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Conformational energy (-AG) values for  the t i t le  groups have been determined by low-temperature 13C NMR 
signal area measurements. T h e  values for  CH3S02, 2.5 kcal/mol, and CH3SO,l.2 kcal/mol, were determined by a 
“counterpoise” method, tak ing the rat io  of the  areas of the  decoalesced spectra (a t  -95 f 5 “C) o f  cis-4-methylcy- 
clohexyl methy l  sulfone and cis-4-methylcyclohexyl methy l  sulfoxide and allowing for -1.7 kcal/mol as the AG 
value of the methy l  group. T h e  value for  CHSS, 1.0 kcal/mol, was determined b o t h  by a n  analogous method and by 
direct low-temperature 13C NMR analysis o f  cyclohexyl methy l  sulfide; it is in good agreement w i t h  the value in 
the  l i terature. 

Recently we reported1 tha t  the CH3S group attached a t  
C(5) in a 1,3-dioxane has a stronger preference for the  equa- 
torial conformation than it does when attached to a cyclohexyl 
ring.2,3 In contrast, similarly placed methylsulfinyl (CH3SO) 
and methylsulfonyl (CH3S02) groups prefer the axial con- 
formation. In the latter two cases, unfortunately, comparison 
with cyclohexyl methyl sulfoxide and sulfone was tenuous; in 
the case of the sulfone function, only a rather inaccurate value 
(2.5 kcal/mol) for phenylsulfonyl (CeH5S02) derived by NMR 
from an extremely one-sided equilibrium4 was available; and 
the sulfoxide value5 (1.9 kcal/mol) rested on the now discre- 
dited kinetic method. I t  is clear, however, even from the crude 
data, tha t  cyclohexyl methyl sulfide, sulfoxide, and sulfone 
all exist with the sulfur function quite predominantly in the 
equatorial conformation. 

The  availability of 13C NMR spectroscopy now makes i t  
possible to determine, by signal area measurement a t  low 
temperature, conformational equilibria for a variety of sub- 
stituents in a number of systems which were heretofore dif- 
ficult t o  study? However, measurement of signal areas7 is 
difficult for conformations constituting less than 5% of the 
total. This difficulty can be obviated through use of a “coun- 
terpoise” method.8 Thus,  for cyclohexyl methyl sufide (l) ,  i t  
is adequate to  measure the equilibrium shown in Scheme I, 
since the minor isomer constitutes about 6% of the total a t  -90 
“C. But  for cyclohexyl methyl sulfoxide (2), this value drops 
to  3.5% and for the sulfone 3 to  much less than 1%; for the 

Scheme I 
X 

A E 

1, X = CH3S 
AGx = -RT In K 

2, x = CH,SO 
3, X = CH,SO, 

Scheme I1 
X CH, I 

A E 
AG’, = -RT In K’ 

4, X = CH,S 
5, X = CH,SO 
6, X = CHBSQl 

sulfoxide and sulfone functions it is desirable to measure the  
equilibrium shown in Scheme 11, and this is preferable even 
for CHBS. Here the equilibrium constants correspond to  12% 
of the minor isomer for 4, 19% for 5, and 10% for 6 ,  values 
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Table I. 
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13C Signal Assignments in Compounds 1-15 (ppm from Me4Si in  CDC13)" 

Compd MeS 

1 

2 

3 
4 
5 

6 
7' 
8 

9 

10' 
IO-d4 
1 1  

11-dr 

12 

U-d4 
13 
14 

15 

13.26 
13.20' 
35.14 

37.26 
14.35 
36.31 

37.82 
13.08 
35.27 

35.21e 

37.35 
37.38e 
14.73 
14.72 
37.10 

37.11' 
37.08 

39.68 
39-69' 
39.68 
13.19 
35.25 

37.42 

I 

44.92 
44.94e 
60.82 

62.47 
44.38 
61.29 

61.74 
44.85 
60.80 

60.5Be 

62.47 
62.43' 
44.29 
43.97 
61.49 

61.33e 
61.08 

57.76 
57.79e 
57.46 
44.58 
60.51 

62.24 

33.17 
33.2ge 

(26.07)f 
(24.82)f 
(25.07)f 
30.34 
24.25 
22.44 
20.60 
33.71 
26.36 
25.28 
26.27e 
25.07e 

(26.08)f 
(26.06) e,f 

31.09 

27.17 
25.08 
27.05' 

25.12 
25.10e 

33.24 
25.96 
24.77 
25.40 

26.16 
26.24e 

(25.55)f 
(25.40) f 
(25.45)f 
29.71 
30.23 
30.75 
30.21 
27.62 
26.56 
26.36 
26.4ge 
26.31' 

(25.81)f 
(25.79) ' ~ f  

21.96 
21.75 
23.14 
22.41 
23.07' 
22.88 
22.16 
22.14 
22.13e 
21.94 
35.31 
34.06 
33.88 
33.52 

25.94 
26.18e 

(25.16)f 

(25.07)f 
31.22 
30.03 

27.07 
47.54 
47.32 

47.25' 

46.93 
46.92' 
48.41 
48.35 
47.69 

47.57e 

47.52 
47.06 
47.04e 
46.93 
32.16 
31.97 

31.59 

21.28 
20.44 

18.00 
32.34 
32.39 

32.30e 

32.36 
32.34' 
32.54 
32.55 
32.57 

32.4ge 

32.52 
32.58 
32.56e 
32.58 
22.35 
22.15 

21.99 

27.53 
27.46 

27.43e 

27.43 
27.42' 
27.48 
27.48 
27.36 

27.32' 

27.34 
27.44 
27.44e 
27.45 

In 8% solution unless otherwise indicated. For the sulfoxides C(2,6) are diastereotopic and display two signals; the same is true 
for C(3,5). Assignment to one or other of the diastereotopic nuclei in each set has not been attempted. CH3 in methyl compounds, 
Cquat in tert-butyl compounds. d CH3 in tert-butyl compounds. e In "concentrated" solution. f These assignments may have to be 
interchanged. However, the assignment of C(3,5) in 2 is supported by the calculations of conformational averaging of chemical shifts 
presented below. 

which are all easy to  measure. For the equilibrium shown in 
Scheme 11, AG' = AGx - AGcH~ whence AGx = AG' + AGcH~ 
= AG' - 1.7 kcal/mol, on the usual assumption that confor- 
mational energies are additive. 

