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Abstract: A nonempirical molecular-orbital investigation has been made of the reactions -CH2XH + H+ - CH3XH - H+ 
+ CH3X-, for the systems X = 0, S, and with optimization of all geometric parameters other than the CH,  S H ,  and OH 
bond lengths. Because the computations have been performed with several basis sets containing either sp- or spd-type func- 
tions on the heteroatoms, it has been possible to assess theoretically the role of (p - d), conjugation in the case of sulfur as 
the source of the differences in the static and dynamic properties and proton affinities of the anions. No evidence has been 
obtained that any of these differences is the result of such conjugative effects. Thus, the stable structures of -CH2SH and 
- C H 2 0 H  correspond to W and Y conformations, respectively, because of the effect of the greater nuclear-nuclear interac- 
tion associated with the shorter C - 0  bond length of -CH20H.  The barrier to rotation about the C-X bond is lower in 
-CH2SH than in -CH2OH, and the barrier to pyramidal inversion a t  carbon is higher in -CH20H than in -CH2SH be- 
cause of the greater electron-withdrawing effect of oxygen upon the adjacent tricoordinate center. An examination of the 
higher occupied molecular orbitals and charge distributions in -CH2SH confirms the relative unimportance of (p - d)* con- 
jugation in the ground state. For example, the effect of the d-type polarization functions is more pronounced in the region of 
the S-H bond than in the region of the C-S bond. It is concluded that some inherent difference between sulfur.and oxygen 
atoms is being reflected in the properties of the molecules. Two such differences are the larger size of sulfur and the presence 
of the low-lying d orbitals. The cumulative effect of these two differences is to make sulfur more polarizable than oxygen 
both in the atomic state and in the molecular state. Consequently, the gas-phase acidity of a C-H bond adjacent to sulfur is 
greater than that of a C-H bond adjacent to oxygen, whether d-type functions are employed on the heteroatoms or not. 

The enhanced acidity of protons adjacent to sulfur in its 
various oxidation states has been known for nearly a centu- 
ry.3,4 For almost half this period, with some  exception^,^ 
most workers have preferred a conjugative explanation of 
this property. By this is meant, in current terminology, a 
stabilization of the transition state for proton abstraction 
(in the case of kinetic acidity) or a carbanion (in the case of 
thermodynamic acidity) by (p - d), bonding, with such 
bonding considered possible for a directly attached atom of 
the second row (phosphorus, sulfur), but not one from the 
first (nitrogen, oxygen). 

In recent years, the validity of the d-orbital model has 
been justified most frequently by reference to some experi- 
mental observations by Doering and Hoffmann6 and by 
Oae and his coworkers.' In Doering's work, Act298 for 
deuteroxide-catalyzed hydrogen-deuterium exchange in 
Me4N+, Me4P+,'and Me3S+ was found to be 36.7, 24.4, 
and 22.7 kcal/mol, respectively. In Oae's work, the rates of 
ethoxide-catalyzed tritium-hydrogen exchange of 
3HCPh(SEt)2 and tert-butoxide-catalyzed tritium-hydro- 
gen exchange of 3HCPh(OEt)2 were estimated to differ by 
a factor of 5 X IO5. To these observations may be added the 
finding, by Gilman and Webb,8 that thioanisole undergoes 
side-chain metalation by n-butyllithium, but anisole is me- 
talated in the ring. There are  a number of practical conse- 
quences of these differing properties, of which one, the 
Corey-Seebach r e a ~ t i o n , ~  merits special attention. In this 
reaction, m-dithiane is successively metalated (at C2),  alk- 
ylated, and hydrolyzed to form an aldehyde. Alternatively, 
the alkylated dithiane may be metalated a second time and 
alkylated again to yield a ketone following hydrolysis. The 
sequence cannot be applied to m-dioxane, because this com- 
pound is stable to the metalation conditions. 

During the period 1967-1970, we performed a series of 
nonempirical molecular-orbital investigations of the stereo- 
chemical capabilities of some of these sulfur-stabilized 
carbanions.I0 These led to the predictions that 1, 2, and 3 
are  the stable structures in the gas phase of the a-thio, a- 
sulfinyl, and a-sulfonylcarbanions, respectively. Although it 
was realized'0b.' I that these results might change somewhat 
when it became possible to bring the quality of the compu- 
tations from the minimal basis set closer to the Hartree- 
Fock limit, this early work did correctly anticipate the ten- 
dency of carbanions 1-3 to exist preferentially in conforma- 
tions having the maximum number of gauche interactions 
between adjacent electron pairs and/or polar bonds; and it 
continues to be employed as the theoretical foundation for 
the discussion and interpretation of experimental observa- 
tions. 

H$fH "e 0 0 
1 2 3 

It was not a t  first evident why 1-3 should represent mini- 
ma on conformational hypersurfaces since, intuitively, such 
structures ought to have been destabilized by a minimiza- 
tion of repulsive forces between the adjacent electron pairs 
and polar bonds. The postulate of (p - d), conjugation in 
these species offered a possible solution to the problem, pro- 
vided that such conjugation could be shown to exhibit a 
conformational d e p e n d e n ~ e . ~ ~ . ' ~  However, this kind of ex- 
planation was made untenable, within the framework of the 
minimal basis set calculations, by the finding that the same 
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energy minimum resulted with and without d-type functions 
in the basis set; and when the d-type functions were em- 
ployed, these were found not to participate in the bonding.14 

