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ABSTRACT 

The I7O N M R  diasrereotopicity or chemical shift dijl 
ferences of diastereotopic sulfonyl oxygens in  a series 
of' tran.s-2-[aIkyl(ary~sulfonyl]cycloh~anols have been 
determined. From a comparison of their sulfonyl ox- 
vgen I7O N M R  lanthanide-induced shifts, equilibrium 
distributions between diastereomeric sulfonvl oxygen- 
Eu( fbd) ,  complexes were determined and found to  be 
sensitive to both the steric size o f t h e  - S 0 2 R  substi- 
tuent us \veN as the proximity of'the C1 hydroxyl group. 

INTRODUCTION 
Oxygen-17 NMR diastereotopicity ( A 6  = 6(01)  - 
6(02)) of monocoordinate oxygens has been previ- 
ously observed in both cyclic and acyclic substrates 
[ 1-31. For example, conformationally homogene- 
ous trans-thiadecalin 1 , l  -dioxide ( I ) ,  having both 
axial and equatorial oxygens, exhibits I7O NMR 
chemical shifts for the diastereotopic sulfonyl ox- 
ygens at 6 125.6 and 139.6 ppm [2a]. In acyclic 
sulfones, where the sulfonyl group is proximal to a 
stereogenic center, I7O NMR diastereotopicity of 
the sulfonyl oxygens is substituent-controlled and 
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significantly reduced compared to the "0 NMR 
chemical shifts in conformationally restricted sul- 
fones. For example, in 2-(phenylsulfonyl)butane (2), 
the "0 NMR shifts of the diastereotopic oxygens 
are isochronous, appearing at 6 141 ppm, whereas 
in 1,2-diphenyl-l-(phenylsulfonyl)ethane (3), two 
distinguishable resonances are observed at 6 140.3 
and 145.4 ppm [3]. 

1 2 3 

Herein, we report our findings on the binding 
between the lanthanide shift reagent (LSR). E ~ ( f o d ) ~ ,  
and the diastereotopic sulfonyl oxygens in a series 
of acyclic sulfones. Equilibrium constants between 
diastereomeric sulfonyl oxygen-Eu3 + complexes 
were ascertained by comparing the magnitudes of 
the lanthanide-induced shifts (LIS) for each dias- 
tereotopic sulfonyl oxygen, as described previously 
for the cyclic systems, 1-thiadecalin 1 ,I-dioxides and 
4-heterothiane 1,l-dioxides [2]. The 170 NMR LIS's 
are primarily the result of the contact shift, arising 
from a covalent interaction between the oxygen atom 
and the Eu3+ ion, with transmission of unpaired 
electron spin density to the complexed atom [4a]. 
The pseudocontact shift, originating from non- 
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bonded, through-space interactions, and the com- 
plex formation shift, influenced by structural changes 
in the substrate upon complexation to E ~ ( f o d ) ~ ,  may 
also be influential [4b]. Quantum mechanical cal- 
culations on paramagnetic complexes of sulfones 
indicate that spin density is transmitted very poorly 
from a complexed sulfonyl oxygen to the free oxy- 
gen [2b]; thus, only an oxygen atom that is directly 
complexed should exhibit sizeable I7O NMR shifts. 

The observed LIS (Equation 1) is equal to the 
fraction of substrate bound to Eu3+ times the bound 
contact shift (i.e., the contact shift for a hypothet- 
ical complex in which 100% of the substrate is bound 
to Eu3+) [2c]: 

LIS = A,[Eu3+ .S]/So (1) 

where So is the total substrate concentration. A t  low 
shift reagentlsubstrate ratios, So is approximately 
equal to the concentration of free substrate (Equa- 
tion 2); consequently, 

LIS = A.Kb[Eu3 '1 (2) 
where Kb is the association constant between the 
substrate (i.e., sulfonyl oxygen) and Eu3 + . 

For diastereotopic oxygens, different I7O NMR 
LIS's (i.e., LISl ,  LIS2) are expected for each sulfonyl 
oxygen atom. The ratio of these I7O NMR LIS's 
allows for cancellation of [Eu3 + 1, affording the 
expression (Equation 3): 

L I s  1/LIs2 = (A c L/Ac2)(Kb I lKh2) 

= (ALi /AJ (K4  (3) 

Assuming that the bound shifts of similarly hy- 
bridized oxygen atoms are essentially equivalent 
when they are individually complexed to the same 
metal [2,5], this ratio reduces to the ratio of indi- 
vidual binding constants ( i t . ,  & I / & )  or K 3 ,  the 
equilibrium constant between diastereomeric com- 
plexes (Scheme 1). 

Several recent reports suggest that I7O NMR 
LIS's, particularly those obtained using Eu(fod)?, 
possess remarkable potential for identifying and 
understanding the structural complexities and dy- 
namic properties of molecules containing oxygen 
heteroatoms [6,7].  Assuming that A, is the major 
shielding determinant of the I7O nucleus, an in- 
crease in [Eu3 +] will increase the proportion of Eu3 + 

coordinated to the diastereotopic sulfonyl oxygens. 
Progressive upfield shifts of the coordinated oxygen 
nuclei with increasing LSR are expected, and the 
magnitude of these shifts should serve as a probe 
for assessing the relative binding ability of non- 
equivalent oxygens. 