Results 
The sulfides, sulfoxides, and sulfones 1-6 and the corre- 

sponding trans- and cis-4-tert -butyl analogues 7-12 and 

mx 7, x = CH,S dX IO, X = CH,S 
8, X = CH$O 
9, X = CH,SO, 

11, X = CH3S0 
12 X = CH,SO, 

trans-4-methyl analogues 13-15 (desired for spectral com- 
parison) were prepared by standard literature methods (see 

HSC -LTx 
13, X = CHBS 
14, X = CH,SO 
15, X = CH,SO, 

Experimental Section). The  13C NMR spectra of these com- 
pounds are recorded in Table I. Signal assignments were made 
on the basis of off-resonance decoupling, intensity measure- 
ments, and parametrization. The  C-methyl, C(4), and C(3,5) 
signals can be assigned on the basis of Grant's parameters for 
corresponding cyclohexanes with due allowance for the upfield 

shift of the X substituent in the axially substituted isomers 
4,5,  and 10-lZ.9 Data for tert-butylcyclohexane required for 
reference are on record.1° The  methyl group on the X sub- 
stituent as well as C(1) and C(2,) were readily assigned among 
the remaining signals. Only in a few cases were signals too close 
together for secure assignment; such situations are indicated 
by parentheses in Table I. 

In the case of three compounds (10, 11, and 12) 2,2,6,6- 
tetradeuterated analogues were available whose spectra 
supported the assignments made for the protiated species. In 
some cases spectra were run at two concentrations; the effect 
of concentration is minor (10.2 ppm). 

With the chemical shift information of the conformationally 
homogeneous (anancomeric) compounds 7-15 in hand, i t  
became easy to  assign chemical shifts to  individual confor- 
mational isomers of compounds 1 and 4-6 a t  -90 "C. (The 
minor conformers in 2 and 3 were not seen in the low-tem- 
perature spectra, presumably because they are present in in- 
sufficient amounts.) The pertinent information is reported 
in Table I1 which includes (in parentheses) relative area 
measurements of the signals in question. 

On the basis of the area ratios measured, AGO values were 
calculated a t  the appropriate temperatures. A listing of these 
data is presented in Table 111, corrected, in the case of com- 
pounds 4-6, by 1.7 kcal/mol (the AG value for methyl). In 
Table IV the averaged values for each of the three functional 
groups studied are compared with values in the literature. 

I t  is possible, also to calculate the  conformational equilib- 
rium constants K and corresponding AG's from averaged 
chemical shifts by means of the equation K = (6, - 6 ) / ( 6  - 6,) 
developed by one of us.l1 Inspection of entries 7,8,10,  and 11 
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Table 11. Low-Temperature 13C NMR Spectra of Compounds 1 and 4-6 (ppm Downfield from Mersi) 

Compd MeS 

1A" 
l E a  
4Ac 
4Ec 
5Adje 

5Ed," 

5Ag.' 

5Egj' 

6A 
6E 
6Ad 
6Ed 

13'3." 

14.70 (1) 
13.27 (16) 
14.94 (6.64) 
13.43 (1) 
36.65 (3.93) 

34.76 (1) 

36.96 (4.23) 

35.13 (1) 

39.07 (1) 
37.08 (9.05) 
38.95 (1) 
36.95 (11.1) 
13.35 

[13.07] 

44.28 
44.78 
43.79 (7.57) 
45.21 (1) 
60.42 

59.95 

60.59 

60.25 

b 
61.4 
55.84 (1) 
61.27 (8.89) 
44.40 

[44.83] 

30.41 (1) 
33.42 (15.8) 
30.28 
27.34 
26.26 (4.555) 
24.65 (4.26) 
20.91 (1) 
18.40 (1) 
26.26 
24.59 
20.67 
18.56 
24.40 (1) 
19.13 (8.78) 
24.48 (1) 
19.17 (9.06) 
33.17 
[33.69] 

21.39 (1) 
26.90 (16.9) 
29.77 
31.88 
30.91 
30.16 

b 
b 

30.85 
30.03 

b 
b 
b 

30.15 
b 

30.20 
35.24 
[35.74] 

b 
26.14 
33.08 
26.71 
32.60 

26.58 

32.57 

26.48 

32.19 
26.21 
32.2 
26.39 
32.42 

[32.63] 

23.11 (8.12) 
17.25 (1) 
23.04 (4.55f) 

17.13 (1) 

23.03 

17.06 

22.93 (I) 
16.99 (8.98) 
23.01 (1) 
16.98 (10.2) 
22.73 
[22.55] 

a In 1:l acetone-d&richloroethylene at  -90 OC, concentration ca. 30%. Not observed. In 1:l acetone-dslmethylene chloride 
at  -95 O C ,  concentration ca. 30%. In 1:l acetone-d~/trichloroethylene at -100 "C, concentration ca. 20%. e See footnote b ,  Table 
I, regarding the doubled signals at C(3,5) and C(2,6). f After correction for an overlapping peak of the minor isomer. g In 1:l acetone- 
ds/methylene chloride at  -95 "C, concentration ca. 20%. In 1:l acetone-ds/methylene chloride at -90 "C, concentration ca. 20%. 
1 This compound is anancomeric; the data were recorded to check effect of temperature and (cf. Table I) of solvent. The data in brackets 
were obtained at room temperature. 

