C.; Blakeley, R. L.; Zerner, B. J. Am.
Chem. Soc. 1978, 97, 4131.

(3) Dixon, N. E.; Riddles, P. W.,; Gazzola, C.; Blakeley, R. L.; Zerner, B.
Can. J. Biochem. 1980, 58, 1335,
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currently believed to be a hydrolysis* (eq 1) rather than the
elimination reaction (eq 2) that is known® for nonenzymic deg-
radation of urea in aqueous media at pH 7-14.

H,NCONH, + H,0 — HNCO + NH,; + H,0 (2)

The latter process is independent of pH between 2 and 12.
Sumner and co-workers first demonstrated that the urease reaction
yielded ammonium carbamate rather than free cyanate’ but

(4) Blakeley, R. L.; Hinds, J. A.; Kunze, H. E.; Webb, E. C.; Zerner, B.
Biochem. 1969, 8, 380,

(5) (a) Frost, A. A.; Pearson, R. G. Kinetics and Mechanism, 2nd ed.;
Wiley: New York, 1953. (b) Shaw, W. H. R,; Bordeux, J. J. J. Am.
Chem. Soc. 1955, 77. 4729,

(6) Shaw, W. H. R.; Walker, D. G. J. Am. Chem. Soc. 1958, 80, 5337.
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Table I. 'H and '*C NMR Chemical Shifts for Phenylurea and Its Pentaamminecobalt(I11) Complexes in Me,SO-dg

'H NMR data’ 13C NMR data®
compd® cis NH; trans NH; NH, CNHC C¢Hye C=0 C/¢ C,f C,f Cr
OC(NH,)NHC¢H; 5.80 8.45 7.30,7.17 156.05 140.37 12845 117.75 121.03
[(NH,)sCoOC(NH,)NHCH,]*  4.02 270 667 895 161.66 137.09 129.08 121.36 123.36
[(NH,);CoNHCONHCH,]>* 3.38 3.20 207 825  728,7.15 16348 14154 12829 11773 119.87
[(NH,);CoNH,CONHGC,H,]** 3.65 337 g 9.32 747,737

¢ppm downfield from TMS. ®Perchlorate salts; [Co] = 0.2 g/1.5 mL; [free phenylurea] ~ [complexed phenylurea]. ©Locations of most intense
spikes—resonances span 0.8 ppm. ¢Meso or bridgehead atom. ¢Ortho, meta, and para carbons (intensity ratio: 2:2:1). /NH singlet. £Not observed,

average NH/free H* signals.

subsequently reported? that the former product had arisen from
CO, and NH;. This conclusion was later disputed in favor of
NH,*NH,CO; as the first free intermediate,’ and some evidence
for a carbamoyl-transfer reaction, based on a thymol blue/
spectrophotometric assay, appears to support the latter contention.*

The reactivities of (urea-N)-'®!! and (urea-O)pentaammine-
cobalt(1I1)!12 ions have been examined, but no hydrolysis of the
urea ligand to bound carbamate was detected between pH 0 and
14. Instead, faster ligand substitution proceeds both intramo-
lecularly (linkage isomerization) and intermolecularly (hydrolysis),
with the O-bound form being the more kinetically and thermo-
dynamically stable isomer'! except under conditions where the
more acidic N-bonded isomer is selectively deprotonated (pH >
3). Although [(NH;);CoNH,CONH,]3* undergoes primarily
linkage isomerization in acid media,'! it was anticipated that a
suitable modification to the electronic structure of the urea ligand
might result in a C-N cleavage path. For example, the related
cation [(NH3)sCoNH,CO,]?*, an intermediate in the acid hy-
drolysis of [(NH,);CoNCO]?*, is known to decarboxylate to
[Co(NH;)¢]** and CO,.!* The following report describes a
relatively facile degradation of phenylurea, when bound through
nitrogen to cobalt(III), producing anilinium ion, CO,, and NH,.
Results

Synthesis and Characterization. Phenylurea reacts with the
labile complex [(NH;)sCoOSO,CF;](CF;S0;), in poorly coor-
dinating solvents (acetone, sulfolane) at 20 °C to yield exclusively
the pink [(NH;);CoOC(NH;)NHC¢H;]** ion. This is both
kinetically and thermodynamically more stable than its nitro-
gen-bonded linkage isomer but unstable with respect to solvolysis
(Co-O cleavage) in more strongly coordinating solvents (e.g. H,O,
Me,SO, and Me,NCHO). The red deprotonated form of the
N-bonded phenylurea complex, [(NH;)sCoNHCONHCH;]**,
was obtained by heating [(NH;)sCoOS(CHj3),}** in Me,SO with
excess phenylurea and a sterically hindered base. This procedure
has proven to be a general route to [(NH;)sCoNH-R]?* ions for
carboxamides, ureas, carbamates, sulfinamides, sulfonamides, and
sulfamates and is discussed in detail elsewhere.'* The reaction
involves linkage isomerization of the first-formed (phenylurea-
O)pentaamminecobalt(III) ion to the thermodynamically favored
deprotonated phenylurea-/V complex. This ion, which is inert in
neutral or basic solution but unstable in acid, can be readily
identified by addition of strong acid to its cold (<0 °C) aqueous
solutions, whereupon the yellow protonated form is generated.

As for urea,'! the observed isomer equilibrium is strongly de-
pendent on pH because of the large difference in acidity between
isomers (pK, =~ 2-3, N-bonded isomer; pK, ~ 13, O-bonded
isomer; H,0). When phenylurea is an uncharged ligand, the

(7) Sumner, J. B.; Hand, D. B.; Holloway, R. G. J. Biol. Chem. 1931, 91,
333,
(8) Sumner, J. B.; Somers, G. F. Chemistry and Methods of Enzymes, 3rd
ed.; Academic Press: New York, 1953; p 157.
(9) (a) Gorin, G. Biochim. Biophys. Acta 1959, 34, 268. (b) Jenks, W. P.
Methods Enzymol. 1963, 6, 914,
(10) Dixon, N. E.; Fairlie, D. P.; Jackson, W. G.; Sargeson, A. M. Inorg.
Chem. 1983, 22, 4038.
(11) Fairlie, D. P,; Jackson, W. G. Inorg. Chim. Acta 1988, 150, 81.
(12) Dixon, N, E.; Jackson, W. G.; Marty, W.; Sargeson, A. M. Inorg.
Chem. 1982, 21, 688.
(13) Buckingham, D. A,; Francis, D. J.; Sargeson, A. M. Inorg. Chem. 1974,
13, 2630.
(14) Fairlie, D. P.; Jackson, W. G. Inorg. Chem., to be submitted for pub-
lication.

