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Abstract: Meso and dl diastereomers of compounds containing two constitutionally equivalent chiral units can be distin­
guished by using NMR spectroscopy to demonstrate the creation of pseudoasymmetry. In suitable compounds, a new config-
urational unit, a unit of pseudoasymmetry, can be constructed in the meso diastereomer but not the dl diastereomer. Two ex­
amples are presented and analyzed, using cyclic and acyclic examples and featuring both a configurationally stable pseu­
doasymmetric center and a configurationally labile pseudoasymmetric axis. In the first example, a pseudoasymmetric center 
was introduced into cw-2,6-dimethylcyclohexanone by reduction to the carbinol, and the configurations of the two diastereo­
mers were assigned on the basis of their NMR spectra. The corresponding trans ketone furnished only a single diastereomer. 
Chemical-shift nonequivalence in the benzyl ether of the ^/-carbinol also permitted its assignment. In the second example, 
the 2,4-dinitrobenzenesulfenamides of meso- and ^/-bisphenylethylamine were prepared. The sulfenamide bond in the meso 
sulfenamide is an axis of pseudoasymmetry, and the presence of two meso isomers is evident in the NMR spectrum. The free 
energy of activation at the coalescence temperature for rotation about the S-N bond in the dl sulfenamide (7"c = 91°; AGC

J 

= 19.6 kcal/mol) was intermediate between those for forward and reverse interconversions of the two meso diastereomers 
(Tc = 86°; AGc

l(forward) = 19.5 kcal/mol; AGc
J(reverse) = 20.5 kcal/mol), although the stereochemical descriptions of 

the processes associated with coalescence in the two cases are different. 

When four ligands with different constitutions, or ligands 
of the same constitution which are diastereomeric, are at­
tached to the tetrahedral framework of a tetrasubstituted 
carbon atom ( la) , a configurational unit is formed, a center 
of chirality or an asymmetric center. Interchange of any 
two ligands will produce a new stereoisomer ( lb) , an enan-
tiomer if all of a,b,c, and d are achiral, or a chiral diast­
ereomer if one or more of the ligands are chiral. If two of 
the ligands have the same constitution but are related as 
nonsuperposable mirror images (2a), a slightly different sit­
uation applies. Interchange of two groups still produces a 
new stereoisomer (2b) which is a diastereomer of 2a. In 
this, the situation for 2 parallels that for 1. However, both 
of the stereoisomers 2a and 2b are achiral, while at least one 
of la and lb must be chiral. Since there is no question of 
molecular asymmetry for either stereoisomer of 2, the con­
figurational unit is referred to as a pseudoasymmetric cen­
ter.3"8 Application of the Cahn-Ingold-Prelog rules7 for 
specification of configuration reinforces this distinction. 
While designations R and S are used for specifying config­
uration at centers of asymmetry, the lower case letters r and 
s are the configurational designations for pseudoasymmet­
ric centers.6 If, on the other hand, the two chiral ligands b 
have the same configurations (3), the central carbon atom 

a a a a a 

I I I I I 
b—c—c c—c—b b — c — b _ br—c—b+ b:r— c—b + 

d d c c c 

la lb 2a 2b 3 

is not a configurational unit since interchange of two lig­
ands results in a structure which is superposable with the 
original structure. 

A parallel series of structures can be considered within 
the framework of prochirality.9-10 In 4, which has two cons­
titutionally different or diastereomeric ligands b and c in 
addition to the paired ligands a, the paired ligands are 
enantiotopic" if the ligands are all achiral. The carbon 
atom is termed prochiral since the substitution of an arbi­
trary ligand d for one of the enantiotopic groups leads to a 
chiral array (I) . 1 2 The two a ligands in 5 are diastereotopic. 
Here application of the substitution criterion1' results in the 

creation of a model with a center of pseudoasymmetry (2). 
The relationship between 4 and 5 is analogous to that be­
tween 1 and 2, and the central carbon atom in 5 was origi­
nally9 included within the set of prochiral atoms,13 in the 
same way that the pseudoasymmetric carbon atom of 2 can 
be considered as a part of the set of generalized asymmetric 
carbon atoms.3 The two a ligands in 6, which is analogous 
to 3, are equivalent. The central carbon atom in 6 is not a 

a a a 

b — c — c DT—c—b bx—c—b, 

I I " I 
a a a 
4 5 6 

center of prostereoisomerism just as the central carbon 
atom in 3 is neither a chiral center nor a center of pseu­
doasymmetry. 

