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I. STEREOSTABLE AND STEXEOLABILE CONFIGURATIONAL UNITS 

In order to appreciate the unique stereochemical properties of sulfenamides and hydroxylamines, 
it is necessary to recognize the essential similarities and differences between stereostable and 
stereolabile configurational units. The development of the field of stereochemistry over the period 
of more than a century since the postulation of the tetrahedral carbon atom has been focused on 
the stereostable configurational units associated with carbon, espe@.lly the asymmetric carbon 
atom and the achiral olefin configurational unit. The importance of methods and concepts based 
on optical activity has derived from the resolvability of enantiomers which owe their chirality to 
the carbon asymmetric center, the allene chiral axis and other stereostable configurational units. 
By contrast, investigation of the stereochemistry of the nitrogen chiral center could not be 
developed using the classical methods based on chiroptical properties. Instead, NMR spectroscopy 
provided a new means for investigation of this and other stereolabile chiral units. While there are 
differences between the methodology applied to stereostable and stereolabile chiral units, it is 
possible to apply many of the classical stereochemical concepts to phenomena which are best 
investigated using NMR spectroscopy.’ 

In this section we will try to define the analogies between carbon and nitrogen configurational 
units (Scheme l), and to show the parallels between the chiroptical methods used for carbon 
stereochemistry and the NMR methods employed to study stereochemistry of trivalent N 
compounds. 
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The N chiral center parallels the asymmetric carbon center, and can be assigned R and S 
chiralities using the Cahn, Ingold, Pm@ (CIP) rules.* Since the only stereochemical difference 
between these two systems lies in the magnitude of the barrier to stereomutation, we consider 
both to be configurational units and refer to invertomers of chiral amines as having opposite 
configurations. 

Similarly, the achiral olefin configurational unit has a steteolabile parallel in the amide 
functionality. For amides of the form RC=ONR’R’ we can use the E, Z nomenclature’ to 
distinguish between the two diastereomen. It Stems appropriate to extend the definition of 
configuration to include also this system, and to refer to the amide group as the framework for 
an achiral conhgutational unit. To describe one system as configurational and one as conformational 
simply on the basis of barrier heights can lead to confusion, especially since in some compounds 
C-C double bond barriers are lower than amide barriers. In general, we advocate the use of the 
term configuration in all cases where the ordering of ligands about a geometrical framework can 
bt specified as R/S or E/Z, regardless of barriers to stereomutation. Accordingly, we reserve the 
term conformation for a quantitative description of dihedral angles.t The imine configurational 
unit also parallels the oledn unit, in a more straightforward fashion. Clearly all compounds having 
C=N and N=N double bonds (e.g. oximes, azo compounds, etc.) can be assigned E/Z 
configurations. 

Allenes exemplify a third stereochemical class of carbon compounds, featuring a stereostable 
configurational unit, the chit-al axis. There are several groups of nitrogen analogues to this class, 
all with an N-heteroatom single bond. These include sulfenamides (RS- NR’R’). hydroxylamines 
(RO-NR’R’), hydrazines (R’R’N-NR’R’), and selenenamides (RSe-NR’R2). We use as an 
example of this class a model sulfenamide with (hypothetical) planar geometry at nitrogen. The 
sulfenamide ground state is one in which the R’-S-N plane is perpendicular to the R’NR’ 
plane, as shown in Scheme 2. 

Stereoformulae 1 and i are enantiomeric and are related by a mirror plane indicated by the 
dotted line in Scheme 2. In order to assign R/S configurations to 1 and i we need to perform a 
“ligancy complementation”, as specified in the CIP method. A second ligand at sulphur, a 
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tAn mportant difTcrmcz bctwam Ihc cxmcqs of configuration and wnfonnadon can be umkrstood by dming 
IO Ihe variabks which arc used to describe C&I. Configuration is rcpracntcd by a variabk with a finite number of 
values (gmcrally a ~wcmalucd variabk). On rhc other hand, conformation~l infommtion is expmscd with a continuous 
variabk (generally a dikdnl an&). Even when ye use tcms such as edipscd 01 statrgpcred to describe conformations, 
Uuxc dacripron UC difTmmt in principle from coafigurational dacnpton and are mally shorthand ways of defming 
particular values or ranw of values of a continuous variable. 
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phantom atom of lowest priority, is introduced in an orientation analogous to R’ in the alkne 2. 
Then if R’ has a higher priority than R’, the overall priority will be R’ > phantom > R’ > R2 
and i can be assigned the R-configuration using the sequence rule as applied to chiral axes. 

IL MECHANEMS FOR !ST?XJCOMWATION 

The stereochemistry of carbon compounds has dealt mainly with resolution of racemates into 
enantiomcrs, stereospecificity of reactions, configurational assignments and chiroptical properties. 
Because the carbon units are stereostabk, stereomutations generally require the breaking and 
making of bonds, usually u bonds, and most often are catalytically or photochemically induced. 
Many of these phenomena do not apply to nitrogen stereochemistry, due to its stereolability. 
Rather, mechanisms for thermal (uncatalyzed) stereomutation play a central role in investigations 
of stereochemistry of nitrogen and other stereolabile configurational units. 

These mechanisms, which involve geometry changes rather than bond making or bond 
breaking, can be conveniently categorized according to the type of geometry change and the 
symmetry consequences of the stereomutation (Scheme 3). Thus we can differentiate between 
changes in bond angles (Inversion) and dihedral angks (Torsion) and between stereomutations at 
chiral and achiral configurational units. When a single configurational unit is present in the 
mokcuk. these stereomutations interconvert enantiomers and diastereomers, respectively. Scheme 
3 provides exampks of these four types of processes, which we term: Ic (Inversion, Chiral); I, 
(Inversion, Achiral); Tc (Torsion, Chiral); T, (Torsion, Achiral).t 

Both mechanisms Ic and IA are characterized by changes in bond angks at nitrogen, from cu 
109” in the ground state (GS) to co 120” in the transition state (TS) in 4.. and from ca 120” in 
GS to cu 180” in TS in I,. We note that there is an introduction of a u-plane in transition state 
lc while the symmetry remains Cs throughout the IA, pro<xss (when R’ Z R’). Thus for Ic. the 
chirality of GS is lost in TS, and interconversion of enantiomers results. By contrast, there is no 
introduction of a new 0 plane in IA, and consequently the process interconverts diastereomen. 

tThc categotifion of the amine conligufatiorul unil a9 chifal and the imin unit ti achiral is a conwmienl one and 
is generally accurate. However. wz do MM mean lo imply thr~ the amine pyramid aonol generate an achiral configurational 
unit or thar the imine functionality caonol gcamtc a chiral unit in suitably sutrstitutbd compounds. In fact. in ccmpouads 
of the form G,NHG,, what G, and C.+ rcprua~l dissymm&c substitumts of oppocitc c.h&itics, the amitz pyramid 
gcmra~cs an efhiral unit. the wdl-known pseudoqmm&c aoler. wd the invcrlc4wrs are diaslcfcomcn. Similarly. in 
imina olthc form G,C( =NH)G, stereomutation intwxmvertr cnantiomn a situation tenned gcomc~ti enantiomensm. 
Compounds u and b also reprucn~ exampks of si~uatioru wberc amine iovmioo interoonvcrts diastmomm and iminc 
stcreomulation inlerwnvcrls enanliomcn. Allbough pain of anlipodal chiral ligands arc nol pxcxnl in lhac cxamplq 
they rcpmnl clox paralkls to pacudoasymmetry and geometrical cnao~iomerisu. In both compounds tbc ring carbon C, 
plays the same rok m horL G, and G, in the previous cxampk. 

b 
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Scheme 3. Types of stereomutation at stereolabile configurational units. 

This symmetry distinction can be expressed by referring to IA as planar inversion and Io as non- 
planar inversion (pyramidal inversion). 

The torsional mechanisms, TA and Tc, can also be described as planar and nonplanar, 
respectively, since Cs symmetry is present in the ground state of TA and is only introduced at the 
Tc transition state. Both mechanisms involve changes in dihedral angles, from 90” in GS-Tc to 
0” (or 180”) in TS-Tc, and from 0” (or 180”) in GS-T, to 90” in TS-T,. The I and T processes, 
as defined above, are the primitive processes associated with changes in bond angles and dihedral 
angles, respectively. There are more complex stereomutations of both types which are excluded 
from our analysis. It is clear, for example, that the Berry mechanism for pseudorotation, which 
interconverts various substitution patterns at pentavalent atoms which adopt the trigonal bipyramid 
geometry, involves changes in bond angles and might be included in the I category. Similarly, the 
interchanges involving ring geometries, such as chair-chair interconversion in cyclohexanes (ring 
reversal) and pseudorotation of 5-membered rings, belong to the T category.4 The stereomutations 
in propeller type triarylmethanes exemplified by the one-ring flip mechanism also can be placed 
into the T category. While it is clear that the one-ring flip can be described as torsional 
stereomutation, it is not always possible to define a configurational unit which is generated by slow 
one-ring flip. This situation, which has been termed “residual stereoisomerism” is clearly not 
covered by our categorization. We stress that the analysis summarized in Scheme 3 is applicable 
only to the primitive processes. Although it will be applicable in most situations, there are many 
complex systems for which such an approach is not valid. 

The reader may have noticed the similarity between examples used for the stereolabile 
configurational units in Scheme I and the examples of mechanisms for stereomutations in Scheme 
3. This correspondence emphasizes that stereolabile configurational units can be usefully charac- 
terized by their mechanisms for interconversion. Since stereolabile configurational units are 
generally observed under conditions of dynamic equilibrium, dynamic concepts play a more 
important role as opposed to the static concepts which are of primary importance in carbon 
stereochemistry. 
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III. NMR CTOME-QVmrrS OF tfilWtEOMU?ATlON AND TOFOMJ!3tIZATlON 

As we have indicated above, NMR spectroscopy has been the most effective tool for 
investigating nitrogen stereochemistry. This method plays a central role in the study of stereolabile 
compounds, just as chiroptical methods have been crucial in the development of carbon 
stereochemistry. Since NMR spectroscopy can probe individ~ groups in a molecule rather than 
simply properties of the entire molecule. NMR studies often focus on the stereochemical 
relationships between groups in the same mokcule. These stereochemical relationships are between 
paired groups whose environments can be indistinguishable, enantiomeric or diastereomeric, and 
such paired groups are described as homotopic, enantiotopic or diastereotopic groups, respectively.’ 

The chiral configurational units Tc and Ic can be differentiated from the achiral ones, TI\ and 
I,, on the basis of these ~lationships. In order to do so a prochiral’ group of the form -CX2Y 
(e.g. -CH,CH>, -CH,Ph, -CH(CH,h, -C(CH,)&H,OCH,, etc.) is incorporated in the molecule. 
Such a prochiral group in a molecule of the form RCX,Y can serve as a probe for the chirality 
or lack of chirality of the radical R (Scheme 4). When R is an achiral group (RJ which may contain 
either a T, or I, configurational unit, the mokcuk has a plane of symmetry (u) in the plane of 
the paper, which interchanges the two X substituents. As a result these groups are enantiotopic 
and will have the same NMR chemical shifts.? However, when a chiral group (&) is.present, this 
plane is no longer a symmetry plane. and hence the X groups are diastereotopic and will, in 
principle, exhibit different chemical shifts. Thus, the observation of chemical shift nonequivalence 
of the X groups in a prochiral probe provides unequivocal evidence for the chirality of the group 
Rc. The observation of chemical shift equivalence of the X groups is not as conclusive for the lack 
of chirality. since the magnitude of the chemical shift nonequivalence might have been too small 
to be observed. The probability of such apparent equivalence can be decreased by introducing more 
than one prochiral probe group in the mokcuk, or by examining a series of molecules with different 
probe groups. 

Our statement that molecules of the form &CX,Y exhibit chemical shift nonequivalence since 
Rf is a chiral radical, does nof imply that R&HIPh must be a chiral mokcuk. For example, 
N,Ndi~nzylt~chloromethan~ulfenamide, compound 3, exhibits chemical shift non~uivalen~ 
(AB quartet) of the benzyl methylene protons.’ Although the mokcule as a whole is achiral, the 
radical CCI,SNCH,Ph is chiral, We note that the mokcule possesses a u plane (the CSN plane). , 

Ennn1 iotopic 

I t 

CCI, 
‘CM,0 

While this plane interchanges the benzyl groups as a whole (and renders them enantiotopic) it does 
not interchange the two methylene protons in each indi~dual benzyl group and they are 
diastereotopic. Thus the spectrum features a single AB quartet. 