Eventually, the connection was made between the struc- 
tures adopted by 1-3 and those of a much larger class of 
molecules, characterized by the presence of two directly 
bonded  heteroatom^.'^ Thus, conformation 4, which would 
appear to minimize repulsive interactions between adjacent 
electron pairs, is an energy maximum on the rotational po- 
tential of hydrazine.I6 The stable conformation is 5, with a 
dihedral angle, 4, of 94O.I7 Since an essential property of 
the d-orbital model is that it may not be applied to the 
treatment of molecules containing only atoms of the first 

it is evident that the gauche effectlsb in hydrazine is 
not ‘the result of d-orbital effects. Yet hydrazine and carb- 
anions 1-3 have very similar structures. This fact strength- 
ens our conclusion that d-orbital conjugation cannot be in- 
volved in a significant way in deciding the stereochemistry 
of sulfur-stabilized carbanions.I8 

4 5 

It then followed logically that d-orbital conjugation 
might also not be an important factor in the enhanced acidi- 
ty discussed above. To treat this problem quantitatively re- 
quired that a comparative quantum chemical study be made 
of the effect of d-type functions upon the structures and/or 
proton affinities of carbanions adjacent to oxygen and to 
sulfur. The systems selected for investigation are shown in 
eq 1, where X is oxygen or sulfur. In the first stage of the 

-CH,XH + H’ - CHSXH (1 1 
work, the total energy of methanol was calculated, with op- 
timization of the C-0  bond length and the COH angle;20 
then the total energy of -CH20H, the tautomeric form of 
methoxide ion, was calculated21 with optimization of the di- 
hedral angle, 8, associated with rotation about the C-0  
bond, and the pyramidal angle, 4, at the carbanionic center. 
The final geometry optimization of the C-0 bond length 
and the COH angle has been performed in the present 
work, which also includes the results for CH30H, CH3S-, 
and -CH2SH, the latter at a much improved level of ap- 
proximation than that’ employed earlier.I0d The principal 
objectives of the computations were, first, to determine 
whether the difference in the calculated proton affinities of 
-CH20H and -CH2SH is in the proper direction; secondly, 
to determine whether the difference, if any, is affected by 
the inclusion of d-type functions in the basis set; and, third- 
ly, by comparison with the earlier resultsIod and those of 
minimal (STO-3G) and split-valence shell (4-31G) compu- 
tations using Gaussian 7022 to determine the basis set de- 
pendence of the conformational hypersurface of l. Each of 
these objectives has now been reached; in addition, the large 
amount of data that have been generated has allowed a 
rather detailed comparison of systems containing C-0 and 
C-S bonds. 

Method 
Computations were performed a t  three levels of approxi- 

mation, termed minimal basis, split-valence basis, and dou- 
ble {basis. The first two made use of the standard STO-3G 
and 4-31G basis sets of the Gaussian 70 programme sys- 
ternt2 and do not include d-type functions. The double {cal- 
culations were performed using contracted Gaussian basis 

sets, which have been optimized for C and 0 by Huzina- 
ga,23 for H by Basch et al.,24 and for S by Veillard.2s These 
basis sets were augmented, where appropriate, by one (for 
0)26 or two (for S)27 sets of d-type functions. For CH30H 
and -CH20H, the full basis sets consisted of 90 and 86 
primitive gtf, contracted to 34 and 32 basis functions, re- 
spectively. For CH3SH and -CH2SH (or CH3S-), the cor- 
responding numbers were 101 and 97, contracted to 48 and 
46, respectively. The molecular orbitals were expanded in 
terms of these basis functions and the expansion coefficients 
obtained by the Roothaan procedure, using either IBMOL 
428 (and IBM 360175 or 3701 165 computers) or a modified 
POLYATOM 2 system29 (and a CDC 6600 computer). The 
CH, SH, and OH bond lengths were held constant through- 
out all of the work a t  1.0910, 1.3330, and 0.9600 A, respec- 
tively. 

Results and Discussion 
Geometry Optimization of CHJS-, CHBH, and 

-CH2SH. The internal parameters subjected to geometry 
optimization are shown in 6, 7, and 8 for CH3S-, CH3SH, 
and -CH2SH, respectively. Optimization of 6 consisted of 
computation of the stretching potential E = E ( r )  and, of 7, 
computation of two cross sections [ E  = E ( r )  and E = 
E ( @ ) ]  of the stretching-bending potential surface E = 
E(r ,4 ) .  The mapping of the energy hypersurface of 8, E = 
E(r,41,42,8) was performed in four stages, each geometric 
parameter being optimized separately. Two rotational con- 
formers were of particular interest in this study by analogy 
to the earlier work on -CHZOH:~I the W conformation 9 
and the Y conformation 10. 

H 
9 10 

Effect of Basis Set on the Computed C-S Bond Length of 
CH3S-. The results are shown in Figure 1. The energy a t  
the optimized bond length is lower by nearly 0.5 au30 when 
the double { basis set is employed, because this basis set, 
which contains d-type functions on sulfur, provides a more 
complete mathematical description of the total electron 
density of the molecule. It is noteworthy, however, that the 
same bond length (1.908 vs. 1.910 A) is obtained with the 
split-valence basis set, so that this geometrical parameter is 
probably not sensitive to the presence or absence of d-type 
functions in the computations when the negative charge is 
placed on sulfur. 

Geometry Optimization of CHJSH. The two cross sec- 
tions of the stretching-bending potential surface were ob- 
tained with the double { basis set. Variation of the C-S 
bond length, with the CSH angle set a t  96S0,  afforded a 
minimum,at 1.857 A. Then variation of the CSH angle led 
to a minimum at 95.95O. In general,31a,b Hartree-Fock 
wavefunctions overestimate bond lengths somewhat. Thus 
the double { basis set predicts a slightly longer C-S bond 
than is observed experimentally (1.819 A);31c9d however, the 
experimental CSH angle (96.5°)31d is reproduced very well. 

