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Kinetics of Formation and Dissociation of [CrsO(O,CCH3)g(urea)s]*: An Example of
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Kinetics of the overall reaction [@D(O,CCHg)g(H20)3]™ + 3 urea== [Cr3O(0,CCHg)g(urea}]™ + 3H,O have

been studied spectrophotometrically. Monophasic kinetics were observed in both directions. The reverse steps,
of urea dissociation, were monitored using an analytical technique which permits direct determination of the
concentration of liberated urea and does not require knowledge of extinction coefficients of intermediate species.
Results imply that consecutive steps occur with rate constants in close to the statistical rkfikslkaf= 3:2:1
andk-;:k—»:k—3 = 1:2:3. Rates indicate strong labilization of urea, compared to the case of mononuclear complex
[Cr(urea}]®*.

Introduction difficult when a spectrophotometric method is used, since spectra
of successive reaction products usually do not differ greatly. In
the case cited, this did not prevent the determination of a valid
averagerate constant, and the same is found to be true in the
present work. However we differ from the previous authors in
the treatment of the statistical factors, which also have to be

Complexes of the type [M;O(O,CR)L3] ™ exist with a range
of transition metafsand are important in several homogeneous
catalytic processes,yet their solution chemistry has been
relatively little studied, particularly as regards complexes of first-
row transition metals. Good equilibrium data exist to confirm taken into account.

the stability of the anion-bridged framework of the iron/acetate Here we report kinetics of formation and dissociation of the

system? and it is also known that in the case of the chromium- complex ion [CEO(O,CCHg)e(urea)]”, hereafter written Mg

(llh/acetate system, this framework is remarkably inert in a here M h n L=0C-
kinetic sensé. On the other hand, there are indications that \(A,/\”j;i: denotes the substrate JO(O,CCHy)q] ™ and oc

the monodentate ligands L are relatively labile: much more
easily displaced than the bridging groups and apparently more
labile than the same ligands in mononuclear chromium(lll)
complexes. The ease of preparation of complexes with different

IM(H,0)]" + L = [ML(H,0),]" + H,0 k;, k_; (1a)

ligands L is one indicatioh. A very early, and incomplete, [ML(H,0),]" + L = [ML ,(H,0)]" + H,O k,, k_, (1b)
kinetic study of the dissociation of the formato complex
[Cra0(O.CH)s (O,CH)3]%~ is anothe® More recently, Sykes ML,(H,O)]" + L=[MLg* +H,0 ks k5 (1c)

and co-workers studied anation reactions of the structurally
similar complex [IEN(SOy)s(OHy)3]*~. They were found to be
substantially more facile than typical reactions at mononuclear
iridium(lll) or iridium(IV) centers? Sasaki and co-workers have

A feature of the work is that, in measurements of the
dissociation rates, absolute concentrations of liberated urea were
. - - determined. In this way, we could show that the rate constants
studied replacement of water by methanol in the ruthenium- . ; | h ictical rati . h )
(111 and rhodium(Ill) complexes [MO(O,CCH)s(H:0)* (M3 are in ratios close to the statistical ratios predlpted on the basis

of the numbers of occupied and unoccupied ligand sites. The

= Rug, Rfg, RLRh). Th_ey too foun_d I_ab|||zat|0n gffects, and absolute values however are much higher than those of reactions
they proposed substantially dissociative mechanisms for these

and other related substitutiohisHowever there is still very little of comparable mononuclear chromium(ll) complexes.
information on the stability or lability of similar complexes of  Experimental Section

metals of the first transition series. P i ¢ Comol [CEO(0,CCHy)s(urea)Cl-2H0
. . ) reparation of Complexes. [CgO(O; 3)s(urea)s]Cl-2H,0.
One problem, commented on in particular by Sykes and co Chromium trioxide, Cr@, 5.1 g (0.051 mol), finely ground and dried

7 1 1
workers/ is to evaluate rate constants for the three consecutive ., ROs, was mixed with 12.0 g of glacial acetic acid. Ethanol (15

steps of the overall ligand replacement reaction. It is particularly mL) was added cautiously, dropwise, with stirring under reflux, the
reaction being allowed to subside completely after each addition. Urea