AChi X-J1 Chirn! 

schanc 4. Prochiml groups as chirality amso?% 

t&vc and ebm+m in this discussion m usumc that odtinl aolwrltr arc wal, u&m 0thcwiBc stated. If a chiral 
solvent is used. of CouIsc, the x group@ M when R is uhirml, and thu chirality of the medium. rather 
than that of the mokcuk, is samad by 
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The difference in NMR spectra of mokcuks with chiral and achiral configurational units can 
be illustrated by comparing the spectrum of 3,’ \yhich belongs to class Tc, with that of 4 which 
belongs to class TA. In 4 the two methylene hydrogens in each benzyl group are tnantiotopic, whik 
the two benzyl groups, each taken as a whole, are diastereotopic. As a result the benzyl groups 
appear as two singkts in the NMR spectrum of 4. 

The spectral characteristics described above are only observed when the rate of torsion is slow 
on the NMR time scale. When the rate of torsion increases relative to the NMR time scale, typical 
exchange phenomena are observed, as the result of averaged stereochemkal relationships involving 
the benzyl methylene protons. This averaging of stereochemical relationships is termed topo- 
merization.’ In 3, when the sample temperature is increased, torsion about the S-N bond becomes 
rapid on the NMR time scak, and the benzyl methykne protons become enantiotopic on time 
average. As a result, the NMR spectrum changes gradually from an AB quartet characteristic of 
diastereotopic methylene protons, to a singlet characteristic of enantiotopic protons (A2 spin 
system). The same process also effects a topomerization of the whole benzyl groups, which become 
homotopic. on time average, rather than enantiotopic. However, this is without consequence in the 
NM R spectrum, since both homotopic as well as enandotopic groups are isochronous (i.e. chemical 
shift equivalent). 

In compound 4 the topomerization, resulting from rapid rotation about the amide bond, 
renders the diastereotopic benzyl groups homotopic on time average, and the two benzyl singkts 
coalesce to one singlet. It may be noted that rapid rotation does not affect the stereochemical 

. relationship between protons in each methykne group, which remain enantiotopic. Thus, the 
topomerization of these two compounds, 3 and 4, illustrates the four possibilities for averaging of 
stereochemical environments of groups in molecules (Scheme 5). Since topomerization can only 
lead to increased average symmetry, the arrows in Scheme 5. pointing from less symmetrical to 
more symmetrical situations represent the three types of topomerization. viz. D+E. E+H in 3 and 
D-H in 4.t The scheme also emphasizes that the sume physical process can kad to topomerization 
of one pair of groups while at the same time leaving the stereochemical relationship of another 
pair unchanged (compound 4). It is equally possible to have two different types of topomerization 
in the same molecule as the result of a single process (compound 3). We may note that only 

-_.. -.- --__ ----_ 

- 

3 4 
-A _---_- _ - --- __ 

Sethylcne Bellzyl Ucthylene Bcntyl 

ProconY Groups Proron! Croups 
-- -_-_-__-_-_ 

Homotop1c 

1 D--H 

I 
Enantiotopic 

Dlastercotopic I 

No Chanp.e 

D-E 
(E-E) 

tknxh et d.,’ refer IO (hat I&UU w as “sleroohccerol ad divide than into only IWO atqpfiu. 
Thus. both D-E and D-OH 

ofpamimtioar” 
mpmmiza lions are fefd to u diasletwtopomerint ia heir a.tbane. 



stcfcotabilc a3nJiguradooal units 3351 . 

topomerizations which render diastcreotopic groups either enantiotopic or homotopic on time 
average (D-+E, D+H) lead to coakscence and can he investigated using NMR spectroscopy. 

Compounds 3 and 4 do not contain time configurational units since the presence of two 
benzyl graphs as R’ and R’ introduces added symmetry. Neverthekss they may be grouped in 
the same categories: Tc and TA, since the same types of processes with similar NMR consequences 
are involved. Compound 5 exemplifies a molecule in which true configurational units are 
pwnt.” It also illustrates that when Tc and T, units are present in the same molecule, the 
stereomutations which a&t these units are readily differentiable. Rotation about the S-N bond 
represents a Tc process while rotation about the amide bond constitutes a T, process. The T(. 
stereomutation interchanges the benzyl methylene protons in essentially the same manner as in 3 
(D-E topomerization) leading also to the coakscence of an AB quartet to a singlet. While the 
Tc process in 5 (but not in 3) is also stereomutation (degenerate racemization) at the sulfenamide 
chiral axis, this does not have any effect on the appearance of the NMR spectra. There is also a 
difference between the stereochemical descriptions of the T, process, amide rotation, in 4 and 5. 
In 4 the process is a topomerization (PH), while in 5 it is a true interconversion of diastereo- 
mers (Z=E). 

ArS--N-_e 
I a=4 

OCH, 

5n Ar - ?.0-3inrrrophcnyl 
5b Ar - 3-Fiitrophenyl -. 

The benzyl groups in the E and 2 diasteromers have different chemical shifts and should give 
rise to two signals of different intensities due to the unequal concentrations of the isomers at 
equilibrium. The benzyl groups in the E and 2 isomers of 5 may he described as diastereotopic 
by external comparison in order to differentiate this situation from that of 4 where the benzyl 
groups are diastereotopic by internal comparison. 

Four different situations may be envisaged for 5 in terms of the rates of the T, and Tc processes 
relative to the NMR time scak: (a) both fast; (b) Tc slow, TA fast; (c) Tc fast, TA slow; and (d) 
both slow. At high temperatures situation (a) prevails and the benzyl methykne protons appear 
as a singlet in the NMR spectrum. When the temperature is lowered either situation (b) or (c) may 
occur. In fact, in compound !!a the S-N torsional barrier is higher than the amide barrier and 
situation (b) occurs at intermediate temperatures. Under such conditions only nonequivalence due 
to the sulfenamide chiral unit (Tc) is in evidence, i.e. a symmetrical AB &artet is observed (Fig. 
I, T = 38”). Upon further cooling both processes become slow [situation (d)]; the single AB quartet 
further splits into two unequally intense AB quartets, one for each of the amide diastereomers (Fig. 
1. T= -51’). 

38 

C(C~N)/s” 
C(S-N)/s-’ 

‘10’ (35 

10‘ 32 

no 2x10~’ 
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Fig I. Dynamic NMR spectra of the baql mabykne protoor of (Sa); wt: experimca Id; right: 
computai.‘O 
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The other possibility [situation (c)] is observed at intermediate temperatures in the spectrum 
of Sb. The singlet observed at the fast exchange limit broadens upon cooling and splits in an 
asymmetrical fashion into two unequal singlets characteristic of the T*, (amide) configurational 
unit (Fig 2, T = -49”). Upon further cooling these singlets broaden and eventually split into a 
pattern of two unequal AB quartets typical of situation (d) as in compound Sa. Because of the 
different stereochemical consequences of stereomutations corresponding to TA and Tc both first 
order rate constants (and torsional barriers) can be obtained by complete line shape analysis and 
can be unambiguously assigned to each of the processes. The examples above employ Tc and TA 
pmcesses as characteristic of chiral and achiral processes. Similar NMR consequences obtain for 
the inversional stereomutations Ic and IA and need not be separately illustrated. 

While the distinction between chiral and achiral processes can be made on symmetry grounds, 
this is not generally possible for differentiation of T, from k or TA from I,. In fact, the similarity 
between T, and Ic (or T, and I,) leads to some ambiguities which are discussed in the following 
section. Nevertheless, in some special cases, there are symmetry differences between these processes. 

The NMR spectral behavior of tribenzylethylhydrazine (6) represents one such case.” Two 
types of labile configurational units were considered, resulting from either slow inversion of both 

Et \ , WC.4 Et 

/ N,-N B\C” 
‘CD - 

C,H,W 
c ” 

* 0 s C,H,CHp 
6 7 

nitrogen pyramids (I,), or slow rotation about the N-N bond (Tc). If Ic were slow and Tc were 
fast on the NMR time scale, 6 would have the same symmetry and topomeric relationships as 7, 
the stereostable carbon analogue (deuterated to avoid additional coupling) the analysis of which 
may be more straightforward. Since C, is an asymmetric carbon atom the two benzyl groups 
attached to the prochiral carbon atom, Cq, are diastereotopic. In addition, the two methylene 
protons within each benzyl group are diastereotopic and we would expect to observe three AB 
quartets in the NMR spectrum. By extension, we would expect to observe the same type of 
spectral pattern for 6 if it belonged to class I c, with slow inversion at both nitrogen atoms. The 
consequence of rapid nitrogen inversion but slow torsion about the N-N bond can be understood 
by reference to the hypothetical (time averaged) structure 8 which features planar nitrogen atoms. 
It is clear that 8 is achiraI. as a result of the u plane which passes through N, and its three ligands. 
Consequently, the two knzyl groups attachad to NB are enantiotopic, as are the two methylene 

NC-N)/s-’ 
HS-N)/s-’ 

30 2200 

Fig. 2. DynamK: NMR spara of the bauyl mcthykm protons of (Sb); left expcrimeatd; right: 
unnputcd.‘~ 
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protons in the bcnzyl group at N,. The u plane lies between and does nof pass through the benzyl 
groups at Nq. Thus, while the two bcnzyl groups as a whole are enantiotopic, the two methylene 
hydrogens within each group are diastereotopic. If 6 belonged to class Tc (fast inversion and slow 
rotation), we would expect to observe a singlet for the bcnzyl methylene group at N,, and a single 
AB quartet for the other two bentyl groups. The latter pattern was observed experimentally, and 
it was concluded that slow torsion about the hydtazine bond was responsible for the nonequivalence. 

WW, 

----- C,H,CH, 

+ 
N, E( _____c 

CW.H, 
8 

IV. TORSION-IkVERSION AMBICUTY 

WC have shown above that the four types of stereomutations and their associated configurational 
units can lo divided into chiral and achiral subgroups which can be readily distinguished using 
NMR spectroscopy. By contrast, there is often a probkm in distinguishing T, from Ic and TA from 
I,. In fact, the mechanism for stereomutation of a single compound often involves both processes. 
As we shall see, the mode of combination can be described using the logical descriptors AND/OR. 
Alternatively, we shall draw an analogy between these two modes of combination and series and 
parallel electrical circuits. Both of these situations can best be understood by considering 
experimental examples. We exemplify the AND mode of combination using stereomutations of 
sulfenamides and hydroxylamincs (Tc AND Ic). The OR mode will be illustrated using imine 
stereomutation (I, OR T,). 

The hydroxylamine system provides an example for the Tc AND I, mechanistic dichotomy 
(Scheme 6). In order to bring about an interconversion of one ground state structure 9 into its 
antipode 12 (degenerate racemiration), both N inversion (I,) and&N bond torsion (Tc) must take 
placelnversion at oxygen via a structure with linear substitution would have the same effect as SN 
torsion but we expect this process to be much higher in energy and need not consider it in this 
situation. 

We have good grounds for supposing that inversion and torsion are sequential, and that the 
combined process of torsion and inversion would require a higher energy transition state. In the 
first place, if the two processes were independent, we would expect energy of activation for the 
combined process to be on the order of the sum of the individual activation energies, since both 
destabilizing geometric distortions are present. In the present cxampks the two processes, Ic and 
T(., are not entirely independent and their interaction provides further exaltation of the activation 
energy for the combined process. Experimental and theoretical evidence discussed in a subsequent 
section indicates that the torsional barrier is increased at the inversion transition state, and that 
the inversion barrier increases at the transition state for torsion. 

The ptcntial energy surface (Fig. 3) depicts the results of one such theoretical investigation 
of a system (HSCHr-) closely related to the hydroxylamines and sulfenamides.” Examination of 
the surface indicates that the lowest energy pathway involves sequential inversion and torsion. It 
is evident that the combined tonion-inversion pathway (corresponding to direct 9 S 12 

. ..‘ L ..‘i 

\o--Fj’ _ ,0-N 

11 12 

S&me 6. lnvmton rotation combination in hydroxylamina (and rulfcnamkk). T, AND I,. 
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Fig. 3. The rotahoninvenion surface of -CH,OH. The roution and invuvion tin (Y to W) are 10.6 
and 20.5 kal/mol, rcqxctivdy. The W amhnation is 6.67 kcal/mol higher than the Y confomution.‘2 

interconversion) would require passage over the highest peak, in the center of the potential 
surface. 

&cause Ic and Tc are related in an AND fashion, the process with the higher activation energy 
represents the rate determining step for stereomutation. Thus, the barrier measured by coalescence 
in a prochiral probe group provides information only concerning the process which has the higher 
barrier. No information about the fast step can be obtained by the NMR method, as long as only 
coalescence due to degenerate racemization (9 G? 12) is observed. If the minor diastereomer (IO, 11) 
were sufficiently populated to permit detection by NMR, the coalescence associated with 
interconversion of diastereomers (9, 12 c 10, 11) would provide the second of the two first order 
rate constants. However, such a situation has not been observed in studies on acyclic sulfenamides. 
hydroxylamines or hydrazincs. The inability to observe the minor diastereomer could result from 
either one of these reasons: an unfavorable equilibrium constant (K = [9]/rlO] # IO), or a free 
mergy of activation for the fast step below the lower limit of the DNMR method (i.e. 
AG* < 5 kcal/mol), or accidental coincidence of signals due to the two diastereomers. In those 
cases where the rate determining step is Ic, the overall process can be called inversion dominant. 
We may assign the chiral unit in the molecule to Icl and refer to a center of chirality as the origin 
of the observed nonequivalence. Similarly, we may term the mechanism rotation dominant when 
T, is the slow step, and focus on the axial chirality of the Tc configurational unit. 

