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The 1 7 0  NMR shifts of diastereotopic sulfonyl oxygens within a series of conformationally homogeneous 
six-membered-ring organosulfur compounds have been determined. Their lanthanide-induced shifts (LIS), result& 
from competitive complexation with the europium metal ion (i.e., Eu(fod),), provide structural insights into the 
relative binding potential of the attached diastereotopic sulfonyl oxygens. 

Introduction 
The importance of 1 7 0  NMR spectroscopy in the 

structural elucidation of organosulfur compounds con- 
taining the sulfinyl (-S=O) and sulfonyl (-SO2-) 
groups has been well-documented.1-6 These reports are 
highlighted by correlating relative 1 7 0  NMR chemical shift 
differences caused by the influence of substituents (i.e., 
CY-, j3-, and y-substitutent effects) and differential steric 
shielding effects caused by conformer differences in dia- 
stereomeric relationships. 

The 1 7 0  NMR diastereotopicity or chemical-shift non- 
equivalence (A6 = 6l - 6,) of sulfonyl oxygens has been 
previously observed employing 1 7 0  NMR spectroscopy in 
both cyclic14 and acyclic  sulfone^.^*^ For example, con- 
formationaliy homogeneous trans-thiadecalin 1,l-dioxide 
(I), possessing both axial and equatorial monocoordinated 
oxygens in a six-membered chair conformation, exhibits 
1 7 0  NMR chemical shifts for these sulfonyl oxygens a t  6 
123.9 and 138.9, reflecting a shift difference (A6(S02)) of 
15 ppm (see Table I).2 By analogy with the 170 NMR 
shifts of the isomeric trans-thiadecalin 1-oxides, 2a (6- 
(S=O,) = 5.6 ppm) and 28 (S(S=O,) = -11.4 ppm), 
where the high-field resonance characterizes the axial 
sulfinyl oxygen, the axial oxygen in sulfone 1 is assigned 
to 6 123.9.2 In 3,5-dimethylthiane 1,l-dioxide (3), A6(S02) 
is 10 ppm between the axial and equatorial oxygens. On 

~ ~~~ ~~ ~~~~~~ ~ 

(1) (a)Block,E.;Baesi,A.A.;Lambert,J.B.;Wharry,S.M.;Andersen, 
K. K., Dittmer, D. L.; Patwarden, B. H.; Smith, D. J. H. J. Org. Chem. 
1980, 45, 4807-10. (b) Evans, Jr., S. A. Magnetic Resonance. Zntro- 
ductwn. Advanced Topics and Applications to Fossil Energy; Petrakis, 
L., Fraieeard, J. P., Eds.; Reidel Publishing: Dordrecht, Holland, 19W, 
pp 757-766. (c) Duddeck, H.; Horek, U.; Rosenbaum, D.; Drabowicz, J. 
Magn. Reson. Chem. 1986,24,792-797. (d) Barbarella, G.; Rossini, A.; 
Tugnoli, V. Tetrahedron 1986,41,4691-4701. (e) Barbarella, G.; Dem- 
bech, P.; Tugnoli, V. Org. Magn. Reson. 1984,22,402-407. (0 Barbarella, 
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Prw:  Boca Raton, FL, 1990, Chapter 10, pp 263-320. (h) It has been 
demonstrated that ?-gauche relationships between aryl eubetituenta and 
eulfonyl oxygens enhance the shielding effect on the I7O nuclei; see: Lowe, 
G.; Salamone, S. J. J. Chem. SOC., Chem. Commun. 1983, 1392. 
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Commun. 1981, No. 10,474-80. 
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the basis of the 1 7 0  NMR chemical shifts of the 
"configurationally secure" sulfoxides, 4a (6(S=O ) = 7 
ppm) and 48 (S(S-0,) = -14 ppm), the high-fiad 1 7 0  
NMR resonance in sulfone 3 is also assigned to the axial 
oxygen.'gvh 

In the acyclic sulfones where the sulfonyl oxygens are 
proximal to a stereogenic center, the magnitude of the '?O 
NMR sulfonyl diastereotopicity is both substituent and 
rotamer controlled and significantly diminished compared 
to the 1 7 0  NMR shifts in conformationally restricted 
sulfones. For example, in 2-(phenylsulfonyl)butane (5) the 
diastereotopic oxygens are isochronous, appearing a t  6 
141>6 while the 1 7 0  NMR spectrum of sulfone 6 clearly 
exhibits diastereotopic oxygens at 6 140.3 and 145.4.5 

Theory 
The derivation of the equilibrium constanb between the 

complexes of the diastereotopic sulfonyl oxygens in 4- 
heterothianes and Eu(fod), is best understood from a brief 
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only 1:l complexes are formed between Ln3+ and sulfonyl 
oxygens significantly reduces the complexity of the mul- 
tistep equilibria involving the Ln3+ ion and the substrate, 
S. 

