
1322 Inorg. Chem. 1983, 22, 1322-1327 

Contribution from the Department of Inorganic Chemistry, 
Indian Association for the Cultivation of Science, Calcutta 700 032, India 

Molybdenum Complexes. 3.' Bis( hydroxamates) of Dioxomolybdenum(V1) and Their 
Reactions: Control of Redox Activity by Substituent Effects, Protic Equilibria, and 
Oxaziridine Formation 
PHALGUNI GHOSH and ANIMESH CHAKRAVORTY * 
Received August 18, 1982 

The synthesis, characterization, and spectra ('H NMR, IR, and UV) of a group of molybdenum hydroxamates of type 
Mo02(RX), (2) are reported (RX = RN(O-)C(=O)C,H,X R = H, Me, Ph; X = OMe, Me, H, C1, NO,). These exist 
in only one isomeric form in which the Moo2 group is cis and the carbonyl oxygen is trans to a terminal oxo function. 
The CO stretching frequency of 2 is low due to the presence of hydroxamate-hydroximate resonance in metal-bound RX. 
The Mo(V1)-Mo(V) redox activity of 2 is systematically examined by using cyclic voltammetry at the mercury electrode. 
In acetonitrile the reduction peak ( E  ) is readily seen but the corresponding oxidation peak (Epa) is absent except in 
MoO,(HX); (rapid decomposition orMo02(PhX); and Mo02(MeX);). For a given X, E ,  decreases as R changes in 
the order H > Ph > Me. For a given R, E ,  values, which decrease with X as NO2 > C1 > H > Me > OMe, correlate 
linearly with Hammett constants. The reaction of Mo02(PhX), with p-YC6H4NHOH (Y = H, C1, Me) yields a red-orange 
solution thought to contain MOO(YC~H.,NO)(P~X)~, whose E, is -300 mV lower than that of Mo02(PhX),. A span 
of more than 1 V is covered by the E,  values (-0.60 to -1.64 V vs. SCE) of the various complexes. The complex Mo02(HH), 
undergoes proton dissociation in aqueous media (pK, = 3.45 f 0.05 and pK2 = 5.85 A 0.05), and the current corresponding 
to E ,  progressively diminishes with increasing pH. This effect, which is reversible, is shown to arise from Mo02(HH), 
alone being electroactive while [MoO,(H)(HH)]- and [MoO,(H),]~- are inactive. 

Introduction 
There is current interest," in the chemistry and structure 

of transition-metal hydroxamates, some of which are bio- 
chemically significant.' As part of our program',* on mo- 
lybdenum complexes we have undertaken a study of the hy- 
droxamates of this metal. In the present work we describe 
the synthesis and the spectral characterization of a sizable 
group of complexes derived from the general hydroxamic acid 
1, which is abbreviated as HRX. Here H refers to the OH 
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proton, which dissociates on complex formation; R is Ph, Me, 
or H,  and X is OMe, Me, H,  C1, or NOz. The complexes 
prepared are of the general type MoO,(RX), (2). The redox 
activity of the whole group of complexes is examined elec- 
trochemically. The effects of several factors on the molyb- 
denum(V1)-molybdenum(V) couple are studied. Thus the 
variation of X and R is found to provide a large control on 
the redox potential. The possibility of a further control via 
the in situ reaction of 2 with hydroxylamines, yielding mol- 
ybdooxaziridines?'O is explored. Finally the acidity of the N H  
proton in complexes of type MOO,(HX)~ and the role of as- 

Part 1: Rajan, 0. A.; Chakravorty, A. Inorg. Chem. 1981,20,660. See 
also: Rajan, 0. A,; Adhikari, S.; Chakravorty, A. Indian J .  Chem., Sect. 
A 1977, 15A, 337. Part 2: Reference 29. 
Smith, W. L.; Raymond, K. N. J. Am. Chem. SOC. 1981, 103, 3341. 
Abu-Dari, K.; Raymond, K. N. Inorg. Chem. 1980, 19, 2034. 
Ghosh, P.; Chakravorty, A. Inorg. Chim. Acta 1981, 56, L77. 
Brockway, D. J.; Murray, K. S.; Newman, P. J. J. Chem. SOC., Dalton 
Trans. 1980, 11 12. 
Chatterjee, B. Coord. Chem. Rev. 1978, 26, 281. 
Abu-Dari, K.; Cooper, S. R.; Raymond, K. N. Inorg. Chem. 1978, 17, 
3394. Harris, W. R.; Carrano, C. J.; Raymond, K. N. J. Am. Chem. 
SOC. 1979, 101, 2722. Neilands, J. B., Ed. 'Microbial Iron 
Metabolism"; Academic Press: New York, 1974. Raymond, K. N. Adu. 
Chem. Ser. 1977, No. 162. 
Rajan, 0. A,; Chakravorty, A. Inorg. Chim. Acta 1979, 37, L508. 
Liebeskind, L. S.; Sharpless, K. B.; Wilson, R. D.; Ibers, J. A. J .  Am. 
Chem. SOC. 1978, 100, 7061. Muccigrosso, D. A,; Jacobson, S. E.; 
Apgar, P. A,; Mares, F. Ibid. 1978, 100, 7063. 
Wieghardt, K.; Holzbach, W.; Hofer, E.; Weiss, J. Inorg. Chem. 1981, 
20. 343. 

