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Abstract: Ab initio calculations of the (methylsulfonyl)methyl aniof)(the ((trifluoromethyl)sulfonyl)methyl anion
(1T), the (fluorosulfonyl)methyl anionlf), and the (methylsulfonyl)isopropyl anio&) at the HF/6-3%G*//HF/
6-31+G* level revealed a significant effect of fluorine substitution upon the structure and energysuifonyl

carbanions. The £&-S bond inl1T and 1F is shorter and

the pyramidalization of the anionic carbon atom is less

thaninl. Inthe aniond T and1F the G,—S bond is shortened and the-6Fs(F) and the S O bonds are lengthened
as compared to the sulfon83 and3F. For all anions the staggered conformatianiT, 1F, 1D) is energetically

more stable than the eclipsed conformati@nT, 2F, 2D).

At the MP2/6-3%G*//HF/6-31+G* level the energy

difference between the staggered and the eclipsed conformation is much larger for the fluorinated aiothsF
than forl and1D. The rotational barriers about thg-€S bond of the fluorinated speci&é¥ and1F are in accordance
with related experimental results significantly higher than the barriers of the non-fluorinated spbeciédD. A
Fourier series analysis of the rotational potential curves shows the dominance of a pésiven (conjugative
overlap effects) which is much higher féf and 1F than forl and1D. Negative hyperconjugation {ro*sg) is
an important mechanism which determines the conformation of the anions and particularly of the fluorinated anions.
In the dimethyl aniorlD, which has a strongly pyramidalized anionic carbon atomMerm (steric and torsional
effects) also contributes significantly to the rotational barrier. The configurational stability of ehsalfonyl
carbanions thus depends on the height of the & rotational barrier which is determined by-fo* sr interaction
and the steric contribution of the substituents. The calculations suggeSt(thifitioromethyl) substitution of other
S-stabilized carbanions should lead also to derivatives of a higher configurational stability.

Introduction

The structure and dynamics of the synthetically important
o-sulfonyl carbanion salts!2 has been studied extensively in
recent year§:-2* The dependence of the structureladn the

* Correspondence should be addressed to any of the authors.
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Figure 1. Crystal structure ofl&-2THF). Figure 2. HF/6-31+G* optimized structures of moleculds 2, and

and, most probably, also in solution. (3) The anion prefers a 3
staggered conformation in which the lone pair orbital at the C
atom is gauche to both oxygen atoms. (4) A&om bearing

at least one aryl group is planat!315whereas the one having
only alkyl groups is strongly pyramidaliz€d? (5) The G—S
bond of the anion is considerably shorter than the corresponding
bond in the sulfone whereas the-© bonds of the anion are
only slightly longer than those of the sulfone. (6) Last but not
least, there is no significant counterion effect of the oxygen-
coordinated cation upon the bonding parameters of the an-
ion21518The crystal structure of the fluorine-substituted salt
{[PhCH(Ph)C-SQCR;]Li -2THF} » ((la-2THF))'315 depicted

in Figure 1 illustrates the main structural features.

One of the most salient features of sdltfiowever, is their
chirality!318.19in the case of R= R2, which is related to the
preferred staggered,€S conformation of the anidh26.3(cf.
Figure 1). Currently there is a strong interest in the synthesis
of configurationally stable chir&-functionalized carbanior; 3!
and a primary goal of the investigations in this laboratory is
the synthesis of configurationally stable chiral carbanion salts
I. We have found that deprotonation efchiral Strifluoro-
methyl andS-tert-butyl sulfonedl! leads, with high enantiose-
lectivity, to the corresponding carbanion sal{fR® = CFs, tBu)
that are optically stable at low temperatures on the time scale

. . ; 131819 g
of their reaction with electrophil€s: The racemization (23.4)1233 The (trifluoromethyl)sulfonyl group is one of the

(enantiomerization) kinetics of, as contact ion pair, as a | el thdrawi b and
solvent-separated ion pair, or as a counterion-free anion hasstrongest neutral electron-withdrawing gro#fps® an an

- ' - ’ excellent nucleofuge, features which render the chemistry of
been determined by polarimetry and DNMR spec-