® Abstract published i\dvance ACS Abstract&ebruary 1, 1996. (3.2 g, 0.050 mol) was added, and heating and stirring were continued

gg galr;non,SRk Dllv;hvéhigl?ﬁ R. FPLFJOEQA |f’1\10f9- _Cﬁegt%% 36, 195. for a further 45-60 min. Concentrated aqueous HCI (4 mL) was added
oflen, 5. 1. Fh.D. Thesis, » Jvorwien, - _ ~ slowly, followed by stirring for another 10 min. The green solution

@) g”ﬁgg?’Ll?'G?A]étgtg?gmsl%%2?39167912'3’(:1'2\%#& L Nunziata, G.; was filtgred while hot, leaving no resjdue, then poncentrated tp a slqrry
(4) Johnson, M. K. Ph.D. Thesis, UEA, Norwich, 1977. by heating over a steam bath, and filtered again. After washing twice
(5) Dubicki, L.; Martin, R. L.Aust. J. Chem1969 22, 701. with 5 mL of ethanol and once with 30 mL of diethyl ether, the product
(6) Werner, A.Ber. Dtsch. Chem. Ge4908 41, 3447. was dried in air and then over silica gel for 12 h. Anal. Calcd: C,
(7) Hills, E. F.; Richens, D. T.; Sykes, A. Gnorg. Chem.1986 25, 23.2; H, 4.37; N, 10.8; Cl, 4.53. Found: C, 22.9; H, 4.36; N, 10.3;

3144.

(8) (a) Sasaki, Y.; Tokiwa, A.; Ito, 1. Am. Chem. S0&987, 109, 6341.
(b) Nakata, K.; Nagasawa, A.; Soyama, N.; Sasaki, Y.; Itdndrg.
Chem.1991, 30, 1575. (c) Sasaki, YAbstracts of Paperdnorganic
Mechanisms Discussion Group, 1991 Meeting; Royal Society of (9) Weinland, R. F.; Hachenburg, . Anorg. Allg. Chem1923 126,
Chemistry: London, 1991, L3. 285.

0020-1669/96/1335-1577$12.00/0 © 1996 American Chemical Society

Cl, 4.47. Attempts to prepare the compound by the method of Weinland
and Hachenbufggenerally gave products of much lower urea content.
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Table 1. IR Spectral Frequencies (c) and Assignments been giverd3¢9 In the range 17081000 cnt?, free urea has
[CrsO(OAC)L3]CI- bands which originate from mixtures of the-© stretchw(CO)-
OC(NHy),  [CrLg]Cls 6H,0 (A1), the two components of the GNtretchv(CNy)(A1, By),
A O(NHy) 1684 s 1683 s 1670 sh and the two components of the coupled in-plane;eforma-
B.  o6(NHy) 1627 s 1578 s 1575 s tions S(NH2)(A1, By). In the present spectra, a band observed
v(CO) 1600 s 1555 s 1545 sh at 1600 cm?! for free urea shifts to approximately 1550 th
B. ¥(CNy 1477 s 1500 s 1500 w, sh for _both the mon_on_uclear and trinuclear complexes. This is
o(NH,) 1146 m 1175 m 1162 w attributed to a shift in the fundamental frequency of the@
1047 m n.o. n.o. stretch, as the double-bond character of theGCbond is

1011w n.o. n.o. weakened on coordination. The presence of the carboxylate
groups in the trinuclear complex obscures this band at room

A1 v(CNp) 1003 w 1036 m 1033 w o
B, x(CO) 201 w 265 m 265 vw temperature, but it is resolved at 1.00 .K. . -

The second type of NfHdeformation in urea consists of in-
o(HNH) 733w 726w 731w plane rockingo(NH,), coupled to give Aand B, components
6(NCO) 601 m 635m obsc in the free urea molecule. These are assigned to a broad band
o(NCN) 573 m 567 m at 1150-1170 cnt! in spectra of both mononuclear and
6(NCN) 559 m 553 m n.o. trinuclear complexes, again supporting similar coordination

