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Infrared spectra of gaseous and Raman spectra of liquid (methylene-hz)sulfur and (methylene-dz)sulfur tetrafluorides have 
been recorded and assigned. A normal-coordinate analysis is presented to check the compatibility of the assignment of 
the two molecules and to determine the nature of the bonding. The molecule has a totally rigid structure and the CS bond 
shows a strong double-bond character. The average methylene stretching frequency in this molecule is higher than for 
any other methylene compound. 

Introduction 
The first published synthesis of methylenesulfur tetra- 

fluoride, CHzSF4, was reported recently.' The molecule is of 
special interest because of its relationship to sulfur and 
phosphorus ylides. Electron diffraction* and NMR' studies 
indicate that the structure of CH2SF4 is an almost regular 
trigonal bipyramid. The C atom is occupying one of the 
equatorial positions, and the hydrogen atoms are located in 
the axial plane.* In order to gain further insight into the 
structure of this novel molecule, we have studied its vibrational 
spectra. Room-temperature infrared spectra of gaseous and 
Raman spectra of liquid CHzSF4 and CD2SF4 are presented 
here along with a normal-coordinate analysis for the fun- 
damental vibrations. The results are discussed in relation to 
the structure. 
Experimental Section 

(a) Material. (Methylene-h2)sulfur tetrafluoride was prepared by 
metalation of SFSCH2Br and subsequent LiF elimination as described 
ear1ier.l (Methylene-d2)sulfur tetrafluoride was prepared according 
to the reaction scheme 

CD3COCD3 -& CDz=C=O - SFSCDzCOCl --+ 

+SF,C!I w 
&$oJ Br2 

SF5CD2COOH - SFSCD2COO-Ag' - 
n-Cfl11Li 

SFsCD2Br 7 CDzSF4 

Chemically this synthesis is identical with the reported synthesis of 
CH$F4. The isotopic purity of CD2SF4 is estimated to be better than 
9896, as indicated by proton N M R  and infrared spectra. 

(b) Spectra. Raman spectra were recorded by using the 6328.1% 
radiation of a He-Ne laser (OIP, Gent), - 120 mW, and two different 
monochromators: a modified Cary 81 and a Coderg PH 1. Both 
spectrometers are equipped with an RCA-C 31034 photomultiplier, 
Servogor-5 strip chart recorders, and necessary electronics. Spectra 
were obtained by using a DC amplification system, and the resolution 
used was about 2 crn-'. The liquid samples were sealed in a 5-mm 
0.d. N M R  glass tube, and a 90° scattering geometry was used. 
*To whom correspondence should be addressed at the Research Chemistry 

Branch, Whiteshell Nuclear Research Est., AECL, Pinawa, Manitoba, Canada. 

Table 1. Infrared and Raman Spectra of (Methylene4,)sulfur 
Tetrafluoride at Room Temperature 

Raman (liq) IR (gas) 
v , ~  cm'l A V , ~  cm-I polariznb assigntc 

3210mw 3216w dP v10 (Bl) 
3092mw 3092s P vi (Ai) 
1630 vw 2Vl2 
1550 vw v4 + V I 2  

1426 mw v z  (Ai) 
1307 m V I 1  (Bl) 

1210vw P 2V1, 
1157 s 1149 s P v3 (Ai) 
1124 m 1124 mw P 2% 
1018 s 1014 vw dP " 1 5  (B,) 

890 w 2vi n 
818 vs v11 (Bl) 

739 vs P ~4 (Ai) 
693 vw P 2v, -k v ,  

797 vw, br 'b + ' 7  

760 s '16 ( B l )  

676 ms 684 vw dP '13 ( B l )  

647 w 656 w P vs (Ai) 
604 w 590 m dP '17 (B2)  

565 ms 566 w dP '14 (Bl) 
509 mw 502 vw PPd v 6  (A,)  
457 mw 449 ms dP Vin (Bz) 

430vw,sh dp Vn (-42) 

298 w 298 w P v7 (Ai) 
207 s dP Vq (Ai) 

206 vvw ' 6  - ' 7  

a s, m, w, v, sh, and br stand for strong, medium, weak, very, 
shoulder, and broad, respectively. 
ized, depolarized, and partially polarized, respectively. 
Table V for the description of the normal modes and Table I11 for 
a listing of the internal and symmetry coordinates used. Part of 
the observed depolarized intensity in this feature may be due to 
the combination v ,  + v,. 