The origin of the observed LIS is best understood by 
considering a hypothetical 1:l complex with 100% of the 
substrate bound to Ln3+. The LIS is described as a sum 
of three components (eq 1): a contact shift (Ac), a pseu- 
docontact shift (Aw), and a complex formation shift (&I.' 

(1) 

For 170 NMR, Ap0 arising from nonbonded through- 
space interactions, and &, caused by electron polarization 
a t  the oxygen induced by the metal as well as changes in 
the molecular conformation of LmS, are expected to be 
much smaller than Ac for Eu(fod)*ll Thus, it seems 
justified to assume that the contact shift term is largely 
responsible for the induced shifts in I7O NMR (i.e., Ac > 

Contact shifts originate from a covalent interaction 
between oxygen and the lanthanide ion, involving transfer 
of some electron density to the coordinated oxygen. The 
contact shift arising (Si) the complexed substrate, or the 
bound shift, can be described mathematically by the ex- 
pression in eq 2 where v and y are the Larmor frequency 

(2) 

and the gyromagnetic ratio of the 170 nucleus, respectively, 
p is the Bohr magneton, J is the electronic spin angular 
momentum, and gL is the Lande g value. A, the scalar 
coupling in Hz, is dependent on the fractional electron spin 
occupancy, f , ,  a t  the oxygen nucleus, which results from 
delocalization of unpaired electron density from the lan- 
thanide ion to the bound oxygen atom (eq 3) where A, is 

LIS = Ac + Aw + Acf 

Apc, Acf). 

-2+AJ(J + l)gL(gL - 1) 
3kTy Ac = 

A = f,A,/BS (3) 

the coupling constant arising from one unshared electron 
in an oxygen s orbital and 2 s  is the number of unpaired 
electrons on the metal ion. By using this expression, the 
following proportionality can be derived (eq 4): 

Ac OC f A / r  (4) 

A ratio of bound contact shifts for two different oxygen 
atoms can be equated to a ratio of their spin densities: 

Acl/Ac2 = f d f n  (5) 

Reuben and F i a P  demonstrated that the fractional spin, 
f , ,  on the 170 nucleus in a series of rare-earth aquo com- 
plexes M(H20)03+ varied by less than a factor of 3 as Ms+ 
was varied. Thus, it  seems reasonable that the fractional 
spin should be approximately the same for similarly hy- 
bridized oxygen atoms that are complexed to the same 
lanthanide ion. Therefore, the ratio of the bound contact 
shifts should approximate unity. 

Since the substrate is present in large excess over Ln in 
the actual experiment, only a small fraction of substrate 
is actually complexed. Therefore, the observed shift (Si) 
is equal to the bound shift times the fraction of substrate 
that is actually bound to Ln3+ where So is the total sub- 

Si = Ac[Ln*S]/So (6) 

Table I. Oxygen-17 NMR Chemical Shift Data for 
S-Oxides and S,S-Dioxides 

SO/S02 
temp 6 l7O W,,, orienta- 

comDd solvent ("C) (*2 DDm) (Hz) tion" 
1' 

2a 
28 

3' 

4a 
48 

5b 
6' 

7' 

9* 
10' 

11' 

12' 

13' 

14' 

15' 

1 6' 

CDClS 30 

CH2C12 amb 
CHzC12 amb 
CHCIS 35 

CH2Cl2 35 
CHIC12 35 
toluene 100 
toluene 100 

toluene 100 

CHIC12 30 
CH2Cl2 30 

CH& 30 

CH2Cl2 30 

CHzCl2 30 

CH2Cl2 30 

CH2C12 30 

CHzCl2 30 

123.9 
138.9 

5.6 
-11.4 
139 
149 

7 
-14 
141.0 
140.3 
145.4 
172.3 
171.0 
134.8 
122.1 
135.7 
140.6 
155.1 
135.9 
150.3 
143.4 
154.1 
126.2 
142.6 
133.3 
145.9 
149.0 
157.1 

139 
146 

100-200 
100-200 
100-200 
163d 
163d 
430 
285 
430 
320 
400 
320 
480 
480 
480 
162 
147 
251 
255 
160 
170 

O a x  = axial oxygen; eq = equatorial oxygen; trans = oxygen 
trans to 3-isopropoxy group; cis = oxygen cis to 3-isopropoxy 
group. bThe "0 NMR shifts for the sulfonyl oxygens are isochro- 
nous. 'The sulfonyl oxygens are diastereotopic and exhibit sepa- 
rate ''0 NMR resonances. dCombined line width-signals are not 
base-line resolved. 

Scheme I. Equilibria between Sulfones 11-13 and Eu(fod), 

description of the origin of lanthanide-induced shifts 

Each conformationally restricted sulfone described in 
this report possesses one distinct axial and one equatorial 
sulfonyl oxygen. Thus, two diastereomeric Lmsulfone 
complexes of 1:l stoichiometry (LnaS) are possible (Scheme 
I), assuming that the sulfonyl moiety does not function as 
a bidentate ligand! Complexes of 1:2 stoichiometry (i.e., 
Ln&) are also viab1e;O however, for weakly bound sub- 
strates, the concentrations of LmSz species are normally 
negligible a t  low Ln to S ratios.l0 The approximation that 

( ~ 1 ~ 1 . 7  

(7) Inagaki, F.; Miyhwa, T. h g .  NMR Spectrosc. 1981,14,67-111. 
(8) Wrobel, J. T.; Kabzinaka, K.; Rwkoweka, J.; Wrona, P. K. J.  Mol. 