Table 111. Calculated -AGO Values (kcal/mol) for Sulfur Functions 

Signal integrated 

Compd Temp, "C MeS 

1" -90 1.01 n.d. 1.00 1.03 n.d. 
4' -95 1.03 0.98 n.d. n.d. n.d. 0.96 
5" -100 1.19 n.d. 1.18 n.d. n.d. 1.18 
5c -95 1.22 n.d. n.d. n.d. n.d. n.d. 
6c  -90 2.50 n.d. 2.49 n.d. n.d. 2.50 
6" -100 2.53 2.45 2.46 n.d. n.d. 2.50 

a In acetone-dG/CHCl=CClz. Not determined, usually because the corresponding signal in the minor isomer was not seen or not 
well resolved. In acetone-d&HzClz. 

in Table I discloses that,  for the sulfides and sulfoxides, only 
C(3,5) provides im adequate spread (6, - 6,) of chemical shifts 
to make such a calculation reliable. T h e  shifts 6, and 6, may 
then be taken t o  be the shifts of C(3 ,5 )  in 7,8 and 10,11, re- 
spectively, corrected by the known global be effect of a t e r t -  
butyl substituent of 0.59 ppm.12 Insertion of these values, and 
the chemical shifts 6 a t  C(3,5) for compounds 1 and 2 gives K 
= (21.37 - 26.24)/(26.24 - 27.03) = 6.16, AG = -1.08 kcal/mol 
for CH$, and K = 7.14 or 9.67, AG = -1.16 or -1.34 kcal/mol 
[depending on which of the two signals for the diastereotopic 
carbons a t  C(3,5) is chosen] for CH3SO. T h e  former value is 
in excellent agreement13 with the  low-temperature value 
(Table IV) and the agreement of the average of the latter 
values, -1.25 kcal/mol, with the value in Table IV is satis- 
factory also.13 T h e  calculation for the cis -4-methyl-substi- 
tuted compounds 4-6 is more complex, since the anticipated 
shifts for the axial (A) and equatorial (E) conformers in 
Scheme I1 must  be computed by applying the effect of the  
equatorial or axial methyl substituent to  the shifts calculated 
(vide supra) for the A and E models in Scheme I. If this is done 
a t  C(3,5) ,  i t  turns out, unfortunately, that  the calculated shifts 
for the A and E: isomers in Scheme I1 are nearly the  same. 
Fortunately, for the sulfones (6 ,9,12)  one can instead use the 
C(1) signals for which the corrections for the distant alkyl 
groups12 are small: -0.28 ppm for tert-butyl, -0.30 for Mea, 
and -0.48 for Me,. With these values, K = 5.88, AG = -1.05 

Table IV. -AGO Values (kcal/mol) for Sulfur Functions 

CH3S CH3SO CH3S02 

This work" 1.00 f 0.05 1.20 f 0.05 2.50 f 0.05 
Lit. 1.07 f 0.046 (1.gC) (2.ijd) 

Values at  -90" to -100 OC, in acetone-ds/CHCl=cClz or 
acetone-dGICHzC12. Because of the small temperature range and 
the apparent absence of variation in the two solvent systems, all 
values in Table I11 have been averaged. Value for CD3S at  -79 
"C in CS2, ref 4. Value of ref 6 for the phenylsulfinyl group; 0 
"C, in 90% 2-propanol, determined by the kinetic method. Value 
of ref 5 for the phenylsulfonyl group, room temperature in 
cc14. 

kcal/mol for 6 which gives a -AG value of 2.75 kcal/mol for 
the sulfone group, in acceptable agreement with the low- 
temperature value.l3 

Discussion 

The -AGO value at  -90 "C for the methylthio group (Table 
IV) is in excellent agreement with that previously determined4 
by low-temperature lH NMR spectroscopy. The value pre- 
viously determined by the chemical shift method in lH NMR, 
0.7 kcal/m01,~ is clearly too low, either because of inaccuracy 
of the measurement, or unsuitability of the model compounds, 
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Scheme I11 

X = 0 or umhared pair 
sulfide Me/CH, Me/CH, 
sulfoxides Me/CH,; O/CH, Me/CH,; 0 inside 
sulfone Me/CH,; O/CHa; Me/CH,; O/CH2; 

0 inside 0 inside 

sulfide 
su Ifoxid es 
sulfone 

sulfide 
sulfoxdes 
sulfone 

Me/CH, Me/CH, 
Me/CH2; O/CH, Me/CH,; 2 O/CH2 
Me/CH,; 3 O/CH, Me/CH,; 3 O/CH, 

CH, 
ZMe/CH, 
ZMe/CH,; O/CH, 
2MdCHi 2 O/CH, 

or both. T h e  sulfone value is much larger, as would be ex- 
pected from the  fact that the unshared electron pair, which 
confronts the  ring in the  sulfide,14 is supplanted by a space- 
requiring oxygen atom. In both of these cases, part of the  
equatorial preference is undoubtedly entropic. If one assumes 
that the axial CH3S and CH3S02 groups will avoid the  con- 
formation in which the methyl group points into the ring, each 
will have two mirror-image conformations ("methyl-out") and 
therefore a n  entropy of mixing of R In 2. For the equatorial 
groups one has the  choice of CH3 gauche to one or two ring 
methylenes in the  sulfide and the  combinations of one CH3 
gauche and three 0 gauche or two CH3 gauche and two 0 
gauche in the  sulfone (Scheme 111). From the literature i t  
appears that both the CHa-C-S-CH3 gauche interaction15 
and the CHa-C-S-0 gauche interaction16 are  near zero. 
Therefore the entropy of mixing for the equatorial CH3S and 
CH3S02 groups will approach R In 3 and the  entropy differ- 
ence in both cases will be almost R In 3 - R In 2 or 0.8 eu, 
contributing 0.24 kcal/mol t o  the  conformational energy at 
room temperature. 