The imine stereomutation depicted in Scheme 7 exemplifies the OR mode (T, OR I,). This mode 
of combination differs from the AND mode (Scheme 6) in that stereomutation can be accomplished 
via either of two different pathways: by torsion (T,, transition state 14) or by planar inversion (I,, 
transition state 15). In the general case we may suppose that the free energies of activation for the 
two alternative processes are different. If they differ substantially, stereomutation will take place 
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Scheme 7. lnvdon ation combination in imines, TA Oft I&. 

only via the lower energy transition state. Thus we may refer to the mechanism as inversion 
dominant (I,) when 15 is lower in energy than 14, or rotation dominant (T,) if 14 is the lower in 
energy. It may be noted that our definitions of rotation-inversion dominance in tbe OR 
combination focus on the lower energy transition state, while in the AND combination the higher 
energy transition state is the determining factor. In fact, no experimental information can be 
obtained in the OR mode concerning the higher energy transition state. This is also in contrast 
to the AND situation, where information about the lower energy transition state is often 
inaccessible. These two situations also differ in that in the AND case there are exceptions where 
both processes can be studied (when rC, ‘is not very different from I), whereas in the OR case the 
inaccessibility of the slower rate process is required by transition state theory. Such “forbidden” 
processes can, however, be studied using MO calculations, and this is an exampk where 
calculations can provide information about processes which are in principle prohibited from being 
studied experimentally. 

An interesting contrast between the *OR and AND combinations relates to the shapes of 
“broken” Hammett plots, which are potentially obtainable in linear free energy relationships of 
stereomutations. Let us consider a hypothetical situation in which the free energy of activation 
for inversion correlates linearly with Hammett substituent constants (a) and is characterized by 
a positive reaction constant (p). where torsion is similarly characterixed by a negative p (Fig 4). 
and the two lines cross within the range of a&ble u values. Since only the higher barrier is 
measured for the AND combination, the observed correlation for this mode will be V shaped 
when a crossover in the rate determining step occun (Fig 4a). By contrast, an inverted V 
characterizes the change from a rotation dominant to an inversion dominant mechanism in the 
OR situation (Fig. 4b). Of course, the reaction constants need not be of opposite signs. In the 

:.d 

Tors,on , Torrlon 

3 

(a) AND 

0 

(1)) OR 

Fig. 4. Hypotbeticd Hammet plots for (a) AND and (b) OR mahnutk axnbi~tioac. Tbe bavy fine 
rtpraenrr the obmzrvabk hx amxgka of activation. 
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general case, a positive change in the slope will be observed for the AND combination when a 
cross over in the rate determining step occurs, while a negative change in slope would be observed 
for the OR combination. 

One way of visualizing the difference between the AND and OR combinations is by analogy 
to series and parallel combinations of resistors in elect&al circuits. When their resistances differ 
by several orders of magnitude, it is clear that the overall resistance in a series arrangement 
essentially equals that of the larger resistor, and that of the smaller resistor can be neglected. This 
is like the AND situation, where resistance is analogous to free energy of activation and the larger 
resistor corresponds to the rate determining step. Conversely, the parallel arrangement is a model 
for the OR combination: here the overall resistance is essentially equal to the lesser of the two 
resistors. Here the bulk of the current passes through the smaller resistor just as most of the 
molecules pass through only the lower energy transition state in an OR combination. 

V. THE ROTATION-INWRSION DICHOTOMY IN SL- HYDROXYLAWNES 

The ambiguity between the I, and Tc processes within the AND mode of combination discussed 
in the previous section is well manifested in a long literature controversy concerning the dominance 
of the barrier in hydroxylamines.” Experimental evidence indicates that comparable barriers have 
been measured for both processes. Thus the rotation-inversion ambiguity does not involve assigning 
either I, or Tc mechanism for the entire class of substituted hydroxylamines, but rather determining 
to which of these classes individual compounds or sets of closely related compounds belong. 

A. Unambiguous Tc and lc barriers 

In some cases it is clear which step is rate determining and which type of chirality should be 
assigned to the molecule. For example, the barrier to nitrogen inversion can be lowered by 
attachment of a substituent which can conjugate with the N lone pair and render it planar or nearly 
planar. Compounds 17-24 represent cases in point where we are confident in attributing non- 
equivalence of diastereotopic groups to the axial chirality at the oxygen-nitrogen bond and 
attributing the experimentally measured free energy of activation to the T, processI I6 

0 
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X CH,0 I 
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(b) H - CH;CH3)2 26 

Incorporation of the 0 and N atoms into a small, (3-, 4-or S-membered), ring increases the 
barrier to N inversion and at the same time fixes the CONC dihedral angle at or near the geometry 
of the torsional transition state. In such compounds, e.g. 21,” 22,” 2319 and 24,m the barrier must 
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be an inversion barrier (I& and non~uiva~n~ is due to central chirality at N. The increase in the 
inversion barrier is great enough in oxaziridines to permit isolation of optical isomers which are 
stereostable at room temperature.” 

Compounds 17-U represent extreme cases, in which one of the two processes & or Tc) can be 
excluded. The situation in simple trialkyl hydroxylamines is more ambiguous. In fact, the 
rotation-inve~ion dichotomy in acyclic substituted hydroxylamines has been the subject of consid- 
erable controversy in the literature. Three criteria have been applied to indicate whether a stereo- 
mutation of acyclic N,Ndialkylhydroxylamines is rotation or inversion dominant. These make use 
of conjugative, steric and solvent effects. 

The first criterion involves ~rnpa~~n of barriers with those of compounds where N inversion 
may be excluded, viz 17-29. The comparison with N-acylhydroxylamines would ignore the consid- 
erable steric and electronic differences between acyl and alkyl groups and as a result cannot be 
regarded as definitive. Nevertheless, the fact that barriers in 17 and 28 are in the range 
I2- 15 kcal,/mol, and are comparable to those of typical ~alkylhydroxyla~n~, pro~d~~r~~~u~je 
evidence that torsional barriers cannot be ignored. A more meaningful comparison is between 19” 
and 25,” in which the essential difference is replacement of a phenyl by an isopropyl group. The 
barrier in 25 is 4.3 kcallmol higher than in 19, which is clearly rotation dominant. This suggests that 
the barrier in 25 is inversion dominant. 

C. Stetic eflhcts 
The second criterion makes use of the difference in steric effects on rotation and inversion. The 

change from the pyramidal ground state to the planar transition state during N inversion involves 
an increase in the distances between ligands on nitrogen. Thus, relief of strain due to steric 
interactions in the ground state will be manifest in steric acceleration of inversion when the stetic 
nquirements of the ligands are increased. This eff’t is apparent in the comparison of the nitrogen 
inversion barriers in the isoxazolidines 23% 23b and 24, in which the bulkiest ligand at nitrogen 
changes from primary through secondary to tertiary (Us, AG* = 15.6 kcal/mol;‘p” 2% 14.8 
kcal/mol;“” 24, 13.7 kcal/mol?. By contrast, the torsional transition state involves eclipsing of 
substituents at oxygen and nitrogen and as a result torsional barriers increase with increasing 
steric bulk of the ligands. An example is provided by l& and 18b: replacement of H by Cl is 
occasioned by an increase in the torsional barrier from 9.3 to 10.0 kcalfmol.” The very large 
barriers in compounds 28 are also a manifestation of steric deceleration.‘6 

While these effects are clearly displays by the model systems, where the k and T, mechanisms 
can be unambiguously assigned, their application to N,Ndialkylhydroxyl~in~ has led to 
conflicting results. In some series steric acceleration is found, while in others deceleration is 
observed. Table 1 includes the experimental data relevant to the problem of steric effects in tri- 
alkylhydroxylamin~. 

Two kinds of comparisons can be made: (a) between alkyl groups of different sizes, and (b) 
between hydrogen and alkyl groups. Comparison of the data for 25.26 and Z7 (in CDCI, solvent) 
indicates a small increase in barrier (0.5 kcal/mol) upon replacement of the Me group by the more 
bulky i-Pr. The direction of this effect is in accord with the Tc mechanism, although some workers 
have argued that the magnitude of this effect is small. a Other workers have based their assignment 
of an inversion dominated mechanism on even smaller steric effects on the barriers. Thus, Hall et al. 
noted a slight decrease in the barrier of 28, the o-tolyl analogue of 26, although it is difficult to 
argue that this change (0.1 kcal/mol) is outside the range of experimental error.2’ A larger decrease 
(0.7 kcal/mol) is observed upon introduction of an orrho chlorine (29). which might have been 
expected to have a steric effect similar to the ortho methyl in 28. 

The steric effects observed upon replacement of hydrogen attached to oxygen or nitrogen by 
an aikyl group are also problematical. Comparison of the barriers for 31 and 25 in CDC& 
indicates that the barrier does not significantly change upon replacement of H by a Me group. A 
similar comparison between 38 and 26 suggests a small decrease in barrier (< 0.5 kcaflmol) for 
the same change, although the exact magnitude is uncertain since R2 is Me in 26 and PhCHz in 
30. Furthermore, the comparison of 30 and 31 indicates only a negligible change upon replacement 
of benzyl by the bulkier isopropyl. While these results do not exhibit the steric deceleration 
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characteristic of the Te mechanism, they also fail to demonstrate the steric acceleration expected 
for the G_ mechanism. In fact, the latter comparison may be best accommodated within the Tc 
framework, since the torsional transition state involves eclipsing of the O-iigand (R’) with the 
smaller of the N-iigands (R’, R’). in both 30 and 31 the smaller N-iigand is a benzyi group; thus 
no change in barrier is expected. 

On first glance the comparison of32 and 26 measured in acetoned might seem to provide strong 
evidence of steric acceIeration. However, comparison of the three values reported for the barrier in 
26 in different solvents indicates that the large effect may be associated with a dramatic and 
unexplained solvent efTect. It may be noted that change of solvent from CDCI, to methanol-d., resuhs 
in relatively small change in the barriers for 30 and 31, although the OH group might be expected 
to interact more strongly with polar solvents than does OMe. It is for these reasons that we cannot 
regard the comparison of 32 and 26 as definitive evidence for the Ic process. 

The final evidence in Table 1 concerns 33 and 34. The low barriers for both compounds as well 
as the difference between them was given as evidence for the Tc mechanism. Here, too, possible 
effects of methanol solvent interacting with the polar NH group might make one reluctant to 
compare these barriers with barriers measured in other solvents. 

While individual pieces of evidence in Table I might be taken to support either one or the other 
of the mechanisms, when we consider ail of the data taken together we must conclude that steric 
effects fail to provide a useful criterion for distin~s~ng between the mechanismst 

D. Solvent effects 
The initial paper on stereomutation of hydroxyiamines suggested that the barrier to nitrogen 

inversion is lowered in nonpolar solvents, although the authors did not consider the possibility of 
a torsional mechanism.‘2b This conclusion was based on the judgement that the planar transition 
state for nitrogen inversion would be more polar than the pyramidal ground state. Alternatively, 
one might argue that the ground state might be more strongly soivated, especially by protic 

t’k reader may wonder why this kmgthy analysis of Tabk I is provided in view of our conclusion &at the analysis 
Of Ucric diaZ.9 in this system is not meaningful. It b ba-ausc we and other workers ban cunc lo condictirrg conclusions 
on the ba& of individual comparisons without considering the cvidcncc in full. 
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solvents. Indeed. a rate retardation for inversion was observed for isoxazolidine 24 in methanol 
solvent.m 

The N,Ndialkylhydroxylamines 30 and 31 exhibit rate enhancements in methanol (Table I). 
While this might have been regarded as evidence for the Tc mechanism, the authors preferred an 
IC mechanism, because they considered the substituent at oxygen (hydrogen) to be too small to 
produce a significant rotational barrier. ” Since solvent effects have been neither extensively 
investigated nor well understood, most workers have been reluctant to attribute great significance 
to conclusions based on solvent effects. 

We have examihed three criteria for resolving the 4_Tc ambiguity in acyclic tri- 
alkylhydroxylamines. As we have seen, the solvent and steric effects do not permit reliable 
conclusions to be made. Seemingly, the strongest evidence derives from the conjugative criterion, 
the comparison of N-phenyl- and N-isoproyl-hydroxylamines 19 and 25 which favors inversion 
dominance (I,). The evidence accumulated thus far indicates that both I, and Tc barriers are 
substantial. Since substituent and solvent effects can change the shape of the energy surface, it 
seems reasonable to suppose that subtle changes in structure or medium should be capabk of 
shifting the mechanism for topomerization from lC to T, or vice vetso. 

