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The infrared spectrum of 7 showed characteristic absorptions 
for P-N bonds between 1130 and 1270 cm-I. The electron ion- 
ization mass spectrum for 7 consisted of the parent ion (m/z  739). 
The elemental analysis was compatible with structure 7. The 
IH-decoupled 31P N M R  spectrum showed a single resonance line 
at  46.2 ppm. 

The electron withdrawal property of transition-metal atoms 
causes a deshielding effect on the phosphorus chemical shifts of 
all the cyclometallaphosphazenes compared to the nonmetallated 
cyclophosphazene analogues (Table I). 
Stability of Vanadium, Tungsten, and Rhenium in Their Highest 

Oxidation States. Compounds 4-7 provide examples of stable 
species of vanadium, tungsten, and rhenium in their highest ox- 
idation state. It appears that the phosphazene skeleton has an 
ability to stabilize transition metals in their highest oxidation states. 
Mechanism of the Formation of Cyclometallaphosphazenes. The 

interaction of the transition-metal halides MCl, (VC14, MoC15, 
WC16, ReC15) with the iinear phosphazene salt 1 appears to be 
a sequential process. The first step is the formation of an acyclic 
intermediate 

CPh2P=N?;.PPh2If 

I 
NH2 

I 
I 

HN 

MCIn- 1 

followed by the subsequent cyclization step through the elimination 
of HC1. We have not isolated this acyclic intermediate; however, 
we have been able to monitor the progress of the reactions of the 
various metal halides with the linear phosphazene salt 1 by using 
31P(1H] N M R  spectroscopy. A typical series of spectra obtained 
for the reaction of WC16 with 1 at  different reaction times are 
illustrated in Figure 1. 

Conclusion 

We have so far demonstrated that transition-metal atoms can 
be incorporated into sulfur-nitrogen" and phosph~rus-nitrogen~~~ 
ring skeletons through different synthetic strategies. The ready 
synthesis of these metallacycles has opened up a new topic of 
research in inorganic heterocyclic chemistry. The presence of 
metal-halogen bonds in compounds 2-7 offers opportunities for 
carrying out varieties of nucleophilic substitution reactions. 
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The ligand exchange of cis-bis(acetylacetonato)dioxomolybdenum(VI) in acetylacetone has been studied kinetically with the 
I4C-labeling technique. The rate law was rate = ( k ,  + k2[H20])[complex] at  5.0, 15.0, 25.0, and 35.0 "C; kl and k2 are 1.05 
X s-l and 8.27 X M-' s-' a t  25 OC, respectively. AH* and AS* are 64 f 2 and 64 f 1 kJ mol-' and -86 f 5 and -71 
f 4 J K-l mol-' for kl and k2, respectively. Dilution of the solvent with acetonitrile and deuteriation of the acidic hydrogens of 
the solvent and of water decreased both rate constants. Application of pressure to the solution up to 92 MPa a t  5 OC caused no 
significant change in the rate law, and the rates themselves, i.e. AV"s, were ca. 0 cm3 mol-'. The mechanism of the reaction is 
discussed on the basis of these data. 

Introduction 
The kinetics of ligand substitution reactions of molybdenum(V1) 

complexes has been studied mainly in aqueous s ~ l u t i o n . ~ - ~  The 
participating species are not specified in some cases, since there 
are various molybdenum(V1) species, including dimers and 
polymers, in aqueous media depending on the pH and the con- 
cent ra t i~n .~  Anation and hydrolysis are sometimes accompanied 
by a change in the coordination number. Most aqua complex ions 
have oxide as an inert ligand and given regiospecificity on sub- 
s t i t ~ t i o n . ~  

of the solvent-exchange rate of the metal solvate involving bi- 
dentate ligands by the use of acetylacetonato complexes in ace- 
tylacetone (Hacac) .6,7 For Movl complexes the solvent-exchange 
reactions in organic solvents have been less investigated, although 
a few reports have also been published on isotopic exchange 
between solvent water and 

Molybdenum(V1) gives a discrete complex, cis-bis(acety1- 
acetonato)dioxomolybdenum(VI), that is stable in dry organic 
 solvent^.^ Craven et a1.I0 investigated the intramolecular site 

(6) Watanabe, A.; Kido, H.; Saito, K. Inorg. Chem. 1981,20, 1107-1 11 1 
and references cited therein. 