We previously reported that the diastereotopic 
sulfonyl oxygens in 3-iso-propoxythiolane 1,l-dioxide 
(4) have essentially identical 170 NMR resonances 
[71. However, in the presence of E ~ ( f o d ) ~ ,  both ox- 
ygens are shielded, with the cis oxygen (cis to the 
alkoxy group) exhibiting less shielding than the trans 
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SCHEME 1 Preferred Rotamers of Acyclic Sulfones 5 and 
10, Derived from MM2 calculations. 

oxygen. Furthermore, the I7O NMR resonance width 
(Wli2) of the Eu3 +-coordinated trans sulfonyl oxy- 
gen is larger than that of the cis S=O. Since the 
170 NMR shifts are time-averaged under the fast- 
exchange limit, the larger Wl12 for the trans S=O 
probably arises from a greater time-averaged cor- 
relation time, T,, associated with the larger mole 
fraction of the trans S=0.Eu3+ complex. The axial 
and equatorial sulfonyl oxygens in the 1 -thiadecalin 
1 ,I-dioxides also bind differently to E ~ ( f o d ) ~  and 
exhibit similar Wl12 characteristics 123. 

4 

RESULTS A N D  DISCUSSION 
In this study, six tuuns-2-[alkyl(aryl)sulfonyl- 
cyclohexanols (5-10) were examined, with the alkyl 
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or aryl groups varying in steric bulk from methyl 
to tert-butyl. The 170 NMR spectra of these com- 
pounds exhibited several interesting features. As 
the steric bulk of the R group is increased, the 170 

diastereotopic sulfonyl oxygens are shielded. For 
example, tvuns-2-(methylsulfonyl)cyclohexanol (5) 
exhibited I7O NMR resonances at  6 151.3 and 149.1 
ppm, while tmns-2-( tert-butylsulfony1)cyclohex- 
anol(10) displayed resonances at 6 130.5 and 126.9 
ppm (Table I). This shielding trend for the sulfonyl 
oxygens is undoubtedly a response to the well-doc- 
umented “y-methyl effect” in I7O NMR [sa]. The 
I7O NMR shifts of the hydroxyl resonances in 5-10, 
ranging from 6 26 to 30 ppm, were relatively in- 
sensitive to the electronic or structural nature of 
the R groups, indicating that they are not, on time- 
average, in close steric proximity to the C1 hydroxyl 
group [8a, 91. 

5 R = CH, 

Also, the diastereotopic sulfonyl oxygens are not 
completely resolvable in the I7O NMR in all cases. 
For example, methyl sulfone 5 and truns-2-(2-chlo- 
roethylsulfony1)cyclohexanol (6) possess small al- 
kyl groups and their sulfonyl oxygen resonances are 
distinguishable (in 5, A6(S02) = 2.2 ppm; in 6, 
A6(S02) = 2.3 ppm). Similarly, the sulfonyl oxy- 
gens in tert-butyl sulfone 10 are also resolvable 
(A6(S02) = 3.6 ppm). However, truns-2-( n-propyl- 
sulfony1)cyclohexanol (7) and truns-2-(benzylsul- 
fony1)cyclohexanol (9),  possess alkyl groups of in- 
termediate size and each exhibit isochronous sulfonyl 
I7O resonances. 

The importance of various rotameric distribu- 
tions within the CH-S02R fragment in sulfones 5 
and 10 (where rotational differences are likely to 
be exaggerated as a result of the large disparity in 
steric bulk) was established using the results of mo- 
lecular mechanics (MM2) [lo] calculations. In sul- 
fone 5,  the methyl group prefers to be anti to the 
Cl-C2 bond in the cyclohexane ring (Scheme 1;  
rotamer A). Other rotamers in which the methyl 
group is gauche to the Cl-C2 bond are only slightly 

TABLE 1 Oxygen-1 7 LSR Studies on 2-[Alkyl(aryl)sulfonyl]cyclohexanols 

Concn I7O Chemical Induced Shift 
Compound (MI Oxygen Shift (pprn)” (ppm/M LSR)b K3 

5 0.26 

6 0.41 

7 0.48 

8 0.47 

9 0.50 

10 0.47 

15 0.21 

20 -C 

21 0.42 

s=o, 
s=ob 
R-OH 

s=o, 
s=ob 
R-OH 

S=O, 

R-OH 

S=O, 

s=ob 

s=ob 
R-OH 

s=o, 
s=ob 
R-OH 

s=o, 
s=ob 
R-OH 

s=o, 
s=ob 
R-OH 

s=o, 

S=O, 
s=ob 

s=ob 

149.1 
151.3 
29.2 

142.4 
144.7 
28.5 

140.7 
140.7 
28.6 

144.8 
137.5 
26.5 

141.5 
141.5 
29.2 

130.5 
126.9 
27.9 

148.4 
143.5 
27.0 

150.6 
145.7 

134.5 
134.5 

- 1112.7 
- 840.5 
- 1492.9 

- 868.9 
~ 348.5 
- 989.1 

- 803.0 
- 355.9 
- 843.7 

- 843.1 
- 31 0.2 
- 1034.9 

- 765.0 
- 256.3 
- 871 .O 
- 908.4 
- 20.3 
- 633.0 

- 1245.2 
- 755.5 
- 1998.5 

- 901.7 
- 657.2 

- 739.6 
- 646.2 

1.32 

2.50 

2.26 

2.71 

2.98 

44.8 ? 13 

1.64 

1.37 

1.14 

a In the absence of Eu(fod)3. 