It follows that the  additional steric interaction of the  "in- 
side" oxygen of the axial sulfone is (2.50 - 0.24) - (1.00 - 0.24) 
or 1.50 kcal/mol. 

T h e  axial sulfoxide will. therefore exist very largely (over 
90%) with the pair confronting the ring and the methyl group 
and oxygen atom pointing out. For a n  individual enantiomer 
of the (chiral) sulfoxide this allows only a single rotational 
arrangement when CH3SO is axial as against three (vide 
supra) when it is equatorial. T h e  entropic advantage for 
equatorial CH3SO will therefore be R In 3 or 2.2 eu, 1.4 eu 
more than for CH3S. Thus at -95 "C, if one assumes AH to 
be the same for CH3S and CH3S0, AG should be 0.25 kcal/mol 
more negative for the sulfoxide. This is in excellent agreement 
with the  experimental findings (Table IV) showing that the 
rather primitive assumptions (equal AH for MeS and MeSO, 
three equally populated conformations for the equatorial 
groups) are  at least grossly correct. 

Experimental Sec t ion  

The I3C NMR spectra were recorded on a Varian XL-100 pulsed 
Fourier transform nuclear magnetic resonance spectrometer. Samples 
were dissolved in CDC13 with tetramethylsilane (2%) as an internal 

standard. 'H NMR spectra were recorded on a Varian XL-100 or 
Jeolco C-60 HL NMR spectrometer. The proton and carbon chemical 
shifts of samples as 5-20% (w/3) solutions are presented in parts per 
million (6) downfield from internal tetramethylsilane (MedSi), and 
these values are accurate to f O . O 1  ppm unless otherwise indicated. 
The low-temperature I3C spectra were recorded on a Varian XL-100 
using a 50:50 mixture of CHZC~Z-CD~COCD~ (or CClZ=CHCl- 
CD3COCD3) as solvent system with Me4Si (at the same temperature) 
as internal standard. Melting points were obtained in an Electro- 
thermal melting point apparatus. Analyses were performed by Mid- 
west Microlab, Ltd., Indianapolis, Ind., and Galbraith Laboratories, 
Inc., Knoxville, Tenn. 

The compounds required for this study were prepared either by 
following standard literature procedures or as described below. 
4-Methylcyclohexyl-l,l-dithiol from 4-Methylcyclohexanone, 

n-Butylamine, and Hydrogen Sulfide. The procedure used was 
similar to that of Magnu~son.'~ Fifty-six grams (0.5 mol) of 4-meth- 
ylcyclohexanone and 5 g (0.068 mol) of n-butylamine were dissolved 
in 150 ml of THF in a 1-1. three-neck flask equipped with a stirrer, gas 
inlet tube, thermometer, and calcium chloride tube. Fifty grams of 
anhydrous potassium carbonate was added, stirring commenced, and 
the mixture was cooled to -20 "C. Hydrogen sulfide was passed into 
the reaction mixture for 1 h, the temperature allowed to rise to 0 "C, 
and H2S passage continued for an additional 5 h. The KzC03 was 
filtered and washed with THF and the washings were added to the 
reaction mixture which was then cooled to -20 "C and acidified with 
2 N hydrochloric acid. The solution was extracted with ether (3 X 150 
ml) and the combined organic layer was washed with a saturated so- 
lution of sodium bicarbonate and brine and dried over anhydrous 

The dried organic layer was concentrated to ca. 250 ml, and using 
23 g of LiAlH4 in 150 ml of THF, the dithiol was reduced to monothiol. 
(The LiAlH4 reaction mixture was decomposed by the addition of 45 
ml of water and 250 rnl of 10% sulfuric acid.) The reaction mixture was 
extracted with THF and dried over anhydrous MgS04 and the solvent 
removed on a rotary evaporator. The residue was distilled to yield 39 
g (60%) of 4-methylcyclohexyl mercaptan, bp 48 "C (5 Torr) [lit.I8 bp 
74-75 "C (17 Torr)]. 

NMR (CDC13) 6 0.87 (bd, 3 H, CH3C), 0.97-2.1 (m, 9 H, CZ 
H), 2.4-2.83 and 3.03-3.37 (broad m and narrow m, 1 H, C1 H). 

4-Methylcyclohexyl Methyl Sulfide. The procedure used was 
similar to that of Weib~1l.l~ Exactly 35 g (0.27 mol) of 4-methylcy- 
clohexyl mercaptan was placed in a 500-ml flask equipped with a 
magnetic stirrer and reflux condenser. To  this was added 30 g of so- 
dium hydroxide in 130 ml of water and 50 ml of ethanol. Then 34 g 
(0.27 mol) of dimethyl sulfate was added all at once and stirring was 
commenced. An exothermic reaction immediately took place and the 
temperature rose to 60 "C. When the solution had cooled to room 
temperature it was extracted with ether (3 X 100 ml). The ether ex- 
tracts were combined, washed once with water and once with satu- 
rated brine, and dried over anhydrous MgS04. The ethereal solution 
wgs filtered, the solvent removed (flash evaporator), and the oily 
residue distilled at reduced pressure to obtain 30 g (77%) of a 4555 
mixture of cis- and trans-4-methylcyclohexyl methyl sulfide, bp 58-59 
"C (10 Torr). The diastereoisomers were separated using 20% QF-1 
on Chromosorb A mesh 50-80,lO-ft column at 130 "C. 