The concepts of pseudoasymmetry and prochirality can 
be extended to include systems which correspond to axial 
and planar chirality.8 Thus, systems with planar and axial 
pseudoasymmetry are possible, and molecules bearing such 
structural features have been prepared.Ib-14-15 

Nuclear magnetic resonance (NMR) spectroscopy can 
be used as a tool for making configurational assignments. 
The creation of a unit of pseudoasymmetry can play an im­
portant role in using N M R to distinguish between meso and 
dl isomers. Two examples are presented in this paper, one 
using central and the other axial pseudoasymmetry. 

The classical criterion for distinguishing between the 
meso and dl isomers of molecules containing two chiral 
units16 involves the resolvability of such dl isomers. Such a 
configurational assignment rests upon a symmetry argu­
ment and, for this reason, avoids the ambiguity which is 
often inherent in configurational assignments which rely 
upon analogies in chemical and physical properties.17 

This assignment is unambiguous only when both isomers 
are available or when it is applied successfully to the dl iso­
mer. If only a single isomer is available and it can be made 
optically active, it must be the dl isomer. However, if only a 
single isomer is available, which resists all efforts to induce 
optical activity, it may either be the meso isomer, or the ef­
forts to induce optical activity may fail for chemical rea-
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Figure 1. NMR spectrum of l-i-/weio-2,6-dimethylcyclohexanol (9a). 

sons. This criterion is also inapplicable to molecules which 
suffer stereomutation rapidly on the isolation time scale and 
is often tedious to carry out. 

N M R spectra can also be used in symmetry arguments to 
make configurational assignments. Thus, Hill and Chan 
have shown that it is possible to differentiate between cis-
2,5-dimethylpyrrolidine (a meso diastereomer) and trans-
2,5-dimethylpyrrolidine (a dl diastereomer), and related 
a,co-disubstituted cyclic amines, by conversion to their TV-
benzyl derivatives and examination of their N M R spec­
tra.19 '20 The benzyl methylene protons in the meso isomer 
are enantiotopic and appear as a singlet, while those in the 
dl isomer are diastereotopic and appear as an AB quartet. 
This method like the method of resolution serves only to dis­
tinguish the dl isomer. A single isomer which exhibits 
chemical-shift equivalence for the benzyl methylene pro­
tons, like a single isomer which resists resolution, might be 
either the meso isomer or might be a dl isomer which exhib­
its a chemical-shift difference which is too small to be re­
solved (apparent or accidental equivalence). 

The creation of pseudoasymmetry can be used as a crite­
rion which serves to distinguish the meso isomer and thus 
serve as a useful alternative or supplement to the resolution 
method and the method of Hill and Chan. This approach 
has been used only occasionally, for example, in the assign­
ment of the meso configuration to cuskhygrine.21 When 
N M R spectroscopy is used, it is possible to employ either a 
stable pseudoasymmetric unit or one which is configura-
tionally labile but exhibits slow configurational change on 
the N M R time scale. Examples of both are described 
below. 

Let us consider a meso isomer which possesses a structur­
al feature which is a "potential configurational unit", which 
lies on the mirror plane. A "potential configurational unit" 
is a site of chemical reactivity which can be readily trans­
formed chemically into a configurational unit. Such a "po­
tential configurational unit" may be associated with a unit 
of prochirality but need not be. The carbonyl group in 7a 
represents such a unit; reduction or reaction with a nucleo-
phile results in the formation of a chiral unit if A differs 
from B constitutionally. In this case, the carbonyl carbon 
can be regarded as prochiral, and the two faces of the car­
bonyl group are enantiotopic. If A and B are enantiomeric 
ligands, the unit formed is a center of pseudoasymmetry, 
and 7b represents two diastereomers while, if A and B are 
superposable chiral ligands, no new configurational unit is 

B ^ R 
7b 

A w 
Figure 1. NMR spectrum of 1-r-meso-dimethylcyclohexanol (9b). 

formed on reduct ion, and 7b represents a single d ias te reom­
er. Thus , if A and B a re chiral l igands which a re ei ther en­
ant iomer ic or equivalent , 7a represents a set of meso and dl 
dias tereomers which can be differentiated by reduct ion. 
N M R spectroscopy provides a useful means for examining 
and differentiating the reduct ion products 7b. 

