
values for the two limiting structures (e.g. for the 
completely ordered and the completely coiled state). 
If intermediate states (e.g. semi-coiled molecules) 
were present, this additivity would not be expected 
for quantities that reflect complicated properties of 
the molecules (e.g. for the viscosity). 
The all-or-nothing behavior of the large protein mole- 
cules points to a very high cooperativity. The tran- 
sitions of the natural nucleic acids can be described 
better than those of proteins, since the nucleic acids 

usually have linear structures. Even here, however, 
their complicated and in most cases unknown se- 
quence stands in the way of a quantitative under- 
standing. On the other hand, the knowledge of the 
fundamental properties of simple cooperative tran- 
sitions will suffice in most cases at  least for a quali- 
tative understanding of complicated systems. 
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Pyramidal Inversion 

By Arvi Rauk, Leland C. Allen, and Kurt Mislow [*I 

Pyramidal inversion is discussed from the point of view of recent theoretical and experi- 
mental investigations in an attempt 10 provide a unified description of this process. Quan- 
tum mechanical studies of pyramidal molecules indicate that the origin of the inversion 
barrier may be dependent on the degree of angular constraint. Effects due to the electro- 
negativity of substituents on the inversion center, to the presence of adjacent lone pairs, 
and to inclusion of d-type functions in the basis set are discussed. The utility and limita- 
tions of molecular orbital calculations, vibrational spectroscopy, microwave spectro- 
scopy, direct kinetic measurements, and dynamic nuclear magnetic resonance (DNMR) 
spectroscopy as means for determining barriers to pyramidal inversion are discussed in 
context with a review of the highlights of experimental observations on the subject. 
Ambiguities that arise in the interpretation of barriers determined by DNMR are ex- 
plored in detail. Factors that afect the magnitude of inversion barriers are discussed 
separately in four broad categories: steric effects; efects of conjugation (including 
( p  -d)n conjugation) and hyperconjugation; effects of angular constraint; and efects of 
heteroatomic substitution. In the last category, critical reference is made to the question 
of electronegativity vs. lone pair-lone pair repulsions, the problem of rotation vs. inversion, 
and the role of d orbitals. 

1. Introduction 

A molecule that contains a tricoordinate atom whose 
stable position is not in the plane defined by the three 
atoms directly bonded to  it, may, in principle, exist in 
two conceptually distinct conformations which are 
related by a transposition of the tricoordinate atom 
from one side of the plane to the other. We describe 
such a molecule as being pyramidal and, without 
specifying mechanism, define pyramidal inversion as 
any process that effects the interconversion of the two 
conformations. The conformers shall also be referred 
to as invertomers. 

We shall restrict discussion exclusively to those mole- 
cules in which pyramidal inversion occurs without 
bond formation or  breaking, and which remain in 
their electronic ground state throughout the process. 

[*I Dr. A. Rauk, Prof. L. C. Allen, and Prof. K. Mislow 
Department of Chemistry, Princeton University 
Princeton, N.J. 08540 (USA) 

Two competitive modes occur. Classically, a vibra- 
tional mode leads to inversion through a coplanar or 
near coplanar arrangement of groups about the in- 
version center; the observed rate of inversion depends 
on the relative populations of vibrational energy levels 
above and below the top of the potential barrier to 
inversion. Non-classically, inversion can occur by 
quantum mechanical tunneling: a particle in a poten- 
tial well penetrates the walls of the well and therefore, 
if the wall is of finite thickness, has a finite probability 
of existing on the other side of the wall. The rate of 
tunneling depends in a complex way on the mass of the 
particle, the shape of the potential well, the height and 
shape of the barrier and the energy of the particle [1,21. 

In  practice, however, tunneling is an  important consi- 
deration only when a t  least one of the ligands bound 
to the central atom is hydrogen or deuterium, when 
the invertomers are not diastereomers, and at  tem- 

[I] D. M .  Dennison and G. E. Uhlenbeck, Phys. Rev. 41, 313 
(1932). 
[Z] R. S. Berry, J. chem. Phys. 32, 933 (1960). 
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peratures a t  which vibrational levels within 5 or 6 kcal/ 
mole of the top of the potential barrier are substan- 
tially populated. 
The distinction between classical and non-classical 
inversion modes is unimportant for the discussion of 
barriers to pyramidal inversion, so long as it is re- 
membered that the interpretation of rates of inversion, 
from which the barriers are obtained, is dependent on 
the relative importance of the two modes. Of the 
various possible methods for determining the magni- 
tudes of inversion barriers (Section 3) only micro- 
wave spectroscopy depends explicitly on the observa- 
tion of the quantum mechanical tunneling phenome- 
non which causes a splitting of the vibrational energy 
levels. The amount of splitting, and therefore the rate 
of inversion due to  tunneling, can be computed from 
an  analysis of the vibrational spectrum. Other methods, 
which ultimately depend on transition state theory to  
yield a value of the barrier, are valid only when the 
absence of quantum mechanical tunneling can reason- 
ably be assumed. 
In this review we attempt to  provide a merging of 
theory and experiment. In  Section 2 is discussed infor- 
mation on the inversion process that can only be deri- 
ved theoretically, and in Section 3, non-empirical 
methods are incorporated along with empirical 
methods as means of determining the magnitude of 
barriers to pyramidal inversion. In Section 4 we discuss 
factors which affect the magnitude of the inversion 
barrier. We intend this as a critical review, with an  
emphasis on what we regard as salient features of 
current studies in this area, and no  attempt has been 
made at presenting an exhaustive catalog of the vast 
literature. 

2. Theoretical Investigation of Pyramidal Inversion 

The investigation of a wide variety of pyramidal mole- 
cules by nonempirical (ab inifio) molecular orbital 
calculations has yielded information on the intimate 
details of the inversion process that are not available 
from experimental research, and has provided theo- 
retical support for ad hoc principles derived empiri- 
cally. In this section, a description of the origin of the 
inversion barrier will not be accompanied by an  analy- 
sis of the inversion process in terms of changes in 
overlap or  atomic populations, since the usual (Mul- 
liken) definition of these quantities is too sensitive to 
choice of basis set. 

2.1. Inversion in Hydrides 

Ammonia is thus far the only molecule for which it has 
been shown that the inversion barrier is quantitatively 
calculable within the molecular orbital (Hartree-Fock) 
approximation 131. Consequently, some statements 

131 A .  Rauk, L .  C .  Allen, and E.  Clementi, J. chem. Phys. 52, 
4133 (1970). 

regarding the origin of the barrier may be made with 
considerable confidence. Except as indicated, the fol- 
lowing results, as derived from the ammonia calcula- 
tions, are consistent with calculations on CH3- 141, 

SiH3- 151, PH3 [5,61, and SH; [5J, and therefore may be 
general for simple unstrained pyramidal molecules. 

The stable conformation of a molecule is determined 
by a subtle balance of attractive and repulsive forces [71. 
A partitioning of the total energy of the molecule, ET, 
into a sum of attractive and repulsive components 181 

permits a determination of the difference in these 
terms between planar and pyramidal forms of the 
molecule: 

where Vat,, (= Vne) is the attractive potential between 
electrons and nuclei, and VreP is the sum of inter- 
nuclear repulsions ( Vnn), interelectronic repulsions 
(V,>, and the kinetic energy of the electrons (T) .  Am- 
monia is more stable in the planar form with respect 
t o  the attractive term; the bond length is shorter, the 
bond overlap population is greater, and the bond 
stretching force constant is greater in the planar form. 
On the other hand, the pyramidal form is more stable 
with regard to the sum of the repulsive terms 191. Since 
the net change in the repulsive terms is greater than the 
net change in the attractive term, the molecule is 
pyramidal and the barrier is said to be repulsive 
dominant. The well-known heuristic argument of 
Gillespie and Nyholm [lo], that lone pair-bond pair re- 
pulsion results in a pyramidal geometry, is strength- 
ened by this result. 

Pyramidal structures for molecules isoelectronic with 
ammonia and phosphine have long been predicted by 
Wulsh's rules[lll, which are an example of the empiri- 
cal rule of stereochemical control by the highest oc- 
cupied molecular orbitals. 

2.2. Role of d Orbitals 

The much discussed question of the role of d orbitals, 
especially where second or higher row atoms are in- 
volved, is relevant to the phenomenon of pyramidal 

[4] a) R .  E. Kari and I .  G .  Csizmadia, J. chem. Phys. SO, 1443 
(1969); b) R .  E. Kari, Ph. D. Thesis, University of Toronto, 
Toronto, Canada (1969). 
[5] A.  Rauk, L .  C .  Allen, and K .  Mislow, unpublished work. 
[6] J.-M. Lehn and B. Munsch, Chem. Commun. 1969, 1327, 
[7] For ammonia at its ground state equilibrium geometry, the 
attractive term of the total energy is 9.798484 x lo4 kcal/mole 
while the sum of the repulsive terms is 6.269181 x lo4 kcal/ 
mole. Upon attaining a planar geometry, the attractive term 
increases by 164.41 kcal/mole and the sum of the repulsive 
terms increases by 169.48 kcl/mole. The difference in these 
changes, 5.07 kcaI/mole, is the actual energy which is required 
to flatten the molecule. 
[8] L. C .  ANen, Chem. Phys. Letters 2, 597 (1968). 
[9] Both the interelectronic and the internuclear repulsions are 
greater in the planar form, overriding the much smaller varia- 
tion in the opposite direction of the kinetic energy term. 
[lo] R .  J .  Gillespie and R .  S .  Nyholm, Progress in Stereo- 
chemistry 2, 261 (1958). 
[ I l l  A .  D.  Walsh, J. chem. SOC. 1953, 2260, 2296. 
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inversion, when such atoms become the inverting 
centers. Inclusion of d-type functions into the 
basis set has been shown131 to be almost entirely re- 
sponsible for the magnitude of the barrier in ammonia. 
The d-type functions play the role of polarization 
functions, allowing more freedom of movement for 
the electrons, rather than of d orbitals as they are 
usually understood. Although the data for PH3 are not 
as definitive, it is highly probable that d-type functions 
are utilized only as polarization functions in this 
second row hydride also, as shown by a recent calcula- 
tion [6J.  Incorporation of d-type functions brings about 
virtually complete agreement between calculated and 
experimentally determined equilibrium geometries of 
both NH3 and PH3. The inversion barrier calculated 161 

for PH3 increases from 30.9 kcal/mole to 37.2 kcall 
mole when polarization functions (p-type functions 
on  H and d-type functions on P) are added to the basis 
set. In a comparative study[5J of SiH,, PH3, and 
SH;, the calculated inversion barriers were found to 
increase from 36.0, 30.9, and 17.6 kcal/mole, respec- 
tively, to 39.6, 40.4, and 30.0 kcal/mole, respectively, 
upon the addition of d-type polarization functions to 
the basis set. 