534m 540w modes in both. Two bands at 56600 cnT? can be assigned
v(CrO) 464 m 440m to NCN deformation and NCN rocking(NCN) andp(NCN).
390m 410m They are separate for free urea and for the mononuclear complex

Cr O(0,CCH(H0)ICI 6H-0. Thi db . but are observed as a single band for the trinuclear complex. In
of f[rersshl( g itﬁié dZCI')(S(])H)XH S it claoal oA e dg]%aﬁt'cc}n the case of free urea, the deformation and the rock belong to
y precip e g " symmetry types Aand B, respectively. The distinction seems

as described elsewhele. . ; o )
[Cr(urea)¢]Cls. Following the method of Pfeiffet hydrated to be retained in the monomer, but it is apparently lost in the

chromium(ill) chloride, CrGi.6H,0 (5.4 g, 0.020 mol), recrystallized  trimer, perhaps because of the presence of the carboxylate

urea (7.3 g, 0.122 mol), and ethanol (20.0 g) were refluxed on a steam groups.

bath for 45 min. The green solution was filtered (no residue) and then  In summary, the IR data confirm that the complex is correctly

allowed to cool in air. The green precipitate which formed within 1 h  formulated as [GXO(O.CCHs)e(urea)]* and that the chromium

was collected, washed, and dried in air. Anal. Calcd: C, 13.9; H, ,rea linkages are through the oxygen atoms.

N, 528208, Foun © 137 145 S12 51205 " prlminary Measurement  Soluon Ve specr of

and dried and stored in an oven (in aig. 65 °C). Less purified [Cr3O(Q2CC|—|3)6(l_”ea)‘]+_ and [C@O(OZC_CF@G(HZO_)?'F com-

samples gave anomalous Kinetic results, typically high rate constantsPlexes in ethanolic solution showed a slight red shift in the lower

in the ligation experiments. This problem was traced to the presence Of the two main @-d bands on going from #D to urea, as

of carbamate and/or carbonate: aged solutions, even of the recrystallizeddreviously observed for mononuclear complexes with Cr and

compound, again became anomalous, and increased rates were alsother metals, when the urea is coordinated through oxygen.

observed when ammonium carbamate was added to the reactionin ethanol, the urea complex spectrum remains unchanged for

mixtures. For the same reason, presumably, rapid crystallization of gt leag 1 h atroom temperature, but in water it changes with

urea from warm saturated solutions was better than slow evaporation.time as shown in Figure 1. Detailed comparisons, and in

Even und?r |SUCE con(iiitions, Iarge—(I?lcm) clea][ colorlessdneedles y particular the retention of tH#8, and*E(“T,g®5bands at 666

were regularly obtained. IR spectra of less satisfactory products cou : ’ - -

be distinguished, but only by poorer resolution, rather by specific, 720 nm, Cor?f'.”“ that the final spectrum is that of th? triaquo

assignable, impurity peaks. adduct, retalnlng Fhe trlnuclear.structure. The half-life of the
Kinetic Measurements. Visible spectra were measured with a ¢hange is approximately 30 min at room temperature. Inde-

Hitachi U3000 spectrophotometer with temperature control by circulat- P€Ndent measurements have shown that loss of acetate ions by

ing water through double-walled glass cells. In a typical ligation the trinuclear complex is negligible over this time, at the

experiment, because of the high viscosity of concentrated urea solutionstemperature and acidity of these measureménts.

[CrsO(O,CCHy)e(H20)5]Cl-6H,0 was weighed and dissolved in aqueous  The spectral changes are reversed on adding urea. lIsosbestic

perchloric acid, urea was dissolved in water, and both were equilibrated points are observed ab. 535 and 400 nm, though they are not

to temperature and then mixed thoroughly before being injected into well-defined as the spectra have similar slopes at these

the cell. Data were initally collected and stored in the Hitachi software | ths

and then transferred to Microsoft Excel for manipulation and to Wav_e erlg ’ o ) . )

Microcal Origin for graphical display and functional analysis. Kinetic Measurements. Ligation reactions were studied with

urea concentrations in the range 2 M, at the optimum fixed
Results wavelength of 615 nm. Although the absorbance changes were
small, good quality first-order kinetics were observed with signal