Infrared spectra were recorded on a PE 283 spectrophotometer. 
Gaseous samples were contained in a 10 cm long gas cell with CsBr 
windows. At a later stage of this work a PE-180 spectrophotometer 
became available and the spectrum of CHzSF4 was rerecorded in a 

p, dp, and pp stand for polar- 
See 

0020-1669/79/1318-3208$01.00/0 0 1979 American Chemical Society 



Vibrational Spectra of Methylenesulfur Tetrafluoride 
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Figure 1. Infrared spectra of gaseous methylenesulfur tetrafluoride 
at room temperature in a 10 cm long gas cell: (top) CH2SF4 in 
CsBr-window cell, gas pressure about 20 mm; (bottom) CH2SF4 in 
polyethylene-window cell, gas pressure about 60 mm; (middle) 
CD2SF4 in CsBr-window cell, gas pressure about 20 mm. 

10-cm gas cell with polyethylene windows down to 1OOcm: to verify 
the low-frequency vibrations. 
Results and Discussion 

(a) Spectroscopic Results. Infrared spectra of gaseous 
CH2SF4 and CD2SF4, at room temperature, are shown in 
Figure 1. Their room-temperature Raman spectra, in the 
liquid phase, are shown in' Figure 2. The spectra shown in 
Figures 1 and 2 are photocopies of the original spectra. The 
frequency values of the observed spectral features are listed 
in Table I for CH2SF4 and in Table I1 for the deuterated 
compound. The frequency accuracy is believed to be f 2  cm-l. 
These tables also contain the relative intensities of the observed 
features as well as the depolarization character of the Raman 
bands. 

(b) Assignment. The structure of methylenesulfur tetra- 
fluoride as determined by electron diffraction measurements2 
is shown in Figure 3. The two axial fluorine atoms of the 
trigonal pyramid are denoted by F1 in Figure 3, while the other 
two, denoted by F2, are equatorial. The axial atoms are 
marked F1 to signify the fact that they are in the X Z  plane 
of the molecular symmetry gro~p-C,~ .~  The molecule has 
18 normal vibrations which can be classified as 7 Al + 2 A2 
+ 5 B1 + 4 B2.3-5 The A2 vibrations are only active in Raman 
spectra while Al, B1, and B2 should be both Raman and in- 
frared active. Further, in the Raman spectrum, only Al modes 
can give rise to polarized bands; A,, B1, and B2 bands must 
be depolarized. Thus by studying the depolarization ratios 
in Raman spectra and comparing the infrared and Raman 
spectra, it is possible to classify the observed spectral features 
as being due to the Al, A,, or B modes. This does not dis- 

Inorganic Chemistry, Vol. 18, No, 11, 1979 
- -------.I# 

3209 

A I.- 2500 ' -- +loa0 500 
RAMI siiiri ( CM-1 ) 

Figure 2. Raman spectra of liquid methylenesulfur tetrafluoride at 
room temperature recorded with the spectral slit width -2 cm-' and 
uncorrected for the spectral sensitivity. Upper curve shows the 
spectrum under parallel polarization and the lower curve shows the 
spectrum under perpendicular polarization: (top) CH2SF4; (bottom) 
CDzSF4. 
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Figure 3. Structure of methylenesulfur tetrafluoride as determined 
by electron diffraction studies.2 

tinguish between B1 and B2 vibrations. In theory B, and B2 
vibrations can be separated by their band shapes in the infrared 
spectra of the gaseous state as they are functions of the 
moments of inertia. Moments of inertia calculated by using 
the structural data of Figure 3 are for CH2SF4 Ix  = 127.8, 
Iy = 172.3, and I ,  = 149.6 and for CD2SF4 Z, = 138.2, Iy = 
184.4, and I ,  = 151.3, where the units are amu AZ. Ueda and 
Shimanouchi6 have classified the asymmetric-top molecules 
according to the relative values of their moments of inertia. 
This classification, in favorable situations, separates gaseous 
infrared bands into A-type, B-type, or C-type bands which can 
be further correlated with the normal modes belonging to 
different symmetry species. Moments of inertia values for 
CH2SF4 and CD2SF4 presented above indicate that both these 
molecules are close to the type 36 of Ueda and Shimanouchl's 



3210 Inorganic Chemistry, Vol. 18, No. 11, 1979 

Table 11. Infrared and Raman Spectra of (Methylene-d,)sulfur 
Tetrafluoride at Room Temperature 

Sunder, Eysel, Kleeman, and Seppelt 

Table I11 
(a) Internal Coordinates of Methylenesulfur Tetrafluoride 

Raman (liq) 

1; (gas; 
v. cm- A V . ~  cm-' poiariznb assinntC 

2435 mw 
2300 vw 
2261 mw 
2070 w 
1300 vw, br 
1230 w 
1202 s 
1125 mw 
1049 m 
981 m 