Some complexity may be ignored in the reactions in organic 
solvents. We have demonstrated the importance and usefulness 

(7) Nagasawa, A.; Kido, H.; Hattori, T. M.: Saito, K. Inorg. Chem. 1986, 
25. 4330-4333. 
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Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 4th ed.; 
Wiley-Interscience: New York, 1980. 
Saito, K.; Sasaki, Y .  In Advances in Inorganic and Bioinorganic 
Mechanisms; Sykes, A. G.,  Ed.; Academic: London, 1982; Vol. I ,  pp 
179-216. 
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0020-1 6691 87 / 1 3 26-403 5$0 1 SO10 

(8) (aj  Hinch, G. D.; Wycoff, D. E.; Murmann, R. K. Polyhedron 1986, 
5 ,  487-495. (b) Gamsjilger, H.; Murmann, R. K. In Advances in 
Inorganic and Bioinorganic Mechanisms; Sykes, A. G., Ed.; Academic: 
London, 1983; Vol. 2, pp 317-380. 
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(10) Craven, B. M.; Ramey, K. C.; Wise, W. B. Inorg. Chem. 1971, 10, 
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reference, AS* values therein should be corrected to -4.4 and -14 cal 
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exchange of two  nonequivalent methyl positions of coordinated 
acac- (trans-to-oxo and cis-to-oxo) by 'H NMR line shape analysis 
in CHC1, and benzene and found no intermolecular exchange 
between t h e  complex a n d  Hacac o n  the NMR t ime  scale  a t  
ambient  temperature.  We have studied the exchange kinetics of 
the reaction (eq 1) b y  the I4C-labeling technique unde r  a tmos-  
pheric  a n d  elevated pressure.  

[ M ~ ( O ) ~ ( a c a c * ) ~ ]  + Hacac = [ M ~ ( O ) ~ ( a c a c ) ~ ]  + Hacac* 
(1) 

Experimental Section 
Materials, Preparation of cis -Bis(acetylacetonato)dioxomolyMenum- 

(VI), c i~ - [Mo~~(O)~(acac )~ ] .  The crude product" was recrystallized by 
dissolving the complex (5 g) in a mixture of Hacac (25 cm3), ethanol (25 
cm'), and 3 M HCI (1 cm3, M = mol d r f 3 )  a t  ca. 60 OC and setting it 
aside overnight a t  room temperature. The lemon yellow crystals were 
filtered off, washed with Hacac-acetone mixture (l:lO, v/v), dried in 
vacuo, and identified by elemental analysis and IR spectroscopy (KBr 
pellet);I2 yield 3.5 g (54% from sodium molybdate dihydrate). 

14C-labeled complex was obtained by dissolving 2.0 g of [Mo(O),- 
( a ~ a c ) ~ ]  in a mixture of [2-14C]Hacac6 (2.3 X lo6 Bq mol-', 10 cm'), 
ethanol (10 cm3), and 3 M HCI (0.5 cm3) with stirring at  60 OC and set 
aside overnight at room temperature. Crystals were filtered off, washed 
with acetone, and dried in vacuo. The specific radioactivity of the 
product was ca. 0.3 pCi g-l. 

Solvents. Hacac and CH3CN were purified, and [merhyler~e-~H,]- 
Hacac (Dacac, 7 1% deuteriated) was prepared and purified according 
to the methods previously described.' The water content of these solvents 
was less than 0.01 M.  

Kinetic Procedure. Reactions under Ambient Pressure. Kinetic runs 
were carried out similarly to the procedure reported in the literature.' 
The thermostated solvent (10 cm3) was mixed with the complex (ca. 40 
mg) by shaking for 1 min to dissolve the powder. Six portions (1 cm3 
each) were pipetted out one by one at  appropriate time intervals and 
immediately poured into test tubes in a cold methanol bath at  -50 OC. 
The solvent was removed in vacuo at -5 "C tG recover the complex, which 
was dissolved in 2 cm3 of Hacac-CH3CN mixture (1:99 by volume). The 
solution (1 cm3) was mixed with the liquid scintillator (14 cm3 of toluene 
containing 0.1% p-terphenyl and 0.04% p-bis(5-phenyl-2-oxazolyl)- 
benzene), and the radioactivity was counted. The water content of the 
reaction mixture remained constant during the kinetic run within &5% 
(Karl Fischer method). The conditions were [ [Mo(O),(acac),]] = 
(0.984-1.78) X lo-, mol kg-l, [ H 2 0 ]  = 0.025-0.273 mol kg-I, and tem- 
perature 5.0-30.0 (*0.1) OC. 