IR Spectra. High-resolution, low-temperature IR spectra of )
P g b P averaging over three or four runs. At temperatufes 15—

free urea and of the complexes [Cr(ug@); and [CEO(O,-
CCHg)g(urea}]Cl-2H,O are summarized in Table 1. -

An X-ray structure of the mononuclear complex confirms that (13 ,E/"I"i)ysztgv""vg”’TJ_' Eﬁiggggciihy'ls'lgﬁ/ﬁzighizéi (g%gcimiﬁ;’nfh"p‘éé
the urea molecules are coordinated through oxygen, not 1957, 10, 170. (c) Laulicht, I.; Pinchas, S.; Petrenau, E.; Samuel, D.

nitrogen%2 Spectrochim. Actd965 21, 1487. (d) Balahura, R. J.; Jordan, R. B.
Vibrational spectra of urea and its complexes have been |2n7opr,g'1clg$m(lf)97|—?a%zli65|)37'-(li%d?iléncjah' k]helss%‘\?/icgogh"\?-.Ag;arﬁZlB

reported in detail? and full normal coordinate analyses have Spectrochim. Acta976 32A 693. (g) Liapis, K.; Jayasooriya, U. A..

Kettle, S. F. A.; Eckert, J.; Golstone, J. A.; Taylor, A. D. Phys.
(10) Jayasooriya, U. A.; Cannon, R. D.; White, R. P.; Stride, J. A.; Grinter, Chem.1985 89, 4560. (h) Li, X.; Stotesbury, S. J.; Jayasooriya, U.
R.; Kearley, G. JJ. Chem. Phys1993 98, 9303. A. Spectrochim. Actd987, 43A 1595.
(11) Pfeiffer, P.Chem. Ber1903 36, 1927. (14) Jegrgensen, C. KAbsorption Spectra and Chemical Bonding in
(12) Penland, R. B.; Mizushima, S.; Columba C.; Quagliano, J.\Am. ComplexesPergamon Press: London, 1962; pp 109, 205, 290, 292.

Chem. Soc1957, 79, 1575. (15) Dubicki, L.; Day, P.Inorg. Chem.1972 11, 1868.
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Figure 1. Changes in electronic spectra during the aquation ofJcr 0 1000 2000 3000 4000
(OAc)(urea)]”, in water. [Cgly = 1.5 mM. T = 25 °C. Time t/s
interval: 30 min. Figure 3. Change in absorbance with timé & 600 nm) for the
L . . reaction [C§O(OAc)(H20)s]* + urea— products. [Cg+ = 3.1 mM;
Table 2. Kinetic Data for Reactions of [GD(OAC)(H20)]* with [urea]= 4[1.0 l\/(l g =)60(.022 ﬁ](ch). Thg full line i[s t#e fitted curve
Ures for the equationA(t) = A(0) + B exp(—kit) + C exp(—kat).
[urea], Kobs: [urea], Kobs: . . . .
T,°C M 104st T,°C M 104st on urea concentration. They are attributed to side reactions
15.0 20 2931 25.0 4.0 3.421 involving bregk-up of the central [@D(O,CCHg)g] unit ar_ld _
15.0 3.0 3.247 25.0 5.0 3.472 were not studied further (see comment below). Thus the ligation
15.0 4.0 3.378 35.0 2.0 3.010 kinetics are described by the standard equation for approach to
15.0 5.0 3.582 35.0 3.0 3.251 equilibrium
25.0 2.0 2.983 35.0 4.0 3.346
25.0 3.0 3.264 35.0 5.0 3.567 —
Kobs = Kaq T+ Kig[L] 3)

a] =600 nm;l = 0.02 M (HCIQy); [Crs]r = 0.8-0.9 mM.
wherekaq andkig are rate constants for aquation and ligation
201 reactions, to be defined more precisely below.

Aquation reactions were studied first at the same wavelength
by starting with the triurea complex in aqueous acidic solution.
First-order kinetics were observed in every experiment. Values
of kops are listed in Table 3. Logarithmic plots were linear for
more than 5 half-lives, corresponding to dissociatiocaf2.8
urea molecules per complex (Figure 4). This was confirmed
by further experiments in which the free ligand concentration
was measured absolutely.