Vl. THE ROTATtOKINVERSION DICHOTOMY IN SlJm SULFENAMIDES 
The stereomutation of sulfenamides also represents a Tc AND G combination and can be 

represented by the transformations depicted in Scheme 6 if the 0 atom is replace4 by S. We may 
consider the sulfenamide functionality as the site of either a chiral center (at N) or a chiral axis 
(along the Sh bond) depending upon which of the two processes corresponds to the rate 
determining step. 

In contrast to the situation for substituted hydroxylamines discussed in the previous section, 
the experimental evidence permitting assignment of individual compounds lo either the I, or T, 
categories is straightforward and consistent. As in the case of the hydroxylamines, some 
compounds can be unambiguously assigned to one of the categories. In addition to the criteria 
based upon steric and conjugative effeas, which give consistent results evidence based upon electronic 
effects and X-ray crystallographic study support the conclusion that the rate determining step in 
the stereomutation of acyclic N,Ndialkylsulfenamides is torsion about the N-S bond (cate- 
gory Tc). 

A. Unambiguous T, and I, barriers 
When the sulfenamide nitrogen atom bears an acyl or aryl substituent, the inversion barrier 

is lowered substantially.7*‘0 Thus we can make unambiguous assignment of 5, 35 and 36 to the 
Tc category since the rate determining step for degenerate racemization must involve torsion 
about the S-N bond. The barriers in these compounds are quite substantial and suggest that 
comparable torsional barriers might be expected in N,Ndialkylsulfenamides as well. 

When the N atom is incorporated into a 3-membered ring the rate of nitrogen inversion is 
lowered.26-28 Thus it becomes reasonable to suppose that the baniers associated with coalescence 
of the ring methylene protons and/or the geminal Me groups in 37 and 38 cormpond to the I<- 
barrier. That this is the case is demonstrated by the difference in polar substituent effects between 
37 and 38 and analogous acyclic sulfenamides. These substituent effects. which are discussed in 
Section D, indicate that there is a change of mechanism in going from sulfenylaziridines to acyclic 
sulfenamides. A similar comparison of substituent effects and trends in barriers for sulfenylaziridines, 
sulfenylazetidincs and acyclic sulfenamidcs also allowed the conclusion that the Ic process was 
rate determining for sulfenylaziridines but that the other compounds should be assigned to the 
TC category.” 

36 
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A final case in which an unambiguous assignment can be made involves 39, the crystal 
structure of which has been determined by X-ray diffmction.‘p The geometry at nitrogen in this 
compound did not differ greatly from planarity. The sum of bond angles at nitrogen equaled 
356.5” compared with the values of 328” and 360”. which correspond to sp’ and sp’ hybridization, 
respectively. Since the geometry at nitrogen in this molecule is so close to planarity in the ground 
state, we can be sure that the substantial barrier measured for stereomutation (AG* = 18.3 kcaf/ 
mol)*8 cannot be a barrier to nitrogen inversion. 

, so2 -0 0 . 
Cl& s- N YBKW, co 00 

39 

B. Conjugation eficts 
The criterion for mechanistic assignment based on conjugation effects can be applied to the 

sulfenamides just as it has been applied to the substituted hydroxylamines. Thus, the barrier for 
the N-phenylsulfenamide 36 can be compared with that of the N-isopropyl analogue 40. While the 

36 H - C6H5 

40 R - ._ CHKH3)I 

barrier for the N-phenylhydroxylamine 19 is somewhat smaller than that in the N-isopropyl 
analogue 25, the opposite trend is observed in the sulfenamide series. The N-phenylsulfenamide 
36 actually exhibits a slightly higher barrier than that in 40: 36, AG* = 17.8 kcal/mol; 40, 
AG* = 16.5 kcal/mol.’ This strongly suggests that the N-S torsional barrier is greater than the 
barrier to inversion of the nitrogen pyramid, and that 40, as well as 36, should be assigned to the 
Tc category. 

C. Steric efects 
In contrast to the situation for hydroxylamines, the interpretation of steric effects on barriers 

to stereomutation of sulfenamides is straightforward. Compounds 41a-d represent a &es of 
sulfenamides with ligands of increasing size at nitrogen. As the size of the substituent is increased, 
the magnitude of the observed barrier becomes greater (Table 2). This steric deceleration is 
characteristic of Tc barriers. The alkanesulfenylaziridines 3& and 3&f show the opposite trend. 
Here the barrier decmases with increasing steric bulk consistent with the 4. barrier observed for 
these compounds. These are not the only compounds for which such a steric comparison can be 
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Table 2. Stcric cffcct~ on Tc and 6. barks in sulfammidcs 
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made. However, in all cases except for the sulfenylaziridines,‘B the same trend is observed: steric 
deceleration typical of Tc barriers.’ Not surprisingly, 42 with the highest reported sulfenamide 
tonional barrier has very bulky substituents at nitrogen (AG l = 21.4 kcal/mol).“’ The barrier in 
43 is apparently even higher (> 23 kcal/mol) since coalescence could not be observed up 
to 160°.‘R 
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D. Polar subshmr eflecrs 
Comparison of the effects of polar substituents on observed barriers to stereomutation of 

sulfenylaziridines and acyclic sulfenamides can also be used to provide information concerning the 
torsion- inversion dichotomy. One comparison utilizes the Hammett reaction constants for the 
para-substituted benzenesulfenylaziridines 37” (Ic). N-arenesulfenyl-N-benzylurethanes 5” (Tc) 
and the acyclic sulfenylsulfonamides 44. ” The two systems with unambiguous Tc and Ic barriers 
(5 and 37, respectively) provide benchmarks against which the acyclic sulfenylsulfonamides 44 can 
be evaluated. 

(1. x - OCI$ 

b. x - CIIj 

c. X-H 

d. x - Cl 

e. x - NO2 

The effect of polar substituents on the sulfenyl phenyl rings in 37 and 44 is best analyzed by 
using the plots of the free energy of activation (dG.) as a function of the Hammett substituent 
constants (u) and the free energy form of the Hammett equation (eqn I). It may be noted that 
the slope of the linear least squares line (i.e. the coeScient of u) contains two variables, namely 
the temperature and p, the Hammett reaction constant. Since the product of p and the absolute 
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temperature is constant, this equation implies that p should be temperature dependent. Equation 
(I) may be mod&d by replacement of Tp by a modified, temperature independent Hammett 
reaction constant p’ to yield eqn (2)” 

This approach is well suited to the analysis of kinetic data obtained using dynamic NMR 
spectroscopy. The most reliabk kinetic data are free energies of activation obtained at, or near, 
the coalescence temperature. Since these generally correspond to different temperatures for a series 
of compounds, the use of eqn (2) obviates the need for conversion of data to a common 
temperature. Such conversions often involve extrapolations of rates over a large enough range that 
errors can be introduced. In general, the use of eqn (2) require that free energies of activation be 
temperature independent (or very nearly so) over the temperature range of measurement. This is 
normally the case since most stereomutations are known to exhibit entropies of activation close 
to zero. For purposes of comparison with Harnmett reaction constants in the literature, it is useful 
to use a hypothetical reaction constant corresponding to a temperature of 300°K (eqn 3). It is this 
pm which is used in the following discussions. 

AG”=2.3RTpo+AG; (1) 

AG*=2.3Rp’a+AG$ (2) 

Hammett plots for series 37 and 44 are presented in Figs. 5 and 6. Linear least squares analysis 
using eqn (2) afforded the reaction constants: 37,27r p’ = -49 + 37, PUX, = -0.16 f 0.11; 44,” p’ 
= -582 f 55, pum = - 1.9 + 0.2; 5,” p’ = -275 f 29. pm = -0.9 + 0.1. It is clear that a 
substantial negative reaction constant is observed for the Tc barriers in S as well as those in the 
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MI. MOLECULAR ORBITAL CONSlDERAllONS 

In a previous section we have discussed the fundamental stereochemical distinctions between 
the amide and sulfenamide (T, and Tc) torsional processes. This stereochemical distinction may 
be derived by examination of the molecular orbital (MO) descriptions of the two types of molecular 
systems. In this section we shall develop a simple PM0 model, which illustrates how the barrier 
type derives from orbital populations. This analysis will also make clear the relationship between 
inversional and torsional processes and indicate the effects of two- and four-electron interactions 
on I, and I,. as well as T, and Tc processes. In a subsequent discussion we review some of the 
theoretical work based on SCF-MO calculations. 

A. Perturbalional molecular orbital (PMO) analysis’2 

We have chosen to use the hydrazyl species H,NNH as a convenient model since this 
constitution can give rise to models for all four categories: IA, I(., TA and T(..“’ 

Let us first examine the torsional processes, T, and T,, using structures 46a and 471, which 
have planar geometry at the -,NH, group. The hydrazyl cation H2NNH + belongs to class T,, and 
will have a ground state geometry 46a and a torsional transition state 471. Conversely, the hydrazyl 

b6h L Ih _. ._ _ 

anion ground state will be the nonplanar structure 471 and 46rr will represent the torsional 
transition state. Thus, the anion belongs to the Tc class. 

We begin the PM0 analysis of this molecular system by dissecting it conceptually into two 
fragments, the planar -NH2 fragment and -NH. These fragments can now be combined to form 
either structure 46a or 47a. The major fragment orbitals of the NH2 and NH fragments are the 
N plone pair orbitals. The NH fragment has also an in-plane, hybrid lone pair orbital of 
substantial s character and hence lower energy than the p-orbital. Since we consider x overlap as 
the main interaction between the fragments, the latter hybrid orbital can be neglected. When the 
two fragments are combined in geometry 464 overlap between the two fragment p-orbitals is at 
a maximum, and the orbitals’mix to form x and ** MO’s (Fig. 7). In the hydrazyl cation only 
the lower bonding level is populated (two-electron interaction). This corresponds to a K bond and 
strongly stabilizes this geometry. This situation is like that in imines and amides in which the 
ground state is planar. In amides the effective x bonding is between the nitrogen lone pair and 
the low lying CO r* orbital. In general, two-electron z interactions lead to T, configurational 

(a) Cation (h) Anion 

2-Electron Inrr~acclon O-Elec:ron Interaction 

fg. 7. Schematic rcprescntar~on of I interaction in the hydmzyl (a) cation and (b) amon 
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units with planar ground states like 468. When the two fragments are arranged as in 47s the two 
p-orbitals are perpendicular to each other and their mutual overlap is reduced to a minimum. 
Consequently the two-electron stabilization is lost, and geometry 478 corresponds to the T,, 
transition state. Such two-electron interactions can occur between two non-bonding p-orbit& as 
in aminoboranes and imines, or between n and P orbitals as in amides, nitrosamines, and 
enamines. 

In the hydrazyl anion model, both n and n l kvels are populated when the fragments are 
combined in geometry 16r. Since the antibonding n* orbital is raised in energy more than the n 
orbital is lowered. this fourckctron interaction results in net destabilization.” As a result, geometry 
46a corresponds to the transition state for torsion in the hydrazyl anion, a Tc process. Thus, the 
change from a two-electron interaction to a four-electron interaction interchanges the roles of 461 
and’47a as ground and transition states, and switches the mechanism from TA to Tc. We note that 
both two-electron and four-electron interactions operate only in 46a and are turned off in 47a. 
Whether 478 is ground or transition state depends on whether the interaction in 46a is destabilizing 
or stabilizing. In general, only four-electron interactions between nonbonded electron pairs are 
substantial enough to give rise to Tc barriers which can be measured by NMR methods. However, 
there are numerous classes of molecules which bear this kind of functionality and give rise to T, 
configurational units. These include, besides the sulfenamides and hydroxylamines which are the 
major subjects of this review, hydrazines, peroxides, disulfides, selenenamides, sulfenates, and other 
compounds with heteroatom-heteroatom single bonds. 

In order to consider the effect of two-electron and four-electron interactions on N inversion, 
WC shall consider the pyramidalization of the NH, group in structures 46a and 478 in both the 
hydraql cation and anion to produce structures 46% and 47b. As we have indicated above, both 
conjugative interactions are minimized in structures 478 and 47b since the two poribtals are 
perpendicular. Since simple amines are pyramidal with small inversion barriers, we might expect 
47b to be more stable than 478 in both the cation and the anion. In both cases, we would expect 
the inversion barriers to be small. Roth two- and four-electron interactions will be greater in 461 
than 46b since the NH2 lone pair has more p-character and n-overlap will be greater in 46a. In 
the cation, the two-electron interaction will stabilize 46a (more than 46b). and we expect it to be 
the gound state. In the anion, however, the four-electron interaction will destabilize & more than 
46b and we would expect 46b to be more stable and feature an inversion barrier which is higher 
than that expected for 47b. 