Geometry Optimization of -CH2SH with the Double { 
Basis Set, Including d-Type Functions. The four stages in 
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Figure 1. Optimization of the C-S bond length of CH3S- with the 
4-31G and double {basis sets. 

Table I. The Four Stages of the Geometry 
Optimization of -CH,SH 

r- Independent variables-------\ 

Cross Section r ,  A 4, deg &, deg 8 ,  deg 

E = E(r )  Variable 96.5 109.5 180 
E =E(@,)  1.8718a Variable 105 0, 180 
E = E(@,) 1.87180 107.56b Variable 0, 180 
E = E ( 0 )  1.8718a 107.56b 105C Variable 

a The actual r O P t  was found to  be 1.8714 A. b The actual @ , O p t  at 
6 = 0" ( Y  conformation) was found to  be 100.17" and at fJ = 180" 
(W conformation) was found to  be 107.73". CThe actual @20pt at 
0 = 0" was found to  be 104.17" and, at 0 = 180°, was found to  be 
106.48". 

Table 11. 
the Double r Basis Set 

Optimized Geometry of %H,SH as Computed with 

Geometric 
parameter W conformera Y conformerb 

C-s 1.8714 A (1.957 A)C 1.8714 Ae 
i CSH 107.73" (109.31') 100.17" 
LHCH 106.48" (106.48') 104.17' 
LHCS 106.48" (1 05.68") 104.17' 

C-Hd 1.091 A (1.091 A) 1.091 A 
S-Hd 1.330 A (1.330 A) 1.330 A 

e 0" (0") 180" 

a Total energy, -437.019452 hartrees. b Total energy, 
-437.016604 ha1trees.c Data in parentheses are obtained with the 
4-31G basis set. d N o t  optimized. e Not reoptimized for the Y con- 
formation. 

the geometry optimization are summarized in Table I. 
These computations revealed the W and Y conformations, 
as expected,21 to represent the energy minima of the rota- 
tion-inversion surface, with the W having the lower energy. 
The geometrical parameters of these two conformations are 
collected in Table 11. I t  is evident that there is some relaxa- 
tion in the molecule in the course of rotation about the C-S 
bond,32 the larger HCH and CSH angles in the W confor- 
mation being caused by a reflex e f f e ~ t , ~ ~ ~ . ~  Le., a movement 
of the nuclei away from each other in the more crowded 
conformation.34 

The optimized C-S bond lengths of CH3S-, CH3SH, 
and -CH2SH (W conformation) are 1.908, 1.857, and 
1.871 A, respectively. The fact that the bond is longer in 
-CH2SH than in CH3SH suggests the absence of special, 
Le., [(p -+ d), conjugative] effects in this anion, because 
such effects are expected to be manifested by a decrease in 
the bond length. For example, removal of H- from metha- 
nol to form the cation +CH20H,  which exhibits (p-p), con- 
jugation, is accompanied by a decrease of a t  least 0.14 A in 
the C-0 bond length.36 It seemed desirable to check this 
point, and the geometry of the W conformation of -CH*SH 
was, therefore, reoptimized with the split-valence basis set. 

-431.02 0 

I I 1 I I 
0. 90' 180' 270"  360' 

e 
Figure 2. Cross sections of the hypersurface of -CH>SH corresponding 
to planar (upper curve, 42 = 1 2 0 O )  and pyramidal (lower curve, $2 = 
1 05') configurations at carbon. 

Table 111. Total Energies of CH,SH and %H,SHa as a Function 
of Rotation About the C-S Bond 

r Energy, hartrees 7 

Rotational -CH,SHC -CH,SHC 
angle (e") CH,SHb (4, = 105") (@* = 120") 

0 -437.69073d -437.01473 -437.00196 

90 -436.97 149 
60 -437.68919 -437.00491 

120 -437.69073 -437.00623 
180 -437.68919 -437.01928 -437.00196 

aC-S bond length 1.8718 A. bCSH bond angle 96.5". CCSH 
bond angle 107.56'. dStaggered conformation. 

The C-S bond length was found to be 1.957 A, i.e., longer 
than that of CH3S- or CH3SH. The difference in the 
-CHzSH bond lengths computed by the double {and split- 
valence basis sets is a result of the great sensitivity of the 
geometry of this anion to changes in the quality of the basis 
set. The geometrical parameters obtained in the split-va- 
lence optimization are  shown in parentheses in Table ?I. 

Table 111 summarizes the data for rotation along the C-S 
bond in CH3SH and for two cross sections of the -CH2SH 
hypersurface corresponding to rotation along the C-S bond 
with pyramidal (105') and planar (120') configurations a t  
carbon. These latter rotational curves are shown in Figure 
2, from which the greater stability of the W conformation is 
again evident. The minimum in the planar carbanion corre- 
sponds to the T conformation 11 and the maximum to the I 
conformation 12; the computed barrier in this curve is 19.1 

H 4 " 
12 

H9H 
11 

kcal/mol and reflects the effect of conjugative destabiliza- 
tion in this system.37 Since the geometry was not permitted 
to relax during the rotation of 7 and 8, some deviation from 
experimental results is anticipated in these barriers. Thus 
the calculated 1.01 kcal/mol barrier in CH3SH can be ex- 
pected to differ from the experimental value (1.26 kcal/ 
mol)38 because of the use of fixed CH and SH bond lengths 
in the calculations and the same C-S bond length and CSH 
angle in the eclipsed conformation as those optimized for 
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Figure 3. Interconversion of the W and Y conformations of -CH2SH 
by pyramidal inversion at carbon (double ( computations). The geo- 
metrical parameters arer(C-S) = 1.8713 A; LCSH = 107.56'. 
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Figure 4. Pyramidal inversion at carbon in -CH2SH as a function of 
basis set. 

the staggered.39 With this caveat in mind, the computed ro- 
tational barrier in -CH2SH ( W  e Y) is 9.9 kcal/mol. 