O-bonded isomer is thermodynamically more stable, but above
pH =~ 3 ([H*] > K,, (3)), the N-bonded isomer assumes ther-
modynamic stability. Clearly, the driving force is formation of
the deprotonated ion:

Kio
CoNH,CONHC,H5™" @== CoOG(NH,) NHC H_*

fhe

CoNHCONHG HE "+ H*

obes) - [CoOC(NHo)NHCs Ha ']
Mol®59 = R, CONFG, H']+ [CoNHGONHG, FE ]

= KpH MK + )

(3)

The colors and associated visible spectra of these three phenylurea
complexes are characteristic of the bonding mode of the phenylurea
ligand. Their 'H NMR chemical shifts (Table I) in Me,SO-d
also distinguish the complexes from each other as well as from
free phenylurea. The positions of, and separations between,
resonances for the cis- and trans-NHj protons (12 H:3 H) conform
with observations on related pentaamminecobalt(I1I) complexes!!
and clearly identify the mode of coordination of the phenylurea
molecule.

The "H NMR signals for bound or free phenylurea also serve
as fingerprint identification (Table I). Coordination by oxygen
of phenylurea to cobalt causes a downfield shift in all proton
resonances relative to the free ligand. The absolute chemical shift
for the Co-NH- proton (2.02 ppm) is consistent with values
observed'! for deprotonated urea-N complexes of pentaammine-
cobalt(III). The resonance for the C-NH-C proton of phenylurea
and its Co(III) complexes also characterizes the environment of
the phenylurea. For the protonated N-bonded phenylurea com-
plex, generated in situ, the NH proton signals of the urea (except
for that of C-NH-C) could not be unambiguously assigned.

The '*C NMR data (Table I) also testify to the presence of
phenylurea in the cobalt complexes and distinguish between iso-
mers. The resonance due to the carbonyl carbon is distinctly
different for free, O-bonded, and N-bonded phenylurea. Upon
coordination, this resonance moves to lower field, the magnitude
of the shift being greater for N-coordination of the anionic ligand
(+7.4 ppm) than for O-coordination of the neutral ligand (+5.6
ppm). Further, the absolute chemical shift of the carbonyl carbon
of free phenylurea is considerably further upfield than similar
resonances!®!! for other urea molecules. This observation is
consistent with less s character for the carbonyl carbon of phe-
nylurea, noting that a relationship has been found between the
lengths of carbonyl bonds in X-CO-Y compounds (X, Y = C
or N) and the degree of ¢ character of the carbon atom toward
the oxygen atom.'?

Of the other carbon atoms, the meso or bridgehead carbon atom
(C,) produces a resonance that is quite different for each complex,
as expected from the magnetic influence of the cobalt and the
differing degrees of electronic shielding of the phenylurea ligands.
However, even the ring carbons, particularly those meta and para

(15) (a) Kashino, S.; Haisa, M. Acta Crystallogr. 1977, B33, 855. (b)
Kawai, R.; Kashino, S.; Haisa, M. Acta Crystallogr. 1976, B32, 1972.



Co(1Il) Complexes of Phenylurea

Table II. Product Distribution Data for Reactions of
(Phenylurea-N)pentaamminecobalt(III)

proportions, %?

1.0 M 0IM  MeSO/

products Rf HCIO, CH;COH H*
[(NH,);CoOC(NH,)- 1.8 172 (15.1) 353 (157) 57.2 (38.6)
NHCH )™
[Co(NH;)™* 25 713 138 (9.3) 9.9 (9.3)
[(NH;)sCoOS(CH,),}** 3.2 20.7 (34.4)
[(NH,);CoOH,]** 43 93(11.4) 57(127)
[(NH,)sCONHCONH- 6.3 0(328) 0(63)
CeHy]**
[(NH,)sCoNCO]?* 9.0 452 (30.4) 122 (11.4)

[(NH,);CoOCONH,** 104 22

“Values in parentheses represent (uncorrected) product distribution.
Other data are corrected to 100% reaction of the phenylurea-N complex,
and allowance has also been made for the subsequent solvolysis of the O-
bonded isomer and for the subsequent reactions of [(NH;);CoNCOQ]?*.
b Relative distances traveled by ions on Dowex 50W-X2 (H* form) with an
aqueous 0.23 M Na* (pH 6.88; 0.0l M H,PO,", 0.01 M HPO,, 02 M
CI") eluent.

to C,, produce quite different 13C resonances. These shifts for
uncoordinated and N-bonded phenylurea are similar. The absolute
shift differences for corresponding carbons (ca. 1 ppm) are also
similar in magnitude to those observed for benzamide and its O-
and N-bonded pentaamminecobalt(III) complexes.'® However,
upon O-coordination of phenylurea, the }*C resonances for meta
and para ring carbons move 3.6 and 2.3 ppm downfield, respec-
tively, while the meso signal moves 3.3 ppm upfield. Clearly, the
electronic shielding within the ligand has been considerably dis-
turbed due to O-coordination.

Finally, the linkage isomeric complexes are readily distinguished
on the basis of their acidities and reactivities described ahead. The
notable difference in the acidities of the O-bonded isomer (pK,
> 10) and the N-bonded isomer (pK, ~ 2-3) parallels observations
for similar complexes of other ureas,'®!! carboxamides,!® carba-
mates,'>!617 sulfinamides,'” sulfonamides,'” and sulfamate.’® This
property is an essential feature of the chemistry to be described.

Reactions of the N-Bonded Isomer. A solution of [(NH;)s-
CoNHCONHCH;](CIO,), in Me,SO-d; was monitored by 'H
NMR spectroscopy over a period of 1 month at 35 °C, and the
complex was completely stable. However, the red solution instantly
turns yellow upon acidification, and for strong aqueous acid (1.0
M HCIO,) it was surprising to observe that the yellow color
persisted rather than being rapidly replaced by the deep pink color
characteristic of the oxygen-bonded isomer, as observed for acidic
solutions of other urea-N species, [(NH;)sCoNHCOR]?** (R =
NH,, NMe,, NHMe).!%!!

Experiments were conducted to identify and quantify the
products from the reaction, and results are summarized in Table
II. In0.1-1.0 M HCIO, the major products were [Co(NH;)¢]**
and [(NH;);CoOC(NH,)NHC¢H;]°*. The latter arises from N-
to O-linkage isomerization of the N-bound phenylurea ligand and
is akin to those processes reported for other N-bonded ureas on
Co(1I).'%11 However, formation of the more dominant product,
yellow [Co(NH;)4]3*, is new chemistry; this result requires, at
some point, net cleavage of the CoNH~-C bond.