‘ca. 0.15-0.30 M. 
Induced shift projected to a 1 .O M solution of Eu(fod),. 
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less stable (rotamers B and C) [ l l ] ;  consequently, 
in the absence of severe hindrance to C-S bond 
rotation, a reasonable population of rotamers A-C 
is guaranteed. On the other hand, the MM2 results 
indicate that the tert-butyl group in sulfone 10 pre- 
fers rotamer D (exclusively!) where the tert-butyl 
group is nearly eclipsed with the C2-H bond (Scheme 
1). This preference is a consequence of the severe 
repulsive van der Waals interactions between the 
pseudo-synaxial S-tert-butyl group and the C1 and 
C3 hydrogens (rotamer E) as well as the pseudo- 
1,3-synaxial repulsive interaction between the S- 
tert-butyl and C1 OH groups in rotamer F. 

From a perusal of the data in Table 1, i t  is clear 
that the magnitude of the 170 NMR diastereotop- 
icities of the acyclic sulfonyl groups in sulfones 5-10 
are particularly sensitive to the steric encumbrance 
of the -S02R substituents that tend to alter the 
time-averaged rotational preferences. However, in 
the absence of stereospecific I7O isotopic labeling 
in the sulfonyl group to facilitate a convincing con- 
figurational assignment, speculation on the relative 
configuration of the diastereotopic sulfonyl oxygens 
would not be useful. 

In the I7O NMR LIS studies involving Eu(fod), 
and dichloromethane solutions of sulfones 5-10, one 
sulfonyl oxygen atom was more responsive to Eu3 + 

than the other (Figure 1). This differential LIS be- 
havior of the sulfonyl oxygens was considered as 
indicative of an unequal concentration of the two 
diastereoisomeric sulfonyl oxygen-Eu(fod)3 com- 
plexes [ lb ,  2,7]. Furthermore, the sulfonyl oxygen 
that experiences the most shielding (0,) also ex- 
hibits the larger increase in its 170 line width (Wl12), 
indicating that its time-averaged correlation time 
increases more rapidly than that of the other sul- 
fonyl oxygen (Ob) with increasing Eu(fod), concen- 
tration [ 7 ] .  These observations also support the hy- 
pothesis that there is a larger mole fraction of the 
S=O;Eu3+ complex than there is of the S=Ob.Eu3 + 

complex. Differential Eu3 + ligation and line broad- 

160 I 

60 I I 

0.00 0.02 0.04 0.06 0.08 

[Eu(fod)d (M) 

FIGURE 1 LIS studies on sulfones 5 and 10. 

TABLE 2 Dependence of 170 NMR Chemical Shifts and 
Linewidths on Eu(fod), Concentration for Sulfone 10 

Eu(fod), s=o, s=ob 
(MI (6 ,  PPm)a(Wiiz7 Hz) (6 PPm)"(Wiia Hz) 

0.0000 130.5 380' 126.9 380' 
0.01 16 126.9 298c 126.9 298c 
0.0270 108.5 447 126.9 173 
0.0386 98.4 391 126.4 199 
0.0482 88.4 650 125.8 256 
0.061 7 74.0 749 125.8 272 

a Uncertainty in "0 chemical shift is ca. 2 ppm. 
Combined linewidth; resonances are not baseline resolved. 
Isochronous resonances. 

ening are most pronounced with tert-butyl sulfone 
10 (Table 2). A s  [Eu3'] increases, the combined Wl/2 
for the partially resolved sulfonyl oxygens de- 
creases until the resonances are coincident. The res- 
onances then separate again, and one I7O sulfonyl 
resonance experiences both a rapid increase in WlI2 
and a large upfield shift. The other ''0 resonance 
exhibits a considerably smaller change in Wl12 and 
essentially no variation in its 1 7 0  NMR chemical 
shift position. 

From the relationship between WIl2 and cor- 
relation time (7,) in the extreme narrowing limit 
[8b]: 

(4) 
where the nuclear quadrupole coupling constant, 
x, is ca. 6.7 MHz and the asymmetry parameter, 7, 
is ca. 0.25 [ 121, the change in 7, for each oxygen as 
the E ~ ( f o d ) ~  concentration increases can be esti- 
mated. Assuming that WlI2 for each sulfonyl reso- 
nance in the absence of Eu(fod)3 is ca. 150 Hz (Wl,2 
5 173 Hz (Table 2)), the correlation time for a sul- 
fonyloxygenisca. 1.1 x lo -"  s o r  11 ps.Ina0.062 M 
solution of Eu(fod)3, T, for the more strongly bound 
sulfonyl oxygen in sulfone 10 ([lo] = 0.47 M) in- 
creases by a factor of five (7, = 5.5 x lo -"  s or 
55 ps). The time-averaged correlation time of the 
other oxygen increases by less than a factor of two 
(7, = 2.0 x 10- I I  s or 20 ps), suggesting that it does, 
in fact, spend less time complexed to Eu3 +. 