'H NMR (CDC13) cis 6 0.83 (d, J = 5.5 Hz, 3 H, CHaC), 1.18-1.75 
(m, 9 H, CH2's and C4 H), 1.92 (s, 3 H, CH3S), 2.54-2.75 (m, 1 H, C1 
He); trans 6 0.87 (d, J = 6 Hz, 3 H, CHaC), 0.96-2.07 (m, 9 H, CHz's 
and C4H), 2.07 (s, 3 H, CH3S), 2.27-2.6 (m, 1 H, C1 Ha). 

cis-4-Methylcyclohexyl Methyl Sulfoxide. A mixture of 1.81 
g (12.5 mmol) of sulfide and 2.8 g (13 mmol) of NaI04 in 30 ml of water 
was stirred at 0 "C in an ice bath for 9 h. The reaction mixture was 
then let stand overnight (15 hr) in an icebox. The solid was filtered 
and washed several times with methylene chloride. The methylene 
chloride solution was washed once with water and dried over anhy- 
drous MgS04. The methylene chloride was removed (flash evaporator) 
to obtain 1.61 g of crude sulfoxide containing 1-2% of sulfone. The 
impurity was removed by adsorbing the crude material dissolved in 
ether on an alumina column and eluting the sulfone with ether. The 
pure sulfoxide was then obtained by eluting with chloroform and 
further purification was effected by sublimation at 60 "C (0.2 Torr) 
to give 1.25 g (62%) of sulfoxide, mp 58-59 "C (hygroscopic). 
1HNMR(CDC13)60.95(d,J=6Hz,3H,CH3C),1.1-2.3(m,9H, 

CHZ's and Cq H), 2.45-2.75 (m, 1. H, C1 He), 2.57 (s, 3 H, CH5SO). 
trans-4-Methylcyclohexyl Methyl Sulfoxide. The trans sulf- 

oxide was similarly obtained in 70% yield and recrystallized from 
pentane to give white plates, mp 66-67 "C. 

lH NMR (CDC13) 6 0.91 (d, J = 6 Hz, 3 H, CH3C), 0.99-2.68 (m, 10 
H, CH2's and CH's),2.53 (s,3 H,CH3SO). 

MgS04. 
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cis-4-Methylcyclohexyl Methyl Sulfone. A mixture of 0.72 g (5 
mmol) of cis sulfide, 15 ml of 1:1 mixture of acetic acid-acetic anhy- 
dride, and 5 ml of 30% hydrogen peroxide was stirred for 3 h. Water 
(50 ml) was added to the reaction mixture which was then extracted 
with a 1:l mixture of CHC13-CH2C12 (3 X 50 ml). The organic layer 
was washed with saturated solution of sodium bicarbonate and then 
once with water. The dried (MgS04) organic layer was concentrated 
(flash evaporator) to obtain crude sulfone which was purified by re- 
crystallization from hexane to give 0.6 g (68%) of white solid, mp 71-72 
"C. 

1H NMR (CDC13) 6 0.99 (d, J = 7 Hz, 3 H, CH3C), 1.47-2.2 (m, 9 
H, CHz's and C4 H), 2.71-2.95 (m, 1 H, C1 He), 2.86 (s, 3 H, 
CH3SOz). 

Anal. Calcd for CsH16S02: C, 54.51; H, 9.15. Found: C, 54.70; H, 
9.03. 

trans-4-Methylcyclohexyl Methyl Sulfone. In a similar manner, 
0.72 g (5 mmol) of trans sulfide yielded 0.62 g (71%) of sulfone after 
recrystallization from hexane, mp 100-101 "C. 

IH NMR (CDC13) 6 0.92 (d, J = 6.5 Hz, 3 H, CHsC), 0.99-2.36 (m, 
9 H,CH2'sandC4H),2.83(~,3H,CH3S02),2.62-2.97 ( m , l  H,C1 Ha). 

Anal. Calcd for CsH16S02: C, 54.51; H, 9.15. Found: c, 54.24; H, 
8.93. 

trans-4- tert-Butylcyclohexyl Mercaptan. This material was 
prepared by the procedure of Magnusson17 as previously described,3S2O 
and similarly as described above for the 4-methyl analogue. The yield 
of crude material was 84%, bp 98-99 "C (11.5 Torr). Gas chromato- 
graphic analysis indicated the composition to be 71.7% trans, 28.3% 
cis (10-ft QF-1 column at 150 "C). The material was purified either 
by distillation through a 48-in. double-vacuum-jacketed Podbielniak 
column at reduced pressure (10 Torr), using diphenylmethane as a 
chaser solvent (the trans isomer is the higher boiling), or (or followed 
by) oxidation to the disulfide by means of iodine in benzene. The di- 
sulfide was recrystallized from ethanol, mp 102-103 "C. 

Anal. Calcd for CzoH38Sz: C, 70.11; H, 11.18. Found: C, 70.05; H, 
11.25. 

The pure disulfide was reduced back to the trans mercaptan by 
means of lithium aluminum hydride in tetrahydrofuranz0 in 84% yield, 
bp 99.5-101 "C (10 Torr), 

trans-4- tert-Butylcyclohexyl Methyl Sulfide. This thioether 
was prepared from the mercaptan as described for the 4-methyl an- 
alogue above, bp 114-115 "C (12 Torr), n20D 1.4887 [litz1 bp 103-104 
"C (7.5 Torr), n20D 1.48851. 

'H NMR (CDC13) 6 0.86 [s, 9 H, (CH&C], 0.95-1.47 and 1.75-1.95 
(m, 9 H, CHz's and C4 H), 2.09 (s,3 H, CH3S), 2.4 (broad m, 1 H, C1 
HI. 

Anal. Calcd for C11H22S: C, 70.89; H, 11.90. Found: C, 71.09: H, 
11.99. 

cis-4- test-Butylcyclohexyl methyl sulfide was prepared as 
previously described,21 or by methylation17 of the cis mercaptan (see 
below), bp 115.5-117 "C (16 Torr), n Z o D  1.4871 [lit.z1 bp 99-100 "C 
(7.5 Torr), n 2 0 ~  1.49121. 