A clue to the mechanism of the latter reaction was provided
by the following experiments, noting that the reactant must first
protonate before any of the subsequent processes can occur. In
weakly acidic solution (0.1 M CH;CO,H, pH 3.7; Table II) only
14% [Co(NH;)¢]>* was produced from the protonated phenyl-
urea-/V complex, in comparison with >70% for the strong aqueous
acid media (0.1-1.0 M HCIO,). Moreover, a significant quantity
of [(NH;);CoNCO]?** (>40%, corrected) was observed under
these low-[acid] conditions, and this ion was characterized by its
rate of elution (2+ ion), electronic spectrum, and isolation in
crystalline form. The isolated product had the expected elemental

(16) Fairlie, D. P.; Jackson, W. G. Results to be submitted for publication.
(17) Fairlie, D. P. Ph.D. Dissertation, University of New South Wales, 1983.
(18) (a) Po, L. L.; Jordan, R. B. Inorg. Chem. 1968, 7, 526. (b) Sushynski,

E.; van Roodselaar, A.; Jordan, R. B. Inorg. Chem. 1972, 11, 1887.
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analysis, and the infrared and 'H NMR spectra were identical
with those for an authentic specimen. '
The following scheme accommodates the results:

[(NH ) CONHCONHCHs 2+

1.

[{NH, ) {CoNH,CONHC, Hg ] **

[{NH 5 CoOC(NHz JNHC4Hg ] >

.
[{(NH3) sCoNCCP* + C _H NH;

[(NH3) £00H2] > OC(NH 3NHC ¢H s

The detection of [Co(NH;)sNCO]?* en route to the hexaammine
complex clearly establishes an elimination pathway rather than
direct CoNH,-C cleavage or hydrolysis of
[(NH;)sCoNH,CONHCH;]** to [(NH;)sCoNH,CO,H]** (and
anilinium ion), which then yields hexaammine. The pK, of the
protonated form of [(NH;3)sCoNHCONHCHs)?* has not been
accurately determined but does not seem to be too different from
that (2.9) measured!® for [(NH;)sCoNH,CONMe,]**. Hence,
in 0. M CH;CO;H only a small amount of
[(NH;)sCoNH,CONHC¢H;]** is actually formed, but more
importantly the acid-catalyzed hydration of any
[(NH;)sCoNCO]?*, which is far more difficult to protonate,?
is effectively halted. The isocyanate complex is known'*!? to
undergo hydration and decarboxylation in aqueous acid at a rate
linear in [H*]:

[(NH3)sCoNCOJ?+

H* H,0
o 95% [(NH3)sCoNH4]3*
[{NH )5 CoNH, CO, PI(NH 3) sCoNH ,COHI** —<2% [{NH3) sCOOCONH .I**

3% [(NH3)5 CoOH ] 3+

From the known product distribution!? for [(NH,);CoNCO]%**
in 1.0 M HCIO, and with the assumption that all of the [Co-
(NH;))** arises via [(NH;)sCoNCO]#*, it may be deduced that
the observed 71.3% [Co(NH,)4]%* (Table II) implies the initial
formation of 71.3 X 100/95.5 = 74.7% [(NH,);CoNCO]**. Since
the elimination path (74.7%) and N- to O-linkage isomerization
(17.2%) account for only 92% of total cobait, it is evident that
there are one or more additional products. These were identified
as the aqua complex, formed via a third process involving direct
aquation of [(NH;);CoNH,CONHCH;]** to [(NH;)sCoOH,]**
and free phenylurea, and the carbamato-O species.

A consideration in this evaluation is that if only 71.3% (ab-
solutely) of the 74.7% isocyanate complex appears as [Co-
(NH,)¢]?*, the remaining 3.4% total cobalt must be from
[(NH,;)sCoOCONHj,]** and [Co(NH;)sOH,]**. Yet the reaction
of [Co(NH;);NCO]?* in acid is known to yield [Co(NH;);OH,]**
and [(NH;)sCoOCONH,]?* in the ratio 3:2, whereas we observe
9.3% and 2.2%. respectively.!* Thus, there is about 9.3 - (3/
2)(2.2) = 6% [Co(NH,);OH,]** unaccounted for, providing
evidence for the third reaction path, direct solvolysis via Co—-N
cleavage. This is not too surprising since a minor Co-N cleavage
pathway has been observed also for the reactions of
[(NH;)sCoNH,COR]3** (R = NH,, NMe,) in aqueous acid.!%!!

Also reported in Table II is the product distribution for the
reaction of [(NH;)sCoNHCONHCH]?* in acidic dimethyl
sulfoxide. In this medium the initial yellow color observed dis-
appeared with time and was replaced by a deep pink. In dry
dimethyl sulfoxide the hydration of red [(NH;3)sCoNCO]?* cannot
occur. However N- to O-linkage isomerization and direct Co—N
cleavage, leading to [(NH;)sCoOSMe,]3*, together accounted
for only ca. 78% of the cobalt. The 22% balance comprised the
cyanate complex and, surprisingly, some¢ hexaammine complex;
the latter arises from traces of H,O (lattice water) in the Me,SO.
This was demonstrated in control experiments using authentic

(19) Balahura, R. J.; Jordan, R. B. Inorg. Chem. 1970, 9, 1567.
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Table ITII. Specific Rates for Reactions of
(Phenylurea-N)pentaamminecobalt(I11) and Specific Rates for Solvolysis
and Product Distribution Data for Reactions of
(Phenylurea-0O)pentaamminecobalt(III) at 25 °C

N-Bonded Isomer
k(obsd),
reagent sta knos 87! Ketims 57" kg, 87!

1.0 M HCIO® 139 X 102 239 % 107 1.04 X 107 1.11 x 1073
0.l M CH;CO,H 449 X 10™* 1.59 X 10* 2.65 X 10 2.6 X 10~*
Me,SO/CF;SO;H 538 X 107 308 x 107 1.19 x 107 1.11 x 107

O-Bonded Isomer

% CoNHCO-
reagent NHC¢H;* ¢ % CoOH* ¢ 10°k{obsd), s ¢
0.1 M HCIO ¢ 0 100 16.1 (3.95)
0.1 M NaMES¢/ 8.2 91.8 (4.86)
Me,SO 0 100* 48.2 (1.88)
0.1 M NaOH* 32 96.8
0.1 M NaPhos*# 8.9 91.1

?Observed rates are separated into specific rates for isomerization, elim-
ination, and solvolysis according to product distribution reported in Table II.
®In 0.1 M HCIO,, k(obsd) = 9.30 X 1073 s7}; u = 1.0 M (NaClQ,). ‘Data
normalized to 100% reaction. ¢Means of three or more determinations at
520 nm with standard deviations <+3%. Numbers in parentheses are for
the urea-O analogues under the same conditions.!! ¢x = 1.0 M, NaClOQ,.
JpH = 6.2 buffer (half-neutralized with NaOH). £Buffer pH = 6.88.
#[(NH;)5;CoOSMe,}3*.

cyanate complex in acidified Me,SO.

