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acetyla~etonate~ also has a grouping of three face- 
sharing octahedra. These octahedra are quite elon- 
gated, however, and the Ni-Ni distances are long 
(2.89 A.). 
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Complexes of the types MoOC4.2L and MoOC13.L’ have been prepared by the reactions of molybdenum(V) chloride and 
molybdenum(V) oxotrichloride with the Iigands L = tetrahydrofuran, pentamethylene oxide, tetrahydrothiophene, and 
pentamethylene sulfide, and L’ = 1,4-dioxane, 1,4-thioxane, ethylene glycol dimethyl ether, dimethyl sulfide, diethyl 
sulfide, and di-n-propyl sulfide. The compounds MoOsClz.2tetrahydrofuran and MoC14.2pentamethylene oxide have also 
been isolated. The visible and infrared spectra and the magnetic properties of these compounds have been examined and 
the results are discussed. 

Introduction 
Very few complexes of molybdenum(V) oxotrichloride 

have been reported, presumably because the halide is 
rather difficult to prepare. Those compounds that 
have been characterized have been prepared from 
molybdenum(V) chloride. Thus Horner and Tyreel 
recently treated molybdenum (V) chloride with the 
oxygen-containing ligands LO (where L = (CaHs)aP, 
(C~HE)~AS,  and (CH,)?S) and obtained the complexes 
MoOC13.2LO. It seems that oxygen is extracted from 
the ligand, with the transient formation of molyb- 
denum(V) oxotrichloride. which reacts with excess of the 
ligand. Mitchelln studied the reaction of bipyridyl with 
the pentahalide in moist carbon tetrachloride and noted 
the formation of the compound MoOC13.bipy. 

Experimental 
Analysis.-Molybdenum and chlorine were determined as 

described pre~ious ly .~  For sulfur determination, the compounds 
were fused with a NazOz-NazCOa mixture in a bomb, and the 
sulfate formed was determined gravimetrically as BaS04. Car- 
bon and hydrogen were determined by a professional analyst. 

Spectra.-Visible spectra were determined on solutions in 1- 
cm. cells by means of a Unicam SP 600 spectrophotometer. In- 
frared spectra were examined on Kujol mulls with a Unicam SP 
200 spectrophotometer. 

Molecular Weight .-Determinations were made cryoscopically 
in b e n ~ e n e . ~  

Magnetic Susceptibility and Oxidation State.-Estimations 
were carried out in the usual manner.6 
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( 5 )  M. W. Iluckworth, G. W. A.  Fowles, and R. A. Hoodless, i b i d . ,  5665 

(1SR3). 

Materials.-MoCI5 (Climax Molybdenum Co.) mas purified by 
vacuum sublimation. MoOC18 was prepared as described by 
Edwards.0 Anal. Calcd. for MoOC13: C1, 48.7; Mo, 43.9. 
Found: C1, 48.9; Mo, 43.8. The ligands were dried with cal- 
cium hydride and distilled several times from fresh potassium 
metal. 

Reactions mere carried out by standard procedures, using ex- 
cess of ligand, without another solvent. Ampoules of the reac- 
tants were sealed a t  -80” and the contents allowed to react a t  
room temperature. After a suitable reaction period the ampoule 
was opened under a nitrogen atmosphere and connected to an all- 
glass vacuum system incorporating a filtration unit. All com- 
pounds isolated were pumped under high vacuum for several 
hours prior to analysis. 

(1) Reactions of MoCI,. (i) With CaH,O.-The dark brown 
solution first formed slowly turned green and after 30 min. de- 
posited a green solid. Anal. Calcd. for MoOC13~2C4H80: 
C, 26.5; H, 4.5; Cl, 29.4; Mo, 26.5. Found: C, 26.3; H, 
4.6; C1, 29.6; Mo, 25.9; w ,  1.68 B.M.; oxidation state, 5.0. 
Reaction for a really prolonged period (2  years) gave a dark brown 
solid. Anal. Calcd. for Mo02C12.2C4H80: C, 28.0; H, 4.7; 
C1, 20.7; Mo,  28.1. Found: C, 27.5; H ,  4.8; C1, 21.1; Mo, 

With CsHloO.--A mixture of yellow and green solids was 
deposited from solution. The yellow compound was obtained 
pure by washing out the green solid (and various ligand decom- 
position products) with benzene. Anal. Calcd. for MoC1.i. 
2C5Hlo0: C, 29.3; H,  4.9; C1, 34.6; Mo, 23.4. Found: C, 
29.3; H, 5.3; C1, 34.7; Mo, 23.3; w, 2.37 B.M.; oxidation 
state, 4.1. The green solid could not be isolated in a pure form. 