957 mw 

830 vs 
780 ms 
741 s 

668 w 

568 ms 
523 m 
448 m 

2432 w 

2258 s 

1222 w 
1193 s 

1054 vw 

974 vw, br 

870 vw 

721 vs 

646 w 
584 w 
566 w 
527 w 
445 s 
300 w 
201 s 

dP 

P 

P 
P 

P 

P 

P 
dP 
dP 
dP 
dP 

dP 
PP 

s, m, w, v, sh, and br stand for strong, medium, weak, very, 
shoulder, and broad, respectively. 
ized, depolarized, and partially polarized, respectively. 
Table V for the description of the normal modes and Table I11 for 
a listing of the internal and symmetry coordinates used, 

classifications.6 The three infrared-active vibrations, AI,  B1, 
and B2, should have bands of B, A, and C types, respectively. 
As the shapes for A- and C-type bands are very similar for 
the type-36 molecules of ref 6, infrared band shapes are not 
of much help in distinguishing between B, and B2 bands. 
Therefore, our assignment of the bands to the different modes 
is mainly based on the depolarization ratios in Raman spectra, 
the comparison of Raman and infrared spectra, and the 
available literature for related corn pound^.^^^^^-^^ Tables I and 
I1 also contain our suggested assignments for the observed 
features. The numbering scheme for the fundamental vi- 
brations is according to that by H e r ~ b e r g . ~  The spectra of 
CH2SF4 were assigned first, and the assignment of the 
deuterated compound was deduced from that. Here we briefly 
discuss the assignment, only for the light compound. A 
complete list of the internal and symmetry coordinates is given 
in Table 111. The three highest frequency AI fundamentals, 
vl, v2, and v3, are expected to arise from the CH stretching, 
CH, deformation, and CS stretching vibrations and are easily 
assigned to bands at 3092, 1426, and 1157 cm-', respectively. 
The literature values of the CS stretching frequencies, along 
with their CS bond distances, for a few related compounds 
are listed in Table IV for comparison purposes. The next two 
AI fundamentals, v4 and us,  arise from the S F  stretching 
vibrations, and the last two A, vibrations, v6 and v7, arise from 
the skeleton deformation vibrations. These are assigned to the 
bands at 739, 656, 502, and 298 cm-I (Table I). Two A2 
vibrations, vg and v9, arise from the torsion and FISFz de- 
formation modes (Table 111) and are assigned to bands at 430 
and 207 cm-I, respectively. We have assigned the FISFl 
deformation, v9, to the strong depolarized Raman band at 207 
em-' as its frequency is unaffected on deuteration and there 
is only a very weak feature in the infrared spectrum at about 
this frequency (Figure 1, Table I). The very weak infrared 
feature is probably due to a difference band such as v6 - v7. 
The depolarized Raman feature at about 430 cm-I is assigned 

p, dp,  and pp stand for polar- 
See 

~ 

coor- coor- 
dinate no. descriptiona dinate no. descriptiona 

r 1 CS str P4 12 FISFz bend 
s, 2 SF, str e l  13 I;,SCbend 
s 2  3 SF, str e, 14 FISC bend 
t ,  4 SF, str O 1  1 5  F,SCbend 
t ,  5 SF, str 8, 16 F,SCbend 
u1  6 CH str k 1 7  HCH bend 
u,  7 CH str i, 18 HCS bend 
01 8 F,SF, bend i, 19 HCSbend 
P I  9 F,SF, bend y 20 SHHCout-of-plane 
p2  10 F,SF, bend bend (wag) 
p3 11 F1SF, bend T 21 torsion 

h 22 FISFl bend 

(b) Symmetry Coordinates Used for Methylenesulfur Tetrafluoride 
Normal-Coordinate Analysis 

symmetry coordinateb de scr iptionC 

I 

Y 

a In terms of atoms shown in Figure 3. There are four redun- 
See part a for the descrip- dant coordinates, all in the A, block. 

tion of the internal coordinates. 

Table IV. Comparison of CS Stretching Force Constants, Bond 
Distances, and Stretching Frequencies 

rs-c3 f s - c ,  "s-y 
molecule A mdyn/A cm ref 

cs 1.5349 8.4 1274 7 
8.489 1278.6 8 

scs 1.555 7.86 1116a 8 
ocs 1.558 7.2 b 5 
F2CS 1.589 6.625 1365 9 

1.56 6.084 1365 9, 10 
C1,CS 1.60 6.12 1137 9 , l l  
HNCS 1.5609 963 5 

(NH,),CS 1 . 7 1  4.21 b 12 
85 1 15 

CH=CH 1 ,S 1.714 4.794 b 1 3  
CH=CH 
(CH3) ,S=0  1.84 3.03 b 14 

a Average of symmetric and antisymmetric CS stretching fre- 

This work. 