sociated protic equilibria in modifying the redox response are 
examined. The redox activity of molybdenum complexes has 
the special interest of being biochemically relevant." 
Results and Discussion 

Synthesis, Spectra, and Structure. The complexes (Table 
I) were obtained as shining crystals in different shades of 
yellow by reacting Na2MoO4.2H2O with HRX in aqueous 
acidic media.I2 The free hydroxamic acids were synthes- 
ized13-15 from appropriate acid chlorides and hydroxylamines 
in alkaline solution. All complexes except', Mo02(HH), and 
M o O ~ ( H C ~ ) ~  are new. 

Selected spectral data are in Table I. In 2 the vMd 
doublet, characteristic of cis-Moo2, appears in the range 
880-940 cm-'. In oxygen donor chelates the Mo-0 stretches 
usually occur1v16 within the interval 550-650 cm-'. Two or 
more bands systematically appear in this region in 2. The 
assignments of IR bands shown in Table I were arrived at after 
careful comparison of the spectrum of each complex with that 
of the corresponding ligand. A case is illustrated in Figure 
1. One notable feature of the IR spectra is the substantial 
decrease in vc4 in going from HRX (1600-1650 cm-I) to 
Mo02(RX), (1480-1550 cm-I). This is attributed to the 
chelate resonance 3. 

1 1 

\ C / O \  
M -  II  M ,A,:/ /N\$/ 

3 - 
Within the framework of cis-MOO, geometry Mo02(RX), 

can have three isomeric structures. If we number the oxygen 

(1 1) Stiefel, E. I. Prog. Inorg. Chem. 1977, 22, 1. Bray, R. C. Enzymes, 3rd 
ed. 1975, 12, 299. Lawrence, G. D.; Spence, J. T. Biochemistry 1975, 

(12) Dutta, R. L.; Chatterjee, B. J .  Indian Chem. SOC. 1976, 44, 780. 
(13) The statement14 that the synthesis of hydroxamic acids is difficult is 

unclear to use. The authorst4 used the reaction15 of oxodiperoxo(hex- 
amethylphosphoramide)molybdenum(VI) with amides to obtain hy- 
droxamates of the metal. In our opinion the direct method of synthesis 
from HRX and molybdate is straightforward and provides much syn- 
thetic flexibility. 

(14) Brewer, G. A,; Sinn, E. Inorg. Chem. 1981, 20, 1823. 
(15)  Smissman, E.; Corbett, M. J .  Org. Chem. 1972, 37, 1847. 
(16) Knobler, C.; Penfold, B. R.; Robinson, W. T.; Wilkins, C. J. J .  Chem. 

SOC., Dalton Trans. 1980, 248. Soptrajanov, B.; Nikolvoski, A,; Petrov, 
I.  Spectrochim. Acta, Part A 1968, 24A, 1617. 

14,3626; 1977,16,3087. 
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Table I, Selected Spectral Data of Mo02(RX), 
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complex IR" frequencies, cm-' UVb h,,,, nm ( E ,  M-'  cm-l)  

RX + Mo int raligand 

Ph H 1520 905,935 550,630 330' (42 000), 272 (9000) 220 (20 800) 
Ph Me 1510 900,930 540,610 272 (16 000) 224 (40 500) 
Ph OMe 1500 900,925 550,610 280 (21 OOO), 260 (22 000) 218 (30 000) 
Ph c1 1520 900,930 5 6 4 s  627e 270 (1 7 000) 228 (34 000) 

1530 910,935 561 ,f 61 7R 300' (16 OOO), 256 (33 000) 230 (32 000) 
224 (12000) 

Ph NO 2 
Me H 1550 890,930 545,590 
Me Me h 900,935 580,600 274 (1 9 000) 240 (42 000) 
Me OMe h 900,925 550,580 328' (5000), 270 (16 000) 220 (21 000) 
Me c1 h 900,930 550,590 324' (4000), 272 (11 000) 230 (27 000) 

h 905,930 540,580 290' (9000) 240 (14 000) 
230 (35 000) 

Me NO2 
H H 1525 880,935 545 

238 (18 000) H Me 1520 890,935 540,620 
H OMe 1485 895,940 540,620 272' (21 000) 240 (24 000) 
H CI 1555 890,930 550,580 328' (9000), 284' (16 000) 230 (37 000) 

230 (42 000) H NO2 1550 880, 930 
Center of doublet peaks occurring at 558 and 570 cm-'. e Center of doublet peaks 

R X "C=O "Mo=O "Mo-0 

324' (3000), 268 (4000) 

320' (SOOO), 276 (11 000) 
272' (10 000) 

550,580 344' (1 3 OOO), 256 (40 000) 

In KBr disk. In acetonitrile. ' Shoulder. 
occurring at 622 and 632 cm-'. f Center of doublet peaks occurring at  555 and 568 cm-'. 
622 cm-'. 