Reaction 4 is the basis of a standard colorimetric test for
ureal® The reagenp-(dimethylamino)benzaldehyde is color-
less, but the adduct is yellow with an intense absorption

T d T T L T T T T 1
0 1 2 [urZa]/M 4 5 6 H,N(CO)NH, + p-Me,NCH,CHO =
. - . : p-Me,NCgH,CHN(CO)NH, (4)
Figure 2. Variation of total absorbance change with urea concentration.
?56, %.[A(w) ~ AOWI[Cra]r. [Crelr~ 0.9 mM; [HCIO] = 0.2 M; T = maximum atl = 430 nm. Reaction 4 proved to be fast enough
to serve as a direct probe of the urea concentration. Experiments
35°C, observed rate constarigsfor the overall reactions are  confirmed that equilibrium is reached within the time of mixing
defined by of solutions, under conditions of moderate acid concentration.
The reaction does not go to completion: the absorbance due to
—(d/dt) log |A(e) — A(0)] = —0.434%,& @) adduct increases linearly with added aldehyde concentration,
the latter being in large excess over urea, but the extinction
Values ofkyps are listed in Table 2. The fact that ligation  coefficient of the adduct is large compared with that of the
does not proceed to completion is confirmed by plotsAgéd) chromium complexes at the same wavelength, and the spectrum
— A(0)] against urea concentration, which are linear for the is stable over several hours at room temperature. At fixed
whole of the accessible concentration range (Figure 2). At 35 aldehyde concentration, the intensity is linear with urea con-
°C, the rate plots showed appreciable deviation from (pseudo) centration over the relevant concentration range, and calibration
first order at long times. Good fits were obtained to biphasic curves were obtained for the relevant conditions of][Hnd
expressions such as two consecutive exponential functions ortemperature. The reagent was shown not to interfere with the
one exponential followed by a linear drift of absorbance with aquation process of interest. In the kinetic experiments, initial
time (Figure 3). Absorbance changes corresponding to the firstand final absorbance readings confirmed that 3.0 molecules of
phase fitted well to plots of the type shown in Figure 2, and urea are lost per trimer molecule and that the initial concentration
the rate constants again correlated positively with urea concen-of free urea was negligible. Variation of added aldehyde
tration. The second phases represented only small fractions of
the total absorbance changes, and they showed no dependena@é) Watt, G. W.; Chrisp, J. DAnal. Chem1954 26, 452.
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Table 3. Kinetic data for Aquation of [GO(OAc)(urea}]* 2

Bourke et al.

[aldl®  [EtOH],  [H*] Kobs
A, nm T,°C mM M mM 104st
615 14.4 0 0 20 2.10
615 14.4 0 0 16 1.80
615 14.4 0 0 14 1.93
615 14.6 0 0 12 1.93
615 14.7 0 0 8 1.93
615 14.7 0 0 4 1.86
615 25.2 0 0 200 8.66
615 25.2 0 0 160 8.66
615 25.2 0 0 140 8.49
615 25.2 0 0 100 8.08
615 25.2 0 0 60 8.00
615 25.2 0 0 50 9.56
615 25.2 0 0 20 8.66
615 25.2 0 0 10 7.73
430 25.0 0 8.7 400 1024
430 25.0 12 8.7 400 101
430 25.0 12 8.7 400 164
430 25.4 30 8.7 400 9.76
430 25.2 60 8.7 400 9.76
430 25.2 60 8.7 400 10:3
430 25.4 120 8.7 400 9.90
430 25.2 40 5.0 200 8.69
430 25.0 40 5.0 200 8.56
430 24.9 40 5.0 200 9.40
430 25.0 40 5.0 200 8.40
615 34.6 0 0 40 30.6
615 35.0 0 0 60 27.7
615 34.8 0 0 80 315
615 34.8 0 0 100 32.6
615 34.9 0 0 120 29.5
615 34.5 0 0 120 31.9
615 34.9 0 0 140 345
615 34.9 0 0 160 31.8
615 34.7 0 0 160 31.8
615 34.8 0 0 180 34.7
615 34.8 0 0 200 32.6
615 34.6 0 0 200 34.7
430 34.9 40 5.0 200 29.7
430 34.9 40 5.0 200 30.6
430 34.8 40 5.0 200 30.2

al = 0.2 M (LiClO,); [Crgt = 0.8-0.9 mM.P ald = p-Me;NCs-
H,CHO. 1 = 0.4 M.