From the product analyses (Table II) and the observed rate
constants (k(obsd)) for reactions of
[(NH])SCONHCONHC6H5]2+ inl.0OM HC104, 0.1 M CH3C'
O,H, and Me,SO/H™ (Table III), rate constants for the individual
pathways—N- to O-linkage isomerization (kyg), elimination
(Kkeiim)» and solvolysis (k,;)—were determined for each medium
(Table I11).

The magnitude of the rate constant for N to O isomerization
is similar to that for [(NH;)sCoNH,CONH;]** (kno = 3.07 X
1073 st in aqueous HCIO, (u = 1.0 M) Also, it is evident that
the rate of linkage isomerization in Me,SO is remarkably similar
to that in aqueous HCIO,4. This observation is consistent with
the negligible solvent dependence of the linkage isomerization rate
for [(NH,;);CoNH,CONMe,]** but contrasts with the 4-fold
difference in isomerization rates for [(NH;)sCoNH,CONH,]**
in Me,SO and H,0.!! The rates of direct solvolysis of
[(NH;)sCoNH,CONHC¢H;]** in Me,SO and 1.0 M HCIO,,
while subject to substantial error due to their small contribution
to the overall reaction, are also comparable.

The rates determined for 0.1 M CH3;CO,H attract larger errors
because of the extrapolation from the observed 67%-100% re-
action, but it remains evident that, accompanying the elimination
process, there is a greater proportion of the N- to O-linkage
isomerization path compared to that for 1.0 M HCIO,, although
not as much as witnessed for Me,SO. In terms of reaction scheme
3, the reactive entity is [(NH;)sCoNH,CONHC¢H;]**, and the
product distributions should be pH independent; however, the
difference in ionic strengths could accommodate the differences.

The elimination reaction in 1.0 M HCIOy, is about 9-fold faster
than that in Me,SO/H™*. In terms of energies this is not a large
difference. It could reside in the solvent dependence of the tau-
tomer distribution for the reactive entity

A

A. Co-NH,CONHCH' > CoOC(NHaNHCsH "

]

B. Co-NH=CONH,CgH "

o

2 .
C. CO-N=C{OHNH,CgH;, ~———®  Co-NCO '+ CgHsNH3

or the solvent dependence of k,/k; e.g., water could preferentially
solvate departing C¢qHsNH;* through H-bonding, thereby raising
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k, for H,O vs Me,SO. This analysis assumes that linkage isom-
erization and elimination arise from the specific tautomers shown.
The case for A being the most abundant tautomer for the urea-N
species in general is argued elsewhere,'®!1? and this implies &, >
ki, in order to accommodate the observed rates (Table III).

Reactions of the O-Bonded Isomer. The oxygen-bonded phe-
nylurea complex [(NH;)sCoOC(NH;)NHC¢H;]** aquates in 0.1
M HCIO;, to give exclusively [(NH;)sCoOH,]** and free phe-
nylurea. The product analysis was performed by using cation-
exchange chromatography and by first using an eluent (pH 6.88,
0.23 M Na*, 0.2 M CI-, 0.01 M HPO,*, 0.01 M H,PO,") in
which other anticipated 2+ or 3+ ions could be separated. In
0.1 M NaOH (¢ = 1.0 M, NaClO,) some base-catalyzed O- to
N-linkage isomerization competes with base-catalyzed aquation,
resulting in 3% [(NH;)sCoNHCONHCH;)?** and 97%
[(NH;)sCoOH]}?*". The N-bonded isomer was shown to be absent
in similar ion-exchange analyses of fresh aqueous solutions of
O-bonded isomer, and thus the 3% is genuine product. In 0.1 M
NaMES or NaPhos buffer (pH = 6.2 or 6.9, u = 1.0 M (Na-
Cl0,)), the O- to N-isomerization path competes much better with
aquation; ca. 8.5% [(NH;)sCoNHCONHCH;)?* was observed
(Table III). There was no detectable (>0.5%) hydrolysis of the
bound phenylurea to give the O-bonded carbamate complex in
the pH range 1-14. These results directly parallel those obtained
for other (urea-O)pentaamminecobalt(II1) complexes.!! Table
III also presents kinetic data for the Me,SO solvolysis of the
O-bonded phenylurea complex. No O- to N-linkage isomerization
was detected in Me,SO.

The results for aqueous solution are consistent with two rate
laws of the form k(obsd) = k; + kox[OH™], one corresponding
to the aquation path (k, = 16.1 X 107 s71; ko not determined)
and the other representing the O- to N-linkage isomerization
reaction (k, (=kon) = 1.44 X 1075 57!; koy not determined). For
comparison, some rate parameters for analogous reactions of
(urea-O)pentaamminecobalt(IIT) complexes are given in Table
ITII. The rate of aquation of the O-bonded phenylurea complex
is ca. 4-fold faster than that for the corresponding O-bound urea
ion, while solvolysis in Me,SO is ca. 26-fold faster for the O-
coordinated phenylurea complex. This faster aquation may result
from a longer (weaker) Co—O bond for the phenylurea complex,
as well as phenyl-solvent interactions that disrupt solvent—solvent
structure, thereby facilitating solvent entry and ligand solvation.
There may also be a contribution from steric interactions between
the bulky phenyl substituent and the cis NH; ligands on cobalt.

The equilibrium constant for the N- and O-bonded phenylurea
isomers in water (K'ng, (3)) can be deduced by using the relation
K’No = kno/kon and the values separately determined for kyng
(2.39 x 1073 57!, Table III) and kqy (1.44 X 107 571}, as discussed
elsewhere.!’ The result (K'no = 166; 25 °C, 4 = 1.0 M) indicates
the thermodynamic preference for the O-bound form and ac-
commodates the inability to observe O to N rearrangement in
acidic aqueous solution. For Me,SO, a similar calculation cannot
be performed, but a K'yo value of at least 50 is indicated, since
the protonated N-bonded isomer was observed to isomerize ir-
reversibly. Also, as already noted, the O-bonded isomer in Me,SO
slowly yielded [(NH;)sCoOSMe,]** and free phenylurea, but no
N-bonded isomer (<1%).