The determination of the equilibrium constant, 
K3, between the diastereomeric complexes, requires 
access to the ratios of the I7O LIS's of the sulfonyl 
oxygens from Equation 5: 

Wl/2 = (12d125)(1 + q2/3)x27, 

LISI/LIS2 = [LSR.S]i/[LSR.S]2 = K3 ( 5 )  
where K3 is the equilibrium constant between the 
diastereomeric lanthanide complexes, LSR.SI and 
LSR.S2. The equilibrium constant exhibits a marked 
dependence on the steric size of the alkyl group. In 
methyl sulfone 5, the alkyl group is small and K3 is 
quite low ( K 3  = 1.32). Thus, the stability of both 
diastereorneric sulfonyl oxygen-Eu3 + complexes are 
essentially equivalent. Sulfones 6, 7, and 9 are all 
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alkyl- or arylmethyl sulfones (R = CH2X; X = CHzCl, 
CH2CH3, C,H,) and this moderate increase in the 
size of the alkyl group (cf. methylsulfone 5) favors 
an increased preference for ligation to one diaster- 
eotopic sulfonyl oxygen over the other ( K ,  = 
2.25-3.0). In sulfone 10, the bulky tert-butyl group 
leads to a large Ki ( K 3  = 44.8 ? 13), indicating that 
only one sulfonyl oxygen is capable of binding to 
Eu’ ’ efficiently [ 131. Based on the magnitude of K3 
( K ,  = 2.50), the phenyl substituent in truns-2-(phen- 
ylsulfony1)cyclohexanol (8) appears to be sterically 
similar to a monosubstituted methyl group. 

Since the hydroxyl group and the sulfonyl ox- 
ygens in sulfones 5-10 experience similar LIS’s 
(Table l ) ,  hidentate binding of Eu(fod), through both 
a sulfonyl oxygen and the C1 OH group is feasible, 
forming an octacoordinate lanthanide complex 
[ 14, 151. Representative Eu3 + -chelated complexes 
involving sulfones 5-9 are best viewed as diaster- 
eomeric “decalin-type” structures, where the alkyl 
group can occupy either an pseudoequatorial or 
pseudoaxial array (Scheme 2a). For methyl sulfone 
5, two diastereonieric complexes (11 and 12) are 
anticipated and both sulfonyl oxygens (O,, Oh) are 
expected to experience measurable LIS’s. Mini- 
mum restriction to rotation about the C2-S02 bond, 
while possible in the ”free” sulfone [ l l ] ,  is unlikely 
in a bidentate complex involving Eu(fod),; rather, 
chelation should require greater rigidity within the 
Cl-OH and C2-S02 fragments of the substrate. 
Clearly, some contribution of complex formation 

shifts, A,., to the total LIS is expected; however, it 
is uncertain what fraction of these shifts will arise 
from alteration of the rotameric distribution of the 
substrate, and what fraction from polarization of 
the electron density in the sulfonyl bonds by Eu3+ 
W I .  

On the basis of MM2 calculations, sulfone 10 is 
predicted to exist largely or exclusively as rotamer 
D, with the tert-Bu group nearly synperiplanar to 
the C2-H bond (dihedral angle, a, 
(Me3C-S-C2-CHOH) = 14 1”). Accordingly, the 
sulfonyl bonds are very nearly eclipsed with the 
Cl-C2 and C2-C3 bonds. If rotamer D of sulfone 
10 serves as a bidentate ligand, the two preferred 
conformations of the major complex involving 
Eu(fod), (i.e., a boat-shaped metallocycle (13a) or 
a chair-shaped ring (13b)) are envisioned (Scheme 
2b). While chair 13b would normally be expected 
to be more stable, the MM2 results suggest that boat 
13a has smaller steric interactions between the tert- 
butyl group and the C3 methylene group. Without 
additional input, a clear description of the pre- 
ferred conformation(s) of complex 13 is not easily 
attainable; nevertheless, chelation to Eu3+ is ex- 
pected to increase the binding constant by at least 
an order of magnitude [17, 181, and the chelated 
oxygen (0,) should show a much larger shift than 
the other oxygen (Oh), in agreement with the ex- 
perimental I7O NMR results. Diastereonieric com- 
plex 14 can be envisioned but it must experience 
both the repulsive interactions between the C3 

A 

r 

SCHEME 2 Bidentate Complexation of trans-2-(Alkylsulfonyl)cyclohexanoIs by Eu(fod)3. (A) Complexation of trans-2- 
(Methylsulfonyl)cyclohexanol (5). (6) Complexation of trans-2-( t-8utylsulfonyl)cyclohexanol (1 0). 
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methylene group and C(CH3)3 (cf. MM2) and the 
higher energy associated with a boat-shaped ring. 
Consequently, this species should be significantly 
less favored than complex 13. 

In order to secure firm evidence of bidentate 
versus monodentate binding, 'H NMR LIS studies 
were performed on sulfone 10 and sulfide 10a. Gen- 
erally, sulfenyl sulfur (i.e., divalent sulfur) binds 
poorly to shift reagents [19]; consequently, 10a is 
expected to bind Eu3+ only through the C1 OH group. 
Sulfone 10, on the other hand, is expected to bind 
weakly through the sulfonyl oxygens (Kb i= 10-SO 
for simple sulfones [20]) and more strongly through 
the hydroxyl group (Kb > SO for simple alcohols 
[17]). If monodentate binding between 10 and 
Eu(fod>, occurs largely through the hydroxyl group, 
then 10 and 10a should exhibit similar binding con- 
stants since the major mode of binding, that is, 
ligation to the OH group, is similar for the two 
compounds. Bidentate binding of sulfone 10 to Eu3 + 

is expected to lead to a sizeable increase in the 
binding constant [17]. When the binding constants 
for these compounds were determined by the equi- 
molar method (see Experimental) [17, 211, i t  was 
found that Kb between sulfide 10a and Eu3+ was 
1.75 X lo2, whereas Kb for sulfone 10 was 4.83 X 
lo3 (Figure 2). The 20-fold increase in Kb between 
10a and 10 is viewed as support for the contention 
that P-hydroxy sulfones actually chelate to Eu(fodL. 

