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Abstract 

The (NH,)&oOC(NHz)23+ ion is consumed in 
water according to the rate law k(obs.)= ki + 
kz[OH-1, where kI = 4.0 X lo-’ s-l and kz = 14.2 
M-r s-l (O-O.1 M [OH-]; /J = 1.1 M, NaC104, 25 “C). 
A hitherto unrecognized intramolecular 0- to N- 
linkage isomerization reaction has been detected. In 
strongly acid solution only aquation to (NH3)sC~- 
0Hz3+ is observed, but in 0.1-1.0 M [OH-], 7% of 
the directly formed products is the urea-N complex 
(NH3)sCoNHCONH, ‘+ which has been isolated. In 
the neutral pH region a much greater proportion 
(25%) of the products is the urea-N species. These 
results are interpreted in terms of an urea-0 to 
urea-N linkage isomerization reaction competing 
with hydrolysis for both spontaneous (k,) and 
base-catalyzed (kz) pathways; the rearrangement is 
not observed in strongly acidic solution (pH < 1) 
because the protonated N-bonded isomer (pK’, - 3) 
is unstable with respect to the O-bonded form. The 
appearance of the isomerization pathway as the pH 
is raised in the O-6 region is commensurate with a 
rate increase which cannot be attributed to a con- 
tribution from the base catalysis term kz [OH-]. It 
is argued that this observation establishes, for the 
spontaneous pathway, that hydrolysis and linkage 
isomerization are separate reaction pathways - there 
is no common intermediate. The product distribution 
and rate data lead to the complete rate law, k(obs.) = 
kl t kz [OH-] = (k, + koN) t (koH t k’&[OH-] for 
the reactions of the O-bonded isomers, where k,, 
koH are the specific rates for hydrolysis, and koN, 
klON are the specific rates for 0- to N-linkage isomeri- 
zation, by spontaneous and base-catalyzed pathways 
respectively; k,, = 1.3 X lo-’ s-l and k’ON = 1.1 
M-r s-’ (I* = 1 .O M, NaC104, 25 “C). The 0- to N- 
linkage isomerization has been observed also for 
complexes of N-methylurea, NJV-dimethylurea and 
N-phenylurea, but not for the N,N’-dimethylurea 
species. There is an approximately statistical relation- 
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ship among the data for -NH2 capture (versus H,O), 
while -NHR and -NR* do not compete with water 
as nucleophiles for Co(II1) in either the spontaneous 
or base-catalyzed hydrolysis processes. For each 
urea-0 complex, 0- to N-isomerization is a more 
significant parallel reaction in the spontaneous as 
opposed to the base-catalyzed pathway. This is 
interpreted as being indicative of more associative 
character in the spontaneous route to products, a 
conclusion supported by other evidence. Some 
activation parameter data have been recorded and the 
effect of the N-substitution on the rates of solvolysis 
(H,O, Me$O) is discussed. The urea& complexes 
have been isolated as their deprotonated forms, 
[(NH3)sCoNHCONRR’](C10&~xHz0 (R,R’ = H, 
CH3). They are kinetically inert in neutral to basic 
solution but in acid they protonate (HzO, pK’, 2-3; 
g = 1 .O M, 25 “C) and then isomerize rapidly back to 
their O-bonded forms. Some solvolysis accompanies 
this N- to O-rearrangement in HZ0 and Me$O. 
Specific rates and activation parameters are reported. 
The kinetic data follow a rate law of the form 
kNo(obs.) = (k + k&[H’]/(K’, + [H+]) and the 
active species in the reaction is the protonated form; 
k, kNO are the specific rates for hydrolysis and 
isomerization, respectively. Proton NMR data 
establish that the site of protonation (in Me2SO) is 
the cobalt-bound nitrogen atom. For the unsubsti- 
tuted urea species (NHs)sCoNH,CONH,3+, diastereo- 
topic exo-NH2 protons arising from restricted rota- 
tion about the C=N bond are observed. The relevance 
to the mechanism of the linkage isomerization 
process is considered. 13C and ‘H NMR and elec- 
tronic absorption spectral data are presented, and 
distinctions between linkage isomers and the solution 
structures (electronic and conformational) are dis- 
cussed. The urea-N/urea-O complex equilibrium is 
governed by the relation K’,,(obs.) = K ‘NO [H+] / 
([H+] t K’,), where KIN0 is the equilibrium con- 
stant = [(NH3)sCo(urea-0)3+]/ [(NHs),Co(urea-@‘I. 
Values for KIN0 (= k&k& = 260 and pK’, - 3 for 
the NH2CONH2 system are consistent with the 
stability of the N-isomer in feebly acidic to basic 
solution (e.g. pH 6, K’No(obs.)= 2.6 X 10e2) and 