With CIHsOa.-After reaction for 20 days the brown 
solution deposited green crystals; the latter were isolated. 
Anal. Calcd. for MoOC13.1.5C4H,02: C, 20.6; H, 3.5; C1, 
30.4; Mo, 27.4. Found: C, 20.1; H, 3.6; C1, 30.5; Mo,25.1; 
~ 1 ,  1.66 B.M.; oxidation state, 5.0. 

Reactions of MoOCla.-Reactions with oxygen ligands 
were carried out in the absence of a solvent; the product was 

28.1; X I % ’ ,  -12 X 10-6c.g.S. 
(ii) 

(iii) 

( 2 )  
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Figure 1.-Absorption spectra of ( a )  MoOC13.2C4H80 in C4H80 (2.8 X M )  and (b)  MoOC13.2C4HsS in C4HsS. 

either insoluble in the ligand (reactions iv and v )  or was obtained 
by evaporation of the solution (reactions i, ii, and iii). Analo- 
gous reactions with sulfur ligands were carried out using benzene 
as solvent, the products being obtained by removal of volatiles a t  
the pump. All complexes were green or yellow-green. 

(i) With C4H,0.-AnaZ. Calcd. for M O O C ~ J . ~ C ~ H ~ O :  C, 
26.5; H ,  4.5; C1, 29.4; Mo, 26.5. Found: C, 26.5; H,  4.6; 
C1, 29.3; Mo, 25.8; p,  1.73 B.M.; oxidation state, 4.9. 

(ii) With C6H100.-AnaZ. Calcd. for MoOC13*2C6HloO: 
C,30.8; H, 5.2; C1, 27.2; Mo, 24.6. Found: C, 30.5; H, 5.4; 
C1,27.7; Mo, 24.2; p,  1.72 B.M.; oxidation state, 5.0. 

(iii) With C4H1002.-AnaZ. Calcd. for MoCla.C4HloOn: C, 
15.6; H ,  3.3; C1, 34.5; Mo, 31.1; mol. wt., 309. Found: C, 
15.9; H,  3.7; C1, 33.7; Mo, 30.7; p,  1.68 B.M.; oxidation 
state, 4.9; mol. wt., 321 (0.591; in CsHs). 

(iv) With C4H~02.-AnaZ. Calcd. for MoOCla.C4H,02: 
C, 15.7; H, 2.6; C1, 34.7; Mo, 31.3. Found: C, 15.9; H,  
3.0; C1, 34.7; Mo, 31.1; p,  1.73 B.M.; oxidation state, 5.0. 

(v) With C4H80S.-AnaZ. Calcd. for MoOC13.C4H80S: 
C, 14.9; H ,  2.5; C1, 33.0; Mo, 29.8; S, 9.9. Found: C, 15.8; 
H,  3.2; C1, 32.4; Mo, 29.5; S, 9.2; p ,  1.70 B.M. 

(vi) With R2S (R = CH3, C2Hs, and n-C3H7).-AnaZ. Calcd. 
for MoOCla*S(CH3)2: C, 8.6; H ,  2.2; C1, 37.9; Mo, 34.2; S, 
11.4. Found: C, 8.7; H ,  2.4; C1, 38.2; Mo, 34.1; S, 10.9; 
p, 1.69 B.M. Calcd. for MoOCl&(C2H6)2: C, 15.6; H, 3.3; C1, 
34.5; Mo, 31.1; S, 10.4; mol. wt., 309. Found: C, 15.9; H, 
3.5; C1, 34.4; Mo, 30.8; S, 9.9; p,  1.70 B.M.; mol. wt., 315, 
287 (0.5% solution in CsH6). Calcd. for MOOCI~.S(~-C~H,)Z:  
C,21.4; H,4.2; C1,31.6; Mo,28.5; S,9.5. Found: C,21.5; 
H,  4.3; C1, 30.4; Mo, 27.5; S, 9.2. 