Because one sulfonyl oxygen in 10 (presumably, 
the S=O, which is synperiplanar to the C2-C3 bond 
and cannot chelate) exhibited little or no LIS, mon- 
odentate complexes of sulfone 10 may, in fact, not 
be present in significant quantity. The LIS experi- 
ence with sulfone 10 may be unique; consequently, 
monodentate coordination cannot be discounted for 
the other sulfones reported here. 

I 

- E 3{-----4 

I Sulfide 1 Oa 

FIGURE 2 LIS = A, - (LIS/S,)"'(A,/K b)1'2; where A, = 
the bound shift and So = [substrate]. For sulfide 10a, A. 
= 2.91 ppm and Kb = 175 M-' ;  for sulfone 10, A. = 3.39 
ppm and Kb = 4827 M '. 

moH 10a R = C(CH,), 

A comparison of the results of an "0 NMR LIS 
study of the acyclic analogue, 1-(phenylsu1fonyI)-2- 
propanol (15), with those of sulfone 8 indicates that 
the magnitude of K3 is also dependent on the cy- 
clohexyl substructure. The absence of this ring leads 
to a decrease in K3 from 2.71 in sulfone 8 to 1.64 in 
sulfone 15. Here, an increase in the rotational free- 
dom about the Cl-C2 bond provides easy access to 
two bidentate complexes with "pseudoequatorial" 
phenyl groups (16 and 17; Scheme 3). Complex 16, 
with a "pseudoaxial" methyl group, is disfavored 

A 

EU3' , ', 

16 17 

B 

18 19 

SCHEME 3 Diastereomeric Eu(fod), Complexes of (A) 1 -(Phenylsulfonyl)-2-propanol. (B) 2-(Phenylsulfonyl)cyclohexanol. 
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because of steric interactions with the axial sulfonyl 
oxygen. Phenyl sulfone 8, which apparently lacks 
this rotational freedom, forms one complex with a 
“pseudoaxial” phenyl group (18) and another with 
a “pseudoequatorial” phenyl (19); complex 18 is 
more strongly disfavored by interactions between 
the phenvl group and the synaxial hydrogens on C1 
and C3 of the cyclohexane ring. 

15 

Oxygen- 17 NMR LIS studies were performed on 
trans- 1 -[(2-chloroethyl)sulfonyl]- 2 -chlorocyclohex- 
ane (20) to determine whether a proximal hydroxyl 
group is required to observe differential binding of 
E ~ ( f o d ) . ~  to diastereotopic sulfonyl oxygens. Halo- 
gen atoms attached to carbon are not viewed as 
serious binding candidates to lanthanide shift re- 
agents [19]. In the absence of polar solvents, the 
C-C1 and C-OH groups exhibit comparable steric 
requirements in the cyclohexyl system [22]. When 
K 3  was determined for dichlorosulfone 20 and com- 
pared to that of hydroxysulfone 6, it was found that 
replacement of the C1 OH of 6 with C1 led to a 
significant decrease in K 3 ,  from 2.50 to 1.38. Al- 
though the difference in the K3’s for 6 and 20 is 
relatively small, i t  is apparent that the hydroxyl 
group is properly positioned to influence Eu3+ bind- 
ing to the sulfonyl group through chelation [17]. 
However, nionodentate binding plays a significant 
role in the observed differential binding of Eu3+ to 
sulfonyl oxvgens, because sulfonyl diastereotopic- 
i ty is observed in sulfone 20, in the absence of a 
second binding s i te .  2-exo-(Phenylsul- 
fony1)norbornane (21), with no P-substituents on 
the alkvl group, also exhibits differential binding 
of Eu(fod)i to the sulfonyl oxygens ( K 3  = 1.14). 

21 20 

CONCLUSIONS 
From our analysis, the observed 170 NMR LIS’s 
result primarily from an equilibrium between two 
diastereomeric bidentate complexes. Further, i t  ap- 
pears that the relative amounts of these complexes 
are stronglv dependent on the steric requirements 

of the alkyl- or arylsulfonyl group. Since mono- 
functional sulfones also exhibit differential LIS’s 
for the sulfonyl oxygens, the presence of smaller 
quantities of monodentate complexes cannot, how- 
ever, be neglected. Thus, the total formulation of 
the LIS for the sulfonyl oxygens in 4-9 is best ex- 
pressed as: 

LIs = QLIS(che1) + PLIS(mono&nt); a > P (6) 
The LIS’s of each sulfonyl oxygen are influenced by 
the concentration and inherent shielding properties 
of both bidentate (LIS(chelJ and monodentate 
(LIS(,,,onudentJ complexes. The major contributor to 
the I7O LIS is the contact shift (Ac), which involves 
direct binding between the observed sulfonyl oxy- 
gen (S=O,) and the Eu3+ ion; however, since che- 
lation influences the rotameric distribution of the 
substrate, complex formation shifts may affect the 
position of the S=O, 170 NMR absorption. 