IH NMR (CDC13) 6 0.85 [s, 9 H, (CH&C], 0.95-1.95 (m, 9 H, CH2's 
and C4 H), 2.03 (s,3 H, CH&, 3.01 (narrow m, 1 H, C1 H). 

cis-4- tert-Butylcyclohexyl Methyl Sulfoxide. A solution of 3.72 
g (20 mmol) of cis-4-tert-butylcyclohexyl methyl sulfide in 40 ml of 
p-dioxane was cooled in an ice bath and 4.28 g (20 mmol) of NaI04 
in 40 ml of distilled water was slowly added over a period of 30 min 
with stirring. Stirring was continued for an additional 5 hat  0 "C, after 
which the reaction mixture was stored overnight in the refrigera- 
tor. 

The mixture was poured into 100 ml of water and the sulfoxide was 
extracted with methylene chloride (3 X 50 ml). The methylene chlo- 
ride was washed several times with water and then dried over anhy- 
drous MgS04. The solvent was concentrated (flash evaporator) and 
the crude sulfoxide was recrystallized from hexane to give 2.57 g (64%) 
of pure sulfoxide, mp 152.5-153.5 "C. 

lH NMR (CDC13) 6 0.88 [s, 9 H, (CH3)3C], 0.96-2.06 (m, 9 H, CH2's 
and C4 H), 2.65 (9, 3 H, CHaSO), 2.5-2.96 (m, 1 H, C1 He). 

trans-4- tert-Butylcyclohexyl Methyl Sulfoxide. The trans 
isomer was obtained in an analogous fashion, except that the solution 
was stirred in a cold-water bath overnight instead of being stored in 
the refrigerator. The trans sulfoxide was recrystallized from ligroin 
to give 0.9 g (32% based on the amount of starting material recovered 

1.4861, purity (by GLC) > 99.5%. 

from the mother Iliquor: ca. 1.1 g of sulfide) of pure trans sulfoxide, 
mn 74-75 "C. r - -  . -  -. ~~. 

IH NMR (CDC13) 6 0.87 [s, 9 H, (CH&C], 0.9-2.7 (m, 10 H, CH2's, 
CH'S), 2.5 (s, 3 H, CHRSO). 
cis-4-tert-Butylcyclohexy1-2,2,6,6-d~ Methyl Sulfide. The 

procedure used was similar to that described21 for the undeuterated 
compound. 

A solution of 1.6 g (10 mmol) of 2,2,6,6-tetradeuterio-trans-4- 
tert-butylcyclohexan0122 was converted to 2.88 g (91%) of crude tos- 
ylate as described.z3 

The crude tosylate 2.88 g (9 mmol) in 20 ml of N-methylpyrrolidone 
was allowed to react with 30 ml(20 ml of N-methylpyrrolidone and 
10 ml of methanol) of a 0.5 M solution of potassium methyl sulfide 
prepared by reaction of potassium with methanethiol and the re- 
sulting mixture was heated on a steam bath for 14 h. The reaction 
mixture was poured into a mixture of ice and aqueous HC1 and ex- 
tracted three times with 25-ml portions of CHzC12. The combined 
methylene chloride extracts were washed three times with water and 
dried over MgS04. Removal of methylene chloride yielded an oil 
which on distillation from Kugelrohr afforded 1.55 g (80%) of cis-4- 
tert-butyl-2,2,6,6-tetradeuteriocyclohexyl methyl sulfide, 15% of 
4-tert-butylcyclohexene, and ca. 5% of unknown material. 

The pure cis isomer was obtained by preparative gas chromatog- 
raphy. 

lH NMR (CDC13) 6 0.85 [s, 9 H, (CH&C], 1.0-1.6 (m, 5 H, C3,5,4 H), 
2.03 (s, 3 H, CHsS), 2.97 (broads, 1 H, C1 He). 

cis-4- tert-Butylcyclohexyl-2,2,6,6-d4 Methyl Sulfoxide. In 
a similar manner as described for the undeuterated compound, 0.3 
g (1.6 mmol) of cis-4-t~rt-butylcyclohexyl-2,2,6,6-d~ methyl sulfide 
yielded 0.22 g (67%) of sulfoxide after purification of the crude ma- 
terial by sublimation [ca. 100 "C (0.03 Torr)], mp 149.5-151 "C. 

IH NMR (CDC13) 6 0.85 [s, 9 H, (CH&C], 1.0-1.86 (m, 5 H, C3,5,4 
H), 2.52 (s, 3 H, CHsSO), 2.7 (broads, 1 H, C1 He). 

cis-4- tert-Butylcyclohexyl-2,2,6,6-d4 Methyl Sulfone. Using 
2 ml of a 1:l mixture of HOAc/AczO and 1 ml of HzOz (30%), from 150 
mg (0.73 mmol) of sulfoxide, 130 mg (59%) of sulfone was obtained, 
mp 174.5-175.5 "C. 

IH NMR (CDC13) 6 0.83 [s, 9 H, (CH3)3C], 1.03-1.7 (m, 5 H, C3,5,4 
H), 2.8 (s, 3 H, CH3S02), 2.97 (broad s, 1 H, C1 He). 

cis- and trans-4- tert-butylcyclohexyl sulfones were prepared 
from the sulfides in 80 and 91% yield, respectively, in the manner 
described for the 4-methyl analogue. The cis isomer melted at  
175.5-176.5 "C ( l k 3  176.5-177.5 "C). 

IH NMR (CDC13) 6 0.88 [s, 9 H, (CH3)3C], 1.5-1.9 and 2.25-2.6 (m, 
9 H, CH2's and C4 H), 2.91 (s, 3 H, CHZSO~), 3.09 (narrow m, 1 H, C1 
He). 