Center of doublet pedksoccurrhg at 612 and 
A number of overlapping bands occur in the range 1600-1400 cm'', making the identification of UC=O difficult. 

1 , 3c=: , $MOO* I I 1 
1600 1500 $000 900f 600 500 

3 (cm-') 
Figure 1. Infrared spectra of M o O ~ ( P ~ H ) ~  (-) and HPhH (- --). 

atoms as in 1 and take the pairs (from two ligands) O', 0' 
and 02, 02, the three possible isomers are cis-trans (2), 
trans-cis (4), and cis-cis (5). The complexes as prepared have 

5 - 4 - 

sharply defined 'H NMR spectra (Table 11); only one isomer 
is present in each case. The data also exclude structure 5, 
which requires the two rings to be nonequivalent. While our 
work was in progress, two  report^'^.'^ on the X-ray structures 
of some hydroxamates of molybdenum(V1) appeared. On the 
strength of these, the complexes reported here are given the 
cis-trans structure 2, in which the weakly donating 0' atoms 
are trans to a terminal oxo function. X-ray data2.3J0J4 are 
also in accord with the ring resonance 3. 

The electronic spectra of the complexes convey little 
structural information. One or two shoulders are seen above 
250 nm probably due to RX Mo charge transfer (Table 
I). Free ligands have bands only below 240 nm. 

Redox Activity. The electron-transfer behavior of 2 was 
examined in acetonitrile (0.1 M in tetraethylammonium 
perchlorate, TEAP) at the hanging mercury drop electrode 
(HMDE) with use of voltammetric techniques. All potentials 
were measured at 298 K and are referenced to the saturated 
calomel electrode (SCE). 

Table 11. ' H  Chemical Shiftsa of MoO,(RX), 
complex 6 b  

aromatic R X  Me 

Ph Me 2.30 7 .OO' 
Ph OMe 3.76 7.00' 
Me H 3.58 7.51 
Me Me 2.60d, 3.60e (7.58, 7.43, 7.28, 7.15Ih 
Me OMe 3.58f, 3.83g (7.86, 7.63, 7.45, 7.40Ih 
Me C1 3.58 (7.76, 7.58, 7.28, 7.36)h 
Me NO, 3.56 (8.40, 8.20, 8.00, 7.80)h 
H H  
H Me 2.33 
H OMe 3.83 
H C1 
H NO, 

7.56 
(7.76, 7.66, 7.36, 7.23)h 
(7.83, 7.61, 7.40, 7.00)h 
(7.86, 7.73, 7.63, 7.50)h 
(8.44, 8.30, 8.16, 8.02)h 

" For the first seven complexes measurements are made in CDC1, 

Downfield from tetramethylsilane. Center of complex pattern. 
For X =  Me. e For R =Me. f For X =  OMe. For R =  Me. 
AB pattern wi thJ=  8-10 Hz. 

and the other five in (CD,),SO (due to solubility reasons). 
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Figure 2. Cyclic voltammograms at HMDE in MeCN (0.1 M in 
TEAP, 298 K): (a) MOO,(P~H)~ ;  (b) Mo02(HH),. Scan rates (mV 
s-') are as follows: (1) 50; (2) 100; (3) 200; (4) 500. 

The cyclic voltammogram of a representative member, viz., 
M O O ~ ( P ~ H ) ~ ,  is shown in Figure 2 at several scan rates ( u ) .  
A well-defined cathodic response with a peak potential (E,) 
of --1.20 V is observed; the peak height increases in pro- 
portion to u1I2. Coulommetry at potentials more negative to 
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Table 111. Voltammetric Molybdenum(V1)-Molybdenum(V) 
Reduction PotentialPg6 in Complexes 

A. MoO,(RX), 

Ph 
Ph 
Ph 
Ph 
Ph 
Me 
Me 
Me 
Me 
Me 

H -1.23 H H -0.78 (180); -0.6gd 
Me -1.27 H H -0.42e7f 
OMe -1.33 H Me -0.83 (200); -0.7Id 

NO, -0.92 H OMe -0.89 (250);-0.76d 
H -1.29 H OMe -0.49e 
Me -1.34 H C1 -0.73 (200); -0.63d 

Cl -1.24 H NO, -0.61 (240),' -0.49d 

c1 -1.15 H Me -0.46" 

OMe -1.44 H C1 -0.37e 

NO2 -0.99 H NO, -0.30e 

B. MoO(YC, H,NO)(PhX), 

complex complex 

X Y E,,,V X Y En,, V 
H H -1.50 OMe H -1.64 
H C1 -1.61 C1 H -1.43 
H Me -1.28 NO, H g 
Me H -1.55 

a Meaning of symbols as in text. Conditions of measurements 
are as follows: electrode, HMDE; concentration of complex, 
M. Unless otherwise stated, all measurements are made in 
acetonitrile with 0.1 M TEAP as supporting electrolyte at a scan 
rate of 100 mV s- '  . 
potentials, E" 
anodic peak potentials. e In 80:20 water-dioxane solution (1 M 
in sodium chloride). 
NaCI) is -0.40 V. I! E,, could not be determined due to 
interference by reduction of the NO, group. 