Struct. 1977, 41, 287. 
(9) It in well-established that Ln(fod)s reagenta possess an inherently 

higher Lewis acidity than other Lns+ reagenta and consequently exhibit 
a stronger propensity to form LnSl complexes as well as the 'expected" 
LnS complexes.? 

(IO) Raber, D. J.; Hardee, L. E. Org. Magn. Reson. 1974, 6 544. 

(11) (a) Reuben, J. Prog. NMR Spectrosc. 1979,9,1. (b) Petere, J. A.; 
Nieuwenhuizen, M. 5.; Raber, D. J. J .  Magn. Reson. 1986,65, 417. (c) 
Raber, D. J.; Peters, J. A.; Nieuwenhuizen, M. S. J.  Chem. SOC., Perkin 
Trans. 2 1986,853. 

(12) Reuben, J.; Fint, D. J .  Chem. Phys. 1969, 51, 4909. 
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strate concentration and [Ln-S] is the concentration of 
shift reagent-substrate c0mp1ex.l~ At  low Ln/S ratios, 
So is approximately equal to the concentration of free 
substrate ([SI), thus 

6i = Ac([Ln*S]/So[Ln])[Ln] = Aab[Ln] (7) 

where Kb is the association constant between Ln3+ and 
substrate. The ratio of experimental LIS'S for two non- 
equivalent oxygens then becomes 

4 1 / 4 2  = (Acl/Ac2)(Kbl/Kb2) = ( f ~ l / f s Z ) ( ~ b l / ~ b 2 )  (8) 

6i1/6i2 = (Kbl/Kb2) = K3 (9) 

where K3 is the equilibrium between the chemically dif- 
ferent LmS complexes (see Scheme I). The free energy 
difference between the two complexes can then be calcu- 
lated from eq 10, and the ratio of the binding constants 

K3 = e-AG"/RT ( 10) 

for each oxygen to Ln3+ can be ascertained from the ratio 
of their LIS values. 

Assuming that the contact shift contribution dominates 
the observed 170 shift increments, increasing the Eu3+ 
concentration should result in progressive upfield shifts 
of the coordinated oxygen nucleus and thus serve as a 
probe for assessing steric inhibition of oxygen to metal 
binding. Finally, several previous reports suggest that 
lanthanide-induced 170 NMR shifts (e.g., Eu3+) possess 
remarkable potential for understanding structural com- 
plexities as well as dynamic properties of molecules con- 
taining  heteroatom^.^.^ 

Results and Discussion 
We previously reported3 that the intrinsic diastereotopic 

sulfonyl oxygens of 3-isopropoxythiolane 1,l-dioxide (7) 
exhibit essentially identical 170 NMR shifts. However, in 
the presence of Eu(fod), both oxygens are shifted upfield 
to different extents and, more importantly, the more ste- 
rically encumbered cis sulfonyl oxygen (cis to the iso- 
propoxy group) experiences less shielding compared to the 
trans sulfonyl oxygen. Furthermore, the resonance width 
a t  half-height ( WlI2) of the more strongly coordinated 
trans-S=O is larger than that of the coordinated cis-S==O, 
suggesting that the the larger equilibrium concentration 
(or mole fraction) of the trans-- complex may correlate 
with a longer correlation time, T ~ ,  for this oxygen. In this 
present report, we describe a quantitative analysis of 
competitive Eu3+ binding to diastereomeric sulfonyl oxy- 
gens in conformationally rigid heterocycles. 

The 13C NMR spectrum of trans-2,6-dipheny1-4-0~0- 
thiane (8) indicates that the benzylic carbons are equiva- 
lent (6(PhCHS) = 48.55 ppm), and the 170 NMR spectrum 
for trans-2,6-diphenyl-4-oxothiane 1,l-dioxide (9) affords 
a single resonance a t  6 134.8 ppm for the sulfonyl group. 
These data indicate that these trans-2,6-diphenylthianes 
probably exist as rapidly equilibrating, isoenergetic chair 
conformers with one phenyl group axial and the other one 
in the equatorial position. Parenthetically, contributions 
from boat or twist-boat conformers cannot be completely 
dismissed. Nevertheless, the '3c and 170 NMR spectra for 
8 and 9 are the consequence of rapid time averaging on 
the NMR time scale. 
cis-2,6-Diphenyl-4-oxothiane 1,l-dioxide (10) occupies 