Description of the Crystal and Molecular Structure of [(N-
H,);CoNHCONHCH;](C10,)-H,0. Selected bond lengths and
angles are reported in Table IV, positional parameters are given
in Table V, and the molecule is represented by the ORTEP drawing
in Figure 1. For the N-coordinated phenylurea ligand, the N,—C,
bond (1.31 A) is considerably shorter than the N,~C, bond (1.42
A). Both the N,-C; and C,~O (1.24 A) bond lengths are not
significantly different from those of {(NH;)sCoNHCOCH;]**
(1.34 and 1.27 A, respectively)? and indicate substantial 7-electron
delocalization restricted to the N;—C,—O linkage. The N,—C, bond
length is identical with the N,~C, distance and signifies the lack
of conjugation of the phenyl group with the urea portion of the

(20) Schneider, M. L.; Ferguson, G.; Balahura, R. J. Can. J. Chem. 1973,
51, 2180.
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Table IV. Selected Bond Lengths (A) and Bond Angles (deg) for
Phenylurea and [(NH;)sCoY](ClOy), (Y = NHCONHCH; and
NHCOCH,)

H,NCO- Y = Y =
length NHC(H; NHCONHC(Hs  NHCOCH/
N,-C, 1.326 (10) 1.310 (14) 1.339 (12)
N;-C, 1.375 (10) 1.420 (14)
0,-C, 1.245 (9) 1.240 (13) 1.267 (12)
N,-C, 1.419 (9) 1.420 (14)
N0, 2.80 (1) 2.90 (1), 2.99 (1)
Co-N, 1.907 (9) 1.910 (8)
Co—Nirans 2.013 (9) 1.994 (8)
Co-N;(mean) 1.982 (12)° 1.963 (13)
H,NCO- Y = Y =
angle ~ NCONHC(H,Y NHCONHCHs¢ NHCOCH{
N,C,0, 122.5 (7) 124.:8 (11) 1226 (8)
N,C,0, 122.6 (7) 119.5 (11) 119.4 (8)®
N,CN, 115.0 (7) 115.7 (10) 118.0 (9)°
CoN,C, 129.2 (8) 131.0 (7)

9Rms deviation from the mean. ®Angle C,C,0. °Angle N,C,C,.
dReference 15. ¢This work. /Reference 20.

Figure 1. ORTEP diagram showing the molecular ion
[(NH;)sCoNHCONH(C¢Hs)]** and the atomic-numbering scheme.

molecule. Both the dihedral angle (37°), between the plane of
the phenyl substituent and that of the urea moiety, and the N;—-C,;
bond length (1.42 A) are somewhat greater than those of the free
ligand (ca. 46°, 1.375 A).1%® Further, the Co-N, (1.91 A) bond
differs significantly from the mean Co-Ny; bond length (1.91 A),
a result that is interpreted as arising through bonding via r-orbitals
between cobalt and the deprotonated N-bonded phenylurea ligand.
Another point concerns the NsO, contact, which is even shorter
(2.80 A) than that of [(NH3);CoNHCOCH,]?* (2.90, 2.99 A),
where hydrogen-bonding between the cis NH; and carbonyl ox-
ygen has been proposed.?

Although we do not have solid-state structural data for the
protonated phenylurea-/N complex, it seems certain that the long
C,-N, bond observed for the deprotonated form is essentially
preserved for the protonated form and that it is this feature which
dramatically influences the chemical reactivity of
[(NH;);CoNHCONHC(H;]**, compared with that of
[(NH3)5CONHCONH2]2+ and [(NH3)5CONHCON(CH3)2]2+,
in acidic media.

Discussion

In connection with the metalloenzyme urease, we have previ-
ously tried to observe activation of urea toward hydrolysis by
coordination to Co(II1).'®!2 However, pentaamminecobalt(III)
complexes of neither N- nor O-bonded urea apparently mimicked
the chemistry of urease because of preferred intramolecular
(linkage isomerization) and intermolecular (aquation) ligand
substitution. In contrast to the chemistry!! of other
[(NH;);CoNH,CONRR’]3* ions, [(NH,;);CoNH,CONH-
C¢Hs)** rapidly decomposes in water to CO,, anilinium ion, and
[Co(NH,)4]**. Instead of arising through CoN—C cleavage, this
facile reaction proceeds via CoONC—-N cleavage and thus qualifies
as an elimination reaction, rather than hydrolysis, as observed for
the nonenzymic decomposition of free urea in water.

The facility of this elimination path appears to be related to
the ability of the pendant NRR’ of the urea in
[(NH;)sCoNH,CONRR’]** to act as a leaving group. Also, this
process involves less electronic reorganization than the alternative
mechanism, where nucleophilic attack of water at the carbonyl
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Table V. Positional Parameters

atom x/a y/b z/c

Co 0.0000 0.2371 (1) 0.5000

Cy 0.2555 (3) 0.3683 (3) 0.2820 (4)
Cp 0.4588 (2) 0.0988 (2) 0.4255 (4)
0, 0.0656 (6) -0.0140 (8) 0.4879 (12)
0O, -0.0529 (7) 0.1214 (8) 0.1275 (10)
o, 0.2524 (11) 0.2520 (9) 0.2666 (20)
Oy, 0.3181 (8) 0.4080 (9) 0.1975 (15)
Oy 0.1773 (8) 0.4148 (12) 0.2517 (23)
O 0.2790 (13) 03933 (12)  0.4172 (15)
(O7%) 0.4618 (10) 0.0672 (12) 0.5607 (12)
Oy 05298 (7) 0.0640 (10)  0.3548 (13)
01 0.3893 (8) 0.0426 (11)  0.3633 (18)
Oy 0.4453 (10) 0.2109 (8) 0.4071 (13)
N, 0.0963 (6) 0.1606 (7) 0.4353 (11)
N, -0.1019 (6) 0.3199 (7) 0.5635 (10)
N, -0.0094 (7) 0.3082 (8) 0.3199 (11)
N, 0.0096 (7) 0.1603 (9) 0.6794 (11)
N, 0.0774 (6) 0.3574 (8) 0.5667 (12)
N -0.0754 (6) 0.1186 (7) 0.4316 (11)
N, 0.1891 (6) 0.0234 (8) 0.3766 (12)
C 0.1126 (7) 0.0559 (10) 0.4384 (13)
C, 0.2094 (7) -0.0857 (9) 0.3417 (14)
C, 0.1872 (7) -0.1729 (10)  0.4226 (14)
H, 0.1573 (7) -0.1635 (10) 0.5050 (14)
C, 0.2120 (9) -0.2791 (12)  0.3745 (17)
H, 0.1998 (9) -0.3413 (12)  0.4284 (17)
Cs 0.2530 (10)  -0.2931 (10)  0.2524 (21)
H; 0.2655 (10)  -0.3644 (10)  0.2209 (21)
Ce 0.2752 (9) -0.2061 (12)  0.1784 (17)
Hg 0.3064 (9) -0.2157 (12) 0.0974 (17)
c, 0.2523 (8) -0.0996 (11)  0.2207 (13)
H, 0.2662 (8) -0.0383 (11)  0.1664 (13)