E ,  did not give meaningful results due to continuous accu- 
mulation of coulombs arising from unknown reactions. 
However, by a comparison of the cathodic peak current with 
those of authentic one-electron reactions1J7J8 the reduction 
peak of MoO,(PhH), is found to involve only one electron. 
When u is increased, E ,  becomes more negative (Figure 2), 
showing that the reduction process is quasi-reversible in the 
electrochemical sense. 

On scan reversal no anodic peak is observed. Evidently the 
product of reduction is unstable and does not survive to un- 
dergo reoxidation. The free ligand (HPhH) displays irre- 
versible and relatively ill-defined reductions only below -1.80 
V. Similar reductions are also seen in M O O ~ ( P ~ H ) ~  at low 
potentials. These are not considered any further here. The 
process occurring near -1.20 is thus ascribable to a one- 
electron reduction of the metal. The instability of the bis 
chelates of the MoVOZ moiety is well-documented in the lit- 
e r a t~ re . ' , ' ~  The MoVO2(PhH)C complex formed on reduction 
is no exception. 

The cyclic voltammograms of the remaining M O O ~ ( P ~ X ) ~  
species and all the MoO,(MeX), complexes are qualitatively 
similar to those of MoOz(PhH)z. Peak potential data are 
collected in Table 111. We thus have the general reactions 
1 and 2 (R = Ph or Me). The thiohydroxamate analogue of 

Peak-to-peak separation in mV. Formal 
calculated as the average of the cathodic and 

Reduction potential in pure water (1 M 

M O ~ ' O ~ ( R X ) ~  + e- - M O ~ O , ( R X ) ~ -  (1) 
fast 

MoVOZ(RX),- - decomposition product(s) (2) 

(17) Mukherjee, R. N.; Rajan, 0. A.; Chakravorty, A. Znorg. Chem. 1982, 
21, 785. 

(18) With the HMDE used by us the current height at a 50 mV s-I scan rate 
and at a solute concentration of 1 X lo-' M is 3-4 PA for a typical 
one-electron couple. The current height in the reduction of MOO,- 
(PhH), under similar conditions is 3.6 PA. 

(19) Carolyn, A. C.; Fallon, G. D.; Gatehouse, B. M.; Murray, K. S.; New- 
man, P. J. Inorg. Chem. 1980, 19, 773. 
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Figure 3. Least-squares plots of E vs. 2a. The solvent is MeCN in 
all cases except for the bottom line, for which the solvent is 80:20 
water-dioxane solution. 

Mo02(MeMe)* is reported19 to display an one-electron re- 
duction peak at -1.18 V (in CH2C12), which also has no anodic 
counterpart. 

The M o O ~ ( H X ) ~  group behaves slightly differently from 
the other two groups. Here the one-electron reduction peak 
occurs near -0.70 V and the corresponding anodic peak is 
observable, though with diminished height (Figure 2). The 
peak-to-peak separation (AE,) is -200 mV. Evidently 
M o O ~ ( H X ) ~ -  is more stable than M o O ~ ( R X ) ~ -  (R = Me or 
Ph). The formal potential E O 2 9 8  of the quasi-reversible couple 
(3) is calculated as the average of cathodic and anodic peak 

M O ~ ' O ~ ( H X ) ~  + e- F= M o V O z ( H X ) ~  (3) 

potentials (Table 111). In this group of complexes a second 
reduction peak of unknown origin is observed near -1.0 V. 

Linear Substituent Effects. The E ,  values of the various 
electrode processes of types 1 and 3 are sensitive to X and R. 
The relatively remote groups on the ligand observably influence 
the reducibility of the metal. The E ,  values of our complexes 
span a range of more than 800 mV: -0.61 to -1.44 V. We 
wish to note that while systematic studies of substituent effects 
on metal redox activity in coordination compounds are nu- 
merous,"~ very few reports concern molybdenum as the active 
metal center1*8j21.22 or HRX as the substituent-bearing ligand.4 
The present results are significant on both counts. 

For a given X, the E ,  values decrease in the order of R H 
> Ph > Me as excepted from the order of electron-donating 
power. For a given R, reduction becomes progressively more 
difficult as X becomes more electron donating: EF decreases 
as NO2 > C1 > H > Me > OMe. For each group of com- 
plexes (given R) eq 4 holds. Here M, is the shift of E ,  from 

AI?, = 2ap (4) 

that of the standard complex (X = H), 2a is the total Ham- 
mett substituent constant for the two ligands, and p is the 
reaction constant, which measures the susceptibility of the 
electron-transfer process to polar effects.17~z0~23~24 In the case 

(20) Senoff, C. V. Coord. Chem. Rev. 1980, 32, 1 1 1 .  
(21) Topich, J. Inorg. Chem. 1981, 20, 3704. 
(22) Butler, G.; Chatt, J.; Leigh, G. J.; Pickett, C. J.  J .  Chem. SOC., Dalton 