Reactions under Elevated Pressures. The solution of I4C-labeled 
complex (ca. 60 mg in 15 cm3) was prepared at  ca. -5 OC, dispensed into 
five poly(trifluoroethy1ene) (Diflon) cylindrical vessels (1.4 cm in diam- 
eter and 4.5 cm in height) doubly stoppered with Diflon pistons and 
silicone-rubber O-rings,l3 and frozen in a methanol bath at  -60 OC. To 
start the run, the vessel was dipped into a mixture of salt and ice at ca. 
-5 OC for 7 min and placed in the pressure container.' The pressure was 
applied through methanol at 5 OC for a given period. The vessel was 
desealed at -5 OC, a portion of the solution (1 cm') immediately chilled 
at -50 "C to quench the reaction, and the residual solution submitted to 
the Karl Fischer titration. The complex was recovered crystalline, and 
the radioactivity was measured as noted above. The water contents of 
six portions of solution for one kinetic run coincided with one another 
within a *IO% fluctuation. The conditions were [ [Mo(O),(acac),]] = 
(1.16-1.55) X IO-, mol kg-I, [H,O] = 0.027-0.242 mol kg-l, temperature 
5.0 OC, and pressure 0.10, 43.6, and 92.1 MPa. 

Calculation of the Rate. The data were analyzed by the simplified 
McKay equation (eq 2),14 where xo and x ,  are the radioactivity of the 

R = 2[[Mo(o),(acac),ll(ln ( x0 l xJ ) l t  (2) 
complex at  time zero and t ,  respectively. 

Apparatus. UV absorption and 'H N M R  spectra were recorded on 
a Hitachi 330 spectrophotometer and a Varian EM-390 N M R  spec- 

Gehrke, H., Jr.; Veal, J. Inorg. Chim. Acta 1969, 3,  623-627. 
Soptrajanov, B.; Nilolovski, A.; Petrov, I. Spectrochim. Acta, Part A 

The sample solution (ca. 2 cm3) was sealed with a piston, onto which 
a small amount of the same solution (ca. 0.5 cm3) was poured and 
stoppered with another piston. This was found to be effective to protect 
the sample from the methanol or the moisture outside the piston when 
pressurized. 
McKay, H. A. C. Nature (London) 1938, 142, 997-998. Under the 
present experimental conditions, the coefficient [Hacac] /(2[complex] + [Hacac]) is approximated to unity and the final radioactivity of the 
complex practically to zero. 

1968, 24A, 1617-1621. 

Figure 1. McKay plots for the ligand isotopic exchange of cis-[Mo- 
(O),(acac),] ((1.28-1.37) X lo-, mol kg-') in acetylacetone at 15.0 OC. 
Concentration of water: (A) 0.027 mol kg-l; (0) 0.086 mol kg-I; (0) 
0.163 mol kg-I; (V) 0.232 mol kg-'. 
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Figure 2. Influence of water concentration on the ligand isotopic ex- 
change rate constant (k,) of ~ i s - [Mo(O)~(acac )~ ]  ((0.984-1.78) X lo-, 
mol kg-I) in acetylacetone at ambient pressure. Temperature: (A) 5.0 
OC; (0) 15.0 OC; (0) 25.0 OC; (0) 25.0 OC (in 71% deuteriated-meth- 
ylene acetylacetone containing D 2 0  (71 atom 5%)); (v) 35.0 OC. 

trometer, respectively. An Aloka LSC-903 liquid scintillation counter 
was used for I4C /3-radioactivity counting. A Metrohm E-547 automatic 
titrator was used for the Karl Fischer titration. 

Results 
Stability of the Complex in Solution. T w o  IH NMR signals 

of t h e  complex (2.1 and  5.8 ppm vs tetramethylsilane) remained 
unchanged with t ime in the presence of Hacac in CDCI,, indicating 
n o  contribution f rom t r a n s - [ M ~ ( O ) ~ ( a c a c ) ~ ]  a n d  hydrolyzed 
species. No change in UV spectra was  observed a t  2330 nm in 
neat Hacac or in the  presence of H a c a c  in CH3CN. T h e  stability 
of t h e  complex in the  presence of excess H a c a c  or in neat  H a c a c  
was thus  verified. 