a single chair conformation with diequatorial phenyl 

(13) Raber. D. J. The Nature of the LSR-Substrate Complex. In 
Lanthanide Shift Reagents in Stereochemical Analysis; Morrill, T. C., 
Ed.; VCH Publishers: New York, 1986. 
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Table 11. Oxygen-17 NMR Shifts, Ln*S Equilibrium 
Constants, and Binding Sensitivity Slop38 

sulfone sulfonyl oxygen a (eq ax)a K~ ( ~ - 1 )  PO* 
11 eq -459.0 * 18 2.20 * 0.12 155.0 

ax -209.3 k 8 142.1 

ax -132.9 3 136.4 

ax -156.5 * 9 144.1 

ax -210.2 f 7 150.0 

Induced shift extrapolated to [Eu(fod)J = [substrate]. 
*Extrapolated to [ E u ( f ~ d ) ~ ]  = 0. 

groups, and the sulfonyl group gives two 170 NMR reso- 
nances a t  6 122.1 and 135.7 (A6(S02) = 13.6 ppm). Pre- 
sumably, the high-field sulfonyl oxygen, shielded by the 
y-gauche interactions between the sulfonyl oxygen and the 
C3,5 methines? exists in the axial conformational array, 
as in sulfones 1 and 3. 

The 1 7 0  NMR parameters of a series of conformationally 
rigid cis-3,5-diphenyl-4heterothiane 1,l-dioxides were also 
examined. For example, cis-3,5-diphenyltetrahydro-1,4- 
thiazine 1,l-dioxide (11) affords shifts at 6 140.6 and 155.1; 
cis-3,5-diphenyl-4-methylte trahydro- 1,4- thiazine 1, l-di- 
oxide (12) exhibits shifts a t  6 135.9 and 150.3, and the 
sulfonyl oxygens in cis-2,6-diphenyl-1,4-dithiane 4,4-di- 
oxide (13) occur a t  6 143.4 and 154.1. Again, by analogy 
with the 170 NMR spectra of other conformationally ho- 
mogeneous sulfones, it seems reasonable to suggest that 
the high-field sulfonyl oxygens are axial. 

The most interesting feature of this work is the differ- 
ential 170 NMR LIS'S of the diastereotopic sulfonyl oxy- 
gens in the ck-3,5diphenyl-substituted sulfones (see Table 
11). When incremental quantities of Eu(fod), are added 
to dichloromethane solutions of sulfones 11-13, their 170 
resonances experience varying degrees of differential 
shielding where the axial oxygens are less responsive than 
the equatorial oxygens (see Figure 1). When the incre- 
mental shifts for each oxygen are plotted against the 
Ln3+/substrate mole ratio, two slopes, cul(eq) and a1(ax) 
ppm, afford the LIS values expected from an equimolar 
solution of shift reagent and substrate. For 11, q(eq )  = 
459.0 ppm and al(ax) = -209.3 ppm; for 12, al(eq) = -534.6 
ppm and al(ax) = -132.9 ppm; for 13, al(eq) = -452.3 ppm 
and crl(ax) = -156.5 ppm. The slopes, q, represent the 
relative sensitivities of axial and equatorial oxygens toward 
binding to E d + .  From these data, it is clear that Eu3+ 
binding to the equatorial sulfonyl oxygen is significantly 
stronger than Eu3+ binding to the axial sulfonyl oxygen. 

An estimate of the actual binding constant between Eu3+ 
and methylazathiane 12 was obtained from a 'H NMR 
shift study using the reciprocal method.13 While this ex- 
periment could not provide individual association con- 
stants for each oxygen, it did afford a net binding constant 
between 12 and Eu(fod), of 10.6 f 1.8 M-' (Figure 2). This 
comparatively low value13 supports the assumption that 
1:2 complexes do not form to a significant extent for the 
low Ln3+/substrate ratios (50.3) employed here. 

The ratio, al(eq)-cYl(ax), can be effectively translated 
into K 3  affording valuable dynamic information on the 
Eu3+-sulfonyl oxygen complexes. The K i s  for 11-13 are 
2.20,4.02, and 2.89, respectively, and suggest that binding 
to the equatorial sulfonyl oxygen is favored. In fact, as- 
suming that the Eu3+-sulfonyl oxygen exchange is rapid 
on the NMR time scale and that equilbrium between the 
diastereomeric complexes is established almost instanta- 
neously, these K3(s can be converted to AGO'S. The AGO'S 

12 eq -534.6 * 11 4.02 * 0.11 149.8 

13 eq -452.3 f 11 2.89 0.17 153.4 

16 eq -119.7 f 7 0.57 * 0.04 157.8 
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[LSA]/[Substrate] 

0.00 0.05 o . i o  0.15 0.20 
[LSR]/[Substrate] 

axialS.0 

0.00 0.05 0.10 0.15 0 0 

quatorialS-0 

0.00 0.05 0.10 0.15 0.20 0.25  0.30 
[LSRy[Subdmte] 

Figure 1. (a) Oxygen-17 LIS study on sulfone 11. '(b) Oxygen-17 
LIS study on sulfone 12. (c) Oxygen-17 LIS study on sulfone 13. 
(d) Oxygen-17 LIS study on sulfone 16. 