T h e two dias tereomer ic ketones, cis- and trans-2,6-di-
methylcyclohexanone 2 2 (8 ) , are a pair of meso and dl dia­
s tereomers of the form 7a . One which exhibi ts a shor ter gas 
ch romatography retent ion t ime and a methyl doublet at 8 
1.00 was assigned the meso configurat ion; the methyl dou­
blet of the other d ias tereomer , assigned the dl configura­
tion, appears at 5 1.08. T h e faces of the carbonyl group in 
8a a re diastereotopic, and reduct ion to the carbinol pro-

O 
H3C. CH1 

8a (meso) 

OR OR 
H < c vA>CH, + H.C^X^CH, 

s r 

9a, R = H 9b, R = H 

10a, R-CH,C„H, 1OkR = CHAH-, 

O OR 

HaC. JL^CH, __ H;C.S r X > C H ' 

8b (dl) 9c.R = H 

1OcR = CH2C11H-, 

duces two dias tereomers 9a and 9b which have the ^ and r 
configurations, respectively, at the pseudoasymmet r ic car­
binol carbon a tom. The carbonyl g roup of the dl ketone has 
equivalent faces, and reduct ion yields a single d ias te reomer 
9c. 

Reduct ion of the isomer of 8 with the shorter G C reten­
tion t ime with ei ther l i thium a luminum hydride or sodium 
borohydr ide afforded two isomers which could be separa ted 
by gas ch roma tog raphy in a ra t io of 54:46 ( L i A l H 4 ) or 
73:27 ( N a B H 4 ) , confirming tha t it is the meso isomer 8a . 
Reduct ion of the o ther isomer afforded a single d ias tereom­
er confirming its ass ignment as the dl isomer. 

The N M R spectra of the result ing alcohols (Figures 1-3) 
provide confirmation of the ass ignments and allow assign­
ment of configurat ion at the pseudoasymmet r ic a tom in 9a 
and 9b. The two meso alcohols 9a and 9b are conformat ion-
ally locked by the c/s-methyl groups. As a result , the carbi­
nol meth ine proton must be equator ia l in 9a and axial in 9b, 
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Figure 3. NMR spectrum of d/-2,6-dimethylcyclohexanol (9c). 

while the methine protons in the 2- and 6-positions must be 
axial in both isomers. The methine carbinol proton in 9a 
thus exhibits gauche coupling to the two other methine pro­
tons and appears as a broadened singlet at 8 3.5 (Figure 1). 
The methine-methine coupling in the r alcohol 9b is trans 
diaxial, and a triplet (J = 8.1 Hz) is observed. The chemi­
cal shift is also further upfield, 5 2.7, characteristic of an 
axial proton (Figure 2). In the dl alcohol, both cis and trans 
couplings are present, and a doublet of doublets (JAB = 7.8, 
JAC = 4.2 Hz) is observed at an intermediate chemical 
shift, 5 3.30 (Figure 3). 

Chemical-shift nonequivalence of diastereotopic protons 
can also be used to reach the same conclusions. This re­
quires the attachment of a probe for chirality of the form -
CA2Y. If the remainder of the molecule is chiral, the two A 
groups will be diastereotopic and should exhibit chemical-
shift nonequivalence while, if the remainder of the molecule 
is achiral, they will be enantiotopic and isochronous. 