2.3. The Effects of Angular Constraint, 
Electronegativity, and Adjacent Lone Electron Pairs 

It has long been anticipated 1131, on the basis of valence 
force field arguments, that severe angular constraint, 
as occurs in three-membered rings, should have the 
effect of increasing the magnitude of the barrier to 
pyramidal inversion. Subsequent experimental work 
has confirmed this expectation (Section 4.3). In- 
dependent non-empirical calculations ~ 4 3  of the inver- 
sion barrier of aziridine ( I ) ,  R = H, have yielded 
values of 18.3 kcal/mole and 15.5 [I61 kcal/mole. 

The barrier has not been determined experimentally 
but is expected to be in this range (see Section 4.3). 
A component analysis of the data of Lehn et aE.[l5l 

shows that the barrier in aziridine is attractive dom- 
inant, in contrast to the results for unstrained sys- 
tems (see Section 2.1). In the strained molecule, the 
pyramidal form is stable with regard to nuclear- 
electronic attraction but unstable with regard to the 

1121 For a discussion of s-, p-, and d-type functions, see 
Appendix 1 of A ,  Rauk and I .  G .  Csizmadia, Can. J. Chem. 46, 
1205 (1968). 
1131 J.  F. Kincaid and F. C.  Henriques, J r . ,  J. Amer. chem. SOC. 
6.2, 1474 (1940). 
[I41 d-Type polarization functions were not included in the 
basis set. 
[I51 J.-M. Lehn, B. Munsch, Ph. Millie, and A. Veillard, Theo- 
ret. chim. Acta 13, 313 (1969). 
1161 D .  T.  Clark, International Symposium, Quantum Aspects 
of Heteroatomic Compounds in Chemistry and Biochemistry, 
Jerusalem (1969). 

sum of the repulsive terms. Energy lost through de- 
creased nuclear-electronic attraction is not compen- 
sated for by decreased repulsive interactions in the 
planar form. Component analyses of model systems, 
derived from fixing the HNH angle of NH2F and one 
of the HNH angles of NH3 at 80" during inversion, 
have yielded the same results 1171. 

The inversion barrier in oxaziridine (2) was com- 
putedt14.151 to be 32.4 kcaljmole and a component 
analysis of the data shows that, as in aziridine, the 
barrier is attractive dominant. The endocyclic oxygen 
appears to increase the absolute value of the changes 
in both attractive and repulsive terms. In a real system 
it is not possible to dissociate the role of the oxygen 
as an electronegative substituent, which influences the 
inversion barrier through an inductive withdrawal of 
electrons, from its role as an atom with lone pair elec- 
trons which interact with the lone pair of the nitrogen 
to a different extent in the pyramidal than in the planar 
form. The effect of electronegativity and angular con- 
straint on inversion barriers has been simulated (171 in 
a model system, NHzH', by altering the nuclear 
charge of H' to values greater than and less than unity, 
and by varying the HNH angle. LCAO-MO-SCF 
calculations in this model system [I73 suggest that the 
increase in the magnitude of the inversion barrier with 
increased electron withdrawal by the substituent on 
nitrogen may be sufficient to account for a large 
portion of the observed effect of heteroatomic sub- 
stituents. To assess the relative magnitudes of the 
effect of electronegativity and lone pair repulsion in 
actual molecules, similar calculations were perform- 
edt171 on NHzF', in which the nuclear charge of F' 
was varied to values greater than and less than nine. 
The calculations 1171 show that electronegativity has a 
much smaller effect on the barrier than does angular 
constraint or the presence of adjacent lone pairs, and 
that the effects of both electronegativity and adjacent 
lone pairs increase as angle constriction increases. A 
component analysis on both models indicates that, 
regardless of the electronegativity of H' or F', the 
barrier is repulsive dominant where angular constraint 
is absent or small, but becomes attractive dominant 
when the HNH angle is constricted to values ap- 
proaching the internal bond angles of three-membered 
rings. This result is in complete accord with the 
detailed calculations on aziridine and oxaziridine [I5]. 

The generality of this phenomenon, which suggests a 
different physical origin for the inversion barrier in 
strained than in unstrained systems, requires further 
examination. 

3. Methods for the Determination of Barriers to 
Pyramidal Inversion 

Any meaningful discussion of pyramidal inversion 
requires a knowledge of the amount of energy that 
must be put into a molecule to cause it to undergo an 

1171 A .  Rauk, L.  C. Allen, and K .  Misfow, in preparavion. 
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inversion 1181. In  the following subsections, brief de- 
scriptions are given of various methods that have been 
used to determine barriers t o  pyramidal inversion, with 
reference to the limitations of each method. A quali- 
tative overview is required first to put these methods 
in the proper perspective. We consider on an  equal 
footing such divers methods as rotation-vibration 
(microwave) and vibrational spectroscopy, dynamic 
nuclear magnetic resonance (DNMR) spectroscopy, 
kinetic methods, and molecular orbital (MO) calcula- 
tions. There is seldom a decision to be made regarding 
the best method to use in determining the barrier for a 
particular system, since there is often little overlap in 
the range of applicability of the methods. The reliabi- 
lity of a method depends on the level of development 
of the theory supporting the method and the appli- 
cability of the theory to the problem at hand. For 
example, in MO theory, much of the formalism has 
been developed since the 193O’s, but its practical appli- 
cation to even the simplest polyatomic systems has 
had to await the advent of large scale computers. 

3.1. Molecular Orbital Methods for the Determination 
of Inversion Barriers 

By these methods we mean theoretical methods that 
require no input of experimental data from the partic- 
ular molecule whose inversion barrier is being de- 
termined, and which are based on the MO approach. 
Whereas in Section 2 we discussed information ob- 
tainable by nonempirical MO calculations regarding 
the origin of the inversion barrier, in this section we 
discuss the utility of MO calculations as means for 
deriving estimates of barrier heights. In principle, the 
MO methods have the widest applicability of any of 
the methods to  be discussed. As indicated in Section 
2.1, the nonempirical LCAO-MO-SCF method has 
yielded a quantitative value for the barrier of am- 
moniaL31, and there is no reason to suppose that it 
cannot be extended to other inversion barriers. How- 
ever, the inordinate amount of effort required to 
evaluate the properties of even the simplest invertible 
system precludes the investigation of most molecules 
of interest t o  the organic chemist. This difficulty can 
be partially surmounted in three ways: 
a) Very high quality a6 initio calculations may be per- 
formed on a simple model of the system of interest. 
The disadvantages of this approach, which arise 
because the numbers obtained for the model will not 
be strictly applicable to the actual system, are out- 
weighed by the fact that a good deal of information 
can be obtained regarding the origin of the barrier and 
the effect on it of factors simulated by modifications 
to the model system, and by the reliability of the 
values so obtained. 
b) Non-empirical calculations may be performed on 
actual systems if the basis sets are suitably chosen. 

[18] In the literature of this subject, the magnitude of the in- 
version barrier is generally expressed by AG*, A H * ,  E,, or 
Vi, depending on the method of determination and the pref- 
erence of the authors. 

Currently, a compromise must be reached with respect 
to size of systems to be studied, the size of the basis set 
(and hence the quality of the calculation); and the 
amount of computer time available. By this procedure, 
reasonably accurate barriers may be determined for 
systems involving, for example, three heavy atoms 
with their complement of hydrogen atoms. 
c) For larger systems, recourse to  semi-empirical 
schemes is necessary. Few reports of semi-empirical 
calculations of inversion barriers are on record [*91. 

The values of the barriers thus obtained are for the 
most part unreliable; however, Dewar and Shan- 
shaZr2ol have recently shown that the reasonably so- 
phisticated MINDO scheme can be parametrized to 
give qualitatively good inversion barriers for a variety 
of systems, including carbanions and radicals. 
The calculated barrier is the difference in total energy 
of the pyramidal ground state (ideally at  its calculated 
equilibrium geometry, but usually at  the known ex- 
perimental geometry) and the total energy of the planar 
transition state (ideally with calculated equilibrium 
bond lengths, but usually with the same bond length 
as in the pyramidal conformation) and refers to a 
molecule in vacuo, unperturbed by external forces. The 
number obtained is directly comparable to Vi which 
is determined by measurements in the gas phase by 
microwave or vibrational spectroscopy. 
The chief advantage of the MO method is that barriers 
can be obtained for molecules which are too reactive 
or too unstable, or which have barriers that are too 
high or  too low to be measured by empirical methods. 
In addition, many electronic properties of the mole- 
cule under study are obtained concurrently. 
In approximate order of decreasing reliability, 
theoretical methods may be ranked as follows: 
LCAO -MO -SCF (Hartree-Fock) and LCAO -MO - 
SCF-CI, OCE-MO-SCF, two-electron semi-empir- 
ical schemes (MINDO, NDDO, CND0/2), and one- 
electron semi-empirical schemes (EHMO). 

3.2. Empirical Methods of Determining 
Inversion Barriers 

The choice of the empirical method to be used in the 
determination of an  inversion barrier hinges on the 
structure of the molecule and the magnitude of the 
barrier. Barriers in the range 0-5 kcal/mole are meas- 
urable by microwave spectroscopy, barriers in the 
range 10-20 kcal/mole by DNMR spectroscopy, 
barriers from 5-35 kcal/mole by infrared and Raman 
spectroscopy, and those in the range 20-40 by kinetic 
measurements. The ranges quoted are approximate 
and in some cases have been extended considerably by 
____ 
I191 See, for example, a) K. Issleib and W. Grundler, Theoret. 
chim. Acta 6, 64 (1966); b) M. Jaro, P.  Knowlton, J. E. Bissey, 
H .  Goldwhite, and W. R.  Carper, Mol. Phys. 13, 165 (1967); 
c) T. P. Lewis, Tetrahedron 25, 4117 (1969); d) M. S.  Gordon 
and H. Fischer, J. Amer. chern. SOC. 90,2471 (1968); e)reference 
[201. 
1201 M. J .  S. Dewar and M .  Shanshal, J. Amer. chem. SOC. 91, 
3654 (1969). 
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special techniques. Except for kinetic measurements, 
the interpretation of the observations always requires 
an intermediate level of interpretation to relate the 
observed quantity to a kinetic quantity. A brief discus- 
sion of each method is given below. Results are given 
in Section 4, which deals with factors that influence 
barrier heights. 