Kinetic Feature of the Reaction. M c K a y  plots, -2 In ( x l / x o )  
vs t ,  gave s t ra ight  lines by at least  80% extent  of t h e  exchange 
reaction (Figure 1). T h e  observed r a t e  constant  

(3) 
d id  no t  change with the  lot a n d  t h e  concentration of t h e  labeled 
complex (Table I). Therefore, t he  ligand isotopic exchange took 
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Table 1. Rate Constants and Activation Parameters for the Ligand Isotopic Exchange of cis- [ M ~ ( O ) ~ ( a c a c ) ~ ]  in Hacac" 
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k2/ 10') 
kg m o P  s-I 

5.0 1.89 f 0.02 1.54 f 0.05 1.14 f 0.03 

k 1 -4 -1 
[MoVi1/ [H2Ol/ 

temp/OC press./MPa lo-* mol kg-' mol kg-l k,/104 s-l I /  0 s 

15.0 

25.0 

30.0 

AH*/kJ mol-' 
AS* / J K-I mol-' 
A v / c m 3  mo1-I 
kH/kD 

0.10 

43.6 
92.1 

0.10 

0.10 

0.10 

0.10 

1.13 2.81 
1.09 8.85 
1.06 15.5 
1.40 16.2 
1.16 23.9 
1.16b 2.68 
1.16b 12.7 
1.16b 24.2 
1.34* 15.9 
1.39b 4.45 
1.55b 15.8 
1.34b 23.6 
1.28 2.66 
1.37 8.61 
1.32 16.3 
1.29 23.2 
1.56 2.51 
0.984 6.27 
0.984 11.3 
1.78 12.9 
0.984 17.0 
0.984 22.1 
1.77 27.3 
1 .08 2.9V 
1.37 8.07' 
1.05 1 3.OC 
1.23 18.4' 
1.12 22.3' 
1.26 2.82 
1.26 8.54 
1.33 16.0 
1.32 24.6 

2.52 f 0.02 
3.33 f 0.03 
3.31 f 0.08 
4.29 f 0.04 
1.89 f 0.01 
2.93 f 0.02 
4.12 f 0.02 
3.12 f 0.1 1 
2.07 f 0.04 
3.26 f 0.1 1 
4.10 f 0.20 
5.22 f 0.03 
6.90 f 0.05 
9.28 f 0.09 

11.6 f 0.10 
12.6 f 0.1 
15.8 f 0.2 
19.2 f 0.4 
20.5 f 0.4 
24.5 f 0.2 
27.9 f 1.2 
32.6 f 0.2 

12.2 f 0.1 
15.2 f 0.2 
18.1 f 0.2 
21.7 f 0.3 
20.7 f 0.05 
27.0 f 0.3 
36.8 f 0.4 
46.6 f 0.4 

9.01 f 0.1 

1.61 f 0.01 

1.60 f 0.02 

4.31 f 0.15 

10.5 f 0.3 

5.59 f 0.81d 

17.1 f 0.6 

64.4 f 1.4 
-85.5 f 5.0 
+0.2 f 0.4 
1.9 f 0.3 

1.05 f 0.01 

1.06 f 0.01 

3.10 f 0.10 

8.02 f 0.18 

5.39 f 0.53d 

12.0 f 0.40 

63.9 f 0.9 
-70.6 f 3.3 
-0.4 f 0.4 
1.5 f 0.2 

"Rate equation: rate = ( k ,  + k2[H20])[complex]. Errors are calculated on 70% confidence level. bDifferent lot of the complex was used. '71% 
deuteriated Hacac and water were used (see text). dEstimated value as in Dacac (100%) containing D 2 0  (100%) from the data obtained in the 
experiments using 71% deuteriated Hacac and water. 

Table 11. Rate Constants for the Ligand Isotopic Exchange of c i s - [ M ~ ( O ) ~ ( a c a c ) ~ ]  in a Hacac-CH$N Mixture a t  25.0 " C  under Ambient 
Pressure" 

k2/ 1 0-3 
k,/ 1 0-4 s-] k1/104 s-l kg mol-' s-' 

0.198 1.35 6.09 4.10 f 0.07 1.49 f 0.28 4.21 f 0.16 

[Hacac]/( [Hacac] + [MoVil 1 W2OI 1 
[CH,CNI) mol kg-I mol kg-I 

0.379 

0.558 
0.714 

0.860 

1.15 
1.28 
1.25 
1.25 
1.28 
1.32 
1.30 
1.15 
1.37 
1.36 
1.20 
1.53 

" Errors are calculated on a 70% confidence level. 