. rifluoromethyl sulfones ver ractivg.15:35
troscopy!3151820 The results of these studies can be sum- trifluoromethy! sulfones very attractivé

marized as follows: (1) racemization is almost exclusively an The structure and energetics afsulfonyl carbanions and

enthalpic process; (2) the rate determining step is the rotationtEEir Iithiurln saltd (M = Li) haVelalslo been a;dﬁressedhtr]mlljfgh
around the G—S bond and not the inversion of a nonplanar C theoretical studies. Ab initio calculations of the (methylsulfo-

atom; (3) the height of the rotational barrier depends upon the NY)methyl anion ) (Figure 2) were carried out by Wolfe et

5 i i 21 22 i 3
nature of the substituent at the S atom as well as on number ofal" Streitwieser et aP?* Anders et al?? and Wiberg et af:

the substituents at the,@tom: and (4) the activation parameters 1€ conformation with the lone pair orbital at the, @tom
do not S|gn|f|.cantly de_pend upon the nature c_’f, the ion pair. (32) March, JAdvanced Organic ChemistryJohn Wiley: New York,
Upon fluorine substitution, however, a significant alteration 1992;p 285.

of the dynamics and the structurelaiccurs. S Trifluoromethyl (33) (a) Bordwell; F. G; Vanier, N. R.; Matthews, W. S.; Hendrickson,
J. B.; Skipper, P. LJ. Am. Chem. S0d 975 97, 7160. (b) Koppel, I. A;;
Taft, R. W.; Anvia, F.; Zhu, S.-Z.; Hu, L.-Q.; Sung, K.-S.; DesMarteau, D.

a-sulfonyl carbanion salts have a significantly higher race-
mization barrier than their analogo8saryl andS-alkyl deriva-
tives131518 The enthalpy of activation for &S bond rotation

of the Strifluoromethyl-substituted compound [PhgRh)C-
SO,CRilLi (la) in tetrahydrofuran has been determined to be
16.7+ 0.3 kcal/mol whereas, for the corresponditert-butyl
substituted compound [PhGEPh)C-SO:;tBu]Li (Ib), a AH*
value of only 13.0+ 0.3 kcal/mol was found. In order to fully
appreciate this fluorine effect, one has to consider the greater
steric contributiof? of the tert-butyl group to the rotational
barrier as compared to the trifluoromethyl group. The fluorine
effect upon the optical stability ol is highly welcome
synthetically since it allows for the preparation of derivatives
of I (R® = CFs) which are endowed with a half-life of
racemization at-78 °C on the order of several day&!819A
manifestation of the structural alteration brought about by the
introduction of fluorine is the shorter &S bond thatS
trifluoromethyl carbanion salts (R® = CFs) appear to exhibit,
as compared to theigalkyl and Saryl analogue$3'> Not
surprisingly, fluorination also strongly affects the acidity of
sulfones®® as shown by a comparison of th&gpvalues of
dimethyl sulfone (31.1), trifluoromethyl methyl sulfone (18.75),
benzylsulfonyl fluoride (16.9), and benzyl phenyl sulfone
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Figure 3. HF/6-31+G* optimized structures of moleculekT, 2T,
and3T.

gauche to both oxygen atontg ¢vas found to be the most stable
one. Itwas concluded that negative hyperconjugati$inc—
0*swe)®38 is important in determining the minimum energy
conformatior®82-23 The height of the rotational barrier af
was estimated to be about 9 kcal/rfiéf,and from a Fourier

series analysis of the rotational potential curve a dominance of

conjugative overlap effects was inferreédAb initio calculations
of unsolvated monomeric (methylsulfonyl)methyllithium gave

structures in which the cation is coordinated either to the anionic
carbon atom and a single oxygen atom or only to both oxygen

atoms of the (methysulfonyl)methyl aniot) £2:6.22 Thus far,
however, for monomeric (and dimeric) solvatedsulfonyl
carbanion salt$ coordination of the cation only to a singfe
oxygen atom or to both oxygen atoms has been observed in
the crystal.