3.2.1. M e a s u r e m e n t  of I n v e r s i o n  Bar r i e r s  
by Mic rowave  Spec t roscopy  

The influence of inversion on the rotational spectrum 
of a pyramidal molecule has been treated in detail by 
Townes and SchawZowt211 so that only a brief quali- 
tative description need be given here. Inversion is 
detectable in the rotation-vibration spectrum by a 
splitting, AE, of the vibrational energy levels due to 
quantum mechanical tunneling, the frequency of in- 
version by tunneling being given by AEjh. In its 
ground vibrational state, NH3 inverts about 2.4 x 1010 
times a second. The frequency of inversion, and hence 
the splitting of the vibrational energy levels, increases 
as the vibrational quantum number increases. In order 
to derive a number for the inversion barrier, an as- 
sumption is made regarding the shape of the potential 
function (force field) along some normal coordinate 
that leads to inversion, and the force field is para- 
metrized to reproduce the observed microwave spec- 
trum. 

Microwave spectroscopy has been used to determine 
the barriers to inversion of the simple amines, 
NH3 121,221, CH3NH2 [231, and (CH3)zNH 1241. In the 
last case the barrier was calculated by the Wentzel- 
Kramers-BriIIouin method which assumes a double 
minimum potential function for inversion described 
by a cosine barrier connected by the Kramers connec- 
tion formulas to increasing and decreasing exponent- 
ials. 
Swalen and Ibersc221 have reviewed various types of 
potential functions that have been utilized to describe 
the inversion of ammonia and these will not be 
repeated here. Their own form of the potential 
function 

where a, b, c, and v are potential constants and q is the 
normal coordinate of the motion, has yielded the 
currently accepted value of the inversion barrier of 
ammonia. The quartic term does not markedly im- 
prove the agreement with experiment. The same form 
of the potential was used for determining the barrier 
in methylamine 1231. 

[21] C.  H.  Townes and A. L. Schawlow: Microwave Spectros- 
copy, McGraw Hill, New York 1955, pp. 62, 300. 
[22] J .  D. Swalen and J .  A .  Ibers, J. chem. Phys. 36, 1914(1962). 
1231 M. Tsuboi, A. Y.  Hirakawa, and K .  Tamagake, J. mol. 
Spectry. 22, 272 (1967). 
124) J.  E. Wollrab and V. W. Laurie, J. chem. Phys. 48, 5058 
(1968). 

For all practical purposes, the applicability of micro- 
wave spectroscopy as a means for determining in- 
version barriers is limited to primary or secondary 
amines of relatively simple structure with barriers 
below 5 kcaljmole. 

3.2.2. Ba r r i e r s  f r o m  V i b r a t i o n a l  
Spec t roscopy  

Vibrational spectroscopy is similar to rotational or 
microwave spectroscopy (Section 3.2.1) in that an as- 
sumption must be made regarding the shape of the 
potential function along some vibrational mode which 
leads to inversion. Kincaid and H e n r i q u e s f I 3 1  used a 
parabolic potential function of the form 

and h is the height of the pyramid, v is the frequency 
of the vibration which leads to inversion, and p. is an 
expression for the reduced mass of the system. For a 
symmetric top molecule, XY3, in which the Y-Y 
distances are invariant, this is given by 

where Mx and My are the masses of groups or atoms 
X and Y .  This simple potential function tends to  
overestimate the value of Vj since the barrier is peaked 
rather than rounded. 

The Costain-Sutherland [251 model [equation (f)] of a 
valence force field has had much greater success in the 
determination of barriers in symmetric top mole- 
cules [261. The potential has the form 

V = ~ 3 (kI (I-Ie)2 + ks (cr-ae)z) (f) 2 

where I,  and cce are the equilibrium X - Y  bond length 
and equilibrium YXY bond angles, respectively, and 
the force constants, kl and k,, depend on the symmetric 
stretching frequency, v1, and symmetric bending fre- 
quency, v 2 ,  respectively. By symmetry, (!He) is related 
to (a-ae) so that equation (f) may be reduced t o  

and the barrier is given by 

Other types of double-well potential functions, specif- 
ically applied to  the ammonia molecule, have also 
been used [22,271, 

[251 C. C. Costain and G. B. B. M. Sutherland, J. phys. Chem. 
56, 321 (1952). 
[261 R. E.  Weston, Jr . ,  J. Amer. chem. S O C .  76, 2645 (1954); 
G. W. Koeppl, D .  S .  Sagatys, G. S .  Krishnamurthy, and S. I .  
Miller, ibid. 89, 3396 (1967). 
[271 R. Moccia and L .  Randaccio, J. chem. Phys. 45,4303 (1966). 
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Vibrational spectroscopy, as a method for determining 
barriers to inversion, differs from microwave spectro- 
scopy in that the parameters of the assumed force field 
are obtained by fitting as many vibrational levels as 
can be observed, rather than by fitting the splittings of 
the first and second vibrational levels. Vibrational 
spectroscopy is therefore applicable to molecules where 
the splitting of energy levels is immeasurably small, 
such as hydrides with large barriers to inversion, e.g., 
PH3 or AsH3, or molecules in which three heavy 
atoms or  groups are bonded to the inverting center. 
For molecules with high barriers, a large extrapolation 
is necessary to obtain a value for the barrier height, 
and the value so obtained is usually quite sensitive to 
the equilibrium geometry of the molecule. 

3.2.3. D i r e c t  K i n e t i c  M e a s u r e m e n t s  of 
I n v e r s i o n  B a r r i e r s  

Inversion, which is a unimolecular reaction, obeys 
first order kinetics 1281, 

where P, is an observable directly related to the con- 
centration of the invertomers, such as specific rotation 
or absorbances (NMR, IR, UV) due to invertomers, 
a t  time t. Application of this direct method for de- 
termining the rate constant for inversion is limited to 
compounds whose invertomers are diastereomers or 
enantiomers with distinguishable physical properties, 
which can be obtained as a nonequilibrium mixture, 
and which invert at a convenient rate in an  accessible 
temperature range. 
Inversion barriers can be estimated from the rate 
constants by the following expressions. We can write 

dlnk 
d T  

__-  - Ea/RT2 

or 

where k is the unimolecular rate constant for inversion 
at  temperature T, E, is the Arrhenius activation 
energy, and A is the frequency factor. If the rate con- 
stant at  a certain temperature is known, then the free 
energy difference, AG*, between ground and transition 
states can be calculated from the Eyring equation, 
assuming a transmission coefficient of unity, 

In solution, the enthalpy of activation, A H * ,  is re- 
lated to the Arrhenius activation energy by the relation 

A H +  = E, - RT ( 4  

1281 A .  A .  Frost and R.  G.  Pearson: Kinetics and Mechanism, 
2nd. Edit., Wiley, New York 1961. 

The entropy of activation, AS', a measure of the 
relative degree of disorder in the transition state, is 
defined by 

A H +  - A G +  
AS* = (n) T 

For the thermal inversion process, where no dissocia- 
tion occurs in the excited state, ASf and log A values 
are expected to be, and are usually found to be, close 
to zero and 13, respectively [291. 

3.2.4. D e t e r m i n a t i o n  of  I n v e r s i o n  B a r r i e r s  
by D y n a m i c  N u c l e a r  M a g n e t i c  R e s o n a n c e  

( D  N M R) S p e c t r o s c o p y  

The DNMR method for determination of inversion 
barriers differs from direct kinetic methods solely in 
the manner in which the rate constant is obtained. In 
contrast to the direct methods, which involve a meas- 
urement of the rate of conversion of one invertomer 
to another under necessarily nonequilibrium condi- 
tions, the DNMR method depends on the interpreta- 
tion of observed spectral changes in terms of the rate 
of exchange of the two invertomers only under equi- 
librium conditions. 
The theory and application of NMR spectroscopy to 
the measurement of intramolecular exchange processes 
has been reviewed elsewhere 131-341. Two approaches 
are in common use: that employing the coalescence 
phenomenon, and total line shape analysis. For the 
former, as the simplest example of many, equation (0) 

gives the rate of exchange, k,, a t  the coalescence tem- 
perature, T,, provided that the two exchanging groups 

k c =  ( ~ / ~ ~  ) AVAB (0) 

are uncoupled, that the signals (A and B) are of equal 
intensity, and that the limiting chemical shift dif- 
ference, AvAB, is much greater than the linewidth of 
the signals in the absence of exchange[351. Where 
conditions are optimum, this approximate and rapid 
procedure yields substantially the same value of AG' 
as does the more laborious complete line shape analysis 
which is otherwise necessary to give rates of exchange 
from which activation parameters can be calculated. 