Trans. 1979, 113. Chatt, J.  Coord. Chem. Rev. 1982, 43, 337. 
(23) Zuman, P. 'Substituent Effects in Organic Polarography"; Plenum 

Press: New York, 1967. 
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Figure 4. Cyclic voltammograms at HMDE in MeCN (0.1 M TEAP 
at 298 K, scan rate 100 mV s-I) of a mixture of Mo02(PhH), + 
PhNHOH (initial mole ratio 1:lO) as a function of time: (1) 15 mh; 
(2) 2 h; (3) 3 h; (4) 6 h. 

of Mo02(HX), it is appropriate to replace hE, by AE0298 
in eq 4. The excellent linear Epc (E0298) vs. 2a plots for process 
1 (3) are shown in Figure 3. 

The p values of the three groups of complexes are as follows: 
R = H, 0.13; R = Me, 0.20; R = Ph, 0.20 V. The corre- 
sponding values for the iron(II1)-iron(I1) couples in Fe(RX)3 
species are4 0.05, 0.01, and 0.06 V, respectively. In the di- 
oxomolybdenum(V1) complexes the substituent effect is 
transmitted better than in the iron(II1) tris chelates. 

Protic Equilibria: Effect on Redox Activity. Complexes with 
R = H can be deprotonated in alkaline media. However, only 
M o O ~ ( H H ) ~  has sufficient solubility in water to permit the 
study of protic equilibria in this solvent. The potentiometric 
titration data for this complex can be rationalized in terms 
of equilibria 5 and 6.  The pK, and pK2 values (298 K, 1 M 

MoO,(HH)~ & Mo02(HH)(H)- + H+ (5) 

MoO,(HH)(H)- & MOO~(H) ,~ -  + H+ (6) 

aqueous NaCl as medium) are respectively 3.45 f 0.05 and 
5.89 f 0.05. The pK for the dissociation of the O H  proton 
of the free ligand is ~ 9 . ~ ~  That of the N H  proton is likely 
to be much higher. There is thus a dramatic augmentation 
in the acidity of the N H  proton on binding of the ligand to 
molybdenum(V1). In fact M o O ~ ( H H ) ~  is a stronger acid than 
acetic acid. Salts of Mo02(H)?- can be isolated in the solid 
state, and the X-ray structure of the dicesium salt is known." 

The cyclic voltammogram of M o O ~ ( H H ) ~  was examined 
as a function of pH in aqueous media. The molybdenum- 
(VI)-molybdenum(V) couple is again observed as in aceto- 
nitrile but only at acidic pH (Figure 4). The Epc values (Table 
111) are however higher, and the anodic response is absent, 
showing that the reduced complex is unstable in water. More 
significantly the cathodic response diminishes in height as the 
pH is increased and no response is observed at all above pH 
-5.5 (Figure 4). These changes are fully reversible: the 
response is reestablished to the original state simply by acid- 
ifying the solution. 

The species present in aqueous solution are Mo02(HH)2, 
MoO,(HH)(H)-, and MoO*(H)~~-.  With the help of K1 and 
K2, the formation curves for the various species are readily 
calculated as a function of pH. The current height (i,) for 

K 

(24) Hammett, L. P. "Physical Organic Chemistry", 2nd ed.; McGraw-Hill: 
New York, 1970. 

(25) Dutta, R. L.; Ghosh, S .  J .  Indian Chem. SOC. 1967, 44,  820. 
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Figure 5. (a) Cyclic voltammogram of Mo02(HH), in water (1 M 
in NaCl at 298 K, scan rate 100 mV a') as a function of pH: (1) 
1.80; (2) 2.26; (3) 2.80; (4) 3.80; (5) 5.85. (b) Linear variation of 
the cathodic peak current (i,) with concentration of Mo02(HH), 
@I. 
the molybdenum(V1)-molybdenum(V) reduction process is 
found to increase in direct proportion to the increase in the 
equilibrium concentration of Mo02(HH), obtained from the 
relevant formation curve of this complex. Indeed the plot of 
iv vs. the concentration of M o O ~ ( H H ) ~  is excellently linear 
with the zero intercept (Figure 4). 

We thus have the interesting and somewhat surprising result 
that only the fully protonated complex is electroactive near 
-0.4 V while the partially or completely deprotonated chelates 
are not. In protic media the thermodynamics of an electrode 
reaction can be influenced by preferential protonation of the 
reduced species.26 In such a situation the formal potential 
become pH dependent. A case like the present one where 
proton removal blocks the electron-transfer pathway is novel 
in molybdenum chemistry although it is known el~ewhere.~' 

Though Kl and K2 for equilibria of types 5 and 6 could not 
be determined for the various M o O ~ ( H X ) ~  complexes (X # 
H) due to solubility reasons, the molybdenum(V1)-molyb- 
denum(V) couple could be studied cyclic voltammetrically in 
80:20 water-dioxane solution. In each case the response near 
-0.4 V is absent under alkaline conditions but it attains full 
height under acidic conditions. The behavior is qualitatively 
similar to that of M o O ~ ( H H ) ~ .  The E ,  values (Table 111) 
obey a linear Hammett correlation (Figure 3). 