Figure 3 displays a cross section of the rotation-inversion 
surface of -CH2SH corresponding to interconversion of the 
W and Y conformations by pyramidal inversion. The com- 
puted barrier is 4 1 .O kcal/mol. The data shown in this Fig- 
ure permit the optimized carbanion valence angles to be 
computed. 

Effect of Basis Set Upon Pyramidal Inversion at Carbon 
in -CH2SH. Participation of the d-type functions of sulfur 
i n  the ground state of -CH2SH, which may be associated 
with the existence of (p - d), conjugation, can be probed 
in several ways, including their effect upon the conforma- 
tional hypersurface. Of particular interest was the effect of 
basis set upon the interconversion of the W and Y confor- 
mations by pyramidal inversion, because it is known that in- 
version barriers are more sensitive than rotational barriers 
to the quality of the basis set.4' The results of this study are 
summarized in Figure 4, which shows that the greater sta- 
bility of the W conformation is reproduced by all basis 
sets.4z Rauk's r e s ~ l t s ' ~ ~ . ~ ~  have not been included in Figure 
4, because the Y conformation was found to be a saddle 
point rather than a minimum on the rotation-inversion sur- 
face. The rotational cross section through the minimum of 
Rauk's surface is contrasted with the present double [rota- 
tional cross section in Figure 5. 

It seems clear that improvement of the basis set from 
minimal to split valence to double [ plus d-type functions 
leads to an  improvement of the total energy of the system 
but to no fundamental change in the geometry of the 

d , x x ~ q . ~ . f i ) , A  
1 I 1 I I 
0" 60- 120' IBS 240" XC" 360" 

R O T A T I O N  ( e )  

Figure 5. The total energy of -CH2SH as a function of rotation along 
the C-S bond. Upper curve: minimal basis set computations. Lower 
curve: double j- computations, 

ground state. This is, of course, a well-known phenome- 
n01-1~~ and merely serves as an additional demonstration that 
d-type polarization functions45c have mathematical but not 
stereochemical significance. From the standpoint of the ge- 
ometry, there is thus no evidence f o r  ( p  --+ d) ,  conjugation 
in -CH2SH. 

However, one important difference between the double [ 
computations on -CH2SH and -CH20H,*' which find 
both W and Y conformations to be stable, and the earlierIod 
minimal basis set computation on -CH2SH deserves com- 
ment. It now appears very probable that, although each of 
the earlier calculationsI0 correctly predicted stability for 
the conformation having the maximum number of gauche 
interactions between adjacent electron pairs and polar 
bonds (corresponding to the W conformation of -CH>SH), 
the relative stability of this conformation was systematical- 
ly overestimated. Thus, in contrast to the present results, 
only one conformation (1, 2, and 3) was found to be stable. 
Since the energy difference between the W and Y confor- 
mations of -CH2SH is now calculated to be 1.9 kcal/mol, 
as opposed to the earlier value (see Figure 5) of 6.1 kcal/ 
mol, and since conformation 13 of the a-sulfinylcarbanion 
-CH*SHO was found earlier'od~b to be only 2.2 kcal/mol 
less stable than 2, improvement of the earlier computation 
may now be expected to lead to stability for both 2 and 13, 
with 13 perhaps having the lower energy. Since recent ex- 
perimental investigations suggest that  the kinetic acidity of 
an u proton anticoplanar to the SO bond of a sulfoxide is 
greater than that of a proton located on the bisector of the 
oxygen-sulfur-sulfur lone-pair angle,12c,d corresponding to 
kinetic preference for the formation of a carbanion analo- 
gous to 13, recomputation of -CHzSHO with the double [ 
basis set is now necessary, and such a study has been initiat- 
ed.46 

H H 4 $ H  0 

13 
The Molecular Orbitals and Charge Distribution in 

-CHzSH. The contribution of the d-type functions to the 
SCF-MO's of -CH2SH has been assessed by consideration 
of the coefficient matrix and charge distribution of the 
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Figure 6. The nature of (p - d)r conjugation in -CH2SH (b) in terms 
of the coordinate system shown in (a). 

anion in the W conformation. In the coordinate system 
shown in Figure 6, two (p - d), type interactions are possi- 
ble, viz., (C2Pk-S3d.,,)a and (c2p,-S3d,;)x. For (P - d), 
conjugation to be present, it is necessary that the coeffi- 
cients of Czp, and S3d,,, or those of CzP, and S3d,, be non- 
zero. 

Figure 7 shows schematically the three highest occupied 
molecular orbitals (13, 12, and 1 l ) ,  the magnitudes of these 
MO being represented qualitatively by the sizes of their or- 
bital lobes. Table IV lists the coefficients of the CzP and S 3 d  
functions of these three MO. The H O M O  (MO 13) is es- 
sentially the carbon lone-pair orbital and, intuitively, would 
have been expected to exhibit the greatest (p - d), interac- 
tion. This M O  belongs to the a’ representation, and it con- 
tains the (C2py-S3d,,), interaction. The (C2py-S3dy,), inter- 
action also appears in M O  11 ( a ’ ) ,  which is essentially a 
sulfur sp2-type lone-pair orbital. Molecular orbital 12 ( a ” )  
i s  essentially the sulfur 3p lone-pair orbital and contains the 
(C2p,-S3d,z)r interaction. 