55 / 1 

x 

I 
B 

35- 

25- 

15 - 
M.NC(Ph)-H 

SCH-H(q) 
5 -  SCH--H(u) 

5 -  

0 1 2 3 4 5 8 7 8  

W S I  WPPm) 
Figure 2. 'H NMR study on sulfone 12 using Eu(fod)a: Y-in- 
tercept = [LSRIa; slope = ([LSR] + K1); [LSR] = 0.013 M, A 
= bound shift. 

for 11-13 indicate that the complex between the lanthanide 
and the equatorial sulfonyl oxygen (i.e., -S0,-Eu3+) is 
more stable than -S0,-Eu3+ by 0.48 kcal/mol for 11,0.84 
kcal/mol for 12, and 0.64 kcal/mol for 13. In the absence 

Scheme 11. Equilibria between the Major Eu(fod), 
Complexes of Sulfone 16 

r 

L J 

of reliable structural information (Le., MM2 or X-ray 
structural data) on these sulfones, comparative interpre- 
tation of these AGO'S with emphasis on subtle structural 
variations may be premature. Nevertheless, earlier work 
on 4-hetero-1-thiadecalin 1,l-dioxidesl4 does suggest that 
the percentage of axially bound Eu(fod), complex increases 
as the the C-SO2-C fragment of thiadecalin is flattened 
relative to the remainder of the ring. Consequently, the 
axial oxygen moves away from the l,&syn axial hydrogens 
and becomes increasingly more accessible to the shift 
reagent. This distortion involving the axial sulfonyl oxygen 
increases the availability for metal coordination and a 
reversal in binding selectivity to Eu(fod), results. For 
example, 1-thiadecalin 1,l-dioxide (1) prefers binding to 
Eu(fod), through the equatorial oxygen (K3 = 1.621, while 
1,4-oxathiadecalin 1,l-dioxide (14) and 2-(a-ethoxy)-1,4- 
oxathiadecalin 1,l-dioxide (15) prefer binding through their 
axial oxygens (K3 = 0.89 and 0.68, respectively). 

In an effort to determine whether this reversal of binding 
selectivity was observed in monocyclic oxathianes as well, 
the 170 LIS'S of 2-ethoxy-1,4-oxathiane 4,Cdioxide (16) 
were examined (vide supra; Figure Id). Since the 2-ethoxy 
group prefers the equatorial position by ca. 0.8-1.0 
kcal/mol,15 the axial sulfonyl oxygen is reasonably assigned 
the 170 NMR resonance a t  6 149.0 and the equatorial 
sulfonyl oxygen appears a t  6 157.1 (A6(SOz) = 8.1 ppm) 
as compared to A6(SOz) = 12.6 ppm for sulfone 15 and 
A6(S02) = 10 ppm for sulfone 3. For sulfone 16, the axial 
oxygen showed the greater sensitivity to Eu(fod), (q(ax) 
= -210.2 ppm; q (eq )  = -119.7 ppm). The equilibrium 
constant, K3, between the axial and equatorial oxygen Eu3+ 
complexes of sulfone 16 was 0.57, favoring -S=0,-Eu3+. 
This agrees well with the K3's for oxathiadecalin sulfones 
14 and 16 and is radically different from K3 for sulfone 1. 
Molecular modeling studies using MM216 were employed 
to determine whether this binding selectivity could arise 
from differences in steric variations. The C3-C2-O-C, (C,) 
torsional angles, 4, in sulfones 14-16 are similar and fairly 
large (in 14,4 = 69.9O; in 15,4 = 70.8'; in 16 ,4  = 71.2'1, 
while the corresponding 4 in sulfone 1 is significantly 
diminished (Cz-C3-C4-C!o in 1,4 = 62.4O). Sulfones 14-16 
respond to ring puckering by increasing the flattening 
about the sulfonyl group, and this appears to lead to an 
increased preference for axial binding. However, the 
equilibria between sulfone 16 and E u ( f ~ d ) ~  may be com- 
plicated by the presence of ca. 15-20% of the other chair 
conformer or a twist-boat form.15 The conformer where 
the ethoxy group is axial or pseudoaxial can also bind to 
Eu3+ through the least hindered equatorial (or pseudoe- 
quatorial) sulfonyl oxygen, so at least three complexes may 
contribute to K3 (Scheme II).l7 Thus, while this technique 

(14) Powem, T. A.; Evans, Jr., S. A. Tetrahedron Lett. 1990,31,5835. 
(15) (a) Lee, D.; Keifer, J. C.; Rooney, R. P.; Garner, T. B.; Evans, Jr., 

S. A. J .  Org. Chem. 1979,44,2680. (b) Harris, D. L.; Evans, Jr., S. A. J. 
Org. Chem: 1982,47, 3366. 

(16) Allinger, N. L.; Yuh, Y. H. QCPE 1980, 11,395. 
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can be applied to flexible systems, the results must be 
interpreted with some caution since organosulfones capable 
of possessing small conformational interchange through 
relatively low energy barriers may be uniquely influenced 
by Eu(fod), complexation. 