Numerous computer programs exist for performing a 
complete line shape analysisr361. I t  is therefore a 

[29] For a remarkable exception to this statement, see Juutelat 
and Roberts [30], who found that for ( 3 ) ,  R = CH3, log A and 
AS* ranged from 16.33 to 21.67, and from 14 e.u. to 38 e.u., 
respectively, depending on solvent. 
1301 M .  Juutelat and J.  D .  Roberts, J. Amer. chem. SOC. 91,642 
(1 969). 
1311 J. W. Emsley, J .  Feeney, and L .  H.  Sutclife: High Resolu- 
tion Nuclear Magnetic Resonance Spectroscopy. Pergamon 
Press, New York 1965, Vol. 1, Chapter 9. 
1321 G. Binsch in N .  L .  Allinger and E. L. Eliel: Topics in 
Stereochemistry. Interscience, New York 1968, Vol. 3, p. 97. 
[33] C. S. Johnson, Jr . ,  in J .  S .  Waugh: Advances in Magnetic 
Resonance. Academic Press, New York 1965, Vol. 1, p. 33. 
1341 J.  D.  Andose, J.-M.Lehn, K .  Mislow, and J.  Wagner,in press. 
[35] A .  Allerhand, H. S.  Gutowsky, J .  Jonas, and R .  S .  Meinrer, 
J. Amer. chem. SOC. 88, 3185 (1966). 
[36] See, for example, G. Binsch, J. Arner. chern. SOC. 91, 1304 
(1969). 
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trivial matter to convert a temperature-dependent 
N M R  spectrum to the appropriate activation para- 
meters. However, the interpretation of the origin of 
the barrier requires careful assessment of such extrane- 
ous factors as specific solvent effects, solute-solute 
interactions (dimerization and higher association), the 
constitutional integrity of the molecule in solution, 
and competitive intramolecular conformational pro- 
cesses, all of which may impart a temperature depend- 
ence to the observed spectrum that is not at  all relevant 
to the barrier under investigation. The effects of the 
first three factors can usually be disclosed by standard 
procedures such as variation of solvent, dilution experi- 
ments, and observation of reversibility of spectral 
changes, among others. The fourth effect is far more 
difficult to identify, especially if, as will concern us in 
Section 4.4, the competing processes are intramolec- 
ular inversion of configuration and hindered rotation 
about one or more bonds to the tricoordinate center. 

The magnitude of the barrier is determined from an 
analysis of the observed temperature-dependent spec- 
tral changes due to the effective averaging of the 
environments of diastereotopic groups in the molecule. 
If, in principle, both inversion at the tricoordinate 
center and rotation about some or  all of the bonds to 
the tricoordinate center must be rapid on the NMR 
time scale in order to average out nonequivalent envi- 
ronments, two major assumptions have to be made in 
order to assign the origin of the rate-determining 
process: 

a) The intrinsic chemical shift difference is sufficiently 
large so that, even under conditions of rapid rotation 
but slow inversion, a chemical shift difference in the 
diastereotopic groups is still detectable. 

b) In  the potential surface for rotation-inversion, 
discrete transition states occur for rotation and in- 
version, rather than a single transition state for both 
rotation and inversion. 

Given these assumptions, a decision may be made 
regarding the origin of the barrier by considering 
changes that occur in the magnitude of the barrier as 
a function of substituents. However, this now requires 
further, albeit reasonable, assumptions concerning the 
probable effect of the substituents on the barrier, 
namely that bulky groups[371, and groups which can 
delocalize the lone pair of electrons on the central 
atom [381, lead to a lower inversion barrier and a higher 
barrier to rotation. 

[37] See, for example, references [39], 1401, [41], and [42]. 
[38] See, for example, references [391, [43], and [44]. 

1391 M. Raban, G. W .  J .  Kenney, Jr . ,  and F. B. Jones, Jr. ,  J. 
Amer. chem. SOC. 91, 6671 (1969). 
[40] M .  Raban and G .  W. J .  Kenney, Jr., Tetrahedron Letters 
1969, 1295. 
[41] J.-M. Lehn and J.  Wagner, Chem. Commun. 1968, 1298. 
[42] A .  H. Cowley, M .  J .  S .  Dewar, and W. R. Jackson, 5. 
Amer. chem. SOC. 90, 4185 (1968). 
[43] J .  R .  FIetcher and I .  0 .  Sutherland, Chem. Commun. 
1969, 706. 
[44] M. J .  S. Dewar and B. Jennings, J. Amer. chem. S O C .  91, 
3655 (1969). 

Assumption (b) could be resolved by determining the 
potential surface for rotation-inversion by detailed 
quantum mechanical calculation on the system in 
question. The complete surfaces for the model com- 
pounds -CH2SH [45J, -CH2S(O)H [461, and 
-CHzS(02)H [471 have been calculated by the non- 
empirical LCAO-MO-SCF method using a minimal 
Gaussian basis set. In every case, a single transition 
state for rotation-inversion was found. However, 
although gross conformational features are reasonably 
well obtained by this procedure, it is not known 
whether a single transition state for rotation and in- 
version would be obtained from more accurate calcu- 
lations. Assumption (b) could also be verified by the 
observation of two discrete barrier processes, i.e., two 
discrete coalescence phenomena. 
Failure to observe more than one coalescence pheno- 
menon where competitive processes can in principle 
occur means that one of the following three circum- 
stances may obtain. First, assumption (b) may be 
invalid, i.e., there may only be a single transition state 
to inversion-rotation. Second, two or more transition 
states may exist, but A G z  for only one lies within the 
explored range of measurements. Third, two transition 
states may exist, and both barriers may be in the ex- 
plored range of measurements, but assumption (a) 
may not be valid, i.e., the chemical shift difference in 
diastereotopic groups under conditions of rapid rota- 
tion but slow inversion may be too small to be detected 
a t  any temperature (accidental degeneracy) and any 
observed coalescence phenomenon is ascribable to the 
rotational mode; conversely, under conditions of rapid 
inversion but slow rotation, accidental degeneracy 
may lead to a single coalescence phenomenon ascrib- 
able to the inversional mode. Unfortunately, there is 
no way of predicting the magnitude of the chemical 
shift difference between diastereotopic groups, and as 
to precedent, numerous cases are on record of acci- 
dental NMR equivalence of such groups. The point 
cannot be overemphasized that, unless two distinct 
coalescence phenomena are observed, and in the 
absence of compelling supporting evidence, the identity 
and magnitude of the inversion barrier cannot be 
regarded as rigorously established. In the case of the 
inversion-rotation dichotomy under discussion, we 
know of n o  report on record in which both barriers 
( i .e .  coalescence phenomena) have been observed. 

4. Factors That Affect the Magnitude of the 
Inversion Barrier 

It will be convenient to group major factors that in- 
fluence the magnitude of the inversion barrier into 
four broad categories: steric effects; effects of con- 

[45] S. Wove, A .  Rauk, L .  M .  Tel, and I. G. Csizmadia, Chem. 
Commun. 1970, 96. See also A .  Rauk, Ph. D. Thesis, Queen’s 
University, Kingston, Ontario, Canada (1968). 
[46] A.  Rauk, S. Wove, and I. G. Csizmadia, Can. J. Chem. 47, 
1 1 3  (1969). 
[47] S. Wove ,  A .  Rauk, and I .  G. Csizmadia, J. Amer. chem. 
SOC. 91, 1567 (1969). 
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jugation or hyperconjugation; effects of angular con- 
striction; and those due to heteroatomic substitution. 
The well-known increase of inversion barrier heights 
in a given group of the periodic table with increasing 
atomic numbers1261 (e.g., A s R 3  > P R 3  > N R 3 )  will 
not be the subject of a detailed comparative analysis 
in the absence of a sound theoretical basis at  this time. 
The less well defined effects of solvent on inversion 
barriers [48-517 and other special effects 1521 will be 
considered outside the scope of this review. 

4.1. Steric Effects on Inversion Barriers 

Steric size manifests itself as an electronic repulsion 
(due to the Pauli exclusion principle) between non- 
bonded groups. As the steric requirement of a substi- 
tuent increases, the pyramidal ground state is destabi- 
lized relative to the less crowded transition state [531, 
with a resultant decrease in the barrier to inversion. 

Steric acceleration of the rate of inversion in N-alkyl- 
aziridines has been confirmed by several studies [54-571. 

For example, barriers of inversion of aziridines (1) 
decrease in the order of increasing steric requirement 
of R: C H 3  < C2H5 < i -C3H7 < t -C4H9 [56,571. Simi- 
larly, whereas simple N-haloaziridines are pyramidally 

E N - .  
H3C CH3 

E N - R  

stable at  room temperature [58-601, the relatively facile 
cis + trans conversion of (4) has been attributed to 
steric crowding in the cis conformation Steric 
arguments also explain the different inversion rates in 
the I-methylphosphetane (5), R = C H 3 ,  which shows 

[48] N. I .  Bagdanskis and M .  0. Bulanin, Opt. Spectry. (USSR) 
19, 128 (1965). 
1491 F. G.  Riddell, J . -M.  Lehn, and J.  Wagner, Chem. Com- 
mun. 1968, 1403. 
I501 D. E. Leyden and W. R .  Morgan, Chem. Commun. 1969, 
598. 
1511 M .  Saunders and F. Yamada, J. Amer. chem. SOC. 85, 
1882 (1963). 
1521 For example, G. W. Gribble, N .  R .  Easton, and J.  T .  Eaton, 
Tetrahedron Letters 1970, 1075. 
[53] The transition state is closer to planarity than one or both 
of the ground states. I t  is not planar, however, when the inver- 
tomers are  diastereomers, or when they are  enantiomers in 
chiral media; i .e.,  planarity obtains only in automerization re- 
actions or in the  interconversion of enantiomers under achiral 
conditions. 
1541 A .  T. Bottini and J.  D. Roberts, J. Amer. chem. SOC. 80, 
5203 (1958). 
1551 F. A. L.  Anet and J.  M .  Osyany, J. Amer. chem. S O C .  89, 
352 (1967). 
[561 S.  J .  Brois, J. Amer. chem. SOC. 89, 4242 (1967). 
[57] S.  J .  Brois, Trans. N. Y .  Acad. Sci. 31, 931 (1969). 
[58] a) S.  J .  Brois, 3. Amer. chem. Soc. 90, 506 (1968); b) S. J.  
Brois, ibid. 90, 508 (1968). 
1591 J. -M.  Lehn and J.  Wagner, Chem. Commun. 1968, 148. 
1601 R .  G. Kostyanovskii, I. I .  Tchervin, A .  A .  Fomichov, Z .  E.  
Samojlova, C .  N .  Makarov, Yu. V .  Zeifman, and B. L .  Dyatkin, 
Tetrahedron Letters 1969, 4021. 
[61] D .  Felix and A .  Eschenmoser, Angew. Chem. 80, 197 
(1968); Angew. Chem. internat. Edit. 7, 224 (1968). 

approximately 5 % stereomutation after heating for 
four days a t  162”C, and the 1-t-butyl derivative (5),  
R = t-CqH9, in which inversion is readily followed in 
the temperature range 118 to 157”C[621.  The dif- 
ference in steric requirements of a methyl group and 
a t-butyl group is also reflected in the barriers to in- 
version of diphenyloxaziridines [631: the activation 
energy for pyramidal inversion of the methyl deriv- 
ative (6), R = C H 3 ,  is 6.4 kcal/mole larger than the 
inversion barrier of the t-butyl derivative (6), R = t- 
C 4 H 9 ,  (E, = 28.4 kcal/mole). 