Comparison of the data of Table IV with those of Tables 
VI11 and IX of ref 10b reveals that the coefficients of the 
sulfur 3d functions of the above three MO’s are  somewhat 
larger than those computed earlier for -CH2SHO. 

The sulfur 3d-orbital coefficients are especially large in 
M O  11 for the 3d,2, 3dyz, and 3d,z functions. However, as 
we have pointed out elsewhere,Iob the sum of these func- 
tions should correspond mathematically to the spherically 
symmetrical sulfur 3s orbital. But because there is a non- 
spherical charge distribution around sulfur in -CH2SH, the 
coefficients of the 3d,2, 3dyz, and 3d,z functions are not the 
same. Nevertheless, on symmetry grounds, these orbitals 
cannot contribute to the (p - d), conjugative interaction. 

The data of Table IV indicate that the H O M O  has the 
greatest (p - d), interaction, as expected. However, it is 
clear that the S3d,, orbital coefficients are substantially 
smaller than those of the CQ, orbitals in this MO so that 
(p -+ d), conjugation can hardly be considered to constitute 
an essential basis for the explanation of the properties of 

Charge distribution in -CH2SH may be estimated from 
a population analysis. The net orbital populations of S34,: 
and S3d,, are respectively 0.025 and 0.002. These weights 
are too small to permit chemical significance to be attached 
to (p - d), conjugation. Figure 8 shows the total overlap 

-CHzSH. 

Figure 7. Schematic drawings of the three highest occupied molecular 
orbitals of the W conformation of -CHlSH. 

Table IV. 
Which Are Appropriate for (p -t d), Interactionu 
in Molecular Orbitals 1 1, 12, and 13 

--MO- Basis 
No. Symmetry type C2” s3d  

The Coefficients of the C2, and S3,j Orbitals 

- 
/-----Coefficients---, 

13 a’ Inner -0.2851 (3) 0.0197 ( y z )  
0.0956 Qz) Outer -0.5220 CI.’) 

12 a” Inner 0.0907 (x) -0.0039 (xz) 
Outer 0.0990 (x) -0.0222 (XZ) 

0.0018 @z) 11 a’ Inner -0.0391 (3) 
0.0225 (x’) 
0.01 12 (y) 
0.0029 (2’)  

-0.1658 (xz) 
-0.2050 @’) 

Outer -0.0473 C y )  -0.0150 @z) 

-0.2597 (2 ’ )  

Symbols In parentheses refer to the type of bails tunction. 

populations of -CH2SH, as well as those of the three high- 
est occupied M O  for computations performed with and 
without d-type functions on sulfur. Molecular orbitals 12 
and 13 are antibonding between carbon and sulfur, and M O  
11 is bonding in the same region. 

Inclusion of d-type functions increases the C-S bond 
overlap population of the H O M O  by 0.052, which corre- 
sponds to about 18% of that obtained with an sp-basis set. 
In M O  12, the increase in the C-S bond overlap population 
upon addition of d-type functions to the basis set is 0.016, 
and in M O  11, it is -0.006. This latter effect is reasonable 
because the (C2p,-S3d,,)= interaction in this MO is anti- 
bonding (see Table IV). 

In the HOMO, the contribution to the C-S overlap popu- 
lation from the (C2py-S3d,,), interaction is 0.086. Since the 
total overlap population of the C-S bond with an sp basis 
set is 0.200, one might conclude that (p - d), conjugation 
is important. However, it must be noted that the spd basis 
set gives a total C-S bond overlap population of 0.194, Le., 
that addition of the d-type functions causes a decrease in 
the total overlap population of the C-S bond. 

With d-type functions in the basis set, a rather significant 
change is observed in the region of the S H  bond. The total 
S-H bond overlap population increases by 0.182 with inclu- 
sion of d-type functions, but the atomic population of H3 
decreases by 0.326. The same trends are seen in the 
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Population A n o l v s i s  Table V. Polarizabilities of Neutral Oxygen and Sulfur Atoms 

Atom (r2P (A2)  acalcdb (A3) ac (A3) cvexpt (A3) 
Atomic a n d  overlap popu la t ions  
w i t h  and without d f i l n c t i o n s  

SPd 

( 2 )  The 13 th MO 

(3) The 12 th  MO 

( 4 )  The / I  Th MO 

( .245) 11.516) ( .245) [ 1.508) 

124 s I30 \!C __ 

1; \$P S / o m  ‘yoo54 
3.058 I 

(.051 1 
L.088) H 

(0.039 

Figure 8. The total atomic and overlap populations of -CH*SH togeth- 
er with those of the three highest occupied molecular orbitals. as com- 
puted with sp and spd basis sets on sulfur. 

HOMO: the change in the S-H bond overlap is 0.080, and 
in the H3 atomic population, it is -0.099. Thus, the effect 
of the d-type functions is more pronounced in the region of 
the S-H bond than in the region of the C-S bond. Such a 
result appears to be incompatible with the traditional view 
of the meaning of d-orbital conjugation; and it must be con- 
cluded that the presence of d-type functions on sulfur caus- 
es a redistribution of charge in the region of this atom, i.e., 
that they behave as polarization functions.45 In agreement 
with this interpretation is the finding that the change in 
population in the regions of the C-H bonds is small (see 
Figure 8). 

If the problem is now analyzed in terms of group repre- 
sentation theory,48 it is noted that there is mixing of the 
Czpi. (Cz,,) and S&, (S3d,,) orbitals in -CH2SH, because 
these belong to the same representation. We  wish to know 
what chemical significance can be attached to this mathe- 
matical mixing. The question may be answered indirectly 
by consideration of the molecular properties calculated 
without the d-type functions. If these can be understood 
without these functions, then, from a practical standpoint, 
there is no need to invoke 3d-orbital participation in the 
chemical bonding. However, from a pedagogical standpoint, 
it would be desirable to offer an alternative model. 