Incorporation of a suitable probe was accomplished by 
conversion of the carbinols 9 to their benzyl ethers. Since 
the meso carbinols, and their ethers, 9a and 9b, possess 
planes of symmetry and are thus achiral, the benzylmethy­
lene protons are enantiotopic and appear as singlets (Fig­
ures 4 and 5). By contrast, the ^/-carbinol and its ether are 
chiral, and the diastereotopic benzylmethylene protons ap­

pear as an AB quartet (Figure 6). The use of a probe for 
chirality is a useful complement to the use of pseudoasym-
metry since chemical-shift nonequivalence points unequivo­
cally to the dl isomer, while the creation of a pseudoasym-
metric center provides unambiguous evidence of the meso 
isomer. Thus, the combination can be used to make unam­
biguous assignments when only a single isomer is available. 
A ketone of the type 7a (where A and B are equivalent or 
enantiomeric chiral ligands) which gives rise to two isomers 
upon reduction must be a meso isomer, while a ketone 
which gives only a single isomer upon reduction, which ex­
hibits chemical-shift nonequivalence upon conversion to the 
benzyl ether, must be a dl isomer. 

Although 8a and 9b are meso and dl isomers of the type 
5 and 6, the fact that they are cyclic may appear to simplify 
the problem of differentiating between them. Indeed, the 
arguments based on coupling constants would not have been 
as straightforward in an acyclic system. For this reason, we 
have chosen an acyclic system as a second example. In addi­
tion, this second example makes use of axial pseudoasym-
metry. 

The secondary amines 11a and l ib represents an acyclic 
pair of meso and dl diastereomers which can be convenient­
ly separated by fractional crystallization of the benzoate 
salts. The nitrogen atom also represents a "potential config­
urational unit". While various methods are available for 
creating a configurational unit, we have chosen conversion 
into the sulfenamide. Secondary amines (RR'NH) can be 
easily converted into the corresponding sulfenamides 
(RR'NSR") by reaction with sulfenyl chlorides in the pres­
ence of base. Slow rotation about the sulfur-nitrogen bond 
renders the sulfenamide unit an axis of chirality in sulfena­
mides (RR'NSR"), where R and R' are achiral ligands 
which differ in constitution.23 Torsion about the N-S bond 
represents the rate-determining step in the interconversion 
of enantiomers, which can be conveniently studied by NMR 
spectroscopy. When one of R and R' is chiral, torsional di-
astereomerism is possible and is manifest in NMR24 and 
ORD-CD spectra.240 If R and R' are both chiral ligands 
which are enantiomeric, the sulfenamide bond becomes an 
element of axial pseudoasymmetry. Torsion about the S-N 
bond interconverts two meso diastereomers. If R and R' are 

Jk__ U k_ 

0-CH2^Q> 

irr T =T 
Figure 4. NMR spectrum of 1-r-mMO-dimethylcyclohexyl benzyl ether (10a). 
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Figure 5. NMR spectrum of l-i-/««o-dimethylcyclohexyl benzyl ether (10b). 

identical chiral ligands, however, the sulfenamide grouping 
is not a configurational element, neither an asymmetric nor 
a pseudoasymmetric axis. 

Reaction of one of the diastereomers of bis(phenyleth-
yl)amine (shown to be H a ) with 2,4-dinitrobenzenesulfenyl 
chloride produced a product sulfenamide whose N M R spec­
tra indicated that it was a mixture of two diastereomers 
which could be interconverted by rotation about the S-N 
bond. At 50°, the spectrum features two doublets with a 
ratio of integrated intensities of 4.5:1, the equilibrium con­
stant for interconversion of the r and 5 meso isomers (Fig­
ure 7). The meso isomers 12a and 12b each give rise to a 

C6H5 

H C C H 3 

I 
NH 
I 

HCCH3 

C6H5 

lla(mesc 

— 

) 

Q1H, 
I I 

HCCH ; t 

NH 

H 1 CCH 
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Ub (dl ) 