4.2. Conjugative and Hyperconjugative Effects on 
Inversion Barriers 

For reasons of ease in visualization, conjugation and 
hyperconjugation are often discussed in terms of 
changes in hybridization of atomic s ,  p, and d orbitals, 
rather than in terms of the more physically reasonable 
canonical Hartree-Fock molecular orbitals. The 
LCAO procedure is only one of many ways of arriving 
at an  expansion of the one-electron wavefunctions 
(MO’s), and the correspondence between MO’s and 
AO’s becomes increasingly indistinct as one passes 
from the occupied MO’s of lowest energy to the higher 
occupied (valence) MO’s. In this context, the question 
of the participation of atomic d orbitals is irrelevant. 
Within the valence bond framework, however, it is 
often desirable to invoke participation of “unoccup- 
ied d orbitals” to rationalize the accommodation of 
extra electrons in the vicinity of a nucleus. Thus, in 
this section, our use of the term “(p-d), conjugation” 
is consistent with the useful and generally accepted 
ad hoc valence bond description of electronic structure, 
and is not t o  be regarded as a commentary on the 
controversial question of the participation of d orbi- 
tals in bonding to second row atoms. 
During inversion, the hybridization of the bonding 
orbitals a t  the inverting center may be qualitatively 
regarded as changing from sp3 to sp2, and that of the 
lone pair of electrons from sp3 to p. Any factor which 
favors the rehybridization process, such as x delocali- 
zation of the lone pair, tends to flatten the pyramid 
and thus to lower the barrier to inversion. Adjacent 
unsaturated systems lead to significantly lower barriers 

1621 S.  E.  Cremer, R. J.  Chorvat, C .  H .  Chang, and D .  W.  
Davis, Tetrahedron Letters 1968, 5799; S .  E. Cremer, personal 
communication. 
1631 F. Montanari, I. Moretti, and G .  Torre, Chem. Commun. 
1968, 1694. 
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to inversion at  nitrogen and phosphorus. The near 
planarity of the amide bond is well known[641. 
Although the geometry at  nitrogen in (7), R = p -  
BrC6H4, is pyramidal 1661 by reason of angle strain, as 
will be discussed in Section 4.3, slow inversion has not 
been detected in a variety of N-acylaziridines [(7), 

C6Hll 

C6H5 
C6H5 
C6H5 
C ~ H S  
CsH5 
C,5H5 
C6H5 

R = C6H5, P-CH3OC6H4, P - ( C H ~ ) Z N C ~ H ~ ,  P- 
NOzC6H4 1671; R = CH3 [5sl], suggesting that AG? < 
6 kcal/moler671. For (7), R = OCH3, and (7), R = 

N(CH3)2, barrier values of A G z  = 7.6 and 10.8 kcal/ 
mole, respectively, were observed 1551. 

The free energy of activation for inversion of (3), 
R = CH3, is in the range 17.7-18.8 kcal/mole[301 or 
20.5 kcal/mole 1591. By contrast, N-arylaziridines have 
barriers which are less by 5 to 10 kcal/mole 
(Table 1) [341. This effect provides evidence that an 

n-CnH7 35.6 
n-C3H7 32.1 
CHz=CHCH2 32.8 
t-C4H9 32.7 
4-CH3OCaH4 30.8 
4-CHSsH4 30.3 
4-CF,C& 29.1 
P-ClOH7 29.7 

Table 1. Inversion barriers [34] for l-aryl-2,2-dirnethylaziridines (3) 
R = aryl. 

Tc ( "Ct 

- 26 
- 49 
- 53 
- 59 
- 72 
-107 

AG,f 
(kcal/mole) [a] 

12.5 
11.2 
11.0 
10.7 
10.0 
8.2 

[a] Calculated from the Eyring equation. 

adjacent aryl group lowers the barrier to inversion a t  
nitrogen, presumably by a conjugative mechanism. 
In phosphines, the effect of aryl substitution is not as 
pronounced as in amines; a recent study [681 has shown 
that the free energy change, AGho, is roughly propor- 
tional to the number of aryl substituents, each aryl 
group decreasing the value of AG+ by approximately 
2-3 kcal/mole (Table 2). 

Table 2. Inversion barriers 1681 for RlRzPCH,. 

I I 
(kcal/mole) [a] 

Comparison of the data in Tables 1 and 2 further 
reveals that the magnitudes of the barriers to inversion 
in arylphosphines are far less sensitive top-substitution 
than are barriers in arylaziridines. The same insensi- 
tivity was observed in a study of inversion in aryl- 
sulfoxides 1691. The conclusion is inescapable that the 
rate of inversion at  an element from the second row is 
less sensitive to conjugation than that a t  an element 
from the first row. We note that, as the electron-with- 
drawing power of the p-substituent increases, the in- 
version barrier decreases, and that a Hammett-type 
linear free energy relationship correlates the rates €or 
inversion at  nitrogen [341, phosphorus 1681, and sul- 
fur 1691. 

A striking example of the lowering of the inversion 
barrier due to ( 2 p - 3 ~ ) ~  conjugation occurs in the 
phosphole system. A barrier of AG; = 16 kcal/mole 
has been found1701 for (X), which represents a reduc- 
tion of about 25 kcal/mole from barriers in the analog- 
ous saturated systems. Conjugation of the lone pair of 

BA 
H5C6 p CH3 

electrons on phosphorus with the ring 2pn electrons is 
probably facilitated by achievement of the favorable 
4n+2 (n = 1) x electron configuration in the planar 
(transition state) conformation. An assumption of co- 
planar geometry a t  nitrogen has been made to fit the 
observed microwave spectrum of the analogous nitro- 
gen heterotycle, pyrrole [711. The barrier of 35.1 kcal/ 
mole calculated for 2-azirene L161 exemplifies the 
converse, a raising of the barrier by antiaromatic 
behavior (4n x electron configuration) in the transition 
state. 
Delocalization of the lone pair electrons into empty d 
orbitals by (p-d), conjugation when the inversion 
center is directly bonded to a second row atom has 
been postulated to explain lowering of inversion bar- 
riers in systems such as 1-sulfenylaziridines 141,721, di- 
phosphines 173,741, diarsines 174,751, and thiolsulfi- 
natesL761 (see also Sections 3.2.4 and 4.4). The co- 

[69] D. R .  Rayner, A .  J .  Gordon, and K .  Mislow, J. Amer. chem. 
SOC. 90, 4854 (1968). 

[70] W .  Egan, R .  Tang, G .  Zon, and K .  Mislow, J. Amer. chem. 
Soc. 92, 1442 (1970). 
1711 L .  Nygaard, J .  T.  Nielsen, J .  Kirchheimer, G. Mattesen, 
J .  Rastrup-Andersen, and G .  0. Sorensen, J. mol. Struct. 3,  491 
(1969). 
[72] F. A .  L .  Anet, R .  D .  Trepka, and D .  J .  Cram, J. Amer. 
chem. SOC. 89, 357 (1967). 
(731 a) J .  B. Lambert, G .  F. Jackson, III, and D .  C.  Mueller, 
J. Amer. chem. SOC. 92, 3093 (1970); b) J.  B. Lambert and 
D.  C.  Mueikr, J. Amer. chem. SOC. 88, 3669 (1966). 
[74] J. B.  Lambert, G .  F. Jackson, I l l ,  and D. C .  Mueller, J. 
Amer. chem. SOC. 90, 6401 (1968). 
[75] J.  B. Lambert and G .  F. Jackson, III, J. Amer. chem. SOC. 
90, 1350 (1968). 
[76] P. Koch and A .  Fava, J. Amer. chem. SOC. 90,3867 (1968). 
However, see F. Wudl, R .  Gruber, and A .  Padwa, Tetrahedron 
Letters 1969, 2133. 
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planar structure a t  nitrogen in (9) [77J and ( lo)  [781 

may also be explained by (p-d), conjugation in- 
volving the lone pair on nitrogen and the d orbitals of 

ammonia 
methylamine 
dimethylamine 
trimethylamine 
(13) 
(14) 

silicon and phosphorus, respectively. A striking ex- 
ample of the lowering of the inversion barrier due to 
(3p-3d), conjugation is encountered in (11), where 

Vi = 5.8 (mw) [a] 
Vi = 4.8 (mw) 
Vi = 4.4 (mw) 
Vi 5 7.46 (VS) Ib] 
AG50,, = 8 (DNMR) 
SG3,, = 7 (DNMR) 

the inversion barrier is found 1791 to be significantly 
lower than that of comparable non-silicon containing 
phosphines. Electronegativity effects undoubtedly 
contribute to  the observed lowering of these barriers. 

Electronegative groups alpha to the inversion center 
can also assist in 7c delocalization of the lone-pair 
electrons by hyperconjugation, as in (12). Thus, tri- 
fluoromethyl-substituted aziridines have sub- 
stantially faster rates of inversion than alkyl-substi- 
tuted aziridines, presumably because of C-F hyper- 
conjugation. Similarly, in cyclic hydroxylamines 1811 a 

F OF 
\ I  \@ 
N-C-F N=C-F 

/ I  / I  
F F 

OCH, OOCH, 
\ I  \@ 

N - C - H  - N=C-H 
/ I  

H /I: 
f 12) 

C H 2 0 C H 3  substituent on nitrogen has been found to 
lower the barrier relative to an  iso-propyl substituent, 
presumably because of C-0 hyperconjugation. 

4.3. Effects of Angular Constraint 

As a rule, simple amines undergo inversion at  rates 
that are too fast to be measured by DNMR, and few 
measurements of barriers have been reported. Some 
of these are collected in Table 3. Values of the barrier 
lie in the range 4-8 kcal/mole. 