\ 

H2CSF4 1.54 6.33 1157 C 

quencies. 

to the other A2 mode, vs, arising from the torsion vibration 
because (a) it is the only other depolarized band in the Raman 
spectrum below 700 cm-' which does not have an infrared 
counterpart (Table I) and (b) there is no band present in the 
Raman spectrum of the deuterated compound around this 

CS stretch is mixed in more than one vibration. 
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Table V. Fundamental Frequencies and Assignments for (Methylene-h,)sulfur and (Methylene-d,)sulfur Tetrafluorides 

CH,SF, CD,SF, 
freq, cm-’ freq, cm-’ 

mode calcd“ obsd description calcd“ obsd description 

A, v 1  3094 3092 CH, str 2255 2261 CD,str 
v ,  1434 1426 HCHdef 1186 1202 CSstr 

1173 
746 
65 9 
519 
294 
426 
206 

3217 
1287 

834 

1157 
739b 
656b 
509 
298 
430b 
207’ 

3210 
1307 
81 8 

CS str 
/SF, str + SF, str 

F, SF, def + F, SF, def + F, SC def 
F,SC def + F,SF, def + F,SF, def 
torsion 
F, SF, def 
CH, str 
HCS def 
SF. str 

1027 
73 1 
647 
515 
294 
310 
20 1 

241 8 
1035 

821 .. 
626 
518 

676 v I 3  648 
v I 4  572 565 / F I S C  def + F,SF, def 

B, v l 5  1022 1018 CH, wag(7) 949 
v16 779 760 SF, str 737 
v , ,  624 604 F,SCdef 543 
v I 8  441 457 F,SF, 425 

Frequencies for the liquid state (Raman spectra). a For carbon-12 and sulfur-32. 

frequency (Table 11), and the torsion mode is expected to show 
the “deuterium shift”. We believe that the vg mode moves 
down to about 300 cm-l in the d2 molecule as indicated in 
Table 11. 

The two highest frequency B1 modes, vl0 and v l l ,  arise from 
antisymmetric CH stretching and HCS deformation vibrations 
(Table 111) and are easily assigned to bands at 3210 and 1307 
crn-’, respectively (Table I). The CH2 wagging motion, v l S  
(B2), is assigned to the remaining highest frequency, unas- 
signed, depolarized band at 10 14 cm-’. There remain three 
B1 (vlZ, ~ 1 3 ,  ~14) and three B2 (v16, ~17, vlg) fundamental vi- 
brations to be assigned; of these, v12 and v16 arise from the 
antisymmetric stretching vibrations of SF1 bonds and SF2 
bonds, respectively. These are expected to be strong in the 
infrared spectra. We have assigned them to strong infrared 
bands a t  8 18 and 760 crn-’, respectively, which do not seem 
to have a counterpart in Raman spectra at the sensitivity and 
signal to noise ratio in the present work. The two lowest 
frequency vibrations in both B1 and B2 blocks arise from the 
skeleton deformations and are assigned to the four remaining, 
unassigned infrared bands below 700 cm-’ at 676,604, 565, 
and 457 cm-l (Table I). There are depolarized bands in 
Raman spectra near these frequencies, which also support the 
assignment of the above four bands to the B modes. Further 
separation of these four vibrations into B1 or B2 is mainly based 
on normal-coordinate analysis which is discussed below. 

(c) Normal-Coordinate Analysis and Structure. Normal- 
coordinate analysis was performed for both CH2SF4 and 
CDzSF4 in order (a) to check the compatibility of the as- 
signment of the two molecules, (b) to obtain a detailed de- 
scription of the vibrational modes, and (c) to get information 
about the stretching force constants of this molecule, especially 
that of the CS bond. The problem was set up by using all 22 
internal coordinates (see Table I11 for internal and symmetry 
coordinates). The G matrices were calculated from the X 
matrices via B matrices by using Schachtschneider’s GMAT 
p r ~ g r a m . ~ ~ . ~ ~  The X matrices were calculated by using the 
structural data shown in Figure 3 and the program  CART.^^ 
Normal modes and their frequencies were calculated via 
Wilson’s GF method4 using a modified version of the FPERT 
program of Scha~h t schne ide r .~~ ,~~  The use of a complete set 
of 22 internal coordinates introduces 4 redundant coordinates. 
These were carried through the calculations and resulted in 
4 zero-frequency vibrations, all in the Al block. Calculated 
and observed frequencies of the fundamental vibrations are 
compared in Table V. The calculated frequencies agree with 

1049 
721 
646b 
5 23 
300b 
300b 
201b 

2435 
981 
830 
668 
523 
957 
741 
568 
448 

DCD def 
/SF, str + SF, str 

F, SF, def + F,  SF, def + F, SC def 
F,SC def + F,SF, def + F,SF, def 
torsion 
F,SF, def ~ 

CD, str 
DCS def 
SF, str 

I F ,  SC def + F, SF, def 

CD, wag (7) 
SF, str 
F,SC def 
F,SF, def 

All other are for the gas (infrared spectra). 