The trans isomer melted at  136.5-137.5 "C (lit.z 136-137 "C). 
'H NMR (CDC13) 6 0.88 [s, 9 H, (CH3)3C], 0.93-2.4 (m, 9 H, CH2's 

and C4 H), 2.78 (s, 3 H, CH3S02), 2.78-3.03 (broad m, 1 H, C1 Ha). 
Anal. Calcd for CllH2202: C, 60.55; H, 10.09. Found: cis isomer, C, 

60.23; H, 10.19; trans isomer, C, 60.54; H, 10.21. 
Cyclohexyl methyl sulfoxide and sulfone were prepared as de- 

scribedz4 from cyclohexyl methyl sulfide (Aldrich). 
Sulfoxide: ir (neat) 1040 cm-I (S-0) (lit.24 1040 cm-I). 
'H NMR (CDC13) 6 1.03-2.2 (m, 10 H, C2,3,4,5 H), 2.47 (s, 3 H, 

CH3SO), 2.27-2.7 (m, 1 H, CIH). 
Sulfone: ir (neat) 1140 and 1310 cm-' (lit.z4 1138 and 1309 

cm-I). 
'H NMR (CDC13) 6 0.93-2.4 (m, 10 H, C2 

CH3S02), 2.5-2.96 (m, 1 H, C1 H). 
cis-4- tert-Butylcyclohexyl Mercaptan. cis-4- tert-Butylcy- 

clohexyl Thiocyanate. trans-4-tert-Butylcyclohexyl p-tolu- 
ene~ul fona te~~ (31.0 g, 0.10 mol) was placed in a 500-ml three-neck 
round-bottom flask equipped with reflux condenser and mechanical 
stirrer and dissolved in the minimum amount (ca. 150 ml) of hot 95% 
ethanol. After addition of 29.4 g (0.30 mol) of KSCN the mixture was 
stirred under reflux for 12 h, cooled, and filtered, the precipitated 
potassium salt being thoroughly washed with ethanol which was 
added to the original filtrate. The ethanol solution was concentrated 
to one-fourth its original volume, diluted with 100 ml of water, and 
extracted with three 100-ml portions of ether. The combined ether 
extracts were washed with saturated brine, dried over MgSO,, filtered, 
and concentrated and the product was distilled, bp 119-120 "C (2.3 
Torr), yield 6.01 g (30.6%). 
cis-4-tert-Butylc~clohexyl Mercaptan. To 31.8 ml of a 1.15 M 

ethereal lithium aluminum hydride solution (0.0365 mol) contained 
in a dry 250-ml round-bottom three-neck flask equipped with a reflux 
condenser protected by a drying tube, mechanical stirrer, and pres- 
sure-equalized addition funnel was added 7.18 g (0.0365 mol) of cis- 
4-tert-butylcyclohexyl thiocyanate in 100 ml of anhydrous ether 
dropwise and with stirring. After addition was complete stirring was 
continued for 0.5 h, the solution was cooled and hydrolyzed by careful 
addition of 10 ml of water, and the solids were dissolved by addition 
of 10% sulfuric acid. The product was worked up in standard fashion 
and the residue distilled, bp 104 "C (15 Torr), yield 3.46 g (55.3%). 

Anal. Calcd for CloHzoS: C, 69.70; H, 11.70. Found: C, 70.31; H, 
11.62. 
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cis-4- tert -Butylcyclohexyl  disulfide was prepared in the same 
fashion as the trans isomer in 85% yield, mp 116-117 "C after two 
recrystallizations from ethanol. 

Anal. Calcd for C Z ~ H ~ ~ S Z :  C, 70.11; H, 11.18. Found: C, 70.13; H, 
11.14. 

Acknowledgment.  This work was supported under NSF 
Grant CHE75-20052. We are indebted to  Dr. Bruce Thill for 
carrying out the initial preparations of cis- and trans-4- 
ter t  -butylcyclohexyl mercaptan and their respective disul- 
fides, to Mr. Rafael Shapiro for repeating the preparations and 
making the deuterated compounds, and to  Dr. David Harris 
for recording the 13C NMR spectra. 

Registry No.-1, 7133-37-1; 2, 56051-02-6; 3, 60260-74-4; 4, 
60260-75-5; 5,60260-76-6; 6,60260-77-7; 7,4934-66-1; 8,60260-78-8; 
9,4943-25-3; 10,5004-79-5; 10-d4,60260-79-9; 11,60260-80-2; 11-d4, 
60260-81-3; 12, 4943-24-2; 12-d4, 60260-82-4; 13, 60260-83-5; 14, 
60260-84-6; 15, 60260-85-7; 4-methylcyclohexanone, 589-92-4; hy- 
drogen sulfide, 7783-06-4; 4-methylcyclohexyl-l,l-dithiol, 60260-86-8; 
4-methylcyclohexyl mercaptan, 60260-87-9; trans-4-tert-butylcy- 
clohexyl mercaptan, 60260-88-0; 4-tert-butylcyclohexyl disulfide, 
60260-89-1; 2,2,6,6-tetradeuterio-trans-4-tert-butylcyclohexanol 
tosylate, 51933-09-6; cis-4-tert-butycyctohexyl thiocyanate, 
60260-90-4; trans-4-tert-butycyclohexyl p-toluenesulfonate, 
7453-05-6; cis-4-tert- butylcyclohexyl mercaptan, 53273-25-9; cis- 
4-tert- butylcyclohexyl disulfide, 60305-05-7. 

References  and  Notes  
(1) Part 31: M. K. Kaloustian, N. Dennis, S. Mager, S. A Evans, F. Alcudia, and 

(2) E. L. Eliel and B. P. Thill, Chem. ind. (London), 88 (1963). 
(3) F. R. Jensen, C. H. Bushweiler, and B H. Beck, J. Am. Chem. SOC., 91, 

(4) E L Eliel, unpublished results cited in J. A. Htrsch, Top. Stereochem., 1, 

E. L. Eiiel, J. Am. Chem. SOC., 98, 956 (1976). 

344 (1969). 

199 (1967). (The source of the data there indicated is in error.) 

(5) E. L. Eliel, E. W. Della, and M. Rogic, J. Org. Chem., 30, 855 (1965). 
(6) E.g., F. A. L. Anet, C. H. Bradley, and C. W. Buchanan, J. Am. Chem. SOC., 

93,258 (1971); 0. A. Subbotin and N. M. Sergeyev, J. Chem. SOC., Chem. 
Commun., 141 (1976). 