(vii) With CdH,S.-AnaZ. Calcd. for MoOC13.2C4HsS: C, 
24.3; H ,  4.1; C1, 27.0; Mo, 24.3; S, 16.3. Found: C, 21.6; 
H,  3.9; C1,27.4; Mo, 23.8; S, 15.3; p ,  1.75B.M. 

(viii) With CsH1~S.-AnaZ. Calcd. for MoOC13.2CsHl~S: 
C, 28.4; H, 4.8; C1, 25.2; Mo, 22.7; S, 15.2. Found: C, 
28.6; H ,  4.9; C1,24.9; Mo, 22.0; S, 15.0; p,  1.70B.M. 

Results and Discussion 
In this paper we report the complexes MoOC13.2L, 

where L = C4Hs0, C6H100, CdHsS, and C5Hl0S, and 
MoOCls.L’, where L’ = C4Hs02, GHsOS, C4H1002, 

and several dialkyl sulfides. These formed readily 
in the direct reaction of molybdenum(V) oxotrichlo- 
ride with excess of the appropriate ligand a t  room 
temperature. The tetrahydrofuran compound also 
formed upon reaction of excess of ligand with molyb- 
denum(V) chloride, but we found that prolonged reac- 
tion periods (2 years) resulted in the formation of the 
diamagnetic sexivalent compound MoOzC12.2C4Hs0. 
Reaction of pentamethylene oxide with molybdenum- 
(V) chloride yielded a mixture of the quadrivalent com- 
plex MoC14.2CaHloO and a green solid which could not 
be obtained in a pure form but appeared to be MoOCI3. 
2CsHloO. Dioxane and molybdenum(V) chloride 
yielded a complex of over-all composition MoOCl3. 

All the complexes of quinquevalent molybdenum 
had magnetic moments quite close to the spin-only 
value. This was to be expected, since the strong 
n-bonding between the molybdenum and oxygen 
atoms reduces the spin-orbit coupling constant from 
1030 to  240 ~ m . - l . ~  

Visible and Ultraviolet Spectra of MoOC13. 2L Com- 
plexes.-These complexes are best considered as octa- 
hedral with a strong tetragonal distortion resulting 
from the molybdenum-oxygen bond. The visible 
spectrum of each of the four complexes (measured in 
solution in excess of the ligand) shows two weak peaks 
with extinction coefficients below 50. The first peak 
is observed around 13,000 cm.-l in every case, but the 
second is found at 19,000 cm.-’ for the oxygen ligand 
complexes and around 15,000 cm.-l for the sulfur 
analogs (cf. Figure 1). Horner and Tyree* also found 

1.5C4H802. 

(7) H. B. Gray and C. R. Hare, Inovg .  Chem., 1, 363 (1962); C. R. Hare, 

(8 )  S. M. Hornet. and S. Y. Tyree, i b i d . ,  2, 568 (1963). 
I. Rernal, and H. B. Gray, ibid., 1, 831 (1962). 
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Figure 2.-Absorption spectrum of MoOC13.S(CH3)2 in CsHa-S(CHa)z mixed solvent (1.3 X ill). 

two peaks, one between 13,500 and 13,800 cm.-l and 
the other between 22,300 and 23,800 cm.-l, and 
assigned these peaks to the transitions 2E, ?Bzg 
and *B1, + 2Bz,j respectively. There is some doubt 
about the validity of these assignments, since they are 
based on the orbital scheme proposed by Ballhausen 
and Grayg for the analogous vanadyl systems and 
subsequently extended by Gray and Hare7 to molyb- 
denum. Recently, controversy has arisen'O over the 
vanadyl assignments, and it has been shown1' that the 
molybdenum scheme put forward for [MoOCl5I2- does 
not account for the spectrum of [Mo0Br5]?- or the 
tungsten analogs. 