[77] a) E. A .  V. Ebsworth, J .  R .  Hall, M. J .  Mackillop, D.  C. 
McKean, N .  Sheppard, and L .  A .  Woodward, Spectrochim. 
Acta 13, 202 (1958); b) K .  Hedberg, J. Amer. chem. SOC. 77, 
6491 (1955); c) For related systems, see G .  Glidewell, D .  W .  H .  
Rankin, A .  G .  Robierte, and G .  M. Sheldrick, J. mol. Struct. 4 ,  
215 (1969); L. V. Vilkov and N. A .  Tarasenko, Chem. Commun. 
1969, 1176. 
[78] E.  D .  Morris, Jr . ,  and C. E .  Nordman, Inorg. Chem. 8, 
1673 (1969). For related systems, see J .  W. Cox and E. R.  Corey, 
Chem. Commun. 1967, 123, and references cited therein. 
[79] R.  D .  Baechler and K .  Mislow, unpublished results. 
[80] A .  L .  Logothetis, J. org. Chem. 29, 3049 (1964). 
[811 D .  L.  Grif$th and B. L. Olson, Chem. Commun. 1968,1682. 

Table 3. Inversion barriers in simple amines. 

Ref. 

r221 
[231 

[a] Microwave spectroscopy. Ibl Vibrational spectroscopy. 

Early calculations led to the expectation [13,831 that 
severe angular constraint, as occurs in aziridines, 
should stabilize nitrogen pyramids a t  ordinary tem- 
peratures, and although the subsequently observed 
effect is not as dramatic as anticipated, angular con- 
straint does lead to a substantial increase in the barrier 
to inversion. Thus, a lower limit of 11.6 kcal/mole has 
been estimated 1841 for the inversion barrier of aziri- 
dine itself, and E, = 10-12kcal/mole has been 
measured [851 for (15);  the last value is also considered 

C N - R  

f 13) f 15) 

a lower limit. N-Alkylaziridines apparently have 
considerably higher barriers, Ea = 19 kcal/mole [86J 
and AG,f = 17.7-20.5 kcal/moler3o959l having been 
reported for (I), R = CH3, and (3), R = CH3, re- 
spec t ively . 
The increased activation energy for inversion due to 
the angular constraint imposed by a three-membered 
ring is also apparent in cyclopropyl anions which are 
known to be capable of retaining configuration 1871, 

and in cyclopropyl radicals which exist, at  least 
transiently, as non-planar entities 188.891. Inversion 

[82] J.  B. Lambert and W .  L.  Oliver, Jr., J. Amer. chem. SOC. 
91, 7774 (1969). 
1831 a) R .  Adams and T. L. Cairns, J. Amer. chem. SOC. 61, 
2464 (1939); b) P.  Maitland, Ann. Rept. chem. SOC. London 36, 
239 (1939); c) J.  Meisenheimer and L.-H. Chou, Liebigs Ann. 
Chem. 539, 70 (1939); d) J .  D .  C. Mole and E .  E.  Turner, Chem. 
and Ind. 17, 582 (1939). 
1841 M. K .  Kemp and W .  H. Flygare, J. Amer. chem. SOC. 90, 
6267 (1968). 
[ 8 5 ]  T. J .  Bardos, C .  Szantay, and C. K .  Navada, J. Amer.chem. 
SOC. 87, 5796 (1965). 
[86] a) J.  P .  Heeschen, Ph. D. Thesis, University of Illinois, 
Urbana, Ill. (1959); b) H. S .  Gutowsky, Ann. N. Y.  Acad. Sci. 
70, 786 (1958). 
1871 a) H .  M. Walborsky, F. J .  Impastato, and A .  E. Young, 
J. Amer. chem. SOC. 86, 3283 (1964); b) H. M. Walborsky and 
A. E. Young, ibid. 86, 3288 (1964); c) J.  B. Pierce and H .  M. 
Walborsky, J. org. Chem. 33, 1962 (1968). 
[88]  J. Jacobus and D .  Pensak, Chem. Commun. 1969, 400; 
b) see also H. M. Walborsky, F. P .  Johnson, and I .  B. Pierce, 
J. Amer. chem. SOC. 90, 5222 (1968). 
IS91 a) H .  M. Walborsky and C.-J. Chen, J. Amer. chem. SOC. 
89, 5499 (1967); b) M. J.  S .  Dewar and J.  M.  Harris, J. Amer. 
chem. SOC. 91, 3652 (1969). 
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barriers of 20.85 kcal/mole 1901 and 5.46 kcal/mole [4bl 

have been calculated for cyclopropyl and methyl 
anions, respectively. Theoretical [4b99iJ studies of the 
methyl radical indicate that this species is planar, in 
agreement with experimental (ESR) data [92,937 on a 
variety of alkyl radicals, including the parent CH3 [941. 

Similarly, while theoretical I951 and experimental [961 
evidence on H30C imply that unstrained oxoniurn ions 
are either planar or very shallow pyramids, an  in- 
version barrier of 10 & 2 kcal/mole has been re- 
ported 1971 for (16). 

p8- CH( CH, )z 

A rough estimate for the angle strain effect as a func- 
tion of bond angle may be obtained by comparing the 
barriers in a series of cyclic tertiary amines, as given in 
Table 4. It is immediately apparent that, although the 
barrier for the azetidine derivative (17), R = CH3, 
may in part be lowered because of buttressing effects 
of the two methyl groups on C-3, the effect of angle 
strain on the barrier falls off rapidly as the CNC angle 
constriction is relaxed. 

Table 4. Barrier height as  a function of ring size. 

Compound Ring size 
Barrier 
height 
(kcailmole) 

19 
8.8 
8.0 
7.0 

35.6 
ca. 40 

Ref. 

An indication that angle constraint is an important 
factor in stabilizing phosphorus pyramids is also seen 
from the last two entries in Table 4. The pyramid in 
the four-membered ring phosphorus system ( 5 )  is 
more stable than that in the acyclic phosphorus com- 
pounds ( I S ) ,  even though buttressing effects in (5 ) ,  

[90] D.  T .  Clark and D .  R .  Armstrong, Chem. Comrnun. 1969, 
850. 
[91I Ph. Millie and G .  Berthier, tnternat. J .  quant. Chem. 2S, 
67 (1968). 
1921 M .  C. R.  Symons, Nature 222, 1123 (1969). 
[93] R .  W. Fessenden and R .  H .  Schuler, J. chern. Phys. 39, 
2147 (1963). 
[94] R.  W. Fessenden, J. phys. Chem. 71, 74 (1967). 
[951 J.  W. Moskowitz and M .  C. Harrison, J. chem. Phys. 43, 
3550 (1965). 
[96j R.  Savoie and P .  A .  Gigudre, J. chem. Phys. 41, 2698 
(1964), and references therein. 
1971 J .  B. Lambert and D .  H.  Johnson, J. Arner. chem. SOC. 90, 
1349 (1968). 

R = CH3, would tend in the direction of lowering the 
barrier. Similarly, racemization of unstrained sul- 
fonium salts is conveniently followed 198,993 in the 
temperature range 50-70 "C, but isomers of (19) have 
been reported IlOOl  not to undergo pyramidal inversion 
up to the temperature of decomposition, 80 "C. 

CH, 

4.4. Effects of Heteroatomic Substitution 

The following attributes of heteroatoms adjacent to an 
inverting center have been invoked to explain the ob- 
served effects on the inversion barrier: 
1. The inductive (electronegativity) effect of the sub- 
stituent. 
2. The effect of lone pair-lone pair interactions. 
3. Use of substituent d orbitals for delocalization of 
the lone pair of electrons of the inverting center. 

4. Delocalization of the lone pair of electrons of the 
substituent into d orbitals of the inverting center. 
Both increasing electron withdrawal from the inverting 
center by a non-conjugat ive mechanism [loll (Section 
2.3) as well as the presence of non-bonded electron 
pairs on the substituent [72,1021 are expected to lead to  
increased inversion barriers. In no instance has it been 
possible to assess convincingly from empirical studies 
the relative importance of lone pair-lone pair repuls- 
ions and electronegativity of the heteroatom to the 
increased barrier height, although theoretical studies 
(Section 2.5) indicate that the former effect may be 
dominant in halides. The question of torsional angular 
dependence of the inversion barrier (in the case of axi- 
ally non-symmetric heteroatomic substituents) re- 
mains unanswered. The effects due to use of d orbitals 
have been mentioned in Section 4.2 and are further 
discussed below. 
A lively controversy exists with regard to the inter- 
pretation of the origin of barriers observed by DNMR 
(Section 3.2.4) in heteroatomically substituted pyra- 
midal molecules. Due to the possible existence of sub- 
stantial torsional barriers about some heteroatom- 
heteroatom bonds, an ambiguity arises in assigning 
the origin of the observed rate process to either rota- 
tion or inversion whenever the bond to the substituent 
containing the heteroatom is not axially symmetric. 

The following discussion on heteroatomic effects is 
subdivided into two parts, the first dealing with in- 

~~ 

[98] a) D .  Darwish and G.  Tourigny, J. Amer. chem. SOC. 88, 
4303 (1966); b) D .  Darwish, S .  H.  Hui, and R.  Tomilson, ibid. 
90, 5631 (1968). 
[99] R.  Scartazzini and K .  Mislow, Tetrahedron Letters 1967, 
2719. 
[loo] B. M .  Trost, W. L.  Schinski, and I .  B. Mantz, J. Amer. 
chem. SOC. 91, 4320 (1969). 
11011 H .  A .  Bent, Chem. Reviews 61, 275 (1961). 
[lo21 D .  L.  Griffith and J .  D .  Roberts, J. Amer. chem. SOC. 87, 
4089 (1965). 
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version at  tricoordinate, first row atoms in which the 
main quantum number of the inverting atom is 2, the 
second dealing with inversion a t  second o r  higher row 
atoms (main quantum number greater than 2). 

4.4.1. I n v e r s i o n  a t  F i r s t  R o w  A t o m s  

Heteroatomic substitution slows inversion at  nitrogen, 
as has been shown for five- or six-membered ring 
hydroxylamines 149 ,*1,1031 and hydrazines [104-1093. 

The effects on the barrier of heteroatomic substitution 
and angular constraint are compounded in N-halo- 
aziridines L58-611, N-aminoaziridines [110,1111, diazirid- 
ines [1121, and oxaziridines [63,113-1151. In some cases in- 
vertomers have been separated[58b,61.63.103,112,114,1151. 