0020-1693/88/$3.50 0 Elsevier Sequoia/Printed in Switzerland 





Pentaamminecobalt(III) Complexes 83 

urea-N complexes in good yield. Base is required to 
shift the urea-O/urea-N equilibrium to favour the 
N-bonded form. The N-bonded anionic urea ligand 
is strongly preferred thermodynamically (HzO, pKla 
urea-fV3+, - 3; pK’, urea-03+, - 13) [ 161. Attempts to 
effect a similar shift in equilibrium in non-coordinat- 
ing solvents such as acetone or sulfolane were 
surprisingly fruitless - such solutions proved so 
moisture sensitive that the kinetically inert (NH&- 
CoOH’* was formed preferentially. 

We have so far been unable to obtain the 
N-isomers (NH3)sCoNRCONRR”+ derived from the 
N,N’-substituted ureas RNHCONHR’ by the other- 
wise successful procedure described above; presum- 
ably these ions, alkylated at the donor nitrogen atom, 
are thermodynamically unstable with respect to their 
O-bonded forms, or side-reaction (hydrolysis or de- 
composition) is faster than the desired substitution 
process. Consistent with this view, the monosubsti- 
tuted ureas methylurea and phenylurea yielded 
exclusively the N-bonded linkage isomers (NH&- 
CoNHCONHR’+ rather than (NH3)&oNRCONHZ2+ 
by the new synthetic route [ 171. The urea-N com- 
plexes were crystallized as the red-pink perchlorate 
salts of the deprotonated cation, i.e. [(NH&CoNH- 
CONRR’](C1O&xHzO (x = 1,2; R,R’ = H, CH3). 
Other salts such as those of CF,SO, and NO, 
were readily crystallized but not characterized. The 
unsubstituted urea-N complex formed a stoichio- 
metric triflate/perchlorate salt, less soluble than 
either the di-triflate or di-perchlorate. Details of the 
general synthetic route to complexes containing 
N-bonded isomers of other ambidentate ligands such 
as amides RCONH2, urethanes ROCONHZ, sulfon- 
amides RS02NH2, sulfamide NH2SOzNHz, methane- 
sulfinamide CH3SONH2 and sulfamate H2NS03- are 
described elsewhere [ 171. 

The protonated forms of the urea-N complexes 
could be crystallized as yellow plates or needles by 
treatment with the appropriate acid. The solids so 
obtained were shown by ‘H NMR spectroscopy and 
ion-exchange chromatography to have the stoichiom- 
etry [(NH3)sCo(urea)]X3 and to consist largely if 
not entirely of the protonated N-bonded isomer. 
However, these solids rapidly isomerized to give the 
respective O-bonded urea complexes, even in the solid 
state (tl12 - min, 25 “C!). Therefore it proved 
generally more convenient to quantitatively and 
rapidly generate and observe the protonated 
N-isomers in situ in the appropriate solvent, HzO, 
Me2S0 or Me2C0. 

Characterization 
Aside from elemental analysis, the identity and 

purity of the urea complexes were established by 
ion-exchange chromatography on SP Sephadex C-25 
or Dowex 5OWx2 cation exchange resins. The 
O-bonded isomers separate cleanly from the main 

impurity (NH3)sCoOH2’+, and other trace (NH,),- 
CoX”+ impurities, using a sodium phosphate/sodium 
chloride (1:9) buffer (pH = 7) as the eluent. All urea- 
0 samples used in this work were shown to be pure 
by this method. Also the ‘H NMR spectra in concen- 
trated, dry DMSO-d6 solution [21] readily estab- 
lished the absence of (NH3)sCoOHZ3+. Similarly, the 
urea-N isomers were shown to be free of (NH&- 
CoOH’+ and other pentaammine complex impurities. 
Indeed, the usual synthetic procedure [17] entails a 
purification step involving ion-exchange chromatog- 
raphy in which the N-isomer is cleanly eluted as its 
deprotonated form (NH&CoNHCONRRr2+ well sep- 
arated from any O-bonded isomer (NHs)sCoOC(NH& 
NRR13+, starting material (NH3)sCoOSMep, 
hydrolysis product (NH3)sCoOH2+, and traces of 
CO(NH~)~~+ which arise through a disproportionation 
reaction in preparations under forcing conditions. 