C6H5 

H C C H 3 

1 
®~ 
T 

H C C H 1 

I I 
C6H5 12a 

— 

C6H5 

H C C H 
T 

R + R—(s) 
I 

H C C H 
I I 

C6H5 

12b 

C6H-, 
I 

H C C H 1 T 
©-R 
T 

H 3 CCH 
C6H5 

12c 

R = NO, 

single C-methyl doublet. Since the two methyl groups in 
each molecule lie on opposite sides of the a plane which 
passes through the sulfur-nitrogen bond, they are enantio-
topic and must have the same chemical shift. The NMR 

spectrum of the sulfenamide prepared from the dl amine is 
consistent with the presence of the single diastereomer 12c. 
Again two C-methyl doublets are present but now in a ratio 
of 1:1. The two doublets arise from the two C-methyl 
groups in a single molecule.25 Since 12c is asymmetric, the 
two C-methyl groups cannot be interchanged by any sym­
metry operation and must be diastereotopic. While rotation 
about the S-N bond does not generate a new stereoisomer, 
it does effect a topomerization, that is an interchange of the 
environments of the two C-methyl groups. While the sul­
fenamide bond is not a unit of stereoisomerism in 12c, it 
might be considered a unit of prostereoisomerism.10 

When the temperature is increased, torsion about the sul­
fur-nitrogen bond becomes rapid on the NMR time scale. 
As this happens, the pair of doublets observed for either the 
mixture of two meso isomers 12a and 12b or the dl sulfena­
mide 12c broaden and coalesce. Above the coalescence tem­
perature, 86° for the mixture of 12a and 12b and 91° for 
12c, a single doublet is observed for either sample. The free 
energies of activation at the coalescence point were calcu­
lated using first-order rate constants obtained using approx­
imate equations or calibration curves which have been 
shown to yield reliable free energies of activation.27 While a 
single coalescence rate constant and associated free energy 
of activation is obtained for 12c (Ai/ = 5.6 Hz; Tc = 91°; 
AGc* = 19.6 kcal/mol), two rate constants are obtained for 
the reversible interconversion of 12a and 12b, corresponding 
to forward and reverse reactions (Ai/ = 4.6 Hz; Tc = 86°; 
AGcHforward) = 19.5 kcal/mol; ACc*(reverse) = 20.5 
kcal/mol). 

The mechanism for conformational change, torsion about 
the sulfur-nitrogen bond, is the same for dl-12 and meso-
12 as are the consequences in the N M R spectra, namely co­
alescence of two doublets to one doublet. The similarity be­
tween the two systems is reflected in the comparable ener­
gies of activation obtained; that for 12c is intermediate be­
tween those for the forward and reverse interconversions of 
the meso diastereomer. Nevertheless, the stereochemical 
descriptions of the events associated with coalescence are 
different. Coalescence of the doublets of unequal intensity, 
observed in the spectrum of meso-\2, is associated with 
rapid reversible epimerization at the pseudoasymmetric 
axis, and the peaks which coalesce derive from methyl 
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Figure 6. NMR spectrum of d/-2,6-dimethylcyclohexyl benzyl ether (10c). 

Figure 7. Portions of the NMR spectra (CDCl3, 50°) of /V,7V-bis-l-
phenylethyl-2,4-dinitrobenzenesulfenamide (12) featuring resonances 
of the C-methyl groups. Upper curve: equilibrium mixture of meso-
sulfenamides 12a and 12b. Lower curve: ̂ /-sulfenamide 12c. 

groups in two different diastereomers. By contrast, the pro­
cess which results in the coalescence of the pair of doublets 
in the spectrum of 12c is not a stereomutation but a topom-
erization, and the coalescing peaks are associated with two 
diastereotopic methyl groups in the same molecule, which 
become equivalent on time average as torsion becomes 
rapid on the NMR time scale. 

Chemical-shift nonequivalence can also be used to differ­
entiate between 11a and l ib . Using the approach of Hill 
and Chan,19 the dl isomer l i b was converted into the N-
benzylamine 14 via the corresponding benzamide 13. The 
NMR spectrum features an AB quartet for the diastereoto­
pic benzylmethylene protons (Ai/AB = 0.45 ppm; / A B = 15 
Hz), reflecting the asymmetry of parent secondary amine. 

Experimental Section 

NMR spectra were measured on a Varian A60-A equipped with 
a V-6040 temperature controller. Melting points were taken on a 
Thomas-Hoover apparatus. Elemental analyses were performed by 
Midwest Microlab, Inc. 