Our model allows a number of predictions. The two-electron systems should prefer geometries 
which are planar at the NH2 group (or only slightly pyramidal with only very small inversion 
barriers) but should adopt geometry 461 and exhibit substantial barriers for the T, process and 
the I, process (inversion at the NH). This corresponds to the situation in imines which are certainly 
planar but can exhibit TA or 1, barriers, as well as amides, which are nearly planar and feature 
high T, barriers and very low k barriers. We may note that whik the ground state for the 
two-electron systems is most closely represented by the planar structure 461. the transition state 
for torsion is most likely close to the pyramidal structure 47b. 

The four-electron systems should adopt structure 47b as their ground state structures, and we 
might suppose that the four-electron interactions will give rise to high Tc barriers but will not 
contribute as much to the Ic barriers, since the four-electron interactions are minimized in both 
47~ and 47b. If, however, the geometry could be constrained by incorporation of both atoms in 
a small ring we might consider 46b to represent the ground state for a cyclic fourekctron system, 
e.g. the oxaziridines. In this case we can see that the geometry is appropriate for the four-electron 
interaction to make a major contribution to the Ic barrier. Indeed, such an effect was found in 
MO calculations of eclipsed N,Ndimethylhydroxylamine.‘.~.’ In summary, acyclic fourckctron 
systems are expected to exhibit substantial Tc barriers and cyclic four-electron systems should 
exhibit substantial Ic barriers. 

If we consider the effect of the second hybridized lone pair in the four-electron systems, we can 
conclude that there may be a small increase in the &- barrier but this should be substantially less 
than the effect on inversion barriers in cyclic systems. We note that consideration of four-electron 
interactions indicates that the effect on the inversion barrier should be greatest at the torsional 
transition state (46b) and the effect on the torsional barrier should be greatest at the inversional 
transition state (478). For this reason, we may conclude that the transition state for simultaneous 
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invenion and torsion 46a should be higher than those for sequential inversion 478 and torsion 
(46b) and that stereomutation will involve two steps: Ic AND Jc.t 

One type of two electron interaction requires separate consideration, that involving interaction 
between a lone pair and an antibonding e* orbital. This kind of interaction has often been referred 
to as anionic or negative hyperconjugation. w If we consider an analogue of the hydrazyl system 
in which the NH moiety has been replaced by NX (where X is an electronegative atom or group) 
such an interaction becomes possible in 478 or 47b. In this geometry the nonbonding orbital on 
the NH, fragment can overlap with the antibonding c+ orbital associated with the N-X o-bond. 
This kind of interaction, which can be represented for the anion using canonical structure 48a and 

G&B 68b 
. 

Ulb, will have different effects on the Jc and lr barriers. Since 478 will be stabilized more than 
47b the lc barrier will be decmased but since both structures 47 will be stabilized relative to the 
counterpart structures 46 the torsional barrier Jc will be increased. 

An interesting case in which both n-u* and n-n l 2-electron interactions have been proposed 
involves the e&t of halogen atoms and aryloxy groups, X, on the amide torsional barriers (T, 
barriers) in 49.“.% There are two effects associated with X which can lower the barrier. The initial 
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explanation focused on the possibility of stabilization of the J* transition state by overlap of the 
N lone pair with the C-X c* orbital.” Jhe alteqative explanatiot? which has been supported 
by experiment, attributes the barrier lowering to overlap of the nonbonded electrons on X with 
the C-O *+-orbital which diminishes amide conjugation and ground state stabilization. 

As we have seen, n-n four-electron interactions and n+r* two-electron interactions (negative 
hyperconjugation) can both increase T, torsional barriers. It is not surprising that there has been 
considerable controversy concerning which of the effects is responsible (or which is more 
important) for the anomeric effect, which is related to the Tc barriers discussed here.” 

While the n-n four electron interactions increase both Tc and I, barriers, negative hyper- 
conjugation has opposite effects on the Tc and G_ barriers and this provides one means of 
distinguishing between them. This is illustrated in Section VI-D by the effect of trihalomethyl 
groups on I, barriers in sulfenylaziridines and T, barriers in acyclic sulfenamides. While the 
trihalomethanesulfenyl group is associated with high Jc barriers in one system, it is associated 
with low Ic barriers in the other, as compared with other sulfenyl groups for which negative 
hyperconjugation should be less important. 

B. Molecular orbital calcdarions 
’ Several MO calculations on hydroxylamine and related compounds have been published. From 

the earliest of these reports*.* it has become evident that hydroxylamine and its analogues (e.g. 
CH,-OH anion, which is isoelectronic with hydroxylamine) Q” have two torsional ground states, 

the so called “Y” and “W” shaped conformations (corresponding to 9 and 10 in Section iii, 
respectively, depicted here in Newman projection). Jhe conformations of these compounds are 
determined mainly by the tendency of the lone pair orbitals to avoid mutual overlap, resulting in 
the gauche effect.” Eclipsing the lone pairs with bond-pain is less destabilizing than is overlap of 
adjacent lone pairs,” in accord with the four electron hydrazyl anion model discussed above. 

t These qdiMvc PM0 conduiom M fully borne out in ohtnrrto XT-MO uku&~bns on the hydnzyl sydcm.‘k 
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The torsional process in hydroxylammc and its substituted derivatives has been analyzed by 
Radon u al. m terms of a Fourier component analyus of the torsional potcnttal functtons. and 
compated wrth numerous other “ethane hke” molecules.” While ethanc itself is characterized by 
a pure three-fold barrier. wrth zero contributions from one- and two-fold potenttal barriers, the 
torsion of hydroxylamine is best described by strong and essentially equal one-fold and two-fold 
potential functions, mth only a minor contribution of a three-fold component. The one-fold barrier 
is taken to represent a dipole moment effect whtch is minimtzed at the Y conformation and reaches 
a maximum at the W structure. The two-fold bamcr contnbution. whtch dominates the torstonal 
process in NHzOH. was interpreted as a two&ctron effect, n to u* (or n to pseudo-n*) 
hyperconjugative stabilization of both the Y and W conformations.” A stmilar approach focusing 
mainly on two-electron interactions was used by Brunk and Weinhold.” Within the PM0 
framework elaborated above, we can ascribe the twofold component to four&ctron as well as 
two-electron interactions. No attempt to resolve the rotation-Inversion ambigutty was made in 
these theoretrcal studies 

Such an attempt was undertaken in a semiempirical (CNDO/2 and INDO) study on 
N.N-dimethylhydroxylaminc (SO).“t Nitrogen inversion barriers were calculated for the relaxed 
acyclic !JOa. as well as for the eclipsed molecule, Ser. which represents a model for 4- or S-membered 
ring cyclic hydroxylamines. The Ic barrier for the cyclic compound was found to be 2.1 kcal/mol 
higher than that for the acyclic compound (14.8 and 12.7 kcal/mol, respectively), m excellent 

agreement with experiment. It was concluded that observed barrien in acyclic tri- 
alkylhydroxylarnmes represent Ic stereomutations. The tonional potential profiles for SO at the 
invenional ground state (pyramidal N) as well as at the corresponding transition state (planar N) 
were calculated (Fig. g).” 

It is evident from Fig g that the torsionab barrier is lower at the relaxed. pyramidal N structure 
than at planar N. indicattng, as discussal eartier. that stmultaneous rotation-inversion can be 
excluded. 

The importancc of negative hyperconjugation and its effect on aziridinc inversion barriers was 
demonstrated recently and analyzed in detail. using noncmptrical SCF-MO calculations.” 
Reduced barriers due to n-u* twoelectron interactions at the inversional transition states in 51r.b. 

tDwpu w doubts that ban bara USI on Ihe rkhty olCND0 and INDO to qmdua noabondul mmon%“- 
IJK study descllbsd bcre yK4lM UalkaI a#emmI nib cqmlmall d p?ovdaJ a Ulllrym# qUlltUJn pcturc or 
hydrorylrrmoc topommnt~~tu llu~ andd be l rault of atbcr nnpbat wluaoa d tbc dkt~ of ooabondod ~owruaoos 
In the rm~cmprual pammesa w could br due IO the ha hai most q~~_ncno baxd on mpulwc bfw pm mmctm 
an be nl~onahzd aho In terms of brr-gur ant~bond hypmon)uplmn 
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relative to SIC. were associated with substantial N-C bond shortening and C-X bond lengthening, 
as required by the hyperconjugative model. This model is further discussed in Section VIII. 
Compounds 51 serve as models for sulfenylatiridines 58, and the calculations agree well with 
experiments and provide additional evidence for the impo_rtance of negative hyperconjugation in 
the latter system. 

VIII. FOWR SUWlTIlJENT EFFEClS 

Polar substituents have a significant effect on Tc barriers in sulfenamides, as well as in 
hydroxylamines and hydrazines.” These substituent effects are particularly remarkable since only 
torsional barriers are involved and no formal charges are developed in the torsional transition state. 
This section will summarize the observed polar substituent effects, focusing mainly on sulfenamides, 
and we will discuss them in terms of steric factors and the electronic effects discussed in Section 
VII. We can distinguish two kinds of polar substituent effects. The ueffects, or inductive effects 
operate by electron withdrawal from a u-orbital at sulfenyl sulfur, while the ~-effects. or resonance 
effects, involve withdrawal from a nonbonding orbital at sulfur. 

The attachment of inductively withdrawing groups at sulfenyl sulfur is associated with increased 
torsional (T,) barriers. Partly for this reason, many studies of sulfenamide torsional barriers have 
involved trichloromethanesulfenamides and trifluoromethanesulfenamides which exhibit much 
higher barriers than their alkane sulfenyl analogs. ‘.” This effect can be clearly seen in comparisons 
of the barriers in the sulfenamides 52. 53 and S4 which have atoms of quite different electro- 
negativities attached to S (Table 4).* ” Clearly, the sulfenamides bearing the more electronegative 
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Table 4. Torsional (T,) barnen in sulfcnanudcs with hetcroatoms PI sulfuf 

flrctro- 
mgaivlty 

3.16 

3.16 

3.16 

3.44 

3.u 

3.01 

3.04 

3.w 

2.56 

2.9 

Corlbrca . 
1-v. I% 

I’ 

39 

5 

Lb 

15 

-51 

-55 

-55 

-61 

-46 

4 kcal/ml 

15.1 

15.5 

lb.5b 

16.0 

lb.3 

IO.9 

IO.? 

IO.7 

IO.1 

10.1 

Ml. 

b9 

w 
51 

c9 

5o 

b9 

49 

50 

L9 

54 

0 and Cl atoms attached to S feature much higher barriers than those with the less electronegative 
N and S atoms. The data for compounds 52 indicated a monotonic increase with the atomic 
(Pauling-Allred) electronegativity,‘* while for 53 the values for the Cl and 0 compounds arc 
reversed. It should be noted that the data for chlorosulfenyl compounds can be considered as less 
reliable than those for other compounds in Table 4 since they can undergo topomerization via 
mechanisms which involve chlorine exchange as well as by torsion.mO.J’ Such mechanisms which 
can involve bimolecular exchange as rvell as heterolysis of the S-Cl bond are thought to be less 
important in toluene as solvent but cannot be ruled out. Experimental evidence indicates that 
such mechanisms can effectively compete with torsion in chloroform.” 

Inductively withdrawing groups have a different effect on the inversion (I,-) barriers in 
sulfenylaziridines. Here, the presence of a trichloromethyl or a trifuoromethyl group at sulfenyl 
sulfur is associated with a lowered barrier. Based upon an analysis of the effect of steric factors 
upon the I, barriers in sulfenylaziridines. it was estimated that the electron withdrawing capability 
of the trihalomethyl groups lowered the inversion barrier by about 2-2.5 kcal/mol.” 

Both effects, the raised T(. barriers and the lowered Ic barrien are readily interpnted in terms 
of the two&&on interaction dkussed in Section VII. Overlap of the nitrogen lone pair with 
the so-orbital associated with the S-X u-bond leads to greater stabilization when the X group is 
electronegative. This stabilization raised the Tc barrier since overlap is possible in the torsional 
ground state but not in the torsional transition state. The two electron stabilization has an opposite 
(barrier-lowering) effect on the I, barrier since overlap and stabilization are increased in the 
inversion transition state as the p-character of the nitrogen lone pair is increased. The effects on 
both I, and Tc barriers can be expressed using canonical structures 55 and 56. The contribution 

. 
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of negative hyperconjugation expressed by structure 56 is associated with increased S-k double 
bond character which is reflected in increased torsion and decreased inversion barriers. 