TABLE I 
VISIBLE SPECTRA OF MoOC13 COMPLEXES 

Compound Solvent Peak positions, cm. a 

MoOCls'2CaHsO CdHeO 13,400(40) 19,050 
M00C13*2CjHioO CsHioO 13,160 19,050 
M o O C I ~ . ~ C ~ H ~ S  CdH8SCaHs 13,160 15,150 sh 
M o O C I ~ . ~ C ~ H ~ & ~  CsHioSCeHe 13,160 (14) 15,380 sh (11) 
M o O C ~ ~ . C ~ H ~ O ~  CaH802 13,070 18,350 
MoOCl3.C4HioOz C4H1002 13,160 . . .  
M o O C ~ ~ * C ~ H ~ O S  C4HeOS-C&s 13,510 1'7, S O  
MoOCla+S( CH3)2 S( C H ~ ) ~ - C S H ~  12,990 (20) 16,390 (18) 
M o O C ~ ~ . S ( C ~ H ~ ) ~  S(CzH6)a-CsHs 13,160 (14) 15,620 (11) 

MoOC13'S(n-C8H7)2 S(TZ-C~H,)Z-C~H~ 13,160 15,150 Sh 
MoOCI,.S( CzH6)z CsHe 13,070 (21) 

a emnn values given in parentheses. 

The 2E, and 2Bzg terms arise through the splitting 
of the Tzg term as a result of the axial asymmetry 
(almost exclusively due to the molybdenum-oxygen 

(9) C .  J. Ballhausen and H. B. Gray, Inovg. Chem., 1, 111 (1962). 
(IO) J. Selbin and T. R. Ortolano, J .  I m r g .  Xucl. Chetn., 26, 37 (1964); 

T. R. Ortolano, J. Selbin, and S. P. IhlcGlynn, J .  Chcm. Phys . ,  41, 262 (1961). 
(11) E. A. Allen, B. J. Brisdon, D. A. Edwards, G. W. A. Fowles, and R. G. 

Williams, J .  C h m .  Soc., 4649 (1963). 

multiple bond), and the extent of the splitting should 
not vary significantly from compound to compound. 
For this reason the peak found around 13,000 c r ~ i . - ~  
is clearly associated with the 2E, 2B2, transition. 
The peak associated with the 2B1, + 2Bze transition, 
however, should depend to a greater extent on the 
ligands associated with MoOC13, but i t  would be sur- 
prising if this should shift from 23,000 cm.-l for LO 
ligands, to 19,000 for ether ligands, and to 15,000 
em.-' for thioether ligands, even though this is the 
general ligand field order. 

The ultraviolet spectrum of the adduct MoOClg 
2C4H80 measured in tetrahydrofuran solution shows 
three peaks, a t  28,400, 32,400, and 40,400 em.-', the 
latter two peaks being much more intense than the 
first. These values are very close indeed to those ob- 
served for the oxychloride ion [ M O O C ~ ~ ] ~ -  l1  (28,010, 
32,260, and 40,000 cm.-.l). 

Infrared Spectra.-The ether complexes show the 
expected infrared spectra (cf. Table 11) with molyb- 
denum-oxygen stretching frequencies in the 980-1000 

TABLE I1 
IXFRARED SPECTRA 

Y C-0-c 
Compound ( awn . )  

CIHRO 1075 
MoOC13'2C4HsO 1050 
MoOzC1~~2CdH80 1035 
CsHioO 1095 
MoOC13.2CjHlo0 1 O i O  
C4HiOOZ 1125 
MOO CIS. C4HmO2 1 0 i 5  
Cd&Oz 1125 
MoOC13' C I H ~ O ~  1095 
CiHsOS 110.5 
bIOOC13' CdHgOS 1090 br 

Y I\I0-=0 

, . .  
1000; 985 
990 br 

995; 985 

1000 ; 985 

995 br 

990 br 

. . .  

. . .  

. . .  

. . .  
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cm.-l region.12 The asymmetric C-0-C stretching 
frequencies of the tetrahydrofuran and pentamethylene 
oxide are lowered by 25 cm.-l upon coordination. The 
infrared spectrum of the complex (MoOC1&4H1002) 
formed by the potentially chelating ether, ethylene 
glycol dimethyl ether, indicates that both oxygen atoms 
are donated to molybdenum; thus, whereas the free 
ligand shows an asymmetric C-0-C stretching fre- 
quency a t  1125 cm.-l, the complex shows a single 
modified peak a t  1075 cm.-‘; it has been observed 
previously13 that in the titanium complex T iCb  
1 .5C4HI0O2 both the modified and unmodified peaks 
were present, indicating that some a t  least of the 
ligands were not coordinated through both oxygen 
atoms. Since the molybdenum complex is monomeric 
in benzene solution, i t  must be six-coordinate unless a 
molecule of solvent is also coordinated. The complex 
shows the usual peak in the visible spectrum around 
13,000 cni.-‘. 