In order to elucidate the effect of fluorine substitution on the
structure and, in particular, on the configurational stability of
a-sulfonyl carbanions, we performed ab initio calculations for
the ((trifluoromethyl)sulfonyl)methyl anionl{) and the fluo-
rosulfonylmethyl anion IF) (Figures 3 and 4) and compared
the results with those obtained for the parent (methylsulfonyl)-
methyl anion {).3°4% Another point of interest was the effect
of alkyl substituents at the {Catom upon the structure and
dynamics ofl, which has been studied experimenta#§2but
not theoretically. We therefore performed further calculations
for the (methylsulfonyl)isopropyl anionlD) (Figure 5). To
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Figure 5. HF/6-31+G* optimized structures of moleculeD, 2D,
and3D.

Computational Methods

Calculations were carried out on the SNI5-600/20 and 1BM 3090
facilities of the Rechenzentrum der RWTH Aachen and on a local VAX
3100 workstation employing either the GAUSSIAN*9QSNI5-600/

20) or GAMES%? (IBM 3090, VAX WS3100) packages of quantum
chemical routines. All molecules under consideration were preopti-
mized with the 3-21G basis 4&t*> which was then augmented stepwise
(3-21G(*)#5463-21+G(*),4"*86-31G #9751 6-31G*52) to 6-31+G* 4748
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Table 1. Selected Structural ParametersloR, and3?

J. Am. Chem. Soc., Vol. 118, No. 19, 19925

Table 3. Selected Structural Parametersldf, 2F, and3F?

parameter 1 2 3 parameter 1F 2F 3F
oz Ten 1008 LT C3-s2 1631 (1.639) 1648 (1.646) 1762
by 1807 1789 1774 S2-06,7 1.440 (L477) 1445 (1485) 1414
: : : S2-F1 1.658 (1.772) 1607 (1.689) 1.566
HA-C3—HS 116.7 1229 1113 H4—C3-H5 119.1 (1187) 1246 (124.4) 1115
H4—C3-S2 113.2 118.4 109.6
H4—C3-S2 1148 (113.9) 1183 (118.8) 108.7
H5—C3-S2 113.2 118.7 109.6
H5—C3-S2 1148 (1139) 1172 (116.8) 108.7
06-52-07 117.3 110.6 119.9
06-52-07 1186 (119.6) 1120 (111.9) 1218
06,7-52-C3 1111 115.9 107.8
06,7-S2-C3 1135 (1135) 117.7 (118.2) 110.7
06,7-52-C1 102.0 105.2 107.9 06.7-S2—F1 99.6  (98.8) 1037 (1035) 106.3
C3-S2-C1 112.7 102.6 104.5 : ' (98.8) 7 (1039) '
C3-S2-F1 1095 (109.7) 988  (97.8) 982
H4-C3-52-C1 —67.9 0.0 —61.3 H4-C3-S2-F1 —71.7 (70.2) 0.0 (0.0) —60.8
H4—-C3-52-06 178.4 —114.0 —1758 H4-C3-S2-06 1780 ¢179.7) —110.6 (-110.0) —171.7
H4—=C3-52-07 45.9 114.0 53.3 H4-C3-S2-07 387  (39.3) 1106 (110.0)  50.2
H5-C3-S2-C1 67.9 180.0 61.2 H5-C3-S2-F1 717 (70.2) 180.0 (180.0)  60.8
H5=C3-52-06 459 66.0 —53.3 H5-C3-S2-06 —38.7 (-39.3) 69.4  (70.0) —50.2
H5—-C3—-52-07 —178.4 —66.0 175.8 H5-C3-S2-07 —178.0 (179.7) —69.4 (-70.0) 1717
H11-C3-S2-06 65.4
H11-C3-S2-07 —65.4 2Bond lengths in A, bond and dihedral angles in deg (HF/6-G1/

/HF/6-31+G*). The values in parentheses have been optimized at the
MP2/6-3HG* level.

aBond lengths in A, bond and dihedral angles in deg (HF/6-G1/
[HF/6-314+G*).
Table 4. Selected structural parameters1dd, 2D, and 3D?