2,6-DimethylcycIohexanol (9). (a) Lithium Aluminum Hydride 
Reduction. An ethereal solution of meso-2,6-dimethylcyclohexa-
none or rf/-2,6-dimethylcyclohexanone (1.0 g, 0.008 mol) was 
added dropwise to 0.15 g of lithium aluminum hydride (0.004 mol) 
in dry ether and the mixture allowed to react at room temperature 
for 20 hr. After treatment with saturated aqueous ammonium 
chloride and filtration, the solvent was removed in vacuo. The 
meso alcohols could be separated by gas chromatography on an 8 
ft column of 25% NMPM on Chromosorb P: 54% 9a (s)\ 46% 9b 

(b) Sodium Borohydride Reduction. Solid sodium borohydride 
was added to a cooled (0°) methanolic solution of 1.0 g of 2,6-di-
methylcyclohexanone (either meso or dl). After being stirred for 2 
hr at 0° and 20 hr at room temperature, the solvent was removed 
in vacuo. The residue was partitioned between 15% aqueous KOH 
and pentane and the pentane dried over anhydrous magnesium sul­
fate and removed in vacuo. Gas chromatographic analysis of the 
product of reduction of the meso ketone indicated that it was com­
posed of 73% 9a and 27% 9b. 

Benzyl 2,6-Dimethylcyclohexyl Ether (10). 2,6-Dimethylcyclo-
hexanol (0.64 g, 0.005 mol) was added to a solution of sodium 
amide (0.20 g, 0.005 mol) in dry tetrahydrofuran. Benzyl chloride 
(0.7 g, 0.005 mol) was added dropwise and the reaction tempera­
ture increased to reflux for 20 hr. The reaction mixture was cooled 
and filtered and the solvent removed in vacuo. The residue was ex­
tracted with 2-methylbutane which was removed in vacuo. The 
product was purified by gas chromatography on a 12 ft column of 
10% versamide on Chromosorb W. 

Bis-1-phenylethylammonium Benzoate (15). Bis-1-phenylethyla-
mine (20 g, 0.09 mol) and benzoic acid ( H g , 0.09 mol) were 
mixed in cold isopropyl alcohol, and the precipitate was collected. 
Recrystallization from benzene afforded needle-shaped crystals of 
what was shown to be the ^/-ammonium benzoate, mp 135-136°. 
Upon standing, the concentrated mother liquors deposited two 
types of crystals, needles and cubes. The mixture of crystals was 
treated with benzene which dissolved the needles. The cube-shaped 
crystals were collected and recrystallized from hexane to afford the 
meso-ammonium benzoate, mp 103-105.5°. The free amines 11 
could be obtained by treatment with 10% NaOH, extraction with 
ether, and removal of solvent in vacuo. 

N,N-Bis-l-phenylethyl-2,4-dinitrobenzenesulfenamides (12). A 
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solution of 2,4-dinitrobenzenesulfenyl chloride (0.84 g, 0.0036 
mol) in benzene was added dropwise to a benzene solution of 11a 
or lib (1.6 g, 0.0072 mol) in benzene and allowed to react for 20 
hr. The reaction mixture was filtered, washed with water, 5% 
aqueous HCl, saturated, aqueous NaHCOa, and saturated aqueous 
NaCl, and dried over magnesium sulfate, and the solvent was re­
moved in vacuo. The residue was recrystallized from benzene 
(meso sulfenamides) or benzene-methanol (dl sulfenamide): 
meso-M, mp 187-188°; dl-\2, mp 133.5-134.5°. 

<H-JV-Benzyl-Ar,./V-bis-l-phenylethylaiiiine (14). A suspension of 
d/-bis-l-(phenylethyl)amine in 5% aqueous sodium hydroxide was 
treated with benzoyl chloride. The precipitated benzamide (13) 
which formed was recrystallized from ethanol, mp 124-126°. The 
benzamide (3.3 g, 0.01 mol) was suspended in dry ether, treated 
with an excess of lithium aluminum hydride (0.4 g, 0.01 mol), and 
allowed to react at room temperature for 20 hr. The reaction mix­
ture was treated with wet tetrahydrofuran and filtered through a 
Celite pad. Evaporation of the solvent and recrystallization fur­
nished the TV-benzylamine 10c, mp 75-77°. 
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