carbon requires the latter to rehybridize from sp? to sp>. The
anilinium ion (pK, = 4.6) is considerably less basic that either
NH4+ (]:)Ka = 924), NH3CH3+ (pKa = 106), or NHz(CH3)2+
(pK, = 10.73), reflecting a resonance stability favoring loss of
anilinjium ion from the urea complex. Note however that the
greater acidity of the anilinium ion is usually attributed to out-
of-plane twisting rather than the inherent electron-withdrawal
potential of the phenyl substituent.

The pK, for the reactive [(NH;);CoNH,CONHCH;]** ion
was not precisely determined, but it appears to be similar to those
of other [(NH;)sCoNH,CONRR']** ions (pK, = 2-3).1%!1 No
direct 'H NMR evidence for the site of protonation of
[(NH;)sCoNHCONHCH;]?* is available because the Co-NH
proton appears to exchange on the NMR time scale with added
Ht*, even in Me,SO-d, (monitored at 60 MHz). As in the case
of N-bonded amides, where proton addition occurs at the carbonyl
oxygen, the w-electron density seems to be restricted to the
CoNC(0) atoms in [(NH;)sCoNHCONHCH;]?*. Indirect
evidence for N- rather than O-protonation in Me,SO-d, obtains
from observations of the H*/HOD resonance with time. Since
this signal does not move upfield commensurate with reaction,
as found for N-bound amide complexes,'®!7 O-protonation seems
unlikely. No distinction as to which of the nitrogens is protonated
can be made with certainty. Protonation of the outer nitrogen
would favor the observed elimination reaction, but the magnitude
of the pK, and the marked change in the visible absorption
spectrum on addition of H* are more consistent with protonation
of the coordinated nitrogen, as established for two other (urea-
N)pentaamminecobalt(III) ions.!! (Note that the elimination
process most likely does proceed via the tautomer having the proton
on the exo N, but this reactive species is in much lower abun-
dance.) Moreover, the rate of N to O isomerization for phenylurea
is very similar in magnitude to those of other ureas, and this
supports similar sites of protonation. Protonation at an atom more
remote from the metal should decrease the rate of rearrangement
due to the necessity of proton migration to the coordinated nitrogen
prior to intramolecular linkage isomerization.!!

Other workers® have proposed that substrates for urease might
be activated toward nucleophilic attack by water through O-co-
ordination to an active-site Ni(II) ion. The outlined mechanism
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involved two nickel ions and a bridging urea ligand as an active
intermediate. This proposal was based upon observations that
N-coordination of carboxylic acids to Cu(II)?!# and Co(III)!®
does not activate amides toward alkaline hydrolysis whereas
O-coordination of N,N-dimethylformamide to (NH;)sCo™! 2!
enhances the hydrolysis of the amide by a factor of 10*. The
proposal was also based upon the structures of molecules that are
substrates for urease (RCONH,; R = NH,, NHNH,, NHOH,
NHCH;, H, CH;) and also those that are not substrates for urease
(pheny! formate, p-nitroformanilide, trifluoroacetamide, p-
nitrophenyl carbamate, thiourea, and O-methylisouronium ion).

Concerning the former observations, while O-bonded form-
amides [(NH;);CoOCHNR;]3* certainly cleave at C—N upon
alkaline hydrolysis, O-bonded ureas'®!? and C-substituted O-
bonded amides'® do not, or at least not as readily.

The reaction of {(NH,;)sCoOC(NH,),]* in water (pH 6.2)
yields 24% [(NH,;);CoNHCONH,]?* in competition with
[(NH,)sCoOH,]3*, since the N-bonded isomer assumes greater
thermodynamic stability under these conditions.!! This work has
shown that the phenylurea complex behaves similarly. The
possibility of pH-dependent linkage isomerizations in cases of
certain ambidentate ligands enables the metal ion to activate a
ligand not only through initial coordination but also following
rearrangement. [f it is suggested that the softer Ni(II) ion has
an even higher affinity for the nitrogen atom at physiological pH,
the possibility that urea binds Ni(II) through nitrogen should be
given credence. This possibility is strengthened by the recent X-ray
structural characterization of a Ni(II) complex containing an
N,O-bound hydroxamate ligand.?? Hydroxamic acids are known
inhibitors of the urease-induced hydrolysis of urea, and it is
tempting to attribute this property to their ability to N-bond to
Ni(II). Note than an elimination reaction of an N-bound urea
has been observed on (NH;);Rh!L.2>  Were a similar reaction
to proceed on Ni(II) leading to an intermediate containing a bound
cyanate, it is possible that its decomposition to bound ammine
(for which acid-catalyzed hydration is now well-known) and CO,
might be too fast to distinguish from a process in which carbamates
were formed directly.

Regardless of the mechanism for enzymic hydrolysis of urea,
this work and parallel work demonstrate that the amide substituent
in [(NH;);CoNHCOR]?*" can dramatically alter the reaction
course, as can the nature of the metal ion. When R = H, alkyl,
or aryl, protonation gives the kinetically inert but thermodynam-
ically unstable {(NH;)sCoNH=C(OH)R]** ion, which leads very
slowly to [(NH,;);CoOC(NH,)R]** along with, and ultimately
all to, [(NH;)sCoOH,]**.'” For R = NH,, NHMe, or NMe,,
protonation yields the kinetically labile ion
[(NH;)sCoNH,COR}**, which isomerizes rapidly and intramo-
lecularly to [(NH;)sCoOC(NH,)R]?**,!%!! whereas when R =
NHC4Hs, elimination from [(NH;)sCoNH,COR]** produces
RH,* and [(NH,;);CoNCO]?* (this work). If R = O, decar-
boxylation of {(NH;)sCoNH,COR]** results in [Co(NH;)¢]**
and CO,, except in very strong acid (R = OH) where there is
substantial isomerization, producing {(NH;)sCoOC(NH,)R]3*.13
When R = OEt, {(NH;)sCoNH,COR]3* reacts without elimi-
nation to [(NH;)sCoNCOQ]?* to give approximately equal pro-
portions of [Co(NH,)¢]**, [(NH;)sCoOC(NH,)R]?**, and
[(NH,;)sCoOH,]3* 1617

Clearly, these systems provide a variety of avenues for reaction
of the coordinated ligand, and they complement our knowledge
of intramolecular rearrangements as well. The effects of varying
the metal ion and its oxidation state on the reaction rates and
course for these and related ambidentate ligands are being actively
pursued.