It is conceivable that the endocyclic heteroatoms (S, N, 
or 0) in these 4-heterothianes may also ligate to  Eu3+; 
however, our 1 7 0  NMR shift data suggest that such con- 
tributions are probably very minor. For example, when 
an LIS study was performed on sulfone 14, no shift in the 
ethereal resonance (6 31.8) was 0b~erved.l~ The steric 
proximity of the C-3,5 phenyl groups in 11-13 should 
discourage Eu3+ binding to the endocyclic heteroatom (X 
= NH, NCH3, or S). 

In summary, we have demonstrated the utility of Eu- 
(fad), coupled with 170 NMR in studying the propensity 
of Eu(fod), to bind and distinguish between diastereotopic 
sulfonyl oxygens in solution. Further, we have demon- 
strated that 170 NMR spectroscopy, when coupled with 
lanthanide shift reagents, is a useful probe for identifying 
subtle structural variations in conformationally homoge- 
neous organosulfur compounds. 

Experimental Section 

Samples, in 10-mm (0.d.) NMR tubes, were prepared for '"0 
NMR studies by dissolving 300-500 mg of the organosulfur 
compound in 3 mL of anhydrous dichloromethane (CH2C12) or 
acetonitrile (CH3CN) solvent. Spectra were initially recorded over 
a sweep width of 100 kHz, but ultimately the sweep width was 
reduced to 24 kHz for the lanthanide-shift determinations. The 
number of transients required for reliable data presentation ranged 
from 3 x lo4 to 3 X 109 All 170 NMR shifts were recorded at 
32 f 2 "C and referenced to the l'0 NMR shift of external tap 
water (H2 ''0 = 6 0.00). 'H and 13C NMR spectra were obtained 
at 20-25 OC from deuteriochloroform (CDC13 solutions containing 
25-50 mg of sample in a 5-mm (0.d.) NMR tube. 

Lanthanide-Induced-Shift (LIS) Studies. The LIS 170 
NMR studies involved the initial measurement of the 1 7 0  NMR 
shifts of 0.40 f 0.02 M CHzClz solutions of sulfones 11-13 and 
of a 0.14 M solution of 16 in the absence of the lanthanide-shift 
reagent (LSR), tris(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl- 
octane-3,5-dionato)europium [Eu(fod),l. Weighed incrementa of 
E ~ ( f o d ) ~  were added to the solutions and allowed to dissolve, and 
new 170 NMR shifts were obtained. This process was repeated 
until at least six data points characterizing differing LSR con- 
centrations were acquired for each of the sulfones. The '''0 NMR 
shifts were then plotted against the E~(fod)~aubstrate mole ratio, 
and the linear dependence of 170 NMR shifts of the diastereotopic 
sulfonyl oxygens versus the LSR concentration was established 
through linear least-squares analyses. For each conformationally 
homogeneous sulfone, at least one 170 NMR spectrum exhibited 
overlapping 170 NMR resonances in the presence of Eu(fod)> 

The 'H NMR LIS study involving sulfone 11 was accomplished 
by adding weighed increments of sulfone 11 to a deuterio- 
chloroform (CDClJ solution (1 mL) of Eu(fod), (13 mg). The 
LIS involving the ring 'H NMR resonances were the major focus 
of this study, and they were determined by comparing the ob- 
served shifts (Si) of the target hydrogens with those of sulfone 
11 in the absence of LSR (tio) for each determination (LIS = ai - a,), and the reciprocals of the LIS for each 'H NMR resonance 
were then plotted against the substrate concentration So. The 
impact of the bound shift (A) on each hydrogen as well as the 
binding constant between Eu(fodI3 and sulfone 11 can be de- 
termined from a least-squares fit to1, 

(11) so = L~A(LIS)-~ - (L, + ~ - 1 )  
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Syntheses of the Organosulfur Compounds. The prepa- 
rations of organosulfur compounds 1-7 and 14-16 have been 
previously d e s ~ r i b e d . ' ~ ~ ~ " ~ ~ ~ ~ ~ ~ ~  The other cyclic organosulfur 
compounds described in this report were synthesized using 
published procedures, and they are described below. 
trans-2,6-Diphenyltetrahydrothiopyran-4-one (8). Hy- 

drogen sulfide gas was bubbled into a refluxing solution of sodium 
acetate (15 g, 0.17 mol) and 1,5-diphenyl-l,4-pentadien-3-0ne~~ 
(dibenzylideneacetone; 5.0 g, 0.02 mol) in 80 mL of 95% ethanol. 
The solution was cooled, separated from any resinous material 
that was formed, and then placed a refrigerator for 1 day to allow 
for crystallization of truns-2,6-diphenyltetrahydrothiopyran-4-one. 
The resulting solid was collected by filtration and dried to afford 
(4.0 g, 70%) of thiopyran-4-one 8. Recrystallization of 8 from 
petroleum ether (bp 60-80 "C) gave homogeneous material: mp 
234-235 OC (lit.lg mp 234-235 "C); 13C NMR (CDC13, 100 MHz) 