B. Resonance (n) eflecfs 
The effects of para substituents in arenesulfenamides on fc and Tc barriers provided one of the 

criteria for resolving the rotation-inversion dichotomy discussed above in Section VI. The acyclic 
arenesulfenamides exhibit a substantial enhancement of the torsion (Tc) barrier when electron 
withdrawing groups are present,” while the inversional (I,) barriers in arenesulfenylaziridines are 
essentially insensitive to electron withdrawing groups as illustrated in Figs. 5 and 6. While this 
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comparison is sufficient to characterize the two systems as exhibiting different barrier types, it does 
not provide an explanation for the remarkable dependence qf the Tc barrier on the electron 
withdrawing ability of the sulfenyl phenyl ring. 

The effect of electron withdrawing groups in para-substituted benzcnesulfenamides does not 
derive from an interaction with u or U* orbit& at the sulfenyl sulfur as do the effects discussed 
in Section VIIIA at>ove. Rather it has been shown that r-overlap between the aromatic ring and 
an orbital S is involved. This is evident in the Exner plot (Fig. 9).” This is a plot of free energies 
of activation of paru-substituted compounds as a function of those of compounds with the same 
substituents in the met&position. Exner has shown that such plots feature slopes near unity 
(< 1.2) when inductive effects only are involved.” A muchpter slope as in the present case is 
an indication that a “thorough resonance” interaction is involved. 

While the initial explanation of the x-effect involved d-orbital conjugation, a nuri+r of 
subsequent experimental studies ruled out this explanation. For exampk, an explanation based 
upon d-orbital conjugation is not consistent with the trends in amide and sulfenamide barriers in 
the N-benzyl-N-arenesulfenylurethanes, 5 discussed above in Section 111. In that system it was 
found that electron withdrawing substituents did not affect the amide (T,) barrier although they 
led to significant enhancements of the sulfenamide (Tc) barrien.” This indicates that the electron 
withdrawing substituents do not interact with the nitrogen lone-pair orbital as required by the 
explanation based upon d-orbital conjugation. Subsequent experiments have suggested two possible 
explanations for the resonance effect, one based upon changes in 4clectron interactions” and a 
second which has been termed the “electrosteric effect”.~ 

The “four-electron interaction’* model is a discussion of lone pair repulsion in terms of simple 
PM0 concepts. It provided an explanation for the intuitively disturbing observation that 
sulfenamide rotational barriers increase when electron withdrawing substituents are attached to the 
sulfenyl phenyl ring in 44, 5 and similar compounds. This observation meant that the lone pair 
repulsive interaction, which is responsible for the T, barriers (as discussed above using the hydrazyl , 
model) increases when electron density is withdrawn away from the S-N bond. The model focuses 
on the n interaction between the sulfur p-lone pair and the N lone pair (Fig. IO). Interactions 
involving the in-plane lone pair on sulfur are less important due to lack of suitable symmetry, and 
can be ignored. The interaction shown in Fig. IO involves four electrons, and is, therefore, 
repulsive and responsible for the high energy of the torsional transition state. The effect of an 
electron withdrawing substituent is to lower the energy of the sulfur p-lone pair orbital by way of 
conjugation across the phenyl ring (Fig. lob). As a result, the two interacting orbitals are closer 
in energy, and the I interaction is more intense. This is a repulsive r-interaction, and this means 
that in the substituted case the destabilizing interaction at the T,- transition state is greater and, 
hence, the barrier measured is higher.t 

t The four-ekctron repulsion is nol directly rclatcd to Ox energy AE but (0 the mean cncqy. E”. of Ihe interacting 
orbiti. tiowevtr. chanacs in AE bnnf rboul indirect changes in over&p and matrix ciemtn~ whKh may opemtc (0 
incwau overall fcpukion.‘O 
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Various experimental observations are accounted for by this model, including the Hammett 
relationships discussed above,‘“-‘i as well as the insensitivity of amide rotational barriers in 5’O and 
nitrogen inversion barriers in aziridines 37 to changes in substitution.n The model suggests that 
in cases where the interacting lone pair orbitals are degenerate, any substitution that removes the 
orbital degeneracy will result in weaker repulsion and a lower barrier. However, this expectation 
was not borne out experimentally: the Tc barriers measured for a series of para-substituted 
dibenzylhydrazobenzenes 57.“ increased linearly with increasing substituent constants Q -(57, 

P - - 1.09). rather than displaying a “broken” Hammett plot with its maximum point at o = 0 
foyx = H (Table 6). 

The major evidence supporting the alternate explanation, the ekctrosteric effect, derived from 
studies on the Tc barriers in trinitrobenzenesulfenamides.~ While the increase in the number of 
nitro groups in sulfenamides 58 from zero to two increases the Tc barrier, incorporation of a third 
nitro group (to form a 2,4,6trinitrobenznesulfenamide) is accompanied by a barrier decrease 
(Table 5). 

b0 
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The interruption of the trend to higher barriers with increasing number of electron withdrawing 
substituents was ascribed to steric inhibition of resonance, which led to a change in the ground state 
conformation of the sulfenamide from one in which the arene ring is’coplanar with the CSN plane 
59 to one in which the two planes have a considerabk dihedral angle 60. The geometry which is 
necessary for observation of the ekctrosteric effect, i.e. 59, is one in which the aromatic n-system 
can conjugate with the p-lone pair on S. This conjugation which stabilizes the sulfenamide ground 
state geometry is lessened or removed in the transition state, since steric interactions with the 
eclipsing substituent on nitrogen become much more severe. The conjugation can be viewed as 
adding to the stiffness of the arencsulfur bond and consequently changing the effective steric bulk 
of the phenyl ring. The more electron withdrawing the aryl ring, the more difficult it is to 
accomodate the close approach of eclipsing groups at nitrogen by twisting about the aryl-sulfur 
bond. 

In support of this interpretation, it was noted that the magnitude of the decrease in the torsional 
barrier upon introduction of the third nitro group was not a constant but was related to the steric 
bulk of the substituents at nitrogen. The barrier decrease was smallest when one of the substituents 
at nitrogen was a small (primary) substituent. A second argument was based upon the thermodynamic 
asymmetric induction” which is observed for sulfenamides 58 and is represented by the diastereomer 
equilibrium constants in Table 5. The induction is due to differences in the steric interactions in 
the two diastereomers between the substituents at the asymmetric C atom and the substituent at 
the sulfenyl sulfur. As the data in Table 5 indicate, the effects of nitro substitution on the barrier 
and equilibrium constant are similar suggesting a similar (steric) explanation for both. The interruption 
of the electrosteric effect is noted in both the barrier and equilibrium constants when two onho 
nitro groups are present. 

Resonance effects of the type discussed in this section have also been observed in substituted 
hydroxylamines and hydrazines. Hydroxylamines 17 belong to the Tc category, since N inversion 

must be rapid in this system due to conjugation with both CO groups. The 1~ mechanism may 
also be excluded for the NJ’dibenzylhydrazobenzenes (57). since the N atoms are conjugated with 
the aromatic ring systems. The Tc barriers for both series are given in Table 6. 

Despite the greater scatter in the results for 17, both series of compounds exhibit polar 
substituent effects which are similar in trend to those measured for sulfenamides. This suggests that 
a common mechanism operates in all three analogous compound types centered around single 
bonds between heteroatoms (N-S, N-O and N-N). However, the results for hydrazines do not fully 
support the mechanisms based on observations in sulfenamides. On the one hand, no “broken” 
Hammett plot was found for 57, as could have been predicted by the four-electron repulsion model, 
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as discussed earlier in this section. On the other hand, the observation that led to the formulation 
of the ekctrosteric effect in sulfenamides is kss dramatic in hydrazines. While the introduction of 
a third nitro group into a sulfenyl phenyl ring resulted in a large decrease in the Tc barrier in some 
sulfenamides, Dewar repotted similar barriers for N,Ndibtruyl-N’-2&chnitrophenyl- and N,N- 
dibentyl-N’-2.4,~trinitrophenyl-hydrazines, 16.6 and 16.4 kcal/mol. respectively.% 

IX. DlAST?XEQMERIC SUIJWUMIDES 

The use of prochiral probe groups provides one way of demonstrating the chirality of labile 
chiral units and measuring barriers to stereomutation using NMR spectroscopy. Chiral probe 
groups can be used for the same purposes and, in addition, make possible a number of other 
experiments. In this section we shall compare the use of prochiral and chiral probe groups and 
illustrate some of these additional experiments using the sulfenamides as examples. 

A. Inrernal and external topomerism 

The incorporation of a chiral probe group, e.g. Ph(CH,)CH-, into a mokcuk can tx used to 
test for the chirality of the remaining portion of a molecule just as a prochiral probe group can. 
We use the two sulfenamides 61 and 62 as examples to illustrate the differences between these two 
kinds of probe groups. 

,R 

61 H - CH(CH,)2 

62 K - CnKn3)C6n) 
_. 

When the prochiral isopropyl group is usad. sulfenamide chirahty is manifest in the chemical 
shift nonequivalence of the diastereotopic methyl groups. Since the two Me groups reside in the 
same molecule, we may describe them as being diastereotopic by internal comparison. The situation 
in 62 is somewhat different. Here, because of the chirality of the sulfenamide moiety, structure 62 
will exist as an equilibrium mixture of two diastereomers. The two Me groups in the. two 
diastereomers will bc diastereotopic by external comparison and will exhibit chemical shift 
nonequivalence. 

While the two Me doubkts observed for 61 must be equal in intensity, the two Me doublets 
in the spectrum of 62 will have a ratio of intensities equal to the equilibrium constant relating to 
the two diastereomers. Thus, the use of chit-al probe groups to test for chirality involves an 
ambiguity. If the equilibrium constant relating the two diastereomers is greater than CQ 20: I, it 
is possible that the signal of the minor diastereomer will be too weak to be observed. On the other 
hand, there is an advantage to the use of chiral probe groups. Since the diastereotopic groups reside 
in different molecuks the magnitude of the nonequivaknce can be increased by differences in 
intermolecular interactions (e.g. solvation) which involve different degrees of compkxation by the 
two diastereomers. This is not possible for groups which are diastereotopic by internal comparison 
although here, too, solvation can affect the magnitude of the nonequivaknce. 

Topomerization is observed for both 61 and 62 when torsion about the N-S bond becomes 
rapid on the NMR time scak. Internal topomerization occurs in 61, while we will observe external 
topomerization for 62 since the coakscetKx is between corresponding groups in different molecules. 
The internal topomerization in 61 is a D+E topomerization while the external topomerization in 
62 is a DdH topomerization (if we consider the interconversion of two diasteromeric mokcuks 
which have the same configuration at the asymmetric carbon atom and differ in configuration at 
the N S chiral axis). 

B. Axial pseudtmsymmary in sulfenamides 
In sulfenamide 62, which possesses a chiral ligand (the I-phenethyl group) at N, torsion abut 

the N-S bond interconverts two diastereomers and the sulfenamide moiety is axially chiral. When 
two constitutionally equal chiral groups are present as ligands at nitrogen, the situation is quite 
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different: the possibility of diastcreomerism depends upon the relative configuration of the two 
chiral ligands. In this latter case, depending on the relative configurations of the ligands. the sul- 
fenamide moiety may or may not generate a configurational unit, viz. a pseudoasymmetric (or 
pseudochiral) axis. This situation is best understood by considering an example.“.‘” 

BLr-phenethyl amine can exist as two diastereomers, the meso diastereomer, 63a, in which the 
two phencthyl groups have opposite configurations, and 63b, the dldiastereomer in which the two 
groups have the same configurations. When these two diastereomers are treated with 
2,4dinitrobenzenesulfenyl chloride, they are converted into the corresponding sulfenamides, 64. 
The product obtained by reaction of 63b is a single diastereomer. the dl-sulfenamide 64c. In this 
compound the sulfenamide moiety does not contain a contigurational unit. Since torsion about 
the S-N bond does not generate a new stereoisomer. On the other hand, reaction of the meso 
amine affords an equilibrium mixture of two diastereomeric sulfenamides, 648 and 64b. which can 
be interconverted by torsion about the S-N bond. clearly. the sulfenamide moiety in 64a and 
64b is a configurational unit, although it is not a chiral axis. Rather it is a unit of axial pseudo- 
asymmetry (or axial pseudochirahty). Applicatjon of the Cahn-Ingold-Prolog rules requires the 
subrule: R precedes S. in order to differentiate between the two enantiomeric ligands at nitrogen, 
and the two diastereomers are assigned configurational designations r and s. The lower case symbols 
signify that the configurational unit is not a chiral unit.? 

The NMR spectra of the meso and dl-sulfenamides (Fig. I 1) reflect the difference in stereo 
chemistry discussed above. The signals corresponding to the methyl groups in the phenethyl ligands 
appear as two unequal doublets for the mixture of 64a and 64b. and as two equal doublets for the 
single dl-diastereomer 64c. The two Me groups in each of the mew isomers are enantiotopic since 
they are interchanged by reflection in the C-S-N mirror plane, and each isomer gives rise to one 
doublet. Thus, the two unequally intense doublets arise from corresponding Me groups in dia- 
stereomeric molecules, i.e. Me groups which are diastereotopic by external comparison. By contrast, 
the dl-sulfenamide is asymmetric (point group C,) and the two Me groups cannot be interchanged 
by any symmetry operation. As a consequence, they are diastereotopic (by internal comparison) 
and give rise to separate, equally intense doublets. 