(21) (a) Nakon, R.; Angelici, R. J. Am. Chem. Soc. 1973, 95, 3170. (b)
Buckingham, D. A.; Foster, D. M.; Sargeson, A. M. J. Am. Chem. Soc.
1969, 9/, 4227. (c) Buckingham, D. A.; Harrowfield, J. M.; Sargeson,
A. M. J. Am. Chem. Soc. 1974, 96, 1726.

(22) Brown, D. A; Roche, A. L.; Pakkanen, T. A.; Smolander, K. J. Chem.
Soc., Chem. Commun. 1982, 676.

(23) Curtis, N. J.; Dixon, N. E.; Sargeson, A. M. J. Am. Chem. Soc. 1983,
105, 5347,
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Experimental Section

Visible spectra were recorded on Cary 118C and 210 spectrophotom-
eters, generally at 25 °C. 'H NMR spectra were measured for samples
in anhydrous Me,SO-dg, containing SiMe, as internal reference, on a
Varian T60 spectrometer at 35 °C. '3C NMR spectra were recorded for
the same solutions on a JEOL 90FXQ spectrometer (probe temperature
30 °C) with 1,4-dioxane as internal reference. Infrared spectra were
obtained for samples as Nujol mulls between KBr plates on a Jasco
IRA-2 instrument. SP-Sephadex C-25 cation-exchange resin (Pharma-
cia) was used as supplied. Phenylurea (Aldrich) and 2,2,6,6-tetra-
methylpiperidine (Fluka) were obtained commercially and also syn-
thesized,?* purified, and characterized by established procedures. Sol-
vents were of analytical reagent grade.

Syntheses. [Co(NH;)s0:SCF;3)](Cl0O,),,% [Co(NH;3)sOH,](ClO,);,
[Co(NHy)e]**, [Co(NH;);08(CHj,),](C10,)5-H,0,% [Co(NH;)sNC-
0](Cl0O,),,"* and [Co(NH,)sO,CNH,](C10,),?” were prepared as re-
ported. The documented spectroscopic parameters were closely repro-
duced in this work.

[(NH;)sCoNHCONHCH;](C10,)-H,0. [(NH;);CoOS(CH;),](Cl-
0,); (8 g, 1.5 mmol) was dissolved in dimethyl sulfoxide (40 mL), and
the solution was reacted with phenylurea (10 g, 73 mmol) and 2,2,6,6-
tetramethylpiperidine (4.5 g, 32 mmol) at 80 °C for 1 h. Addition of
an equal volume of 2-butanol or 2-propanol and excess diethyl ether
yielded quantitatively a crimson precipitate. The total crude product was
dissolved in water, sorbed onto a column of Sephadex cation-exchange
resin, and eluted with 0.3 M NaClO, (pH 8, Tris buffer). Six bands were
detected and successively eluted: a trace of a lilac 1+ ion (presumed to
be  [(NH3),Co(NHCONHC¢H;),]*),'® crimson red
[(NH;)sCoNHCONHC¢H;1?*, a crimson brown 3+ ion, and yellow
[Co(NH3)e)** and traces of two pink, higher charged cations. The
[{(NH;)sCoNHCONHCH;](ClO,),H,0 complex was isolated by ro-
tary evaporation of solvent to a small volume and cooling (yield ca. 71%).
[t was recrystallized twice from warm water (pH 9, Tris) as deep crimson
needles suitable for X-ray structure analysis (yield 3.95 g, 52%). Elec-
tronic spectrum: g, 121.0 (0.1 M Tris). Anal. Caled for
CoC,;N;H,,Cl,0,0: C, 17.39; H, 4.97; N, 20.29; Cl, 14.70. Found: C,
17.28; H, 5.03; N, 20.01; Cl, 14.68.

[(NH;3)sCoOC(NH;)NHCH;],(S,05)3:3H,0. [Co(NH;);0;SCF;]-
(CF,80s), (6 g, 10 mmol) and phenylurea (5 g, 37 mmol) were dissolved
in acetone (30 mL), and the mixture was briefly warmed (60 °C, 5 min).
Anhydrous diethyl ether was then added until a pink precipitate formed
in quantitative yield. This product was collected and air-dried before
rapid dissolution in ice-cold water (1:1) and filtration through a finely
sintered glass funnel. Addition by filtration of a one-fifth volume of a
saturated aqueous solution of Na,S,0¢ or Li,S,04 produced pink, spar-
ingly soluble needles of the title product from an orange filtrate, which
contained the more water-soluble [Co(NH;)sOH,},(S;0¢);. The pre-
cipitate was collected and washed with ice-cold water (3 X 30 mL),
absolute ethanol, and diethyl ether. Recrystallization was carried out by
rapid dissolution of the needles in ice-cold water (21 mL), filtration
through a finely sintered glass funnel, and addition of acetone (41 mL).
Yield: 62%. Electronic spectrum: ¢, 86.4 (0.1 M HCIO,). Anal.
Caled for CoN,C;H,8:0,,50 C, 15.36; H, 4.75; N, 17.92. Found: C,
15.0; H, 4.7; N, 17.6.

Product Analyses. All product analysis experiments comprised sepa-
ration of reaction products on jacketed columns of SP-Sephadex C-25
cation-exchange resin, maintained at 2 °C by water circulating from a
Haake thermostat bath, using a phosphate-buffered eluent to be subse-
quently described. Under these conditions all products elute separately.
In some cases, following separation, products were removed from the
column with 0.5 M NaClQ, to enable isolation as solid perchlorate salts.
All products were quantified by measuring absorbances and solution
sample volumes and by using e values reported. Typical experiments are
described below.