Oxaziridine Formation: Effect on Redox Potential. The 
ability of hydroxylamines to convert the dioxomolybdenum(V1) 
group to the molybdooxaziridine function has been demon- 
strated in a few  case^.^,^^ We wished to examine the effect 
of oxaziridine formation on the molybdenum(V1)-molybde- 
num(V) potential. The reaction of YC6H4NHOH (Y = H, 
Cl, Me) with Mo02(PhX), was studied. When the reactants 
are mixed in CH2C12 or MeCN, an orange-red coloration 
develops. This indicates that reaction 7 may have o c c ~ r r e d . ~ ~ ' ~  
However, crystalline oxaziridine species could not be isolated 
from the reaction mixture. 

Cyclic voltammetry (in MeCN at the HMDE) of the or- 
ange-red solution revealed significant information. A well- 
defined one-electron reduction peak is observed at negative 

(26) Chamey, L. M.; Schultz, F. A. Inorg. Chem. 1980,19, 1527. Charney, 
L. M.; Finklea, H. 0.; Schultz, F. A. Ibid. 1982, 21, 549. Mohanty, 
J. G.; Chakravorty, A. Ibid. 1976, 15, 2912. 

(27) Datta, D.; Mascharak, P. K.; Chakravorty, A. Inorg. Chem. 1981, 20, 
1673. Datta, D.; Chakravorty, A. Ibid. 1982, 21, 363. 
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In electrochemical measurements the pH of solutions was adjusted 
where required by adding hydrochloric acid or sodium hydroxide. 
Immediately before and after each measurement the pH was monitored 
accurately with the help of a Systronics Type 335 pH meter accurate 
to iO.01 pH unit. The following values24 for para substituent constants 
(u )  were used: OMe, -0.27; Me, -0.17; H, 0.00; Cl, +0.23; NO2, 
+0.78. 

Determination of pKValues. To a solution of M o O ~ ( H H ) ~  in water 
(1.0 M in NaCl for the maintainance of constant ionic strength) was 
added enough of a carbonate-free3' sodium hydroxide solution (0.066 
N) to make it alkaline (pH -9.5). The total concentration of mo- 
lybdenum was of the order - M. The solution was then titrated 
with standard hydrochloric acid (0.063 N) pH-metrically. Titration 
was continued until precipitation of M o O ~ ( H H ) ~  (pH -3.7) occurred. 
A double-walled glass vessel thermostated at 298 K was used. The 
buret for delivering hydrochloric acid was accurate to hO.01 mL. The 
above procedure is more convenient and controllable than the direct 
titration of aqueous M o O ~ ( H H ) ~  with sodium hydroxide since the 
former dissolves in water only slowly and the preparation of a - 
M solution is not readily achieved. For equilibria 5 and 6 relation 
8 holds." In the procedure adopted by us we have eq 9 defining 6. 

I I 
7.0 5.0 3 .O 2 3 '  

V o l  o f  ac id  i n  m l  PH 
( a )  ( b )  

Figure 6. (a) Formation curves for protic equilibria. p ,  q, and r are 
respectively the equilibrium concentrations of MOO~(HH)~ ,  Moo2- 
(HH)(H)-, and Mo02(H)2-.  (b) Titration curves of 0.01 M 
M O O ~ ( H ) ~ ~ -  vs. 0.063 M HCl at 298 K: (0) experimental curve; 
(A) calculated curve. 

potentials; the anodic response is absent (Figure 5). The gross 
behavior of the orange-red species is thus qualitatively similar 
to that of the parent complex. However, the EP of the former 
is systematically more negative than that of the latter (Table 
111). The total span of E, values in Table I11 is more than 
1 v. 

The peak potentials of the orange-red species are sensitive 
to both X and Y substituents (Table 111). Significantly the 
E,-2a line for the X substituent (Y = H) is parallel (p = 0.20 
V) to the corresponding plot for M O O ~ ( P ~ X ) ~  (Figure 3). 
Thus the orange-red solution most probably contains2* MoO- 

We have examinedz9 the cyclic voltammetry of the au- 
thentic9 molybdooxaziridine complexes of type MoO- 
(YC,H,NO)(dtc), (dtc = diethyldithiocarbamate). Here also 
the E, for the molybdenum(V1)-molybdenum(V) reduction 
is considerably (200-300 mV) more negative than that of 
MoOz(dtc),. Thus the oxaziridine group is a better donor than 
the oxo group. 

Neat oxaziridine voltammograms are observed only after 
a solution containing an excess of YC6H4NHOH (10 mol or 
more for each mole of complex) is left for several hours. If 
these conditions are not satisfied, the voltammogram displays 
cathodic responses for both MoO(YC6H4NO)(PhX), and 
MoOz(PhX)z (Figure 5). The rate and equilibrium aspects 
of oxaziridine formation are under investigation. 