The infrared spectrum of the dioxane complex also 
shows a single asymmetric C-0-C stretching frequency 
a t  1095 cm.-l, indicating the coordination of both 
oxygen atoms, but we suggest that as the complex is 
insoluble in the usual solvents, i t  is likely to be dimeric 
or polymeric with the dioxane molecules linking neigh- 
boring molybdenum atoms. A similar structure sug- 
gested for the mercury complexes H~C!~~.C~HP,O~’~ 
has been confirmed by X-ray studies.15 An analogous 
structure is proposed for the thioxane adduct, on the 
basis of its general insolubility and infrared spectrum, 
although i t  is not possible to show that the sulfur atom 
is coordinated (as well as oxygen) since the C-S-C 
vibration is very weak and difficult to observe with 
certainty. In  the titanium complexes TiX4-2GHsOS 
(X = C1 and Br),17 proton resonance studies have con- 
firmed the infrared evidence that thioxane coordinates 
through sulfur and not oxygen, however, so i t  is reason- 

(12) C. G. Barraclough, J. Lewis, and R. s. Nyholm, J .  Chem. Soc., 3552 
(1959); H. L. Krauss and W. Huber, Ber., 94, 2864 (1961). 

(13) G. W. A. Fowles, R. A. Hoodless, and R. A. Walton, J .  Chem. SOC., 
5873 (1963). 

(14) P Tarte and P. A. Lament, Bull. SOC. chim. France, 403 (1957). 
(15) 0. Hassel and J. Hvoslef, Acta Chewi. Scand., 8 ,  1953 (1954). 
(16) L. J. Bellamy, “The Infra-red Spectra of Complex Molecules,” 2nd 

(17) G. W. A. Fowles and R. A. Walton, J .  Chem. Soc., 4330 (1964). 
Ed. ,  Methuen, London, 1958,353. 

able to assume that the sulfur atom will coordinate to 
molybdenum. The visible spectra of both the dioxane 
and thioxane complexes show two peaks, one a t  13,000 
and the other around 18,000 em.-’. 

Mo0Cla.L’ Complexes.-Whereas the cyclic thio- 
ethers gave 1:2 adducts, only 1:l adducts could be 
isolated from reactions between MoOC13 and dialkyl 
sulfides. The green complexes, MoOCL.SR2, were 
soluble in benzene, and a molecular weight study of 
the diethyl sulfide adduct showed i t  to  be monomeric, 
In  the solvent mixture SR2-C6HO1 the green solutions 
formed showed two peaks, but benzene solutions were 
brown, and their spectra no longer showed the second 
peak. We tentatively suggest that in the solid the 
complexes may be six-coordinate (through chlorine 
bridging), and that in benzene solution dissociation 
may occur to give the monomeric species ; when dialkyl 
sulfide is added to the benzene solution a molecule of 
the ligand may then coordinate to re-establish six- 
coordination. Similar proposals have been made4 to 
explain changes in the spectra of the titanium com- 
plexes TiX3*2N(CH& (X = C1 and Br) as solids and in 
solution. 

One yellow quadrivalent complex, MoC4.2C~Hlo0, 
was formed in the reaction of molybdenum(V) chloride 
with pentamethylene oxide, apparently as a mixture 
with the expected adduct MoOCl3.2CaHloO. A simi- 
lar behavior (with the formation of a quinquevalent 
oxychloride derivative and a quadrivalent complex) 
was observedl in the reaction of the pentachloride with 
alkali metal chlorides in liquid sulfur dioxide, when a 
mixture of the salts Mz[MoCle] and M[MoOCL] was 
formed. The magnetic moment of 2.37 B.M. is 
typical of that found for quadrivalent molybdenum 
complexes and is reasonably close to  the value (2.45 
B.M.) obtained for the same compound synthesized18 
by displacing n-propyl cyanide by pentamethylene 
oxide from the adduct M O C L . ~ ~ - C ~ H , C N . ~ ~  
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