concentration over the range 0:60.12 M had no effect on
rate. Rates were independent offJHbver the range 0.020.2
M, at T = 15 and 25°C; but at 35°C a slight upward trend
was seen consistent with the expression

Kops = Kaq + kylH ] (®)

The second term is again attributed to side reactions involving
acid-catalyzed dissociation of bridging acetate ibn&inal
values ofkaq are listed in Table 4.

Discussion

The IR, analytical, and kinetic data make it clear that the
starting material of the aquation reactions is the complex with
three coordinated urea molecules, JO(O,CCHs)s(urea}]™.
The key observations of the kinetics are that aquation is

monophasic over all three steps of ligand replacement; that the
pseudo-first-order rate constants measured spectrophotometri

cally for the total mixture of chromium complexes, and for the

-3 L

103 t/s
Figure 4. First-order rate plots for aquation of [{}(OAc)(urea}]*:
upper curve, using addgdMe,NCsH,CHO to determine liberated urea,
A =430 nm, [HCIQ] = 0.4 M, [EtOH]= 5 M, [aldehyde]= 0.04 M,
T = 25 °C, vertical coordinate is logfo) — A(t)]; lower curve, no
added aldehydel, = 615 nm, [EtOH]= 0, [HCIO,] = 0.2 M, T=25
°C, vertical coordinate is log{(t) — A()].

Table 4. Summary of Rate and Activation Parameters

[EtOH], Kag, kiig,®

TP°C M st M-ts?
145 0 1.93+:0.09
15 0 2.6+ 0.1¢ 0.18+0.03
25 0 8.5£0.5
25 5.0 8.8£0.4
25 0 6.4+ 0.4 0.49+0.10
25 8.7 10.1+0.3
35 0 32+ 2
35 0 26.3£ 0.4 1.3+0.2
35 5.0 30.0£0.4

AH* kJ mof? 98+1 71+4

AS, JK1mol™? 102+ 2 —12+7

2] =0.2 M (LiClOy). ® £0.2°. For temperatures of individual runs,
see Tables 2 and 81 = 0.4 M. 91 = 0.02 M (LiCIO,).

constantk_1, k—», k_3 are in the ratio 1:2:3; also the successive
differences in extinction coefficients of the four chromium
complexes, M, ML*, ML;*, ML3*, are approximately equal.
This type of reaction scheme has been analyzed many times
for the case of a two-step reaction, and also for an irreversible
three-step reactiol,and for analogous situations such as the
equilibrium dissociation of a dibasic aci#l. Vanderheiden and
King also discussed a six-step reversible reaction, and they
suggested on the basis of intuition that in that case also
monophasic kinetics should be be observed if the statistical
relationships between the parameters are asstéitnéd.the
Supporting Information we prove formally that this is correct,
for any number of steps. The proof is expressed in matrix
notation, but when expanded in ordinary algebra and reduced
to the case of two steps, it is the same as that given by previous
authors for simpler casé8. Applied to the present case, with

ligand in large excess over chromium complexes, it gives

liberated urea alone, are in good agreement; and that the specifiqm Bateman, HProc. Cambridge Philos. S091Q 15, 423,
rates of approach to equilibrium, in the directions of both (18) Adams, E. QJ Am. Chem. Sod.916 38, 1503. '

aguation and ligation, are consistent. All this agrees with a
statistically controlled mechanism. That is, in the reaction
scheme (1aj(1c), the successive ligation rate coefficiekis

ko, ks are approximately in the ratio 3:2:1 and the aquation rate

(19) Vanderheiden, D. B.; King, E. L1. Am. Chem. S0d.973 95, 12.

(20) (a) Frost, A. A.; Pearson, R. &inetics and Mechanisp2nd ed.;
John Wiley: New York, 1961; p 173. (b) Espenson, J.Gthemical
Kinetics and Reaction MechanispMcGraw-Hill: New York, 1981;
p 70.