[(NH3)sCoNHCONHC¢H;](Cl0O,4),-H,0 (0.1-10 mmol) was stirred
in aqueous HCIO, (0.1, 1.0 M; ¢ = 1.0 M (NaClO,)) at known tem-
peratures for 10 half-lives (ca. 13 min; 25 °C). Reactions were quenched
with ice, and products were sorbed onto 2 °C columns of cation-exchange
resin and eluted with 0.23 M Na* (0.01 M H,PO,", 0.0l M HPO,>, 0.2
M CI7; pH 6.88) eluent.

[(NH3)sCoNHCONHCH;](ClO4),-H,0 (0.1-10 mmol) was stirred
in aqueous 0.1 M CH;CO,H for 2 h (18 °C). Reactions were quenched

(24) (a) Vogel, A. 1. Practical Organic Chemistry; Longmans: London,
1964; p 644. (b) Hall, H. K. J. Am. Chem. Soc. 1957, 79, 5444.

(25) Dixon, N. E.; Jackson, W. G.; Lancaster, M. J.; Lawrance, G. A.
Sargeson, A. M. Inorg. Chem. 1981, 20, 470.

(26) Buckingham, D. A.; Marty, W.; Sargeson, A. M. [norg. Chem. 1974,
13, 2165.

(27) Sargeson, A. M,; Taube, H. Inorg. Chem. 1966, 5, 1094.
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with ice and NaH,PO, (1 g), and the products were chromatographed
as above.

Solutions of {(NH;3)sCoNHCONHCH,](Cl1O,),-H,O (0.1-10 mmol)
in dimethyl sulfoxide containing CF,SO3;H (10 mmol) were reacted for
3040 min (16 °C). The reactions were then quenched with ice (in latter
experiments the acid was first neutralized), and the products were
chromatographed.

[(NH;)SCOOC(NHZ)NHCGHs] 2(5206)3'3H20 (10 mmol) was stirred
in 0.1 M HCIO,, 0.1 M NaMES, or 0.1 M NaPhos (x = 1.0 M (Na-
ClOy)) for 10 half-lives (25 °C) or in 0.1 M NaOH (u = 1.0 M (Na-
Cl0,)) for 30 s (25 °C). Product mixtures were chromatographed,
eluted, and quantitated as described above. Some (incomplete) reactions
were performed at lower temperatures, and product analyses are cor-
rected to 100% reaction by using the figure determined for recovered
reactant.

Kinetic studies utilized routine methods described elsewhere.!! Rate
constants for the parallel first-order reactions of the O- and N-bonded
isomers were determined by the usual nonlinear least-squres analysis
using absorbance—-time traces (at 520 nm) recorded on a Cary 210
spectrophotometer fitted with a thermostated (25.0 2 0.1 °C) cell block.

Crystallography. The data crystal was defined by four pairs of faces
(110), (110), (100), and (111) with distances between them of 0.08,
0.073, 0.072, and 0.175 mm, respectively. Data were collected on a
Philips PW1100/20 four-circle diffractometer using graphite-mono-
chromated Cu Ka radiation. Unit cell dimensions and their estimated
standard deviations were determined from the setting angles of 25
carefully centered reflections. Data within the range 3 < 26(Cu Ka) <
100° spanning one unique quadrant of reciprocal space were collected,
corrected for absorption effects, and reduced in the usual way.
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5N and '5Pt NMR spectra have shown that [Pt(!*NH,),],(u-OH)** slowly forms when a solution containing Pt('’NH,),(H,0)**
and Pt(**NH,),(OH)* is allowed to stand. By measurement of the change in 8y or J(Pt-N) as the pH of a solution of Pt-
(NH,;);(H,0)** was changed, the pK, for this complex was determined (6.37 % 0.10). Reaction of a solution of cis-Pt-
('SNH,),(H,0),** with chloride gave a solution containing cis-Pt(}*NH;),CI(H,0)* and cis-Pt(!*NH,),Cl,. When the pH was
increased to approximately 7, a new species, assigned as [Pt(*’NH;),],(u-Cl)(u-OH)?*, was formed. The variation of 3y trans
to water/hydroxide with pH for cis-Pt(**NH,),CI(H,0)* allowed the pX, for this species to be determined (6.85 + 0.10). Bromide
behaved in an analogous way, but cis-Pt(NH;)(H,0);2* reacted with 1 mol of iodide to give [{Pt(NH;),(x-)};]**. The NMR
peaks from this complex were previously wrongly assigned to cis-Pt(NH;),I,. Changes in 8y of cis-Pt('*NH;),(H,0),** with pH
allowed the values of pK,, and pK,; to be determined, at 5 °C, to reduce the rate of formation of hydroxo-bridged species (5.93

% 0.10 and 7.87 % 0.10, respectively).

Introduction

Despite the interest in the chemistry of the antitumor compound
cis-Pt(NH;),Cl, and its derivatives in recent years, many aspects
of the solution chemistry of these complexes remain relatively
unexplored. For example, there are, to our knowledge, no values
in the literature from reliable experimental determinations for
the acid dissociation constants of the simple species cis-Pt-
(NH;),(H,0),** (1) and cis-Pt(NH3),CI(H,0)* (2). This is
despite the frequent mention of such hydrolysis products in dis-
cussions of the biochemistry of cis-Pt(NH,),Cl,.> Grinberg and
Ryabchikov? reported that although zrans-Pt(NH,),(H,0),?* with
NaOH gave a simple titration curve with two distinct “breaks”
corresponding to the two deprotonation steps, the cis isomer, 1,
gave a much more complex titration curve, from which they
claimed that they could obtain only an average of the two acid
dissociation constants. If the data given by Jensen* are plotted,
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it is clear that he, too, obtained a complex titration curve from
the titration of 1 with NaOH. He nevertheless analyzed these
data to give values (at 20 °C) of pK,; 5.56 and pK,; 7.32. Pe-
rumareddi and Adamson® reported values of 5.63 and 9.25, re-
spectively, but gave no details of their procedure. We now know® 10
that, for solutions containing moderate concentrations of cis-
Pt(NH,),(OH)(H,0)*, there is rapid formation of hydroxo-
bridged oligomers, [Pt(NH,),(z-OH)],** (n = 2, 3). Attempts
to determine the acid dissociation constants of 1 that do not take
this oligomerization into account cannot be expected to produce
reliable results, especially for pK,;, (if the constants are determined,
as is usually the case, by titration of 1 with NaOH). Potentio-
metric determinations have been carried out on analogous com-
plexes with other amines (e.g., zrans-1,2-diaminocyclohexane,!!
1,2-diaminoethane (pK,, 5.8, pK,, 7.6)'?) that may be more valid
because of different rates of oligomerization.
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