Such a model can be constructed upon recognition of the 
fact that there is a large electron cloud associated with the 
sulfur atom. Since a large electron cloud adjusts more read- 
ily to changes in the molecular environment than a small 
electron cloud, the generation of a charged center adjacent 
to the larger cloud (e.g., a carbanionic center adjacent to 
sulfur) will be facilitated. 

It follows that it should be possible to account for differ- 
ences between sulfur and oxygen in terms of some appropri- 

0 0.5530 0.732 0.675 0.77 -t 0 .06d  
S 1.418 3.45 2.34 

a These values are respectively the Hartree-Fock second moments 
of the 0,, and S,p orbitals of the neutral atoms. See C. Froese- 
Fischer, At. Data, 4, 301 11972). b J. Thorhallson, C. Fisk, and 
S. Fraga, Theor. Chim. Ac fa ,  10, 388 (1968). CCalculated from 
eq 2 from the second moments listed above and approximating A 
as rhe average of the first excitation energy and the ionization poten- 
tial. For the latter quantities, see C. E. Moore, “.4tornic Energy 
Levels”, NBS Circular 467. 1949, 1952, and 1958: E. Clementi, 
J. Chern. Phys., 38, 1001 (1963). d R. A. Alpher and D. R.  LVhite, 
Phys. Fluids, 2, 153 (1959):quoted by R .  R.  Teachout and R.  T. 
Pack,At. Dara. 3. 195 (1971) .  

ate quantity which is proportional to the size of the charge 
cloud. Such a quantity is the atomic polarizability. 

The size of an atom, as measured by ( r2) ,  is related to its 
polarizability, a ,  by eq 2,49 where A refers to the average 
energy difference between the ground state and the excited 
states. Table V summarizes the appropriate data for oxygen 
and for sulfur. 

(2) <Y2 ) 
(Y = 2 / 3  - 

A 

Since polarizability measures the amount of distortion 
(change in size) suffered by the electron cloud when a unit 
amount of energy is supplied, this quantity clearly reveals a 
fundamental difference between 0 and S. In contrast, the 
d-orbital model depends explicitly upon the presence of low- 
lying d orbitals. Clearly, when many low-lying excited 
states exist, the average excitation energy A will become 
small, and the polarizability will increase. If we now consid- 
er the low-lying d orbitals to be important in some low-lying 
excited states, it follows that the experimental observable 
polarizability contains the concept of (p - d), conjugation 
so that in its primitive form the concept is unnecessary.66 

Completion of the Geometry Optimization of -CHIOH. 
The earlier geometry optimization of -CH20H2’ revealed 
the Y conformation to represent the lower minimum, with a 
carbanion angle of 105’. To complete the geometry optimi- 
zation, computations were performed using the double { 
basis set, with variation of the C-0  bond length and COH 
angle. These led to values of 1.550 8, and 114.15’ and an 
energy of - 1 14.3 12732 au. 

Comparative Behavior of the Oxygen and Sulfur Anions 
Basis-Set Dependence of the Proton Affinities of 

-CH20H and -CH2SH. For this study, the energies of the 
four species CH3XH (X = 0,s) and -CH*SH (X = 0,s) 
were recomputed a t  the geometries optimized with the dou- 
ble r basis set, Le., sp in the case of CH30H and -CH20H 
and spd in the case of CH3SH and -CH*SH. The energies 
of CH30H and -CH20H with an  spd basis set were ob- 
tained by addition of a set of d-type functions to the double 
{basis for oxygen; those of CH3SH and -CH2SH for an sp 
basis set were generated by deletion of integrals associated 
with the d-type functions from the SCF computations. 

The computed energies with sp and spd basis sets on the 
heteroatoms are  summarized in Table VI. I t  is evident that 
the proton affinity of -CH2SH is lower than that of 
-CH20H with both basis sets, Le., the gas-phase acidity of 
a C-H bond adjacent to sulfur is greater than that of a C- 
H bond adjacent to oxygen, whether d-type functions are  
employed on the heteroatoms or not.50 The inclusion of the 
d-type functions in the basis set leads to a lowering of the 
energy in all cases, as expected for a more complete wave 
function, but the energy lowering is almost exactly the same 
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Table VI. The Computed Proton Affinities of %H,SH 
and %H,OH as a Function of Basis Set 

Basis on the 
Species heteroatom 

Total energy, 
hartrees 

-436.98006 
-437.01945 
-437.65441 

- 114.3 1273 
-114.33268 
- 115.01 105 
-115.03928 

-437.69080 

Theore tical 
proton 
affinity, 
kcal/mol 

-423.3 
-421.4 

-438.3 
-443.5 

H 

HYH H 

I 
I 

Table VII. 
Rotation-Inversion Surfaces of -CH,SH and %H,OH 

Parameters of the Analytical Equations of the 

Paramete9 -CH,SHb -CH,OHC 

437.01 282597 
0.00001265 
0.026 13046 
0.00561 326 
0.00000707 
0.0095 9 27 5 
0.00015319 

-0.0000001 0 
-0.00004049 

0.00000009 

- 114.30253607 
0.00001853 
0.03809257 
0.00639175 

-0.0000064 1 
0.00404175 

-0.00055660 
0.00000047 

-0.00000009 
-0.0000440 1 

a 01 = 0.0162. b Rms deviation 0.00013446. C Rms deviation 
0.00038153. 