15.7 
25.1 

15.7 
25.2 
15.6 

16.2 
25.0 

15.6 
25.3 

5.97 

5.97 

5.53 

place exclusively. The k, vs [H20] plots (Figure 2) at any observed 
temperature gave straight lines with intercepts to give the rate 
formula eq 4. Pressure up to 92 MPa gave almost no effect on 

k, = kl + k,[H20] (4) 

the rate formula and rates themselves (Figure 3). Values of k, 
and k2 and the activation parameters, AH*, AS*, and A v ' ,  are 
shown in Table I. Replacement of the acidic protons of Hacac 
and H 2 0  by deuterium decreased both kl and k2 (Figure 2). The 
deuterium isotope effect (kH/kD) in Table I was calculated on 
the reasonable assumption that the effect of the enolate proton 
overwhelms that of a proton at the 3-position of Hacac. k, de- 

8.01 f 0.14 

6.25 f 0.11 4.11 f 1.71 4.03 f 0.98 
12.1 f 0.1 

11.0 f 0.3 
14.0 f 0.2 
12.5 f 0.2 
10.2 f 0.1 7.25 f 1.30 5.27 f 0.74 
16.2 f 0.2 
20.2 f 0.1 
12.3 f 0.1 9.59 f 1.60 5.37 f 0.92 
18.5 f 0.4 
22.9 f 0.4 

creased on dilution of the solvent Hacac with CH3CN, whereas 
k2 did so only slightly (Figure 5,15 Table 11). 
Discussion 

The rate formula shows a participation of water. Moderate 
AH*, negative AS*, negligibly small absolute values of A v ' ,  and 
significant and moderate kH/kD values are common for both k,  
and k2. Therefore, rate-determining steps of both kl and k2 paths 
should be assigned to analogous processes. A plausible mechanism 
is shown in Figure 4. 

(15) Supplementary material. 
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Table 111. Kinetic Data for Reactions of Octahedral MoV' ComDlexes 
complex" reactn solvent k,(25 OC)/s-l AH*/kJ mol-I AS*/J K-l mol-, ref 

Dfo(O)2(acac)21 site exch CDC13 1.2 90 +57 19 

acetone 1.1 62 -37 19 
various' 69-110 -6-+ 1 15 19 

CHC13 4.0 52 -59 1 Ob 

ligand exch Hacac 1.1 x 10-3 64 -86 this work 
MO"-OX hydrolysis H2O (pH 7.9-8.9) 1.95 20 
MO~'-OXS hydrolysis HZO (pH 7.5-8.5) 0.85 21 
Mov'-cat hydrolysis H2O (PH 7.3-7.8) 7.76 22 
IMo(0)2(OH)2(as)13- hydrolysis H20  (PH 7.4-8.1) 0.9 23 
IMo(O)~(n ta ) l~ -  hydrolysis H2O (pH 6.1-7.0) 1.8 x 10-3 85 -12 23 
[Mo(O)&]" hydrolysis H 2 0  (basic") 0.020-79' 24 

1.9-660/ 24 

Hox = 8-hydroxyquinoline; H20xs = 8-hydroxyquinoline-5-sulfonic acid; H2cat = catechol; H3as = 1,2-dihydroxyanthraquinone-3-sulfonic acid; 
H,nta = nitrilotriacetic acid; L = amino polycarboxylate ions, e.g. iminodiacetate(2-), nta3-, ethylenediamine-N,N'-diacetate(2-), ethylenedi- 
amine-N,N,N',N'-tetraacetate(4-). Activation parameters are recalculated on the basis of the data given in the reference. COrganic solvents 
including dioxane, CD2CI2, N,N-dimethylformamide, benzene, and nitromethane. [OH-] = 0.007-0.183 M. eThe k ,  value (s-l) of the rate formula 
k, = ( k ,  + k2KoH[OH-])/(I + KoHIOH-]), where KoH is the association constant between the complex and OH-. fThe k2 value (s-') of the formula 
in footnote e. 