When either sample is heated, torsion about the N-S bond becomes rapid on the NMR time 
scak and coalescence to one Me doublet is observed. Whik the measured free energies of activation 
for torsion are comparable in the two systems, and the NMR behavior is similar (i.e. coalescence 
to a single doublet). the stereochemical descriptions of the events giving rise to coakscence are 
quite different. The coakscence of the doublets of unequal intensity, observed in the spectrum of 
meso-64, is associated with rapid reversible epimerization at the pseudoasymmetric axis, and the 
peaks which coalesce derive from methyl groups in two different diastereomers. By contrast, the 
process which results in the coakscence of the pair of doublets in the spectrum of 64c is not a 
stereomutation but a topomerization, and the coalescing peaks are associated with two diastereotopic 
Me groups in the same molecule, which become homotopic on time average as torsion becomes 
rapid on the NMR time scale (D - H topomerization). 

C. Diastereomeric transformation 
The classical phenomena of asymmetric transformation and mutarotationsg have their counter- 

parts in the stereochemistry of stereolabik configurational units in what we term diastereomeric 
transfomration.60 However, rather than representing exceptional situations, diastereomeric trans- 
formation represents the usual situation when solid-liquid phase transition (i.e. crystallization and 
dissolution) occur in diastereomeric compounds which differ in configuration at stereolabik 
configurational unitsti*“’ 

Normally, the crystallization of a mixture of diastereomers from solution (or from the melt) 
results in the segregation of the diastereomers into different phases.$ Typically, for staMe chiral 
units, the solid is enriched in one diastereomer and the solution (or residual melt) is enriched in 

Kahn. lngold and R&g point OUI an important dilTercna bet- tbc upper caw rymbols, R and S for true choral 
units (axes and antm) and tbc lower ax symbols r and q for pscudoaxymue.Uic units. The upper cut con5guratioctal 
designscions are inwrccd upon mirror rektion of the mokcular modd, whik tbc kwer cue dcxipationr for 
pscudoiuymrnetrk unitx arc invariant with nqxct lo mirror Mkction. 

$ We ignore the unusual situations where diastemomcrs form isomorphocu cqtab and ceqstU& in solid solutiom. 
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the other. The composition of the solution begins to approach that of the eutectic mixture of 
diastereomers. When this composition is reached, the diastereomers both begin to crystake, and 
the newly formed solid has the eutectic composition. 

However, when the two diastereomers are in equilibrium and interconvert rapidly with respect 
to the time scale for crystallization, the enrichment of the solid phase in one diasteromer will not 
be accompanied by the enrichment of the solution phase in the other diastereomer. The 
composition of the liquid phase will be maintained at the equilibrium diastereomeric ratio. When 
crystallization of such a system has been allowed to proceed to completion, we may expect that 
the entire sample has been converted from a mixture of diastereomers into a single diastereomer. 
The identity of the diastereomer in the crystal phase is not directly predictable from the position 
of equilibrium, since it is not determined by the stability in solution but rather by the relative facility 
of crystallization. 

This phenonemon occurs in the crystallization of glucose. In solution, the two anomers of 
glucose (the epimers which differ in configuration at C-l) are in mobile equilibrium. The 
crystallir.ation of this mixture of a and /I diastereomers leads to a solid composed only of a single 
diastereomer. The identity of the isomer obtained in the solid depends on the conditions of 
crystallization. This phenomenon has been termed asymmetric transformation. We prefer the term 
diastereomeric transformation since the phenomenon is not restricted to diastereomers which differ 
in configuration at a labile chiral unit, but is also observed for diastereomers which differ in 
configuration at a stereolabile achiral configurational unit, such as the C-N double bond in iminesa 

The phenomena associated with diastereomeric transformation in sulfenamides can be 
exemplified using the diastereomeric sulfenamides corresponding to formula 6Sti Because of the 

m*R)- 65 (R.S)- 65 

sol IJ (R.R) - 65 

presence of an asymmetric carbon atom (which has the absolute R-configuration) 65 exists in 
solution as a mixture of diastereomers (R.Rj-65 and (R.Sj-65, which differ in configuration at the 
sullfenamide chiral axis. This is reflected in the NMR spectrum which features two unequally 
intense doublets corresponding to the two C-Me groups in the I-naphthylethyl moieties of the two 
diastereomers (Fig. 12, lower curve). Upon crystallization, a sharp melting solid is obtained which 
has been shown by X-ray crystallography to have the (R,R)-conhguration.6’ 

When crystallization of the mixture begins, the formation of the (R,R) crystal is more favorable 
and remains so since torsion about the N-S bond is rapid on the crystallization time scale (isolation 
time scale) and the equilibrium composition of the mother liquors is continually being reest- 
ablished. If the solid is redissolved at a temperature at which torsion is rapid (i.e. room temperature 
for 65) the equilibrium is reestablished and the spectrum of the equilibrium mixture is observed. 
However, if the crystalline 65 is placed into solution at a temperature low enough that torsion 
about the N-S bond is slow on the isolation time s&e, and the spectrum is measured without 
warming of the sample, the spectrum of the single isomer in the solid is observed (Fig. 12, upper 
curve). In the present case it is the more abundant diastereomer which is obtained upon crystallization. 
However, this need not bt so. When the equilibrium mixture of the E/Z isomers of imine 66 is 
crystallized, it is the less abundant isomer which is obtained in the crystal.60 

After dissolving the crystals at low temperature, the sample can now be warmed up to some 
convenient temperature and the growth of the second isomer monitored using NMR spectroscopy 
as the system approaches equilibrium. This latter experiment is quite analogous to the mutarotation 
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of glucose in which the approach of the epimer ratio to equilibrium, after dissolution of a pure 
diastereomer, is monitored using optical rotation. 

Consideration of the difference between NMR and isolation time scales indicates that 
convenient temperatures for measuring the approach to equilibrium should be about 100” below 
the coalncence temperature (the temperature at which stereomutation becomes rapid on the NMR 
time scale). The use of diastereomeric transformation is a useful adjunct to coalescence measurements 
of rate constants, since it allows measurements over a temperature range greater than 100”. This 
can result in activation enthalpies and entropies which are more reliable than those obtained using 
either method alone. In conjunction with X-ray crystallography, diastereomeric transformation can 
afford unambiguous assignment of the configurations of the major and minor isomers in solution. 
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Thus, assignment of the (R,R)-cotiguration to the diastcreomer in solid 65 and the comparison 
between the two NMR spectra in Fig 12 allow the unambiguous assignment of the (R,R)-configuration 
to the isomer which is most abundant in solution. The relation between isolation and NMR time 
scales can also serve as a rough guide to the minimum temperature at which diastereomeric trans- 
formation will take place upon crystallization. If one can induce rapid crystallization at temperatures 
much more than 100” below the coakscence temperature, the continual establishment of the 
diastereomeric equilibrium will not occur and the composition of the solution will approach that 
of the eutectic composition. This occurs during the crystallization of the equilibrium mixture of 
axial and equatorial forms of chloro-cyclohexane at low temperature and permitted the partial 
segregation of the two ~pecies.~ 

D. Thermodynamic arymmerric induction 
Asymmetric synthesis and kinetic resolution which play very important roles in the stereo- 

chemistry of stemosmbk chiral units, obviously have little importance in stereochemical investigations 
of stereolabile configurational units. We shall, in this section, compare thermodynamic asymmetric 
induction”.6’ which can be easily observed for stereolabile chiral units, with kinetic asymmetric 
induction, which results in asymmetric synthesis and kinetic resolution. Here, too, we shall use 
sulfenamides as examples, although our conclusions are equally applicable to other stereolabile 
configurational units. 

Thermodynamic asymmetric induction occurs when a stereolabile chiral unit is present in a 
molecule along with a stereostabk chiral unit. The sulfenamide chiral axis represents a useful 
stereolabile chiral unit for studies of thermodynamic asymmetric induction since many sul- 
fenamides exhibit torsional barriers in the range of about 15-20 kcal/mol. Barriers within this range 
correspond to stereomutation which is rapid on the isolation time scale, at or near room 
temperature, but slow on the NMR time scale. Thus, it is easy to set up and maintain an 
equilibrium, whik, at the same time, it is possible to measure the relative amounts of the two 
stereoisomers using NMR spectroscopy. 

In the absence of a stable chiral unit, compounds containing labile chiral units (e.g. 
sulfenamides R’SNR’R’ such as 61, which do not possess additional chiral units) exist as mixtures 
of rapidly interconverting enantiomers. Because of the symmetry present, the two stereoisomers 
must have the same free energies of formation and the equilibrium constant must be unity (Fig. 
13). When a stable chiral unit (CHML) is introduced as a substituent at N, as in 62, this symmetry 
is destroyed and the stereoisomers which inter-convert by torsion about the S-N bond are 
diastereomers and must, in principle, have different free energies of formation (Fig. 13). Thus, the 
equilibrium constant must differ from unity and this difference (or the associated difference in free 
energies of formation of the stereoisomers) is a quantitative measure of the thermodynamic 
asymmetric induction. In effect, tbe presence of the stable chiral unit is responsible for a preference 
for one or the other configuration at the labik chiral unit. The stereostable chiral unit represents 
the inducing configurational unit, and the labile chiral unit is analogous to the newly formed chiral 
unit in asymmetric synthesis. 

R” 
S-,+.R’ 

‘R’ 

R’ + R’ 
RE1 

AAC-O 

b) R’ 

L 
AAC-RflnK 

Fig. 13. ~piWiS0n Of StCI-COmUt&XU in SdfCMmkks (a) Leaking and (b) oXIt&hg a ~Ubk Ehid unit. 
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(a) (b) 

Fig. 14. Ewrgy diagrams for asymmetric induction: (a) Kinetic asymmetric inductioo (Asymmetric 
synthesis). (b) Thermodynamic asymmetric indudoo. 

This situation can be compared with the asymmetric induction which takes plaa in asymmetric 
synthesis (Fig. 14). Asymmetric synthesis, or kinetic resolution, can be represented by a schematic 
energy diagram of the type used by MisloW66 in which a single ground state is involved (or two 
enantiomeric and &energetic ground states, in the case of kinetic resolution). The stereoisomeric 
products of reaction are produced via diastereomeric transition states and the ratio of stereo- 
isomeric products, which is a measure of kinetic asymmetric induction, is related to the difference 
in free energy of these two diastereomeric transition states. In thermodynamic asymmetric 
induction, this energy diagram is reversed: A single transition state connects two diastereomeric 
ground states. The ratio of diastereomers is now an equilibrium constant and is related to a 
difference in free energies of formation. 

In both cases, diastereomeric interactions are responsible for an energy difference which is 
expressed in a ratio of stereoisomers, and the stereochemical treatments are analogous. However, 
the difference between the two situations is an important one. Much more information can be 
obtained about thermodynamic asymmetric induction since direct spectroscopic and structural 
measurements can bc made upon ground state diastereomers. By contrast, the only direct 
information which can be obtained about diastereomeric transition states is the dilference in free 
energies of activation. Other structural parameters must be inferred from energy differences or 
obtained from theoretical calculations. 

Thermodynamic asymmetric induction in diastereomeric sulfenamides can be quantitatively 
studied by integration of corresponding signals in the NMR spectra of the equilibrium mixture of 
the two diastereomers6 The results obtained show similarities to comparable experiments 
employing kinetic asymmetric induction. The magnitude of the asymmetric induction depends 
upon the relative sire of the three ligands at the inducing chiral unit. Table 7 illustrates the increase 
in the equilibrium constant K which follows increasing size of largest ligand (L) at the asymmetric 
center in a series of trichloromcthanesulfenamides 67. This trend corresponds to improved kinetic 
asymmetric induction which is obtained when a better inducing chiral unit is used. The magnitude 

Table 7. Relation bcwun tnducing chid unit and equilibrium constants in sulfcnamides 67” 
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of the asymmetric induction is also affected by the ligand at sulfur. This dependence corresponds 
to the susceptibility of a system to asymmetric induction expressed by p in the Ruth-Ugia 
approach to asymmetric synthesis. Table 5 illustrates such a dependence. The magnitude of the 
induction in substituted benznesulfenamides changes as increasing numbers of nitro groups are 
placed on the sulfenyl phenyl ring. This dependence has been ascribed to changes in the energy 
required for deformation at the C-S and S-N bonds. In effect, the pence of electron withdrawing 
groups in the para position changes the effective steric bulk of the phenyl ring. This is one expression 
of the “electrosteric effect” which is discussed in Section VIII. 