HvH 
H 

HYH H 

I 
H 

Figure 9. The rotation-inversion surface of -CH*OH. The rotation and 
inversion barriers (Y  to W) are 10.6 and 20.5 kcal/mol, respectively. 
The W conformation is 6.67 kcal/mol higher than the Y conformation. 

in CH3SH and in -CH2SH. This equality shows that the 
d-type functions have the expected mathematical effect but 
without chemical significance in the present context. There- 
fore, the enhanced acidity of a proton adjacent to  sulfur 
cannot be caused by d-orbital effects.s’ 

Topomeri~ation~~ of -CHIOH and -CHzSH. For both 
carbanions, surfaces were generated, with the double zeta 
basis set, for rotation about the C-X bond and inversion of 
the carbanion angles. Standard least-square curve fitting 

H 

&yH I 

Figure 10. The rotation-inversion surface of -CH*SH. The rotation 
and inversion barriers (W to Y )  are 9.9 and 11.0 kcal/mol, respective- 
ly. The W conformation is 1.9 kcal/mol lower than the Y conforma- 
tion. 

methods were used to fit a suitable function of linear pa- 
rameters to the set of calculated points available in each 
case. In order to take advantage of the symmetry of the sur- 
face, two new variables were defined: for inversion 6 = *(4 
- 120°) such that, at 0 = O o ,  plus  refers to the W confor- 
mation and minus to the Y conformation, and for rotation 
= (0 - 9 0 O ) .  The function must be invariant under ( 6 , ~ )  - 
(-6, - E )  and (a,€) - (6, 6 + 2 n ~ ) .  The following was 
found to be appropriate, giving a maximum of 1% deviation 
relative to the maximum energy difference in the surface: 

E = Eo + (216‘ + C2e-a6‘ + C ,  cos ZE + 

~ 4 6 ~  cos 2~ + ~Se-rn6‘ cos 2 E  + C ~ G  s in  E + 
s in  3~ + c9ti3 sin 3~ ~ 7 6 ~  s in  E + (3) 

Table VI1 gives the parameters of the analytic equations 
that were fitted to the calculated points. With the aid of 
these expressions, two 41 X 41 grids were generated, which 
were necessary for the plottings3 of the rotation-inversion 
surfaces. Perspective views of these surfaces are shown in 
Figures 9 and 10, for -CH20H and -CH2SH, respectively. 

These surfaces may now be employed to provide a theo- 
retical description of the processes depicted in Scheme I. In 
this scheme, Y and W are diastereomeric, and Y and P and 
W and W are enantiomeric. The class of compound depict- 
ed here may undergo a series of conformational changes 
which transform it into its own mirror image. The rate of 
the process, referred to as “topomerization” or “degenerate 
racemization,” can often be studied conveniently by N M R  
because, when the transformation is slow on the N M R  time 
scale, the stereochemical labels (shown here as methylene 
protons) are diastereotopicS4 and, usually, anisochronous; 
and when the process is fast, these protons are enantiotopic 
and isochronous. The rate constant for the process is then 
obtained by the D N M R  methods. One then wishes 
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Figure 11. The reaction coordinate for topomerization of -CHzOH 
(upper curve, Y z Y )  and -CH2SH [lower curve (W li W)]. 

inversion!! /J \\ 11 

I 
H - - 

W Y 

to know what is being measured by these rate constants. 
The overall process must involve both rotation about the 
M-Q bond and pyramidal inversion at M. Linear inversion 
at Q can be excluded, because this process requires much 
higher energy than either of the other two.20 Consequently, 
topomerization may involve rotation followed by inversion, 
inversion followed by rotation, or coupled rotation-inver- 
 ion.^^ The first two correspond to the horizontal and verti- 
cal directions of the scheme and the third to the diagonals. 
As we have noted elsewhere,2' such molecules have twofold 
rotational barriers, typically in the range 10-20 kcal/mol. 
When M is a carbanionic center or nitrogen, the inversion 
barrier is also in the range 10-20 kcal/mol, especially when 
Q is an electron-withdrawing atom or a heteroatom bearing 
lone pairs.57 Consequently, for such systems, experimental 
distinction between rotation-dominated and inversion-domi- 
nated topomerization is not easy. However, the studies of 
Raban and his coworkers58 appear to have demonstrated 
that alkyl-substituted hydroxylamines ( M  = nitrogen; Q = 
oxygen) undergo inversion-dominated and sulfenamides ( M  
= nitrogen; Q = sulfur) rotation-dominated topomeriza- 
tion. 

The anion -CH20H is isoprotic and isoelectronic with 

hydroxylamine, and -CH2SH is isoprotic and isoelectronic 
with H2NSH, the simplest sulfenamide. As discussed else- 
where,2' there are many similarities between the computed 
properties of -CH20H and those of H2NOH; we believe, 
therefore, that the surfaces shown in Figures 9 and 10 can 
be used to discuss theoretically the topomerization of hy- 
droxylamines and sulfenamides. The process of coupled 
rotation-inversion proceeds via a reaction coordinate which 
contains one transition state between enantiomeric species; 
such a reaction coordinate has reflection symmetry and is 
termed symmetric. For both anions, the transition state as- 
sociated with the symmetric reaction coordinate corre- 
sponds to the I conformation 12. Since this is the energy 
maximum of both rotation-inversion surfaces, the symmet- 
ric path is disfavored energetically, and the actual path se- 
lected in each case is one which proceeds around this maxi- 
mum. Such a reaction coordinate, characterized by the 
presence of a stable intermediate and two transition states, 
one corresponding to rotation and the other to inversion, 
lacks CzV reflection symmetry, and is termed a ~ y m r n e t r i c . ~ ~  