4 

c 
I 

3 
?- 

\ 
0 

-L 

2 

t I 

1 2 

CH201 / 10-1 mol kg-' 

Figure 3. Dependence of k, on the concentration of water for the ligand 
isotopic exchange of ~ i s - [ M o ( O ) ~ ( a c a c ) ~ ]  in acetylacetone at 5.0 O C  
under ambient and elevated pressures ([Complex] = (1.16-1.55) X 
mol kg-I). Pressure: (0, solid line) 0.10 MPa; (0) 43.6 MPa; (A, broken 
line) 92.1 MPa. 

Catalytic Effect of Water. In the presence of a large excess 
of water with the complex in CH,CN, the UV absorption spectrum 
changed gradually, probably due to hydrolysis (Figure 615) . I 6  

However, the present system contains only a small excess of water, 
and no hydrolyzed species was detected by the UV absorption and 
'H NMR spectroscopy. Hence, the contribution of hydrolysis in 
the present exchange can be ignored, and the influence of water 

(16) In a very dilute solution of the complex in CH3CN, UV absorption 
spectra of the complex changed with time at 25 "C, showing two isos- 
bestic points at 244 and 296 nm (Figure 615). The resulting spectra had 
maxima at 273 nm (c iii 20000 M-' cm-' on the basis of the complex 
concentration), indicating the liberation of 2 equiv of enolic Hacac from 
the complex. The rate increased with an increase in the concentration 
of water. These observations suggest that the change in the spectra is 
due to the hydrolysis. Since the complex was stable in the presence of 
excess Hacac, the reversed formation is rapid. The absorption spectrum 
of (Mo(O),(acac),] in CH$N at the moment of preparation is pre- 
sumed to have two maxima at 317 nm (c  = 7100 M-' cm-') and 206 
nm (c  = 10 150 M-I cm-l) (Figure 615). Values in ref 11  may corre- 
spond to those at ca. 20 min after the preparation. 

concentration upon the rate should be understood as a catalytic 
effect. 

A water molecule can interact with the complex in place of acac- 
to give an intermediate with a unidentate acac- and a water 
molecule (4 in Figure 4) .  This species is converted into 2, and 
a process similar to the noncatalytic path is followed (vide infra). 
Such a mechanism has been proposed for the interpretation of 
the catalytic effect of water in ligand exchange of [M'"(acac),] 
(M = Co, Cr, Fe, V, Ru, Rh, Al) in H a ~ a c . ~ , ~  Those reactions 
gave activation parameters and kH/kD's for k2 analogous to those 
of k l ,  as the present exchange does. Therefore, a similar sort of 
participation of water may be considerable for this reaction. 

Reaction Mechanism. A regiospecificity is generally observed 
for the ligand substitution of oxo-transition metal c ~ m p l e x e s . ~  
The oxo ligand is substitution inert: and ligands at  trans-to-oxo 
positions are more labile in substitution than those at  cis-to-oxo 
 site^.^,'^ Structural data of the present complex show a similar 
trend: MG-0 bond lengths at trans- and cis-to-oxo positions are 
2.19 and 1.98 A, respectively.'* In the present exchange, sub- 
stitution should take place at  trans-to-oxo Mo-0 first, with rate 
constants k,  and k, for the k l  and k2 paths, respectively, to give 
intermediates 2 and 4. The reversed step, i.e. recombination of 
the free end of acac- onto the trans-to-oxo position (rate constants 
k ,  and k-), may be much faster than the chelate-opening process, 
since only negligible amounts of Mo complexes with unidentate 
acac- or Hacac are present in Hacac (vide supra, NMR).  The 
observed rate constant is expressed as 

kl = kakb/(k-a + kb) ( 5 )  

where kb is the rate constant to give 1' from 2. k l  is the smallest 
rate constant of the ligand substitutions of octahedral oxo-mo- 
lybdenum(V1) complexes, in which substitution at  trans-to-oxo 
positions may predominantly take place (Table 111). The slow 

(17) (a) Nishizawa, M.; Saito, K. Bull. Chem. Soc. Jpn. 1978, 51, 483-487. 
(b) Nishizawa, M.; Saito, K. Inorg. Chem. 1980, 19, 2284-2288. 