Multiple heteroatomic substitution leads to a marked 
increase in inversion barriers, even in unstrained 
systems. The powerful effect of fluorine on the stability 
of the pyramidal structure is seen in NF3 and CF3: a 
value of 42 kcal/mole [261, estimated from vibrational 
frequencies, for the inversion barrier of NF3 has re- 
cently been revised 11161 upward to 56-59 kcal/mole, 
and a barrier of 27.4 kcal/mole has been calculated n17J 

for inversion of CF3 radical, which is known to be 
pyramidal from ESR data 11181, in contrast to the un- 
substituted methyl radical which is planar (Section 
4.3). In addition, a recent study [119a3 of some alkyldi- 
fluoroamines has yielded a lower limit of 18.0 kcal/ 
mole for the barrier to inversion (AG*) at the nitrogen 
atom attached to  the tertiary carbon atom in (20), 
and barriers (E,)  in the range 29-30 kcal/mole have 
been found [lo31 for the interconversion of invertomers 

[lo31 K .  Miiller and A .  Eschenmoser, Helv. chim. Acta 52, 1823 
(1969). 
11041 E. L .  Allred, C. L .  Anderson, R .  L. Miller, and A .  L .  
Johnson, Tetrahedron Letters 1967, 525. 
[lo51 J.  E. Anderson and J. -M.  Lehn, Bull. SOC. chim. France 
1966, 2402. 
[lo61 J .  E. Anderson and J. -M.  Lehn, J. Amer. chem. SOC. 89, 
81 (1967). 
[lo71 J.  P.  Kintzinger, J . -M.  Lehn, and J .  Wagner, Chem. Com- 
mun. 1967, 206. 
[lo81 J.  E. Anderson and J.  D. Roberts, J. Amer. chem. SOC. 
90, 4186 (1968). 
[lo91 R .  A .  Y. Jones, A .  R.  Katritsky, and A .  C. Richards, 
Chern. Commun. 1969, 708. 
[110] S. J .  Brois, Tetrahedron Letters 1968, 5997. 
[111] R .  S. Atkinson, Chem. Commun. 1968, 676. 
11121 A .  Mannschreck and W. Seitz, Angew. Chem. 81, 224 
(1969); Angew. Chem. internat. Edit. 8, 212 (1969). 
I1131 W. D. Emmons, J. Amer. chem. SOC. 79, 5739 (1957). 
[114] D. R. Boyd, Tetrahedron Letters 1968,4561; D. R .  Boyd 
and R.  Graham, J. chem. SOC. (C) 1969, 2648; D. R. Boyd, R .  
Spratt, and D. M .  Jerina, J. chem. SOC. (C) 1969, 2650. 
11151 A .  Mannschreck, J .  Linss, and W. Seitz, Liebigs Ann. 
Chem. 727, 224 (1969). 
[116] See Table 1, footnote (f) of reference [19d]. 
11171 By LCAO-MO-SCF (Hartree-Fock) calculations using 
a fairly limited 5s2p Gaussian hasis set for C and F; K. Moro- 
kuma, L .  Pedersen, and M .  Karplus, J. chem. Phys. 48, 4801 
(1968). 
[I181 R .  W. Fessenden and R .  H.  Schuler, J. chem. Phys. 43, 
2704 (1965). 
[119] a) S. K .  Brauman and M .  E. Hill, J .  chern. SOC. (B) 1969, 
1091; b) M .  K .  Hargreaves and B. Modarai, Chem. Commun. 
1969, 16. 

7 H3 

NC 
H3C - CH- C - CH3 

I I  
FzN NF2 

H 

(20) 

of (2i). The observed [119bl pyramidal stability of 
- CFClBr in aqueous solution is a further example of 
this effect 
In principle (P-4, delocalization of the nitrogen 
lone pair is possible in N-haloaziridines and this effect 
was originally proposed to rationalize the apparent 
rapid inversion in LV-chloroaziridines [I201 (since shown 
to be slow [58,59,611) and in (22), R = =  CI [1021. How- 
ever, the low barrier (11.9 kcal/mole) of (17), R = 

c1[591, as measured by DNMR, is in sharp contrast to 

the high inversion barrier (AG+ = 23.5 kcal/mole) [I211 
of (23), as measured by direct kinetics, even though 
the internal bond angles a t  nitrogen are similar in the 
two compounds. Relatively high rates of inversion 

have been reported[721 for aziridines ( I )  with sulfur 
and phosphorus centered groups attached to nitrogen, 
and are in the order[721: R = p(o)(C&5)2 >> 
S(O)C&fs. Once again, (p-d), delocalization could 
here be invoked; unfortunately, in no case where a 
coalescence temperature was observed can slow rota- 
tion about the N - S  or N-P bond be ruled out as the 
rate determining step, for reasons discussed below. 
Barrier phenomena (10-20 kcal/mole) have been ob- 
served in acyclic hydroxylamines [40,1021, hydra- 
zines [43,44,1221, sulfonamides 1123% 1243, sulfinam- 
ides 11251, sulfenamides [39,124,125,1261, and amino- 
phosphines [42,127,1281. The interpretation of the ori- 

S(Oz)CsH5 > S[2,4-(N02)2-C6H3] > SC6H5 > 

[I201 V.  F. Bystrov, R.  G. Kostyanovskii, 0. A .  Panshin, A .  U .  
Stepanyants, and 0. A.  Iuthakova, Opt. Spectry. (USSR) 19, 
122 (1965). 
[121] V .  Rautenstrauch, Chem. Commun. 1969, 1122. 
[122] J. E .  Anderson, D .  L .  Grifxth, and J .  D .  Roberts, J. Amer. 
chem. SOC. 91, 6371 (1969). 
11231 M .  Raban, G. W. J .  Kenney, Jr., J .  M .  Moldowan, and 
F. B.  Jones, Jr . ,  J. Amer. chem. SOC. 90, 2985 (1968). 
[124] M .  Raban and F. B. Jones, Jr . ,  J. Amer. chem. SOC. 91, 
2180 (1969). 
[125] M .  Raban, Chem. Commun. 1967, 1017. 
11261 M. Raban, F. B. Jones, Jr . ,  and G .  W. J .  Kenney, Jr., 
Tetrahedron Letters 1968, 5055. 
[127] H. Goldwhite and D .  G. Rowsell, Chem. Commun. 1969, 
713. 
11281 M .  P .  Simonnin, J .  J .  Basselier, and C. Charrier, Bull. 
SOC. chim. France 1967, 3544. 
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gin of the barrier in these molecules is ambiguous, 
as discussed in Section 3.2.4. Most of the barriers 
observed in acyclic molecules have been attributed 
to hindered rotation. 
Assuming the validity of assumption (a) of Section 
3.2.4, the values of AG+ obtained set upper limits on 
the barriers t o  pyramidal inversion in these com- 
pounds. However, in none of these systems has there 
been experimental verification of the validity of this 
assumption, and it follows that there is as et no un- 
ambiguous DNMR estimate of a barrier to inversion 
in acyclic heteroatom-substituted nitrogen com- 
pounds. The conformational interconversion of dia- 
stereomers of (24), AG: = 17.2 kcal/mole at  68 'C, 
ascribed to nitrogen inversion [1231, may alternatively 
be a manifestation of rotational diastereoisomerism, 
as in (25) C124,1261. 

7% 7H3 
C13C-S-N-CH-C6H, I R ' e - S . ; - C H - C H 3  

7 0 2  

C6H5 

A 3  

A similar ambiguity in interpretation exists for cyclic 
amines with an exocyclic heteroatomic substituent 
without axial symmetry. The stereomutations of sul- 
fenamides (17), R = SCC13 or SC6H5, and (26), R = 

ccI3, C&s, or  CH3, were attributedr41l to rotation 
about the N-S bond. The observed steric effects in 
(3), R = SCC13, AG: = 9.1; (3), R = S-t-CqHg, 
AGz = 12.2; (3),  R = SC6H5, AG? = 12.2; and (31, 
R = S-CH3, A G z  = 13.3 kcal/mole[411, are in the 
direction expected for an inversion process but small 
enough to render this interpretation uncertain. Simi- 
larily, low barriers observed [721 in the aziridines ( I ) ,  
R = P(O)(C&~)Z, S(02)C6H5, 2,4-(N02)2CsH3S, 
SC6H5, S(O)C&5, may be ascribed to rotational 

0 

(17) (26) 

motions, with inversion being an invisible (by DNMR) 
process, possibly of much higher energy, in consonance 
with the high barriers found for I-haloaziridines. I n  
the single case ( I ) ,  R = S(O)C6H5, where chemical 
shifts due to diastereotopic protons were observed at  
room temperature, the magnetic nonequivalence was 
assumed1721 to be due to the asymmetric sulfoxide 
grouping. 

Hydrogen exchange at  nitrogen coordinated to transi- 
tion metals has been found to proceed with a high 
degree of stereospecificity. For example, in (27), 
hydrogen exchange occurs a t  a rate that is 2.3 x 1 0 6  

times faster than the rate of racemization[1291. Since 
nitrogen is the only center of asymmetry in the com- 
plex, the nitrogen pyramid formed after abstraction 
of the proton is remarkably stable to inversion. Simi- 
lar, though less dramatic, results have been obtained 
in complexes of other transition metals [1309 1311. 

4.4.2. Inve r s ion  a t  Second  o r  H i g h e r  
R o w  A t o m s  

Tricoordinate sulfur compounds such as sulfoxi- 
des [69,1321, sulfinate esters [1337, sulfinamides [1341, 
sulfilimines 11351, and sulfites [I361 possess stable sulfur 
pyramids at ordinary temperatures. A study 169,1321 of 
pyramidal inversion in sulfoxides yielded barriers 
( A H * )  in therange 35-42 kcal/mole. Similarily, it has 
been assumed in studies involving these compounds 
that aminophosphines and chlorophosphines do  not 
invert at  phosphorus [42,127,1281. 