(7) For an alternative method, see F. A. L. Anet, I. Yavari, I. J. Ferguson, A. 
R. Katritzky, M. Moreno-Mafias, and M. J. T. Robinson, J. Chem. SOC., 
Chem. Commun., 399 (1976). 

18) E. L. Ellel. E. W. Delia. and T. H. Williams, Tetrahedron Lett., 831 
I ,  

(1963). 

5318 (1972). 
(9) Cf. D. K. Daliing and D. M. Grant, J. Am. Chem. SOC., 89,6612 (1967); 94, 

(10) J. D. Roberts, F. J. Weigert, J. L. Kroschwitz, and H. J. Relch, J. Am. Chem. 
Soc., 92, 1338 (19706 

(11) E. L. Eliel, Chem. Ind. (London), 568 (1959). 
(12) F. W. Vierhapper and R. L. Willer, Org. Magn. Reson., in press. 
(13) In actual fact, since A S  # 0 (see following discussion), -AG should in- 

crease with temperature. The calculated Increase for a 130 OC increase 
in temperature is, however, only 0.11 kcai/mol for the sulfide and sulfone 
and 0.18 kcal/mol for the sulfoxide, Le., it may be hidden by the inherent 
imprecision of the data, which do, in fact, suggest some Increase. 

(14) Regarding the small "steric requirement" of an unshared pair, cf. E. L. Eliel 
and M. C. Knoeber. J. Am. Chem. SOC., 90,3444 (1968). 

(15) Both D. W. Scott, H. L. Finke, J. P. McCullough, M. E. Gross, K. D. Wii- 
liamson, G. Waddington, and H. M. Huffman, J. Am. Chem. SOC., 73, 261 
(1951). and M. Hayashi, T. Shimanouchi, and S. Mizushlma, J. Chem. Phys., 
28, 608 (1957), found nearly equal energy for the anti and gauche con- 
formers of CH3SCH2CH3. 

(16) J. B. Lambert and R. G. Keske, J. Org. Chem., 31,3429 (1966), find only 
a small difference in energy (0.16 kcal/moi) between the axial and equa- 
torial conformation of thiane sulfoxide. 

(17) B. Magnusson, Acta Chem. Scand., 16, 1536 (1962). 
(18) R. D. Obolentsev, S. V. Netupskaya, L. K. Gladkova, V. G. Bukharov, and 

A. V. Mashkina, Khim. Seraorg. Soedin. Soderzh. Neftyakh Nefteprod., 
87-94 (1956); Chem. Abstr., 54, 250c (1960). 

(19) B. Weibuil, Ark. Kemi, Mineral. Geoi.. 23A, 1 (1946): Chem. Abstr., 44, 
1427c (1950). 

(20) B. P. Thiil, Ph.D. Dissertation, University of Notre Dame, Notre Dame, Ind., 
1964. 

(21) E. S. Huyser and J. R. Jeffrey, Tetrahedron, 21, 3083 (1965). 
(22) E. L. Eliei and E. C. Gilbert, J. Am. Chem. SOC., 91, 5467 (1969). 
(23) S. Winstein and N. J. Holness, J. Am. Chem. Soc., 77, 5562 (1955). 
(24) D. Barnard, J. M. Fabian, and H. P. Koch, J. Chem. SOC., 2442 (1949). 

Synthesis of the Monothiosquarate and l,2-Dithiosquarate Ions 
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Reaction of diethyl squarate (diethoxycyclobutenedione) with 2 equiv of hydrosulfide ion gives the 1,2-dithio- 
squarate ion (DTS2-) and reaction with 1 equiv gives the 3-ethoxycyclobutenedione-4-thiolate ion (9), which can 
be hydrolyzed to the monothiosquarate ion (MTS2-). Thiosquarate ions are readily alkylated at  sulfur to give alkyl- 
thio-substituted cyclobutenediones. For example, 3,4-bis(ethylthio)cyclobutenedione (2b) is prepared from DTS2- 
and 3-ethoxy-4-ethylthiocyclobutenedione (lob) is obtained from 9. Reaction of 10b with 1 equiv of dimethylamine 
selectively replaces the ethoxy group, and reaction of 2b with excess diethylamine gives a ring-opened product. The 
ir and lH NMR spectra of the compounds are discussed. 

The monocyclic oxo carbon anions (C,O,"-, n = 3-6), 
because of their unique electronic structures, have a number 
of unusual physical and chemical properties.lB2 Several years 
ago we became interested in synthesizing sulfur analogues of 
oxo carbons and chose the four-membered ring series because 
of the chemistry already known for squaric acid (dihydroxy- 
cyclobutenedione) and its  derivative^.^ Addition-elimination 
reactions of oxygen and nitrogen nucleophiles were well known 
for cyclobutenediones with leaving groups on the vinyl car- 
bons,3-6 and some displacement reactions of sulfur nucleo- 
philes have recently been reported?14 For example, a - to-  
luenethiol and dichlorocyclobutenedione (1) in the presence xcl ZPhCHBH A O f B p h  

PET,N 
c1 0 SCH,Ph 

1 2a 

of base give 3,4-bis(benzylthio)cyclobutenedione @a), a di- 
thioester of squaric a ~ i d . ~ J ~  

Since our preliminary report of the monothiosquarate ion 
(3, MTS2-) and the 1,2-dithiosquarate ion (4, DTS2-),7 others 
have reported the 1,3-dithiosquarate and tetrathiosquarate 
ions (5  and 6) and the 1,2-dithiocroconate ion (7).l4!l6 In this 

0 

of- sxs- o*s- 

S- O s- s 0- S 
5 6 7 

paper the chemistry of MTS2- and DTS2- and related com- 
pounds is described. 

Resul ts  and  Discussion 

Synthesis of Thiosquara tes .  The  thiosquarate anions 