Table VI. Internal Valence Force Field for 
Methylenesulfur Tetrafluoridea 

coordinate value coordinate value 

c- s 6.33 S-F,, S-F, -0.036 
S-F, 4.31 S-F,, S-F, 1.11 
S-F, 4.55 S-F,, S-F, 0.384 
C-H 5.42 C-S, C-S-Fb 0.479 
F,-S-F, 1.29 C-S, H-C-S 0.383 
F,-S-F, 0.60 S-F, F,  -S-F, b,c 0.439 
F,-S-F, 3.52 S-F,, F,-S-F, 0.618 
F,-S-C 2.03 S-F,, F,-S-F 0.253 
F,-S-C 1.87 S-F, C-S-FbpC2 0.731 
H-C-H 0.207 H-C-S, H-C-S 0.023 
H-C-S 0.884 F,-S-F,, F,-S-FZC 1.56 
7 0.237 F,-S-F,, F,-S-F, 0.60 
torsion (7) 0.044 F,-S-F,, F,-S-F -1.11 
C-H, C-H -0.013 F,-S-F,, F-S-Cb;‘ -0.145 

a The units are mdyn A-‘, mdyn, and mdyn A for bond stretch- 
ing, stretch-bend interaction, and angle deformation constants, re- 
spectively. All of the force constants of this type were assumed 
to be equivalent. 
interaction constants with one common S-F bond. 

the observed ones with an average error of less than 2% or 13 
cm-I. The observed and calculated (in parentheses) ratios of 
the products of the frequencies for the Al, A2, B1, and B2 
blocks are 1.80 (1.98), 1.48 (1.41), 1.89 (1.92), and 1.18 
(1.35), respectively. The “product rule” applies rigorously only 
for the zero-order frequencies (harmonic frequencies), and the 
differences in the observed and calculated “product values” 
given above are in the expected direction and magnit~de.~’  
Table V also contains an approximate description of the normal 
modes in terms of the internal coordinates and is based on their 
potential energy distribution and eigenvectors. Nonzero force 
constants on the final internal valence force field used to obtain 
the results of Table V are given in Table VI. The principal 
approximations assumed to reduce the number of interaction 
force constants are that all interactions between (a) the internal 
coordinates involving H atoms and those not involving H 
atoms, (b) the stretching coordinates not having a common 
atom, and (c) the stretch/deformation and deformation/ 
deformation without a common bond can be neglected. This 
force field was arrived at by a combination of the iteration 
process of FPERT with the trial and error method. Skeleton 
interaction constants and F2SF2 deformation were held fixed 
in the final calculation at the values shown in Table VI. In 
order to check the values of the SF stretching force constant 

C-S, S-Fb -0.576 C-S-F, C-S-F’ -0.681 

Nonzero value shown was used only for the 
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Table VIII. Thermodynamic Properties of Methylene4 and -d, 
(in Parentheses) at 1 Atm Pressure and for the Ideal Gaseous StateQ 

Table VII. Comparison of SF Stretching Force Constants 
and Bond Lengths 

bond length, force const, 
molecule A mdyn/A ref 

SF,Cl 

SF,Br 

SF,O- 

SF,- 

SF,O 

CH, SF, 

SF, 

O,SF, 

SF, 
OSF, 

This work. 

0 7  i 
0.6 1 

1.564 

1.56 (ax) 
1.576 (eq) 
1.56 
1.576 
1.60 (ax) 
1.60 (eq) 
1.60 (ax) 
1.60 (eq) 
1.62 
1.72 
1.56 (ax) 
1.56 (eq) 
1.57 
1.59 
1.645 
1.545 
1.645 
1.545 
1.645 
1.545 
1.53 
1.585 
1.59 

0 8 
n v 

0 

l o @ @  

5.01 
5.30 
4.35 
5.45 
4.895 
5.26 
4.83 
4.52 
4.624 
4.593 
4.50 
4.285 
3.75 
3.60 
4.12 
2.06 
5.54 
4.395 
4.55 
4.31 
2.80 
5.25 
3.57 
4.54 
3.30 
5.37 
5.14 
3.8 
4.72 

0 

0 
0 

8 
16 
17 
18 
19 
21 
21 

19 

22 

23 

24 

25 

a 

26 

27 

’20 

5 
5 
28 

0 

I I I I I 

1. 70 ’.“ rsF ( A )  ’ 65  155  

Figure 4. Badger-rule plot of S F  bond distances and force constants 
(data from Table VII). Solid points are for CH2SF4. 

obtained here for CH2SF4, we have collected in Table VI1 the 
available literature data for the various sulfur fluorides. The 
data are plotted according to Badger’s rule5 in Figure 4. 
Clearly the values of S F  stretching constants obtained here 
are compatible with the literature. The value of the CS 
stretching constant obtained here for CH2SF4 is compared with 
the literature values for this constant in other compounds in 
Table IV. The value offcs for methylenesulfur tetrafluoride 
(6.33 mdyn/A) is close to those reported for F2CS and C12CS 
(Table IV). One obtains a bond order of about 1.8 if one uses 
the data for the CS single bond from (CH,),SO (Table IV).38 
Thus the ylidic formulation -CH2-SF4+ is not an important 
canonical form for this molecule. This is in contrast to the 
bonding systems suggested for phosphorus and sulfur ylides 
where the zwitterionic form reduces the double-bond character. 