Acknowledgment-Morton Raban thanks the NSF and NIH research support and the Ben Gurion Univenity for a Visitin 
Prof~rsblp during which the major pars of this manuscnpt was written. Daniel Kcat thanks IM Fund for BUX Rwcarch 
adminlstcrcd by the Israel Academy of Sciences and Humamha for support. We also thank Profenors C. H. Bushwclkr. 
J. Sandstrom. E. Not and H. Kc&r for reading this manuscript and offering their comments. 

REFERENCES 
“M. Raban and J. Grunblatt, Thr Chemisrry o/Amino. Nrrroso and N~sro Ce amd 7lwir Lscrtir&s (Edited by 
S. Palai). Chap. 2. p. 53. Wiley. London (1979); “G. G. McCarly. Tlu Chrmisrry o/ rhc Carbon-Nitrogen Double Bond 
(Edited by S. Patai). Chap. 9. Wiky, London; 1. 0. Suthcriand. Ann& f&porrs m NMR Spectroscopy (Edited by E. 

F. Mooney). Vol. 4. pp. 71-235. Academic Ras. New York (1971); ‘H. Kessler. Anger Chem (In1 Ed.). 9. 219 (1970): 
‘A. Rauk. L. C. Alkn and K. Midow. Angm Chem (Inf Ed./. 9, so0 ( 1970): ‘J. M. Lehn. Toptrs m Currcnr Chewwry. 
Vol. 15. p. 31 I. Springer-Vcrla& Berlin (1970); ‘S. J. Brois Tronr IV. Y. Acad. St-1 31. 93 I (IW9): *G. Binrh, Top. 
Stereochem. 3. 97 (IWS): ‘Y. Shvo. The Chemistry qfrhe H}dra:o. Ato and A:axy Groups (Edited by S. Pami). Chap. 
21. Wiley. London (1975); ‘J. B. Lambert, 7’ap Sureochem 6. I9 (1971); ‘I. D. Blackbume. A. R. Katdzky and Y. 

Takeguchl. Act Chem Res. 8,300 (1975): ‘J. B. Lam& and S. 1. Featberman, Chem. Rev. 75.61 I (1975): “S. F. Nelsen. 
Act Chem Res Il. I4 (1978); ‘W. L. F. Armarc8o. Stereochemcslry u/Iieterac~l~c Compounds. tieneral tlewrac~hc 
C’hemrsfry Serves. Pars 1. E. C. Taylor and A. Wcis&ct~cr. Wiky. New York (1977); W. 0. Kalinounk, and H. Kc&r. 
Top. .%&chem 7. 295 (1973); %. Binsch and H. Kc&r. Angew Chem llnr Ed Engl) 19.41 I (1980) 

‘R. S. Cohn. C. K. In&d and V. Pmlou. Anaew-. Chem llnr Ed/. 5. 385 (1966). 
‘I E. Blackwood. C.-L. Gladys. K. L.-Lo&&. A. E. Petraru and J. G. Rush, 1. Am. Chm. Sot. 90. 509 (1968). 
“P. Finoc-chiaro. D. Gurl and K. Mislow. 1. Am. Chem. Sot. 95. 8172 (1973); %, 3198 (1974); ‘K. Mislow. Arc. Chem. 
Res. 9. 26 (I 976). 

‘x. Midow and M. Raban. Top, SterRxhem I, I (I%7); *E. L. Ehcl. J Chem Ed 48, I63 (1971). 
-K. R. Hanson, J. Am. Chem. Sac. gll. 2731 (I%6): ‘H. Hirschman and K. R. Hanson. 1. Org. Ckm. 36, 3293 (1971); 
‘H. Hinchman and K. R. Han.xon. Tefrahedran 30. 3649 (1974). 

“M Raban, F. B. Jon-. Jr. and G. W. J. Kcnncy, Jr.. Terruhedruo ,Qners 5055 (1968); ‘M. Raban. G. W. J. Kcnmy, 
Jr. ‘and F. B. Jones. Jr.. J. Am. Chem. Sac. 91. 6677 (1969). 

7. C. Woodbrcy and M. T. Ro8crs. J Am Chem Sx 84, I3 (IWZ): 7or other examples of amide T, barrierr see 
W. G. Stewart and T. H. Spiddall Ill. Chem Rev. 70. 517 (1970). 

*G. Binxh. E. L. Ehcl and H. Keulcr. Anger. Chum. (Im. Ed.) 10. 570 (1971). 
9 Kost and A. Zcishncr. Tcsrahcdron tirrers 3239 (1975); bD. Kost. A. Zcichncr and M. S. Sprcdur, 1. Ckm. Sot. 

Perkin 2, 317 (1980). 
“J. R. Fktcher and I. 0. Sutherland. J Chem Six. Chem Cammun 7% (1969). 
“F. Bcmardi. 1. G. Cwrrnadiz A. Mangni. H. B. Schkgcl. M.-H. Whangbo and S. Wolfe. J. Am (‘hem Sar 97. 2209 

(1975). 
“F. G. Ridddl. Terrhdron 37. 849 (1981). 
“D. Kosl and E. Berman, Terrahedran Lnrers 21. 1065 (1980). 
“M. Raban and D. Kost. 1. Org. Chem. 31. 499 (1972). 
“F. G. Ruidell and E. S. Turner. J Chem Sac -Perktn L 707 ( 1978). 
“‘I-’ Montanan, I. Morctt~ and G. Tom. Chem. Comma. 

Atrn 727. 224 (IWY). 
IO86 (IW9); ‘A. Mannrhrck. J. Lmss and W. S&z. Lic&gs 

“J. Lee and K. G. Grrell. Tranr. Faraday Sac. 61. 2342 (IWS). 
‘7. G. Rid&l. J. M. Lchn and J. Wagner. c’hem Commw 1403 (IW8); *D. L. B. Griffith and I.. Olson, lhtd. 1682 

(IW8): c K. Mulkr and A. Eschcnmoscr. Helv Chrm Acfa 52, 1823 (1%9). 
“M. Raban. F. B. Jones. Jr.. E. H. Carbon. E. Banucci and N. A. LcBcl. J Om (‘hem 35. 14% (1970) 
“M. Raban and G. W. J. Kcnncy. JR.. Tetrahedron Uurs I295 (IW9). -- 
‘>‘I) L. GrilBth. B. L. Olson and J. D. Roberts, 1. Am. Chem. Ser. 93. 1648 (1971); 9. L. Griffith and J. D. Robens, 

Ibid. 87. 4089 (1965). 
“T. B. Posncr. D. A. Crouch and C. D. Hall, J. Chem. Sac.-Prrkin 2. 450 (1978). 
NJ. R Fletcher and I. 0. Sutbcrland. Chrm. Commm. 687 (1970). 
“W. Walter and E. Schaumann. Luhigs AM. 747. I91 (1971). 
&l;. A. L. Anct. R. D. Trcpka and D. J. Cram, 1. Am. Chem. Sac. 69. 357 (IW7). 
“‘D. Kos~. W. Sraar and M. Raban. 1. Am. Ckm. SC. 94. 3233 (1972); ‘M. Raban and D. Kost. J. Am. Chem. Sac. 

94. 3234 (1972); ‘0. Kosl and M. Raban. 1. Am. Chem. Sac. s. 8333 (1976). 
“J. M. Lchn and J. Wa8ncr. Chem Commun 1298 ( 1968). 
-I. Kay, M. D. Glick and M. Raban. 1. Am. Chum. Sac. 93. 5224 (1971). 
‘@M Raban and G. Yamamoto. 1. Am. Chem. Sx. 101. 5890 (1979). 
“M. Raban and F. B. Jones. Jr.. J. Am. Chem. Sac. 93, 2692 (1971). 
“For general reviews on PMO. sa: ‘M. J. S. Dcwar and R. C. Dough&y. 7xe PM0 Theory o/ORanlc Chemrsrry Plenum 

Preu New York (1975); ‘N. D. Eoiohr W. R. churn. S. Shalk. R. L. Yata and F. Bcmardi. Tontcs tn Currem Chemwrv 
to. I (1977); ‘I. Fleming. Fran& Orbirals and O&ntc Chemtcal Reacttons Wiley. New York (1976). 

‘?I. Kos~ and M. Raban, J Org (‘hem 41. 1748 (1976); “D. KOSI and M. Rabin. Prog Theor Org Chem 2. 20 (1977): 
‘D. Kos!. K. Aviram and M. Rabin. Isr J Chem 23. 124 (1983). 



Stereohbik configurational unib 3381 

“For reviews on anionic hypuconjugatin. sa: Cw. A. Sbqpard and C. M. Sharts, Organic Fhrormr Ctirry. Benjamin, 
NCw York (1969); Q. HOk &I#. PhyJ. og. ckm. b 1 (1971). 

“R. C. Bin&am. 1. Am. C/em. &x. 97. 6743 (1975). 
“‘D. Kost and N. Kornbcrg Te~rahr&~ L.errcrs 3275 (1978); ‘N. Kornberg and D. Kost, /. Chrm. Sot.-Perkin 2, 1661 

(1979). 
“J. Sandstrom. Temhmtrcm faren 639 (1979). 
%. Wolfe, M.-H. Whaogbo and D. Mitch& Corbdy&. RCJ. 69. I (1979). 
‘2. Paicrsen and K. Morokuma, 1. Chm. Phys. 46, 3941 (1967). 
“W. H. Fink, D. C. Pan amI L. C. Ah. /. Chmt. Phys. 47. 895 (IW7). 
“S. Wolfe, L. M. Tel and I. G. Csizmadia Cm I Chem 51, 2423 (1973). 
uS. Wolfe, Arc. Chrm. Rcs. 5. 102 (1972). 
“L. Radom, W. J. Hchre and J. A. Popk. 1. Am. Chm. SLX. 94. 2371 (1972) 
7. K. Brunck and F. Wcinbld. 1. Am. Chem Ser. 101. 1700 (1979). 
“A R. Gqory and M. N. Paddon-Row. 1. Am. Ckm. Sot. W, 7521 (1976). 
YA: Vnllard. Clwm. Phys. Lat. 33. I5 (1975). 
“D. Kost and M. Raban, J. Am. Chrm. Sot. 104, 2960 (1982). 
“M. Ratmn. E. H. Carison. S. K. hulerbck. J. M. Moldowan and F. B. Jona Jr.. / .4m <‘hem. Sot. 94. 2738 (1972). 
w. Raban and T.-M. CIIO, fnl. 1. Sul’ur Chrm., Pm A 1. 269 (1971). 
w. R&an, D. A. Noyd and L. Bermann. 1. 0~. Chetn. 4. 752 (1975). 
“W. R. Jackson, T. G. Kcx and R. Spratt. Terrahetfron Lertcrs 3581 (1973). 
OA. L. Allred. /. hog. Nucl. Chrm. 17. 215 (l%I). 
?‘O. Exncr. Cd/m. Czech. Chem. Cutnmun. 31.65 (1966). 
-D. Ken and Z. Rol, Temhr&m Lafcrs 23, 4619 (1982). 
?‘M. R&an and E. H. Carlson. Isr. /. Chem. IS. I06 (1977). 
“M. J. S. &war and W. B. Jamin& 1. Am. Chrm. Sot. 95. I562 (1973). 
“D. Kos~ and M. Rabin. J. Am. Cktn. Sk 94, 2533 (1972). 
?‘M. Ratmn. S. K. Laudettmck and D. Kcst, J. Am Chm. Sot 97. 5178 (1975). 
‘PE. L. Elicl. Stcrcochirtry o/ C&XXI Compaucdr. pp. 3-2. McGraw-Hill, New York (1962). 
@E. H. Carlson. F. B. Jon= Jr. and M. Raban. Chem Cbmmun 1235 ( lW9). 
*‘I. Agranat, B. P&mutter Hayman and Y. Tapuhi. NO(IF. 1. Chim. 2, I83 (1978). 
tiM. Rabin and S. K. Lsudcrbssk. 1. Am. Chrm. Sot. 93, 2781 (1971). 
“J. Kay. M. D. Ghck and M. Rattan. 1. Am Chem. Sot 93, 5224 (I971 ). 
*R. Jcnscn and C. H. Bushweller. 1. Am. Chew. Sot. &I, 4279 (1966); ‘RR. Jcnxn and C. H. Bush&. 1. Am. Chm. 

sbr. 91, 3223 (1969). 
“M R&an, &RMIC Sulfur Chmtsrry (Edited by R. Kh. Frndlina and A. E. Skomv). pp. I4 I-I SO. Pergamon Frtx. Oxford. 
“K.’ M&w. Imrotfucr~on fo Smeorhmtsrry Bcnjamm, New York ( 1966). 
“E. Ruth and I. UQ. Top. Swrtvxhtm 4, 99 (1969). 