Figure 1 1 contrasts the asymmetric reaction coordinates 
computed for the two carbanions. The topomerization of 
-CH20H (shown in the upper curve) is inversion domi- 
nated; the two transition states in the topomerization of 
-CH2SH are nearly isoenergetic. The rotational barrier of 
-CH2SH is, if anything, lower than that of -CH20H. 
Since any (p + d)= conjugation in -CH2SH should surely 
have caused an increase in the rotational barrier,60 it seems 
clear that the dynamic as well as the static properties of 
-CH2SH cannot be attributed to d-orbital effects. It is un- 
likely, therefore, that the lower inversion barrier of 
-CH2SH, which is mainly responsible for the different to- 
pomerization behavior of the two carbanions, can be caused 
by d-orbital effects. Indeed, as was already evident from 
Figure 4, removal of the d-type functions from the basis set 
(4-31G computation) lowers the inversion barrier. It is well 
e ~ t a b l i s h e d ' ~ , ~ ~ , ~ ~  that inductive effects play a major role in 
deciding barriers to inversion. Since oxygen (XO, 3.44)62 is 
more electronegative than either sulfur (XS, 2.58)62 or car- 
bon (XC, 2.55),62 the higher inversion barrier of -CH20H 
can be understood in terms of inductive effects alone.h3 

The Gauche Effect. A difference between -CH20H and 
-CH2SH is seen in the nature of the minima of the rota- 
tion-inversion surfaces (Figures 9 and 10). For -CH20H, 
the Y conformation is more stable than the W, and for 
-CH2SH, W is more stable than Y .  Since greater stability 
of the W conformation is predicted by the gauche effect,I5 
-CH20H constitutes an exception. As we2I and othersh4 
have pointed out, it is useful to treat the total energy of a 
system in terms of the balance between nuclear repulsive 
and electronic attractive effects. In  the present case, nuclear 
repulsion favors the Y conformation, and electronic attrac- 
tion favors the W. In addition, nuclear repulsion changes 
faster than electronic attraction as the internuclear separa- 
tion decreases.21 This means that the gauche effect will be 
observed whenever electronic attraction outweighs nuclear 
repulsion, and whether this is the case will depend upon the 
internuclear distances. We presently believe, therefore, that 
the difference in the structures of -CH20H and -CH2SH 
results from the longer C-S bond. 

Conclusions 

In this work, we have examined the effect of d-type func- 
tions upon the static, dynamic, and chemical properties of 
carbanions adjacent to oxygen and to sulfur. We have found 
no evidence of d-orbital effects upon any of these properties. 
Obviously oxygen and sulfur influence the behavior of or- 
ganic molecules in different ways, and these differences 
must be explained. Two reasons for the differences have 
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been noted above, viz., the greater polarizability of sulfur 
and the longer C-S bond length. Some reasonably quantita- 
tive model which incorporates these properties, and which 
does not invoke d-orbital conjugative effects, is now needed. 
Such a model has been developed recently65 and will form 
the subject of future papers in this series. 
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Abstract: An-ion-stabilizing groups a t  the a position of a cyclobutanone facilitate ring cleavage. In conjunction with the cy- 
clobutanone annelation utilizing sulfonium cyclopropylides and lithiated phenyl cyclopropyl sulfides, this method achieves a 
net replacement of the carbon-oxygen bonds of a carbonyl group by either C-H or C-R bonds (reductive alkylation) or by 
two C-R bonds (geminal alkylation) in a highly stereoselective fashion. A 2-aryl substituent is a sufficient anion-stabilizing 
group. Geminal bromine substitution a t  the a position of a cyclobutanone offers unusual versatility after ring cleavage since 
the bromines can be substituted or eliminated. In this way, one of the carbon--oxygen bonds of a C=O of an  aldehyde or ke- 
tone has been replaced by a carboxyl group and the second by a methyl, ethyl, vinyl, 2-hydroxyethyl, or 2-oxoethyl substitu- 
ent 

Although small strained rings have fascinated physical 
organic chemists for many years, their applications in syn- 
thesis remained quite limited until recently. Their strain en- 
ergy provides a strong driving force for chemical reactions. 
The use of this potential energy to modify structure allows 
novel ways to develop molecular architecture. Most work 
focused on cyclopropanes because of their ready availability 
by alkylidene transfer.* The difficulty in obtaining cyclobu- 
tanes restricted their application. The recent discoveries3 
for making cyclobutanones readily available especially by 
condensing carbonyl compounds with diphenylsulfonium 
cyclopropylide ( 1)4 or 1-lithiocyclopropyl phenyl sulfide 
( 2 ) 5  initiated an investigation into the scope of such inter- 
mediates in creating various carbon fragrnenk6 It might be 
envisioned that such cyclobutanones would undergo cleav- 
age initiated by base. This simple scheme cannot be realized 

presumably because of the high endothermicity in going 
from the oxygen anion 3 to the carbanion 4. Stabilization of 
the developing negative charge in 4 should facilitate this 
process. Indeed, isolated examples exist. For example, di- 
bromocyclobutanone 5 undergoes facile cleavage in aqueous 
~ a r b o n a t e , ~  and chrysanthenone 6 undergoes ring cleavage 
with aqueous hydroxide.8 To  investigate the applicability of 
such methods, we undertook an investigation of the chemis- 
try of the cyclobutanones available by our annelation proce- 
dure as a method of elaborating a carbonyl g r o ~ p . ~ . ' ~  

5 

6 
Initial work centered on the cyclobutanones 7-10. Huis- 

gen et  al. reported the cleavage of 2,2-diphenyl-3-vinylcy- 
overall yields 

Ph Ph 
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clobutanone with hydroxylic base.]' In agreement with this 
observation, we find that 7 undergoes smooth cleavage in 
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