EXPERIMENTAL 
The oxygen-17 NMR spectra were obtained using a 
Varian XL-400 NMR spectrometer (54.2 MHz), op- 
erating with a sweep width of 24 kHz (SO Hz line- 
broadening). Samples were prepared in 10-mm (0.d.) 
NMR tubes as solutions containing 80-300 mg of 
the sulfone in 2-3 mL solvent. The number of tran- 
sients required to obtain adequate spectra ranged 
from 3 x lo4 to lo5. Tap water was used as an 
external reference (H, 170, 6 = 0.00 ppm). All  I7O 
NMR spectra were obtained at  32 2 1°C‘. 

Carbon-13 and ‘H NMR spectra were recorded 
at ambient temperature (20-25°C) using the XL-400 
NMR spectrometer (operating at 100 MHz for 13C; 
400 MHz for IH) and a Bruker AC-200 NMR (op- 
erating at 50 MHz for I3C; 200 MHz for ‘H). For all 
nuclei examined, a positive 6 value is downfield of 
the reference. 

Oxygen- 17 NMR LIS studies were performed by 
adding several weighed increments of Eu(fod)3 to 
CH2C12 solutions containing known concentrations 
of sulfones. New I7O NMR spectra were obtained 
after each addition. IH NMR LIS studies were per- 
formed on solutions containing equimolar amounts 
of substrate and E ~ ( f o d ) ~  in anhydrous CDC13 (for 
10, initial concentration = 0.20 M; for 10a, initial 
concentration = 0.26 M). These solutions were then 
diluted by the addition of known volumes of pure 
solvent, and new NMR spectra were obtained. The 
LIS of the tert-butyl resonance for each spectrum 
was determined by comparison with a spectrum of 
pure substrate, and the binding constants (Kb)  and 
bound shifts (A,) were determined by application 
of Equation 7 [21]: 

LIS = A, - (LIS/So)”2(Ao/Kl)1 “ (7 1 
Sulfones 6, 8, 20, and 21 and l-(phenylthio)-2-pro- 
panol were available from previous work [23]. Other 
sulfones were prepared by oxidation of the corre- 
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sponding sulfide, as described below. Dichlorome- 
thane was purified by distillation from phosphorus 
pentoxide, except where noted. The remaining 
chemicals, including Eu(fod)3 (Norrell Chemical Co., 
mp 192-196"C), were used without additional pu- 
rification. The melting points are uncorrected. 

Preparation of trans-2-( Alky1thio)- 
cyclohexanols 

General Procedure. Potassium hydroxide 
(2.7-2.8 g, 0.048-0.050 mol) was dissolved with 
stirring in 50 mL dry ethanol. The reaction mixture 
was then cooled (ice water bath), and the desired 
alkanethiol (2 0.04 mol; see below for exact quan- 
tities) was poured into the alcoholic KOH solution. 
Neat cyclohexene oxide (4.0 mL, 0.04 mol) was then 
added to the alcoholic solution, and the resulting 
reaction mixture was allowed to stir overnight. Water 
(50 mL) was then added to the reaction mixture and 
the organic fraction was subsequently extracted with 
three 20-mL portions of diethyl ether. The organic 
layers were combined, and the ether and ethanol 
were removed (rotary evaporator). If some residual 
water remained, the residue was extracted again 
with hexanes (40 mL) and dried (MgSOJ. Removal 
of the solvent (rotary evaporator) afforded the 
thioethers in crude yields as yellow oils. truns-2- 
(Methy1thio)cyclohexanol and trans-2-( n-propyl- 
thio)cyclohexanol were purified by distillation 
under high vacuum while truns-2-(benzyl- 
thio)cyclohexanol and trans-2-( t-butyl thio)- 
cyclohexanol were purified by column chromatog- 
raphy over silica (4" high x 1" diameter; hexanes 
were used as eluent). A layer of decolorizing carbon 
was added to the column before chromatographic 
purification of truns-2-( t-butylthio)cyclohexanol; this 
compound was subsequently distilled under high 
vacuum. 

trans-2-(Methylthio)cyclohexanol. truns-2- 
(Methy1thio)cyclohexanol was prepared from the 
reaction of methanethiol(4.0 mL; 0.08 mol) and cy- 
clohexene oxide. The product was a clear oil (1 .O g, 
17%): bp 104°C (12 mm Hg); I3C NMR (100 MHz, 

26.22, 24.49, and 11.41 ppm (SCH3) (lit. [24], I3C 
NMR (acetone-d6) 6 72.83,53.24,35.09,31.88,26.34, 
24.77, and 13.01 ppm); 'H NMR (400 MHz, CDCl,) 
6 3.3 (m, lH,  CHOH), 3.05 (s, lH,  CHOH), 2.2-2.3 
(m, lH,  CHS), 2.0-2.15 (m, 2H), 2.05 ( s ,  3H, SCH,), 
1.65-1.8 (m, 2H), 1.35-1.5 (m, lH), and 1.2-1.35 

CDC13) 6 71.11 (CHOH), 53.16 (CHS), 33.82, 31.49, 

ppm (m, 3H). 

trans-2-(n-Propylthio)cyclohexanol. truns-2-( n- 
Propylthio) cyclohexanol was prepared from the re- 
action of n-propanethiol(4.0 mL; 0.04 mol) with cy- 
clohexene oxide. The product was a clear oil (3.3 g, 
48%): bp 120-122"C(12 mmHg)(lit.[25], bp:96-97"C 
(3 mm Hg)); 13C NMR (100 MHz, CDC13) 6 72.42 