(18) (a) Craven, B. M., Wise, W. B., and Zajacek, J., unpublished results 
cited in ref IO. (b) Kamenar, B.; Penavic, M.; Prout, C. K. Cryst. 
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Figure 4. Plausible mechanism of ligand isotopic exchange of ~is-[Mo(O)~(acac),]  in Hacac. 

rate of the present exchange may be due to a small value of the 
factor kb / (k - ,  + kb). kb should be therefore sufficiently small 
compared with k-,, and eq 5 can be reduced to the form 

Significant deuterium isotope effect suggests a participation 
of protons in the mechanism. Proton transfer from the incoming 
Hacac to the unidentate acac- in intermediate 2 to give 3 should 
be necessary for completing the exchange. Eigen et al. discussed 
that the proton exchange between Hacac (enol form) and solvent 
water proceeds at  a rate of 2 X s-1.25 In the present system 
the process from 2 to 3 could be slow enough to determine kb. 
However, such a rate-determining step would have given a great 
k H / k D  to kb. Since k ,  and k-, may be little influenced by deu- 
teriation of Hacac or H 2 0 ,  the deuterium isotope effects on kl  
and k2 are substantially determined by kbH/kbD. We prefer to 
reckon that the observed k H / k D  values (1.9 and 1 .5) are not great 
enough to assign the proton-transfer process to the rate-controlling 
step.' 

The resulting unidentate Hacac at  the cis-to-oxo site leaves the 
coordination sphere either in situ (3 - 1') or after the intramo- 
lecular rearrangement from rather inert cis-to-oxo position to labile 
trans-to-oxo site (3 - 2' - l'), and kb may correspond to the 
rate of the faster route of the two. The site exchange of 1 was 
observed by the dynamic 'H NMR technique in acetone, benzene, 
CHC13, etc. ( k  = 1-10 s-l a t  25 0C)10*19 to be faster than the 
present ligand exchange (Table 111). For the site exchange, since 
the effect of solvent dielectric constant on AH* and AS* values 
and no influence of Hacac concentration on the site-exchange rate 
are observed,Ig intramolecular mechanisms26 are suggested. 
Therefore, a similar rearrangement process can be involved in the 
ligand exchange. The presence of a preequilibrium to give 2, which 
makes AS* more negative, may be responsible for the difference 
in activation parameters between the ligand exchange and the site 
exchange. Such an explanation can be acceptable for the present 
system. On the other hand, still no evident data are available for 
the rate of substitution at the cis-to-oxo position. 

(25) The rates of deprotonation on keto and enol forms of Hacac to give an 
enolate ion are 2 X s-I, respectively, in aqueous 
solution, whereas those of the reversed protonation processes are nearly 
diffusion controlled. Eigen, M. Angew. Chem. 1963, 75, 489-508. 

(26) Serpone, N.; Bickley, D. G. Prog Inorg. Chem. 1972, 17, 391-566. 

and <1.7 X 

AV may be helpful for further e.-cidation of LA mechani~m.~' 
Generally, AV consists of both a change in intrinsic volume of 
the species and a volume change in the solvation sphere. The 
present complex has not net charge, and we consider in the fol- 
lowing discussion that the contribution of the former is important. 
AV, for k ,  is derived from eq 6 as 

(7) 
where subscripts denote the individual processes in Figure 4, and 
a similar equation can be written for k2. Observed AV values 
for both k ,  and k2 paths were zero within the experimental error. 
Since the Mo-0  bond at the trans-to-oxo site is long, the change 
in volume accompanied by the substitution should be rather small, 
as compared with that of the normal Mo-0  bond, and may give 
smaller absolute values to AVa and AV-,. Furthermore, A T ,  
may be partly cancelled by -AV*. Thus, the magnitude of AV, 
may be determined substantially by AVb. 

If kb would reflect the substitution at the cis-to-oxo site, lAVbl 
might be significantly large, and lAV1l could not be small, except 
when the substitution has a nature between that of associative 
and dissociative processes. On the contrary, if kb would correspond 
to the rate of the intramolecular rearrangement process, lAVbl 
might be small. The absolute value of AV, will be also small, 
irrespective of the nature of the substitution. We thus conclude 
that the ligand exchange proceeds through a chelate-opening 
process at the trans-to-oxo site, followed by a rapid proton transfer 
between two unidentate ligands, acac- and Hacac, and an exchange 
of the ligating site of those ligands between the trans-to-oxo and 
cis-to-oxo position. 
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