(C3, Cd. 
trans -2,6-Diphenyltetrahydrothiopyran-4-one 1,l-Dioxide 

(9). Excess 30% hydrogen peroxide was added slowly to a solution 
of truns-2,6-diphenyltetrahydrothiopyran-4-one (2.0 g, 0.0075 mol) 
in acetic acid (20 mL) with constant shaking until the solution 
became turbid. The resulting solution was maintained at ambient 
temperature for 3 days and diluted with water. Sulfone 9 was 
collected by filtration and recrystallized from a benzenepetroleum 
ether (bp 60-80 "C) mixture to afford homogeneous 9 (1.7 g, 70%): 
mp 87-88 "C (lit.19 mp 88 "C). 

cis -2,6-Diphenyltetrahydrothiopyran-4-one 1,l-Dioxide 
(10). cis-2,6-Diphenyltetrahydrothiopyran-4-one was oxidized 
with 30% hydrogen peroxide employing the method previously 
described for the preparation of sulfone 9. Crude dioxide 10 was 
obtained in >99% yield, and recrystallization from a benzene- 
petroleum ether (bp 40-60 "C) solution afforded homogeneous 
material: mp 193 OC (lit.ID mp 196 "C); 'H NMR (CDCl,, 400 
MHz) 6 7.3-7.5 (m, 10 H, Ca5) ,  4.53 (dd, 2 H, C-2,6 CH), 3.72 

3,5-Diphenyltetrahydro-l,4-thiazine 1,l-Dioxide (11). A 
mixture of sulfonyldiacetic acid (2.0 g, 0.011 mol), benzaldehyde 
(30 g, 0.028 mol), and ammonium acetate (900 mg, 12.0 mmol) 
in glacial acetic acid (10 mL) was refluxed for 0.25 h. The exo- 
thermic release of carbon dioxide followed by a change of col- 
oration to brownish yellow indicated the completion of the re- 
action. The reaction mixture was cooled to ambient temperature 
then extracted with 30 mL of diethyl ether. Dry hydrosen chloride 
gas was bubbled through the ethereal solution and thiazine hy- 
drochloride precipitated. The solid material was collected by 
filtration and then washed with ether and dried to afford crude 
11.HC1 (1.2 g, 34%). Recrystallization from an ethanol-ether 
mixture gave homogeneous 11-HCl mp 268-270 OC dec. Disso- 
lution of 11qHC1 in aqueous ammonia followed by dilution with 
water gave crude dioxide 11, which was recryatallid from ethanol 
to give homogeneous material: mp 202-203 "C (lit.p mp 205-206 

6 7.25-7.45 (m, 10 H, C&), 4.40 (dd, 2 H, C-3,5 CH), 3.10-3.21 
(m, 4 H, C-2,6 CH2), 2.15 (8,  1 H, NH). 

3,5-Diphenyl-4-met hyltetrahydro- 1 ,rl-thiazine 1,l -Dioxide 
(12). A mixture containing sulfonyldiacetic acid (2.7 g, 0.015 mol), 
a 25% aqueous methylamine solution (1.4 mL), and benzaldehyde 
(3.2 g, 0.03 mol) was refluxed in glacial acetic acid (5 mL) for 1.5 
h. The reaction mixture was cooled to ambient temperature and 
extracted with diethyl ether (50 mL). Dry hydrogen chloride gas 
was passed through the ether solution, and the solution was 
allowed to stand overnight. The hydrochloride of 12 that sepa- 
rated (700 mg, 14%) was isolated by filtration, washed with dry 
ether, and recrystallized from an ethanol-ether mixture, mp 
255-257 "C. Dissolution of 12.HC1 in ethanol followed by the 
addition of liquid ammonia then water gave crude 12, which was 
subsequently recrystallized from ethanol to afford homogeneous 
12: mp 178-179 "C (litam mp 178-179 "C); 13C NMR (CH2C12, 

6 208.6 ( c d ) ,  140.4,128.7, 127.7,127.5 (C&5), 48.6 (c2, c& 43.9 

(t, 2 H, C-3,5 CHZ), 2.94 (d, 2 H, C-3,5 CH2). 

"C); "C NMR (CH2C12, 67.5 MHz) 6 143.3, 131.6, 131.1, 129.4 
(CGH,), 61.7 (C3, C5), 61.0 (C2, C6); 'H NMR (CDCl3, 250 MHz) 

(17) Steric encumbrance to axial binding of Eu(fod) to sulfone 16 
when the ethoxy group is axial is expected to be large, &favoring for- 
mation of this complex. 