Isomeric purity was established by ion-exchange 
chromatography and ‘H and 13C NMR spectroscopy, 
where all forms of the complex are distinguished 
from each other as well as from free ligand. The N- 
and O-bonded isomers readily separate chromatograph- 
ically, as 2t and 3t ions respectively, using eluents 
having a pH above the pK’, of the urea-h’ species. Phos- 
phate based eluents (pH - 7) at low temperature 
(-5 “C) were employed, since the rate of spontaneous 
aquation at 25 “C (tl12 - 4 h) is not insignificant, while 
base-catalyzed hydrolysis of the urea-0 isomers 
becomes increasingly important at higher pH. Also, 
the low pH region (G3) was avoided because the 
N-bonded isomers isomerize rapidly to their O- 
bonded forms by an acid-catalyzed pathway (vide 
infra) . 

Isomer Assignments and Solution Structure 
The distinction between N- and O-bonded urea 

isomers is made in several ways. The preparative 
chemistry and direct measurements establish the 
large difference in the pK’, values for the urea 
protons; pK ‘, - 3 for the urea-N and -13 for the 
urea-0 species. As pointed out previously [22,23], 
metal ion coordination enhances the acidity of 
ligand protons, especially when these protons reside 
on the donor atom (although see below). For 
example, free urea has a pK’, - 13.8, which is 
reduced slightly to -13 on O-coordination [14] but 
substantially, to -3, on N-coordination. This -lo”- 
fold dimunition in pKra for the N-bonded isomer is 
similar to that found for sulfamate ion NH2S03- 
[23], formamide NH&HO [24] and cyanamide 
NCNH2 [20], all N-bound to Co(II1). 

Because species such as (NH3)5CoOH23+ and the 
N-bonded isomers above are substantially more acidic 
than the free ligands (-10B-1012-fold), compared to 
ions such as (NH&Co03P(OH)+ where H+ resides on 
the exe-oxygen and the enhancement is only -102, it 
has been assumed in ambivalent cases [22-241 that 
the proton must reside on the donor atom. However 
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this reasoning is incorrect, and the point is illustrated 
for the N-bonded formamide complex (NH,),- 
Co(NHsCH0) . ‘+ For the following y s stem of cyclic 
equilibria 

K 

Co-NH, -CHO 3+ - c Co NH = CH(OH) 3+ 

Co-NH-CHO’+ + H+ 

it can be seen readily that K = Kal/KaZ, and if K,, 3 
Ka2 then obviously K is large. Thus the protonated 
formamide-N complex should exist in the iminol 
form 2 where the proton resides on the exo- 
electronegative atom! In fact, recent ‘H NMR work 
[17] establishes the N-bonded isomer to be (NH&- 
CONH=CH(OH)~* rather than (NHs)sCoNH2CH03+ as 
originally believed [24]. This actually supports a case 
for enhanced acidity of protons adjacent to the metal 
ion, since when the proton does not reside on the 
donor atom, as here, the enhancement must be even 
greater than the observed factor. 

We believe that the N-bonded complexes of 
amides, ureas and other N,O-bonded ambidentate 
ligands are appreciably more acidic than the corre- 
sponding O-bonded forms because the conjugate base 
is significantly more resonance stabilized. Such stabili- 
zation is available to either the amide 1 or iminol 
form 2 of the N-isomers. Indeed, the NMR data 
discussed ahead show that the urea-N species have 
the structure Co-NH2COR3+, rather than Co-NH: 
C(OH)R3+ like the amide-N species even though they 
are of comparable acidity (pK’, 2-3). In summary, 
acidity arguments, while not definitive of the site of 
protonation for the N-isomers, still provide a useful 
empirical distinction between urea-N and urea-U 
bonding. 

The pK’, values for the O-bonded urea and NJ/- 
dimethylurea species indicate a negligible effect 
attributable to N-methylation; the urea-0 species is 
close to twice as acidic (pKi 13.2 versus 13.5), as the 
statistical expectation [16]. In this article it will be 
generally assumed that exe-NH* alkylation has little 
effect on the pKla of the N-bonded urea species; 
the pK’, has been measured accurately only for the 
(NH3)sCoNH2CON(CH3)23+ ion (2.9, 25 “C; p = 
l.OM,KCl) [16]. 