(CHOH), 53.64 (CHS), 34.03,33.22,32.22,26.55,24.68, 
23.90, and 13.75 ppm (CH2CH3); 'H NMR (400 MHz, 
CDC13) 6 3.25 (m, lH,  CHOH), 2.93 (s, lH,  CHOH), 
2.48 (t, 2H, SCH2), 2.27-2.37 (m, lH, CHS), 1.98-2.10 
(m, 2H), 1.60-1.75 (m, 2H), 1.55 (m, 2H, CH2CH3), 
1.32-1.45(m, lH), 1.15-1.30(m,3H),and0.94ppm 
(t ,  3H, CH2CH3). Anal. Calcd for C9H180S: C, 62.02; 
H, 10.41. Found: C, 61.55; H, 10.47. 

trans-2-( tert-B~tylthio)cyclohexunol (10a). 
trans-2-( tert-Butyl thio)cyclohexanol was prepared 
from the reaction of tert-butylmercaptan (4.5 mL; 
0.04 mol) and cyclohexene oxide. The product was 
a clear oil (3.8 g, 50%): bp 250°C; I3C NMR (100 

(C(CH,),), 35.90, 33.56, 31.65 (C(CH,)J, 26.55, and 
24.48 ppm; 'H NMR (400 MHz, CDC1,) 6 3.1-3.2 
(m, 2H, CHOH and CHOH), 2.3-2.4 (m, lH,  CHS), 
2.0-2.15 (m, 2H), 1.6-1.8 (m, 2H), 1.2-1.5 (m, 4H), 
and 0.94 ppm ( s ,  9H, C(CH,),). Anal. Calcd. for 
CloH200S: C, 63.77; H, 10.70. Found: C, 63.88; H, 
10.33. 

MHz, CDC13) 6 72.12 (CHOH), 50.94 (CHS), 43.54 

trans-2-(Benzylthio)cyclohexanol. rruns-2-(Ben- 
zy1thio)cyclohexanol was prepared from the reac- 
tion of benzylmercaptan (5 mL; 0.04 mol) with cy- 
clohexene oxide. The crude product was divided 
into two portions, each of which was purified by 
column chromatography over silica as described 
above. The products recovered from each chro- 
matographic separation were combined, affording 
2.5 g (25%) of a yellow oil: bp 148°C (0.25 mm Hg) 
(lit. [25], bp: 158-160°C (3 mm Hg)); I3C NMR (100 
MHz, CDCl,) 6 138.80, 129.04, 128.84, 127.35 (C6H5); 
72.65 (CHOH), 53.37 (CHS), 35.00,34.20,32.94,26.44, 
and 24.63 ppm; 'H NMR (400 MHz, CDC1,) 6 

3.4-3.55 (m, lH,CHOH), 3.05 ( s ,  lH, CHOH), 2.5-2.65 
(m, IH, CHS), 2.1-2.3 (m, 2H), 1.8-1.95 (m, 2H), 
and 1.3-1.7 ppm (m, 4H). 

7.35-7.55 (m, 5H, C6H5), 3.95 (dd, 2H, CH&H,), 

Preparation of p- Hy droxy sulfo n es 

trans-2-( tert-Butylssulfony1)cyclohexunol (10). 
Sulfide 10a (1.5 1 g, 0.008 mol) was added dropwise 
to glacial acetic acid (25 mL). After the sulfide had 
dissolved, 30% hydrogen peroxide (2.5 mL, 0.025 
mol H202) was added (via syringe) and the reaction 
mixture was allowed to stir overnight. The acetic 
acid was removed under reduced pressure (vacuum 
pump), to afford a yellowish solid. This material 
was recrystallized from dichloromethane and hex- 
anes solvents to give a colorless, crystalline solid 
(0.51 g, 29%): mp 122°C; I3C NMR (100 MHz, CDC13) 
6 68.37 (CHOH), 63.03 (CHSOJ, 61.25 (C(CH,),), 
34.49 (CH,CHOH), 28.02 (CH2CHS02), 25.46,24.06, 
and 23.57 ppm (C(CH,),); 'H NMR (400 MHz, CDC13) 
6 3.96-4.04 (m, lH,  CHOH), 3.12-3.22 (m, lH,  
CHSOJ, 2.30-2.38 (m, lH), 2.08-2.18 (m, lH), 
1.80-2.00 (m, 4H), 1.35-1.65 (m, 3H), and 1.42 ppm 
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( s ,  9H, C(CH,),). Anal. Calcd. for CloH200,S: C, 54.51; 
H, 9.15. Found: C, 54.79; H, 9.12. 