(18) (a) Rwney, R. P.; Evans, Jr., S.  A. J. Org. Chem. 1980,46,180-3. 
(b) Rwney, R. P. Doctoral Dissertation, The University of North Caro- 
lina, Chapel Hill, NC, 1980. 

(19) Arndt, F.; Nachtwey, P.; Pusch, J. Chem. Ber. 1926, S B ,  1635. 
(20) Baliah, V.; Rangarejan, T. J. Chem. SOC. 1964,3068-70. 
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67.5 MHz) 6 143.7, 131.6, 130.8, 129.8 (CnHs), 69.6 (CHNCHs), - -  
59.8 (CH2S02). 

2,6-Dipbnyl-l,4-dithiane 4,4-Dioxide (13). Hydrogen sulfide 
gas was passed into a refluxing solution of bisstyryl sulfone (10 
g, 0.04 mol) and sodium acetate (10 g, 0.13 mol) in 90% ethanol 
(200 mL) for 2 h. The reaction mixture was poured into water, 
and the separated solid material was removed by fitration, washed 
with water, and recyrstallized from benzene to afford dioxide 13: 
mp 186 O C  (lit.21 mp 184-85 "C); '*C NMR (CH2C12, 67.5 MHz) 

NMR (CDCl,, 250 MHz) 13 7.29-7.47 (m, 10 H, C&), 4.67 (dd, 
2 H, C-3,5 CH), 3.60 (m, 4 H, (Jm + J ~ x )  = 14.2 Hz, C-2,6-CHz). 

6 140.2, 131.6, 131.2, 129.9 (C&), 60.5 (c2, c6), 48.5 (cs, Ca); 'H 

(21) Baliah, V.; Anandapadmanabhan, P. Znd. J. Chem. 1971,9,1167. 
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Diphenylcyclopropenone reacts smoothly with a variety of aromatic N-heterocycles to provide ma- and 
benzazaindolizinols. Although known in the literature, these compounds had been assigned incorrect structures. 
The preparation and physical properties of a number of derivatives, along with unequivocal assignments of structure 
based on a variety of NMR techniques, is described herein. 

Introduction 
In our papers describing the preparation of 1- and 3- 

indolizinols and their esters from a variety of pyridines and 
cyclopropenones,'v2 we observed that the literature had 
misassigned the structure of 2 (eq 1, R = H) as a 3- 
ind~lizinol.~*' Since the structural assignments of many 
related compounds were subsequently based on the in- 
correct assignment of 2 as a 3-indolizinol, we felt that a 
careful reexamination of the structural assignments from 
the older indolizinol literature using modern NMR tech- 
niques was imperative. 

1 2 3 

For ease of discussion, and in order to facilitate com- 
parisons of the cyclopropenone/pyridine adducts (indol- 
izinols) with the cyclopropenone/N-aromatic adducts 
presented herein, the products containing more than one 
nitrogen in the six-membered ring will be referred to as 
azaindolizinols and numbered as simple indolizinols (eq 
2). Similarly, the adducts derived from bicyclic aromatic 

(1) Wadeworth, D. H.; Bender, S. L.; Smith, D. L.; Luee, H. R. Tet- 

(2) Wadeworth, D.  H.; Bender, S. L.; Smith, D. L.; Luee, H. R.; We- 

(3) Lown, J. W.; Matsumoto, K. Can J. Chem. 1971,49,1166. 
(4) Lown, J. W.; Mateumoto, K. Can. J .  Chem. 1971,49, 3119. 

rahedron Lett. 1981,22,3669. 

idner, C.  H. J. Org. Chem. 1986,61, 4839. 

0022-326319111956-5594SO2.5010 

N-heterocycles will be designated as benzoindolizinols or 
benzazaindolizinols. The IUPAC numbering and desig- 
nations for all new compounds are found in the Experi- 
mental Section. 

In attempts to reproduce the literature azaindolizinols, 
we were often unable to obtain materials with physical or 
spectral constanta compatible with those described? Since 
our previous experience has shown that the corresponding 
esters or ethers of indolizinols are more stable and more 
crystalline than the free alcohols,2 we prepared the esters 
or ethers of the corresponding azaindolizinols (Table I). 
The use of a nonhydroxylic solvent (method 2, Experi- 
mental Section) allowed the direct preparation of the eaters 
in a one-pot operation. Typically, equimolar amounts of 
diphenylcyclopropenone, 1, and the appropriate aromatic 
N-heterocycle were dissolved in dioxane, heated to reflux 
under argon until the 1850 cm-' IR band of 1 disappeared, 
and acetylated with a mixture of acetic anhydridelpyridine 
to yield the azaindolizinol acetates. The corresponding 
ethers were prepared via the original literature method by 
treatment of the isolated azaindolizinols with triethyl- 
oxonium tetrafl~oroborate.~ In order to demonstrate that 
the choice of solvent was not a factor in determining the 
regiochemical outcome of addition products, the free al- 
cohols 7 , 1 0 , 1 3 , 1 5 ,  and 20 were prepared both in methanol 
and dioxane and subsequently acetylated to obtain the 
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