The strong double-bond character of the CS bond is also 
reflected in the high frequencies of the methylene stretching 

~~ 

T, K (If, - E o o ) / T  - ( C o - E o o ) / T  So CP 
50  7.98 (7.99) 43.28 (43.48) 51.26 (51.47) 8.16 (8.20) 

100 8.45 (8.56) 48.92 (29.15) 57.36 (57.71) 9.90 (10.33) 
150 9.39 (9.66) 52.51 (52.82) 61.90 (62.48) 12.81 (13.49) 
200 10.67 (11.05) 55.38 (55.78) 66.05 (66.84) 16.21 (17.01) 
250 12.11 (12.59) 57.91 (58.41) 70.02 (71.01) 19.48 (20.41) 
300 13.59 (14.15) 60.25 (60.85) 73.83 (75.00) 22.38 (23.42) 
350 15.02 (15.67) 62.45 (63.14) 77.48 (78.81) 24.85 (25.98) 
400 16.39 (17.09) 64.55 (65.33) 80.93 (82.42) 26.93 (28.12) 
450 17.66 (18.42) 66.55 (67.42) 84.21 (85.84) 28.68 (29.90) 
500 18.84 (19.65) 68.47 (69.42) 87.31 (89.07) 30.15 (31.40) 

Units are cal mol-’ deg“. 

vibration in this compound. In fact, it seems that the average 
C H  stretching frequency, (vaSym + vsym)/2, in the present 
compound is higher than any other reported methylene 
c o m p ~ u n d . ~ ~ ~ ~ ~  The average methylene frequency in CH2SF4 
is (3210 + 3092)/2 = 3151 cm-’. It is interesting to note here 
that the corresponding frequency in CH2=CF2 is only (3174 
+ 3057.3)/2 = 31 16 crn-I.,O (The second highest reported 
average methylene frequency seems to be that for CH2NN, 
3 133 ~ m - l . ~ ~ )  One can use this average value of CH stretching 
frequency to predict the length of the C H  bonds with the 
empirical plot of McKean et al.29 The value of 3 15 1 cm-’ 
suggests a CH bond distance (r’) of 1.0775 A. Thus, the 
hybridization of carbon atom orbitals is such that it results 
in strong CH bonds. This indicates a maximum overlap of 
?r orbitals between C and S which lends rigidity to the skeleton. 
In fact, no indication of “Berry-type e ~ c h a n g e ” , , ~ - ~ ~  seen in 
SF4, is noticed in the infrared spectra of gaseous methylen- 
esulfur tetrafluoride. Also no indication of hydrogen bonding 
is seen in the vibrational spectra. (The distance of the hy- 
drogen atom from the neighboring “axial” F atom, as cal- 
culated from the electron diffraction data2 (Figure 3) is 2.34 
A,) This absence of hydrogen bonding supports the bonding 
scheme suggested in ref 1 for the structure of CH2SF4. 

(d) Thermodynamic Properties. Thermodynamic properties 
of (methylene-h2)sulfur and (methylene-d,)sulfur tetrafluorides 
were computed by using the geometry and moments of inertia 
given above, and the observed fundamental frequencies are 
listed in Table IV.32 These calculations were done with the 
assumption of a rigid-rotor, harmonic-oscillator approximation 
and a symmetry factor of 2., The calculated values of the 
enthalpy ( (Ho  - Eoo) /T) ,  the Gibbs free energy, (-(Go - 
Eoo)/r>, the entropy (So), and the heat capacity (C,), are 
given in Table VIII. The average methylene-h, stretching 
frequency in CH2SF4 predicts a value for the C H  bond dis- 
sociation energy, of - 117 kcal/mol for this molecule, 
if one uses the correlation given by McKean et al. (Figure 3 
of ref 29). 
Conclusion 

Methylenesulfur tetrafluoride is a molecule of unique 
properties. It has a strong CS double bond and is a totally 
rigid species. Although its structure around the S atom is 
trigonal bipyramidal, its rigidity is in contrast with the related 
species, e.g., SF4 and SOF4. The methylene group has the 
highest stretching vibrations known. The covalent formulation 
CH2=SF, describes the molecule best. 