Experimental Section 
Materials. Water of high purity was obtained by distillation of 

deionized water from KMn04. Sodium chloride for electrochemical 
and pH-metric work was recrystallized from water. The purification 
of solvents and preparation of supporting electrolytes for electro- 
chemical work were done as before." Triple-distilled mercury was 
used for the HMDE. Dinitrogen was purified by bubbling it through 
an alkaline dithionite reducing solution. All other chemicals used 
for the preparative works were of reagent grade and were used without 
further purification. 

Measurements. Spectroscopic data were obtained with use of the 
following instruments: electronic spectra, Cary 17D or Pye Unicam 
SP8- 150 spectrophotometer; infrared spectra (KBr disk, 4000-400 
cm-I), Beckman IR-20A spectrophotometer; 'H NMR spectra, Varian 
T-60 spectrometer. Voltammetric measurements were done at  298 
K with a PAR 370-4 electrochemistry system as before." A fresh 
drop of mercury was used for each measurement with the HMDE. 

(Y CbH4NO)(PhX)Z. 

(28) Molybdooxaziridine hydroxamates of a somewhat different kind are 
known to occur in the crystalline state, e.g. MoO(Me2NO)(HH)(H), 
whose X-ray structure is known.1° The gross structure of MoO- 
(YC6H4NO)(PhX)2 is believed to be similar. 

(29) Bandyopadhyay, P.; Ghosh, P.; Chakravorty, A. J.  Chem. SOC., Dalton 
Trans., in press. 

-[H+]' h = -[H+]K1 1 - 6  + KIK, 
2 - h  2 - h  

[Na'] - [Cl-] 
& =  (9) 

C 

Here Na+ and C1- originate from added sodium hydroxide and hy- 
drochloric acid, respectively, and c is the total concentration of the 
complex. Obviously calculations of KI and K2 are possible only when 
([Na'] - [Cl-1) I 2c. The formation curves for the various species 
were obtained by using relations 10-12, which are readily derived 

[MoO,(HH)2] = ~ ( l  + Kl/[H+] + K1K2/[H+I2) (10) 

tMoO,(HH)(H)-I = [Mo02(HH),IK, / [H+l (1 1) 

[M002(H)2~-1 = [MoO~(HH)~IKIKZ/  WI2 (12) 

from equilibria 5 and 6 with use of the criteria of mass balance. 
Experimental and calculated titration data and formation curves are 
shown in Figure 6. 

Synthesis of Compounds. Hydroxamic acids were prepared by 
acylation of appropriate hydroxylamines with substituted acid chlorides. 
Mo02(RX), was obtained by reacting Na2Mo04.2H20 with a hy- 
droxamic acid in pH-controlled aqueous media. The procedure is 
essentially similar to that reported elsewhere.12 Better methods of 
purification and recrystallization have however been developed. Details 
are given below for a representative case. The other complexes were 
prepared similarly. 

Dioxobir( N-methyl-p -anisoylhydroxamato)molybdenum( VI), 
Mo02(MeOMe),. An aqueous solution (20 mL) of 0.30 g (1.24 "01) 
of Na2Mc04.2H20 was mixed with a warm aqueous solution (20 mL) 
of 0.67 g (3.71 mmol) of N-methyl-p-anisoylhydroxamic acid. A light 
yellow color was produced. The pH of the solution was adjusted to 
-3 by dropwise addition of 6 N HCI. The light yellow solid that 
separated out was filtered, washed with hot water, and dried in vacuo 
over P4Olo. The crude product was dissolved in 40 mL of a hot 
acetonitrilewater mixture (1:l). When the solution cooled to room 
temperature, needle-shaped yellow crystals deposited. These were 
collected by filtration and were dried over P4Ol0. The yield was 70%. 

On the reduction by mercury in 3 M HCl, Na2Mo04.2H20 gives32 
a wine red solution of dioxo-bridged molybdenum(V) species. We 
have observed that this solution (0.05 mmol of molybdenum) rapidly 
reacts with hydroxamic acids (0.15 mmol) in air to produce 
M O O ~ ( R X ) ~  in very good yield. This procedure was however not 
persued in detail since it offers no special advantage over the synthetic 
method already described. 

The purity of every complex was checked by elemental analysis, 
and the data are collected in a table that is available as supplementary 
material. 

(30) Vogel, A. I. "Quantitative Inorganic Analysis"; Longmans, Green and 
Co.: London, 1953; p 177. 

(3  1) King, E. J. "Acid-Base Equilibria"; Pergamon Press: Oxford, England, 
1963; p 226. 