In view of the pyramidal stability of the majority of 
compounds containing tricoordinate second or higher 
row atoms, numerous reports in recent years of sur- 
prisingly labile P, As, and S pyramids must therefore 
be critically examined. Although no inversion was 

[129J D .  A .  Buckingham, P.  A .  MarziNi, and A .  M .  Sargeson, 
Inorg. Chem. 8, 1595 (1969). 
[130] D .  A .  Buckingham, L .  G. Marzilli, and A .  M .  Sargeson, 
J. Amer.  chem. S O C .  91, 5227 (1969), and references therein. 
I1311 J.  B. Goddardand F. Basolo, Inorg. Chem. 8,2223 (1969). 
[132] D .  R.  Rayner, E. G.  Miller, P .  Bickart, A .  J. Gordon, and 
K .  Mislow, J. Amer. chem. SOC. 88, 3138 (1966). 
11331 For example: K .  Mislow, M .  M .  Green, P.  Laur, J .  T. 
Melillo, T.  Simmons, and A .  L .  Ternay, Jr., J. Amer. chem. SOC. 
87, 1958 (1965). 
[134] For example: A .  Nudelman and D .  J .  Cram, J. Amer. 
chem. SOC. 90, 3869 (1968). 
[135] For example: a) J .  Day and D. J .  Cram, J. Amer.  chem. 
S O C .  87,4398 (1965); b) D. R .  Rayner, D .  M .  v. Schriltz, J .  Day, 
and D .  J .  Cram, ibid. 90, 2721 (1968). 
[136) For example: a) J.  G. Pritchard and P. C. Lauterbur, 
J. Amer.  chem. SOC. 83, 2105 (1961); b) P. C .  Lauterbur, J .  G .  
Pritchard, and R .  L .  Vollmer, J. chem. SOC. 1963, 5307 
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observed [I371 in (28), R = OCH3, N(CH3)2, OC6H5, 
C6HS, up to 150 “C, the structurally similar compounds 
(29), R = R ’ =  H and R =  R ’ =  CH3, and (30) 
showed[l38l chemical shift equivalence of the cis and 
trans groups a t  the 3 and 4 ring positions. However, 
accidental equivalence is more reasonable than the 
proffered [I381 explanation of rapid inversion or co- 
planar geometry at  arsenic, since invertomers of (31) 
(up to 110 “C) and (32) (at room temperature) can be 

distinguished in the N M R  spectrum [139J, and since 
(33) has been resolved [1401. The ready equilibra- 
tion [141,1421 of isomers of (34), R = t-C4H9, R’ = H; 
R = CH3, R’ = CHZCl, may be ascribed to traces of 
methanol in the system 11433. 

(33) (34) 

Barriers (AGZ,) of 22.5 to 24 kcal/mole have been 
measured [73,741 for a series of diphosphines (35), 
R = p-CH3C6H5, P - C F ~ C ~ H ~ ,  C6H5, and CHzCsH5, 
and a barrier (E,) of 27 % 1 kcal/mole for the diarsine 
(36) [74,751, all by DNMR. The spectral changes are 

consistent with inversion a t  phosphorus and arsenic 
on the assumption that rotational barriers in these 
compounds are low. The separation of isomers of the 
diarsine (37) by sublimation in vacuo at 140°C and 
230 “C (1441 suggests that a substantial barrier to in- 
version and rotation exists for this compound. In 
principle, the gauche isomer should display two sets of 

11371 B. Fontal and H .  Goldwhite, Tetrahedron 22, 3275 (1966). 
[138] M .  Wieber and H .  U.  Werther, Mh. Chem. 99, 1159 
(1968). 
[139] J .  P .  Casey and K .  Mislow, unpublished results. 
[140] I .  G. M .  Campbell, J. chem. S O C .  1956, 1976. 
[141] D.  W .  White, G .  K .  McEwen, and J .  G .  Verkade, Tetrd- 
hedron Letters 1968, 5369. 
[142] J .  H.  Hargis and W .  G. Bentrude, Tetrahedron Letters 
1968, 5365. 
11431 D .  2. Denney and D .  B. Denney, J. Amer. chem. S O C .  88, 
1830 (1966). 
[144] a) M .  Green and D .  Kirkpafrick, Chem. Commun. 1967, 
5 7 ;  b) M .  Green and D .  Kirkpatrick, J. chem. SOC. (A)  1968, 
483. 

pentafluorophenyl resonances, but this was not ob- 
served. The analogous diphosphine (38) showed only 
a single set of 19F resonances, implying one stable 
isomer. The postulate[73.74.751 that (3p-3d), or 
(4p-4d), resonance is operative in lowering the 
barrier to inversion in the diphosphines and diarsines 
is strongly supported by the thermal racemization 1761 

of the analogous compound (39), but not by the 
pyramidal stability of (37) 

Transition metal complexes where some of the ligands 
are organosulfides constitute another class of hetero- 
atom-substituted tricoordinate centers that are capable 
of inversion of configuration. An activation energy of 
18.0 kcal/mole was found 11451 for the cis-bis(dibenzy1 
sulfide)platinum(rr) complex (40) by NMR. Because 
of the low activation energy inversion was postu- 
lated (1451 to proceed through a “partially dissociated 
transition state” in which both lone pairs of the sulfide 
are equally delocalized into the metal orbitals. The 
trans-complex (40) was found to  invert more rapidly 

than the cis-complex. A substantially higher activation 
energy barrier of 30.7-31.8 kcal/mole was meas- 
ured [I461 for inversion a t  sulfur in (42) .  

The effect (magnitude and direction) on the inversion 
barrier of the fourth attribute of heteroatomic sub- 
stituents mentioned a t  the beginning of this section, 
i.e., delocalization of the lone pair(s) of electrons of 
the substituent into d orbitals of the inverting center, 
is uncertain. Although (2p-3d), conjugation ap- 
parently contributes to  the stabilization of carbanions 
adjacent t o  phosphorus and sulfur [1471, no racemi- 
zation of sulfoxides is observed [148,1431 during base- 
catalyzed hydrogen exchange a t  attached carbon 
atoms, nor is racemization observed upon generation 
of the lithiated phosphine (42) [1501. The barrier to 

[145] a) P. Haake and P .  C. Turley, J. Amer. chem. SOC. 89, 
4611 (1967); b)  P .  C .  Turley and P. Haake, ibid. 89, 4617 (1967). 
11461 M .  Dekker, G .  R. Knox, and C .  G. Robertson, J. organo- 
met. Chem. 18, 161 (1969). 
[147] For example, see D .  J .  Cram: Fundamentals of Carb- 
anion Chemistry. Academic Press, New York 1965, p. 71. 
11481 D. J .  Cram and S .  H .  Pine, J. Amer. chern. SOC. 85,1096 
(1963). 
[149] Y.-H.  Khim, W. Tagaki, M .  Kise, N .  Furukawa, and 
S .  Oae, Bull. chem. SOC. Japan 39, 2556 (1966). 
[l50] L.  Horner, W .  D .  Baker,  and D. J .  Paterson, Tetrahedron 
Letters 1966, 3315. 
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pyramidal inversion in the sulfonium ylide (43), 
A H *  = 23.3 k c a l / m o l e [ ~ ~ ~ l ,  is somewhat lower than 
that for sulfonium salts ( A H *  = 25-29 kcal/ 

‘C2H5 

431 

mole) [9*,991, and much lower than barriers found in 
sulfoxides ( A H *  = 35-42 kcal/mole) Although 
substantial (2p-3d), bonding is postulated to  occur 
in sulfoxides f1521, and, by extension, in sulfilimines, it 

[1511 D .  Darwish and R .  I.. Tomilson, J. Amer. chem. SOC. 90, 
5938 (1968). 

is not clear at  present whether the pyramidal stability 
of these compounds should be attributed to the effect 
of thex  bonding, rather than to theeffect of theelectro- 
negativity of the oxygen and nitrogen substituent or 
to lone pair-lone pair interactions. 
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New Forms of Carbon 

By Otto Vohler, Peter-Ludwig Reiser, Renato Martina, and  Dieter Overhoff [*I 

A number of novel carbon materials whose unique properties fit  them for many uses have 
recently been developed. Pyrolytic graphites are excellent conductors of heat and elec- 
tricity parallel to the surface, whereas they are semiconductors perpendicular to the 
surface. A similar anisorropy is found in graphite foils, which are impermeable, but also 
very flexible. Classlike carbon, which is also impermeable, is, however, completely iso- 
tropic. Carbon foams and felts are extremely light and exhibit very good thermal insula- 
tion up to high temperatures. In addition to very high strength, carbon Jibers have values 
of Young’s modulus greater than that of any other fibers or wires. Carbon fiberiresin 
composites are therefore more rigid than any other known materials; their specific 
Young’s modulus is five times that of steel. 

1. Introduction 

Up to the end of the 19th century, graphitic carbon 
was known practically only in the form of mined 
natural graphite. Though synthetic carbons had been 
prepared by heating mixtures of anthracite, coke, 
charcoal from wood and sugar, and retort carbons 
with carbonaceous binders such as sugar syrup, tar, 
and pitch, and the partial conversion of these synthetic 
carbons into synthetic graphite had repeatedly been 
observed, e.g. in an electric arc, the economic produc- 
tion of synthetic or artificial graphite was made possible 
only by the graphitizing process patented by Acheson [I] 
in 1896. 

In  this process, the material to be graphitized forms 
the thermally and electrically insulated heating core 

[*] Dr. 0. Vohler, Dr. P.-L. Reiser, Dr. Renato Martina, and 
Dr. D. Overhoff 
SIGRI Elektrographit GmbH 
8901 Meitingen (Germany) 

[l] E. G .  Acheson, US-Pat. 568323 (1895). 

of an electric resistance furnace, as shown diagram- 
matically in Figure 1. The charge is heated to about 
3000°C by direct passage of current, via a resistor 
pack of granular coke. The graphitization that occurs 
a t  this temperature leads to extensive ordering within 
the crystallites of the coke grains and of the binder 
coke [ZJ. 
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Fig. 1. 
a) Current connection, b) current supply electrodes, c) port, d) resistor 
pack of granular coke, e) artificial carbon to be graphitized, f) insulating 
layer, g) furnace bed. 

Acheson graphitizing furnace, schematic. 

[2] E. Donges and 0. Yohler in K. Winnacker and L. Kiichler: 
Chemische Technologie. Vol. I, 3rd. Edit., Hanser, Miinchen 
1969. 
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