Acknowledgment. We are grateful to Dr. H. Oberhammer 
for supplying us his electron diffraction results of CH2SF4 
before publication. Financial assistance from the Deutsche 
Forschungsgemeinschaft and FOND der Chemischen Industrie 
is acknowledged. 

Registry No. CH2SF4, 66793-25-7; CD2SF4, 71250-10-7. 

References and Notes 
( 1 )  G. Kleemann and K .  Seppelt, Angew. Chem., 90, 547 (1978). 



EPR Studies of Molybdenum(V)-Oxo Complexes Inorganic Chemistry, Vol. 18, No. I I ,  I979 3213 

(2) H. Oberhammer and W. Zeil, to be submitted for publication. 
(3) G. Herzberg, “Molecular Spectra and Molecular Structure”, Vol. 11, 

Van Nostrand, Princeton, N.J., 1945. 
(4) E. B. Wilson Jr., J. C. Decius, and P. C. Cross, “Molecular Vibrations”, 

McGraw-Hill, New York, 1955. 
(5) H. Siebert, “Anwendungen der Schwingungspektroskopie in der 

Anorganischen Chemie”, Springer Verlag, Heidelberg, 1966. 
(6) T. Ueda and T. Shimanouchi, J .  Mol. Spectrosc., 28, 350 (1968). 
(7) R. Steudel, 2. Anorg. Allg. Chem., 361, 180 (1968). 
(8) L. H. Jones, “Inorganic Vibrational Spectroscopy”, Marcel Dekker, New 

York, 1971. 
(9) A. Haas, H. Willner, H. Burger, and G. Pawelke, Spectrochim. Acta, 

Part A ,  33a, 937 (1977). 
(10) M. J. Hopper, J. W. Russel, and J. Overend, Spectrochim. Acta., Part 

A , ,  Bs, 1215 (1972). 
(1 1) J. H. Carpenter, D. F. Rimer,  J. G. Smith, and D. H. Whiffen, J. Chem. 

Soc., Faraday Trans. 2, 71, 1752 (1975). 
(12) G. B. Aitken, J. L. Duncan, and G. P. McQuillan, J .  Chem. SOC. A.,  

2695 (1971) 
\ - -  -,- 

(13) D.-W. Scott, J .  Mol. Spectrosc., 31, 451 (1969). 
(14) W. D. Horrocks and F. A. Cotton, Spectrochim. Acta, 17, 134 (1961). 
(15) T. M. Barakat, N. Legge, and A. D. E. Pullin, Trans. Faraday Soc., 

59, 1733, 1764 (1963).- 
(16) D. M. Yost, C. C. Steffens, and S. T. Gross, J. Chem. Phys., 2,311 (1934). 
(17) V. D. Klimov and E. A. Lobikov, Opt. Spectrosc. (USSR), 30,25 (1971). 
(18) R. S. McDowell, J. P. Aldridge, and R. F. Holland, f. Phys. Chem., 80, 

1203 (1976). 
(19) W.-V.‘F. Brboks, M. Eshaque, C. Lau, and J. Passmore, Can. J .  Chem., 

54,817 (1976). 

(20) K. 0. Christe, E. C. Curtis, C. J. Schack, S. J. Cyvin, J. Brunvoll, and 
W. Sawodny, Spectrochim. Acta, Part A ,  32a, 1141 (1976). 

(21) K. 0. Christe, C. J. Schack, and E. C. Curtis, Inorg. Chem., 11, 583 
(1972). 

(22) K. 0. Christe, E. C. Curtis, C. J. Schack, and A. Roland, Spectrochim. 
Acta, Part A ,  33a, 69 (1977). 

(23) K. 0. Christe, C. J. Schack, D. Pilipovich, E. C. Curtis, and W. Sawodny, 
Inorg. Chem., 12, 620 (1973). 

(24) K. 0. Christe, E. C. Curtis, C. J. Schack, and D. Pilipovich, Inorg. Chem., 
11, 1679 (1972). 

(25) K. Sathianadan, K. Ramaswamy, S. Sundaram, and F. F. Cleveland, 
J .  Mol. Spectrosc., 13, 214 (1964). 

(26) I. W. Levin, J .  Chem. Phys., 55, 5393 (1971). 
(27) K. 0. Christe and W. Sawodny, J. Chem. Phys., 52, 6320 (1970). 
(28) A Haas and H. Willner, Spectrochim. Acta, Part A ,  34a, 541 (1978). 
(29) D. C. McKean, J. L. Duncan, and L. Batt, Spectrochim. Acta, Part A ,  

29a, 1037 (1973). 
(30) D. C. McKean, Spectrochim. Acta, Part A ,  31a, 1167 (1975). 
(31) J. H. Schachtschneider, Technical Report 231-64, Project 31450, Shell 

Development Co., Emeryville, Calif., 1964. 
(32) S. Sunder, Ph.D. Thesis, University of Alberta, Edmonton, Alberta, 

Canada, 1972. 
(33) J. H. Schachtschneider, Technical Report 57-65, Project 31450, Shell 

Development Co., Emerydle, Calif., 1964. 
(34) R. S. Berry, J .  Chem. Phys., 32, 933 (1960). 
(35) R. S. Berry, Rev. Mod. Phys., 32, 447 (1960). 
(36) I. W. Levin and W. C. Harris, J .  Chem. Phys., 55, 3048 (1971). 
(37) Reference 3, p 232. 
(38) Reference 5 ,  p 36. 