(32) Isbell, A. F.; Sawyer, D. T. Inorg. Chem. 1971, 10, 2449. 
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(MeMe),, 84927-91-3; MoOz(MeOMe),, 84927-92-4; MoO,(MeCl),, 
84927-93-5; MoOz(MeN02)2,84927-94-6; Mo02(HH)2,67315-41-7; 
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The reaction of Mo,(O,CCF~)~ with tetra-n-butylammonium halides is reported. In acetone, orange solutions were obtained, 
which upon evaporation yielded the axial diadducts [ M O ~ ( O ~ C C F ~ ) ~ X ~ ~ ~ -  (X = Br, I). The bromide compound crystallized 
in the space group P2, ln  with a = 16.41 1 (6) A, b = 14.660 (7) A, c = 12.313 (4) A, @ = 96.29 (3)', V = 2944 (4) A', 
and Z = 2 while the iodo compound crystallized in the space group Pi with a = 13.478 (2) A, b = 17.013 (2) A, c = 12.638 
(2) A, a = 92.64 (l)', = 92.52 (l)', y = 78.48 (l)', V =  2834 (2) A', and Z = 2. Concentrated solutions in benzene 
formed a gel, which upon addition of acetone yielded crystals of (N-~-BU~)~[MO~(O~CCF~)~B~~], with a centrosymmetric 
trans anion. This compound crystallized in the space group P2, ln  with a = 13.379 (1) A, b = 15.793 (5) A, c = 13.712 
(6) A, @ = 101.17 (2)', V =  2842 (3) A3, and Z = 2. The metal-metal distance in this compound, 2.098 (1) A, was quite 
comparable to that in Mo2(OZCCFJ4 while, in the diadducts, the Mo-Mo distances, 2.134 (2) to 2.140 (2) A, were significantly 
longer. The axial Mo-X distances in the diadducts were longer than when these ligands are coordinated in the equatorial 
plane. 

Introduction 
Since the discovery of dinuclear quadruply bonded mole- 

cules, the tetracarboxylate compounds have formed a cor- 
nerstone in their chemistry. The metals chromium, molyb- 
denum, tungsten, technetium, and rhenium all form examples.' 
However, there has always been one notable difference between 
the compounds of molybdenum, and perhaps tungsten, and 
those of the other metals. In the compounds of molybdenum 
each metal atom is four-coordinate while the other metal atoms 
tend to bond to five ligands. The extra ligands occupy sites 
along the metal-metal bond and will be referred to as axial 
ligands. For technetium and rhenium the presence of axial 
ligands is easily explained. The M3+ dimers of these metals 
are cations. The inclusion of two anionic ligands (usually 
halide ions from the precursor [M2Xsl2- ions) results in a 
neutral complex. In the case of chromium, it is not as clear 
why these extra ligands are required. However, the effects 
of the axial ligands are important, resulting in unusually long 
Cr-Cr bond distances. For example, the metal-metal distance 
in CrZ(02CCH3)4(H20)2 is 2.362 (1) A? which is considerably 
longer than the 2.0934 (8)A observed in Mo,(O~CCH~) , .~  

When initially prepared, the dimolybdenum tetra- 
carboxylates did not appear to have any tendency to coordinate 
to axial ligands. Neither the acetate nor the benzoate com- 
pounds displayed axial coordination. However, there are weak 
intermolecular interactions between the coordinated oxygen 
atoms and the axial positions of an adjacent molecule, which 
have important effects, at least with respect to the solid-state 
~ p e c t r u m . ~ - ~  On the other hand, Mo2(OZCCF3), displays a 
greater tendency to axial coordination. It was initially noted 
that crystals grown from solvents with donor atoms always 
contained molecules of s~lvation.~ Crystals of the unsolvated 
complex were obtained only by sublimation. In addition, the 

*To whom correspondence should be addressed at the University of Ken- 
tucky. 
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bis(pyridine) adduct of Mo2(02CCF3), was later structurally 
characterized.6 The Mo-Mo bond distance was found to be 
lengthened by 0.039 A in this adduct. 

In 1975, Garner and Senior reported that reacting Mo2- 
(02CCF3), with 1 or 2 equiv of tetraethylammonium bromide 
or iodide resulted in the formation of the mono- and diadducts.' 
Interestingly, when the corresponding chloride was used, the 
only products obtained were the monoadduct or [Et,N],- 
[Mo~(O,CCF~)~CI~] ,  where two chloride ions have displaced 
a trifluoroacetate. From the Raman spectra, these authors 
concluded that the Mo-Mo bonds in these axial adducts were 
weaker than those in the starting dimer. For this reason, it 
was felt that these complexes should be characterized by X-ray 
crystallography. In this paper we report the crystal structures 
of the analogous tetra-n-butylammonium bromide and iodide 
diadducts. When the bromide solutions were used, the com- 
pound (N-~-BU~)~[MO~(O~CCF~)~B~~] was also isolated and 
structurally characterized. In addition, we discuss the solution 
spectrum of [Mo2(02CCF3),] in the presence of bromide ion. 
In a future paper we will report on the low-temperature po- 
larized crystal spectra of the dibromo and diiodo adducts. 
Experimental Section 

All solvents used were dried by using literature methods and distilled 
under nitrogen prior to use. All reactions and evaporations were done 
under dry nitrogen. 

Preparation of ( N - I I - B ~ ) ~ O ~ ( O , C C F ~ ) ~ B ~ ~ .  In a typical reaction 
0.5 g of MoZ(O2CCF3),, which was prepared by the literature pro- 
c e d ~ r e , ~  and 0.5 g of (N-n-Bu4)Br were refluxed in benzene for 4-5 

~~ ~~ 
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