Kinetics of [CrO(O,CCHg)g(urea}]™

A(t) — A() = —3a(A¢)IK[LI(L + K[L]) ™ exp(kysd)
= [A(0) — A()] exp(—kspd) (6)

wherea is the total trichromium complex concentration, {lgr
Ae = € — €-1, | is the path lengthK = ki/k—3, and

Kops = (Kg[L] + k_5)/3 (7)

so that our measurekly and kaq correspond to i and -3,
respectively.

The experiments with added aldehyde, and with urea con-
centration small throughout, are described by

[L] — [L]() = —3aexp(—kyd) (8)
AD) — A() = —3ael exp(—kyud) (9)

wheree denotes the extinction coefficient of the ureddehyde
adduct, other extinction coefficients being neglected.

Inorganic Chemistry, Vol. 35, No. 6, 1994581

progress significantly beyond the formation of the first complex.
(This accounts for the difficulty of preparing the tris(urea)
adduct, referred to above, and for the nearly anhydrous
conditions which were found necessary.) Thus we have no
proof that the relationship between the three ligation rate
constants is statistical. However the magnitude of the overall
equilibrium constant suggests that it is so. In eq k5,
corresponds to the ratkqg/kaq the overall equilibrium constant
for reactions la1c beingKs3, and this gives values &€ of the
order of 0.02 M in the conventional units. But in reactions
la—1c an HO molecule is displaced, and with the assignment
of a “concentration” [HO] = 1000/18= 55.5 M, a more
realistic equilibrium constant would be definedkd¥® = [ML]-
[H20)/[MOH_][L], giving K'e = 0.02 x 55.5~ 1. More
precisely, this should be written in terms of ligand and solvent
activities, but the essential point is that at equilibrium the mole
ratio of bound urea to bound water is of the same order as the
mole ratio of free urea and water in the bulk solvent.

There is evidently not much change in the character of an

The case of four consecutive reversible steps has also beerindividual chromium-urea bond, as a remote urea molecule is

dealt with in a series of studies by Sykes and co-workéts,
mainly in reactions of the type [MK4(OHp)o]™ + L~ =
[M3X4(OHyp)e—iLi]™ D+ (M = Mo, W; S=0, S, Sen=4, 5,

6; L~ = NCS-, CI"). Typically the substrate has three
equivalent sites for replacement of®l by ligand L, and Sykes
and co-workers include the statistical factor of 3 in the rate
equations, writing the pseudo-first-order rate const&gi$or

the approach to equilibrium as

Keq= (Ky/3)[L] +k_; (10a)

added or removed, but the character of these bonds is strongly
affected by the presence of the central oxide ion. Kilpaffick
reported specific rates of aquation of the mononuclear hexakis-
(urea) complex:

[Cr(OC(NH,),)¢*" —
[Cr(OC(NH,),)s(OH,)1*" + OC(NH,), (11)

In aqueous solution, rates were found to be zero-order in
hydrogen ion, as in the present system, witle 1.8 x 1076
sl at 25°C. In the trinuclear complexes, the urea is more

when the ligand L is in large excess over the substrate M, but labile by a factor of approximately 4 12. The most obvious

Keq= Ky[M] +k_; (10b)
when the substrate is in excess over the ligdAdWe have
preferred not to incorporate the statistical factor in the empirical
rate equations.

cause of the difference is an electronic effect of the central oxide
ion of the trinuclear complex, mediated by the chromium atoms
specificially to the ligands in theanspositions. Recently, the
structure and IR spectra of the analogous fluoride adduct
[Crs0(0.CCoHs)6F3]2~ were reported® In comparison with
other complexes containing chromiufiuorine bonds, it was

The statistical relationship between rate constants means thatogwn that these bonds were the longest, and the stretching
each urea molecule dissociates with a probability i“depe”demfrequencies were the lowest, of any so ;‘ar reported. The
of the presence or absence of other urea molecules. This is NOLnomjum-fluorine data provided evidence of a static trans

surprising if it is assumed that the main factors which could eftect The present results demonstrate a kinetic trans effect.
cause differences in rate are interligand repulsions. As regards
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