Contribution from the Department of Chemistry, University of New Hampshire, Durham, New Hampshire 03824, 
the Department of Chemistry and Biochemistry, Utah State University, Logan, Utah 84322, 

and the Department of Chemistry, University of Arizona, Tucson, Arizona 85721 

Electron Paramagnetic Resonance Structural Studies of Molybdenum(V)-Oxo 
Complexes 
M. I. SCULLANE,la R. D. TAYLOR,lb M. MINELLI,lb J. T. SPENCE,lb K. YAMANOUCHI,’C J. H. ENEMARK,” 
and N. D. CHASTEEN*la 

Received April 5, 1979 
EPR and optical spectral data are reported for (NH4)2MoOCIS and a series of its derivatives: MoOC13L, where L = 
o-phenanthroline and a,a’-bipyridyl; MoOClL2, where L = acetylacetone, 8-hydroxyquinoline, and 8-mercaptoquinoline; 
MoOClL, where L = disalicylaldehyde o-phenylenediimine, N,N’-dimethyl-N,N’-bis(2-mercaptoethyl)ethylenediamine, 
and N,N’-bis(2-methyl-2-mercaptopropyl)ethylenediamine; Et4NMoOC12L, where L = salicylaldehyde o-hydroxyanil. EPR 
measurements were made a t  both X (9.5 GHz) and Q (35 GHz) band frequencies. Several of the compounds have 
noncoincident g and nuclear hyperfine tensors which aid in assigning geometrical isomers in dimethylformamide solutions. 
The results are discussed in terms of the molecular and electronic structures of the above compounds and their relationship 
to the Mo center in xanthine oxidase. The spin-orbit coupling of chloride ligands does not appear to be the dominant mechanism 
contributing to the g shift. 

Introduction 
The active sites of molybdenum enzymes have been in- 

vestigated by using EPR to detect the Mo(V) (d’) species 
present during the catalytic cycles of these  enzyme^.^-^ In 
order to obtain structural information about the molybdenum 
sites from EPR spectroscopy, we need data for a variety of 
well-characterized Mo(V) compounds. Some preliminary work 
in this area has been done recently on several monomeric 
Mo(V)-oxo c~mplexes.~.~~’  We now report the results of a 
more detailed EPR study of a series of ten such complexes. 

As a consequence of the distribution of the naturally 
abundant isotopes, the EPR spectra of molybdenum(V) 
complexes are particularly amenable to analysis. The isotopes 
of even atomic mass, which comprise about 75% of the total, 
have no nuclear spin ( I  = 0). The intense lines observed with 
frozen-solution samples arise from the Zeeman term in the 
spin Hamiltonian for the Z = 0 isotopes and provide a direct 
means of measuring the principal g factors. The remaining 
two isotopes (15.72% gSMo and 9.46% 97Mo) have nuclear 
spins of I = 5 / 2  and nearly identical magnetogyric ratios. 
These isotopes produce six-line hyperfine patterns of low 

intensity which are distributed symmetrically with respect to 
the intense I = 0 lines. The ability to measure the g factors 
independently from the hyperfine interaction is especially 
helpful in the interpretation of EPR spectra of complexes of 
low symmetry, which may have noncoincident g and nuclear 
hyperfine tensor axes. Knowledge of the relative orientation 
of the tensor axes can provide structural information in some 
instances. 

The EPR spectra of (NH4)2MoOCl, and a series of its 
derivatives, MoOC13L (I, L = phen; 11, L = trans-bpy; 111, 
L = cis-bpy), MoOClL2 (IV, L = acac; V, L= ox; VI, L = 
tox), MoOClL (VII, L = (sal)*phen; VIII, L = CsHlsN2S2; 
IX, L = C10H2N2S2), and Et4NMoOC12L (X, L = sap), were 
measured at  both X- (9.5 GHz) and Q-band (34.5 GHz) 
frequencies in dimethylformamide (DMF) solutions.8 The 
magnetic properties are discussed in terms of the coordination 
geometry and bonding in these complexes. 
Experimental Section 

Synthesis. Syntheses of compounds 1-111 and V-X have been 
published previo~sly.~~’~” ’ Compound IV was prepared as described 
here. 
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