The relative acidities of the N- and O-bonded urea 
complexes are important for another reason. They 
control the thermodynamics of the urea complexa- 
tion process as noted earlier, and thus, depending 
upon the pH, they determine whether 0- to N- or N- 
to O-bonded urea rearrangement can actually be 
observed. 

The electronic absorption spectra (see Table VIII) 
also reflect the mode of urea coordination. The 

O-bonded isomers are pink, es&max) - 85, indicating 
a ligand field strength similar to, for example, the pink 
O-bonded 0P(OCHs)3 (e5is(max) 49.3) OSO:- 
(e5r6(max) 63.9) and OCO:- (esr,(max) 92.0) com- 
plexes. The spectra of the deprotonated N-bonded iso- 
mers (esee(max) - 100) do not provide a direct com- 
parison since the urea is bonded as its anion. How- 
ever, the comparable protonated urea-N species 
absorb at significantly higher energies (ea5(max) - 
70) than the O-bonded species, consistent with the 
increased ligand field expected for N-coordination (CL 

(NHs)&03+, e4,s(max) 57.6, (NH3)sCoNOz2+, e457- 
(max) 96.0, (NH~)&oONO*+, ee9r(max) 70.5). 

From the visible absorption spectra, the proto- 
nated N-bonded sulfamate, amide and sulfonamide 
complexes have been argued to be uniformly of the 
form (NHa)sCo-NH*-R3+, i.e. protonated at 
nitrogen [22-241. However there is no precedent to 
suggest that the 0-protonated N-isomers (NHs)sCo- 
NH=C(OH)R3+ might differ significantly in ligand 
field absorption, and it is revealing to observe that 
the lower energy &and field band for the protonated 
N-isomers of sulfamate, sulfamide, sulfonamides and 
ureas all occur in a remarkably narrow range, at -488 
nm (e - 60). The corresponding absorption for the 
protonated N-amides occurs at -478 nm (E - 70). 
This consistent difference, albeit small (-10 nm), 
suggests a different site of protonation for the 
amides. Furthermore, for all the deprotonated 
N-ligand species, N-amides excepted, large changes in 
the visible absorption spectra occur on protonation. 
This can be understood if the N-amide, (NH&- 
CoNHCHO*+ being typical, has a greater imine 
character 3 than the other N-bonded species, 

H H 
CO-N=C-H Co-N-C-H 

1, 

3 +H+ 

IT 

;I 

-H+ 4 

H 

Co-N=C-H 4 w CO NH,- C - H 

AH A 

Thus 0-protonation of 3, in contrast to N-protona- 
tion, does little to disrupt the chromophore, accom- 
modating the relatively small change in the electronic 
spectrum. The proton on the exo-oxygen ‘locks’ the 
ligand in the iminol form, and the visible absorption 
spectral data indicates that this group (Co-NH= 
C(OH)R h(max) - 476 nm) exerts a stronger ligand 
field than in Co-NH*--R (X(max) - 488 nm; R = 
-CONR’R”, -SOs-, -S02NH2, -SO*NR’R”, -S- 
(O)R’), but coincidentally it is very similar to that of 
NH3 (h(max) = 465 nm). The amine ligands of the 
latter Co-NH2R complexes, because of the electron- 
withdrawing R substituents, are weaker bases than 
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observed rates according to the (corrected) product 
distributions (Table IV). Rates for reaction of 
(NHs)sCo(urea-N) 2+ ions in aqueous acid and acidic 
Me2S0 (Tables VI, VII) were determined from 
absorbance/time traces at 520 nm, and rates sub- 
divided as above for parallel reactions. All absorbance/ 
time data were fitted in the usual way by weighted 
non-linear least-squares analysis. The data closely 
followed a single exponential function over 23 rr,s, 
and all reported rate constants represent averages of 
at least 3 determinations. 
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NMR Studies 
The 60 MHz spectra were recorded for the 
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CoNHCONHCH32+, (NHs)sCoNHCON(CHs)~+ and 
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after adding acid. These solutions were cooled to or 
below the freezing point of the solvent before adding 
a molar excess of cold (<O “C) concentrated acid 
(CFsSOsH, CHsSOsH, or CF,C02H) dropwise, 
rapidly shaking the tube, and quickly and repeatedly 
recording spectra. Initial spectra were obtained by 
extrapolating the series obtained to zero time. As it 
happened, a range of initial temperatures (20-40 “C) 
were achieved by the above technique, and in this 
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NH2 resonances for (NH~)~CONH~CONH~~+ were 
observed. 
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