t rans-2-( n-Propylsulfonyl)cyclohexunol (7 ) .  
truns-2-( n-Propy1thio)cyclohexanol (1.5 g, 0.0086 mol) 
was added dropwise to glacial acetic acid (10 mL). 
After the sulfide had dissolved, 30% hydrogen per- 
oxide (2.7 mL, 0.026 mol H202) was added by sy- 
ringe and the reaction mixture was allowed to stir 
overnight. The reaction mixture was then extracted 
with ether and the ethereal solution was washed 
with 5% sodium bicarbonate to remove any resid- 
ual acetic acid. The ether solution was concentrated 
to dryness (rotary evaporator). Any remaining traces 
of water and acetic acid were removed by placing 
the residue under high vacuum overnight. An oily 
solid was obtained and was subsequently purified 
using column chromatography employing silica (6" 
high x 1" in diameter; 5 0 5 0  hexanesiethyl acetate 
eluent) to afford a colorless, crystalline solid (0.41 g, 
23%): mp 94-96°C; I3C NMR (100 MHz, CDCI3) 6 
69.04 (CHOH), 66.51 (CHSOJ, 55.16 (SO&'H,), 35.04 
(CHZCHOH), 24.87, 24.60, 24.02, 15.50 (CHZCH,), 
and 13.48 ppm (CH2CH,); 'H NMR (400 MHz, CDCI3) 
6 3.9-4.05 (m, lH,  CHOH), 3.40 ( s ,  lH,  CHOH), 3.07 
(t ,  2H, CH,CH,CH?), 2.8-2.9 (m, lH, CHSO,), 2.05-2.2 
(m, 2H, CH,CH,CH,), 1.82-1.95 (m, 3H), 1.75-1.82 
(m, IH), 1.45-1.6 (m, lH), 1.15-1.45 (m, 3H), and 
1.07 ppm (1, 3H, CH2CH3). Anal. Calcd. for CgHl8O3S: 
C, 52.40; H, 8.80. Found: C, 52.22; H, 8.72. 

t rans-2-( Benz~~lsulfonyl)cyclohexu~~ol (9). 
Sulfone 9 was prepared in the same manner as sul- 
fone 10, starting from truns-2-(benzyl- 
thio)cyclohexanol (1.5 g, 0.0068 mol) and 30% hy- 
drogen peroxide (2.2 mL, 0.0214 rnol H202). 
Purification of the solid product was achieved 
through recrystallization from dichloromethane and 
hexanes to give a colorless, crystalline solid (0.72 g, 
42%): mp 117°C (lit. [26], mp 122°C); I3C NMR (100 
MHz, CDCI,) 6 131.08, 128.94, 127.90 (C,Hs), 69.21 
(CHOH), 64.19 (CHS02), 60.38 (CH,C,HS), 34.99 
(CH,CHOH), 24.56,24.07, and 23.81 ppm; 'H NMR 
(400 MHz, CDCI,) 6 7.25-7.65 (m, 5H, C6HS), 4.45 
(dd, 2H, CH2C,Hs), 4.0-4.05 (m, lH,  CHOH), 3.2 ( s ,  
IH, CHOH), 2.8-2.9 (m, lH,  CHS02), 2.0-2.2 (m, 
2H), 1.6-1.5 (m, 2H), 1.4-1.6 (m, lH), and 1.1-1.4 
P P ~  (m,  3H). 

t rans-2-( Methylsulfony1)cyclohexunol (5). 
Sulfone 5 was prepared in the same manner as sul- 
fone 10, starting from truns-2-(methyl- 
thio)cyclohexanol (1 .O g, 0.0068 mol) and hydrogen 
peroxide (2.1 mL, 0.020 mol H202). The product of 
the reaction was a clear oil that was determined by 
13C NMR to be a mixture of sulfone 5 and the cor- 
responding sulfoxides. Homogeneous sulfone 5 was 
obtained as a colorless, crystalline solid (0.10 g, 8.3%) 
by chromatographic separation on a silica column 
(6" x 1" diameter; 50: 50 hexanesiethyl acetate 

eluent): mp 92-93°C (lit. [25], mp 95-56°C); I3C 
NMR (50 MHz, CDC13) 6 69.14 (CHOH), 67.89 
(CHSO,), 41.55 (CHZCHOH), 34.88 (CH2CHS02), 
24.57, 24.16, and 23.85 ppm; 'H NMR (400 MHz, 
CDCI3) 6 3.8-4.0 (m, lH,  CHOH), 3.3 ( s ,  lH,  CHOH), 
3.0 (s, 3H, SCH,), 2.85 (m, lH,  CHS02), 2.0-2.3 (m, 
3H), 1.7-1.9 (m, 2H), and 1.2-1.6 ppm (m, 3H). 

trans-I -( Phenylsulfonyl)-2-propunol ( 15). truns- 
1 -(Phenylsulfonyl)-2- propanol was prepared in the 
same manner as sulfones 5 and 10. Hydrogen per- 
oxide (2.7 mL of a 30% solution, 0.026 mol H,O,) 
and (2-hydroxypropy1thio)benzene (1.5 g, 0.009 mol) 
were used as starting materials. The product ob- 
tained was a clear oil, from which the desired sul- 
fone was isolated as a colorless oil by column chro- 
matographic separation over silica (6" x 1 "  diameter; 
50: 50 hexanesiethyl acetate eluent). Over the course 
of a week, this oil slowly solidified into a colorless, 
crystalline solid (80 mg, 4.4%): mp 39-42'C (lit. [27], 
44-45°C); I3C NMR (50 MHz, CDCI,) 6 134.10, 129.52, 
127.96 (C,H,), 63.41 (CHOH), 62.37 (CH2S02),  and 
22.58 ppm (CH,); 'H NMR (200 MHL, CDCl,) 6 7.95 
(d, 2H, ortho-C6HS), 7.5-7.8 (m, 3H, meta, para- 

(d, IH, CHOH), and 1.2 ppm (d, 3H, CH,). 
CJIj), 4.3 (s, IH, CHOH), 3.25 (dd, 2H, CH,SO,), 3.2 
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