Table 2. Selected Structural Parametersldf, 2T, and3T?2

parameter 1D 2D 3D
parameter 1T 2T 3T

C3-C4 1513 1.500 1.529
C3-S2 1.629 1.645 1.771 C3-C5 1.513 1.504 1.529
S2-06,7 1.450 1.458 1.427 C3-S2 1.677 1.660 1.801
S2-C1 1.856 1.842 1.834 S2-06,7 1.461 1.475 1.441
C1-F8 1.326 1.321 1.304 s2-C1 1.809 1.788 1.776

1-F9,1 1.32 1.324 1.31

C1=F9.10 329 3 313 C4-C3-C5 114.4 117.3 113.2
H4—C3—H5 120.9 123.3 111.8 C4—-C3-S2 115.4 125.9 112.2
H4-C3-S2 116.4 119.0 109.6 C5-C3-S2 115.4 116.8 112.2
H5-C3-52 116.4 117.7 109.6 06-S2-07 117.2 110.1 119.4
06-52-07 118.9 1115 121.6 06,7-S2-C3 111.2 115.2 107.5
06,7-52-C3 113.0 117.4 109.6 06,7-S2-C1 102.2 104.4 107.3
06,7-S2-C1 99.2 103.1 106.0 C3-S2-C1 112.2 106.3 107.2
C3-S2-C1 111.6 101.3 102.3

C1-S2-C3-C4 —68.5 0.0 —64.3
H4-C3-52-C1 76.3 0.2 61.5 C1-S2-C3-C5 68.5 180.0 64.3
H4—C3-52-06 —34.4 —-111.1 —50.6 06-S2-C3-C4 177.7 115.1 50.8
H4-C3-52-07 —173.0 111.6 173.6 06-S2-C3-C5 —45.2 —64.9 179.4
H5-C3-S2-C1 —76.3 —179.8 —615 07-S2-C3-C4 452 -115.1 —179.4
H5-C3-52-06 173.0 68.8 —173.6 07-S2-C3-C5 -177.7 64.9 -50.8
H5-C3-S2-07 345 —68.5 50.6
H12—C3-S2-C1 180.0 aBond lengths in A, bond and dihedral angles in deg (HF/6-G1/
H12-C3-S2-07 —67.9 IHF/6-31+G*).
H12—-C3-S2-06 67.9

reduction of the SCHs bond distance. The CGiS bond on
the other hand, is 0.06 A longer in the trifluoromethyl methyl
sulfone @T) than in3. The C3-S—R2 angle is 104.5in 3
quality by including polarization functions (*) and diffuse sp shells and 102.3 in 3T and thus only slightly decreases when the
(+) at all atoms except hydrogen. Some optimizations were carried methyl group is replaced by the trifluoromethyl group. How-
out under the constraint dfs symmetry for which the mirror plane  ever, for the methylsulfonyl fluoride3f) this angle is reduced
was defined by the C3S—R3 segment (vide infra). All stationary by more than & The O-S—0 ang|e increases from 119.;

points were characterized by calculation of their normal frequencies. 3, to 121.6 in 3T, and to 121.8in 3F. All S—R3 bonds are
To obtain more reliable relative energies we included correlation effects longer in the anions than in the parent acids.

b f Mgller-PI t perturbation thediyto th d ord
y means of Maller Plesset perturbation thecito the second order At the HF/6-3H-G* level the RR2C—S groups of the

on HF/6-341-G* optimized structures (MP2/6-31G*//HF/6-31+G*). . g
Additional geometry optimizations at the MP2/6-8G* level were (methylsulfonyl)methyl anion1), the ((trifluoromethyl)sulfo-
carried out forlF and 2F. nyl)methyl anion LT), the (fluorosulfonyl)methyl anionlf),

and the (methylsulfonyl)isopropyl aniod) are more or less
pyramidalized, and all of these structures turned out to be local
minima. The sum of bond angles at thg &om can be used

Geometry. In the following discussion we will refer ta, defi he d f idalizati h di
1T, 1F, and1D as the staggered and 2 2T, 2F, and2D as to define the degree of pyramidalization. The corresponding
the corresponding eclipsed conformers of the sulfonyl anions yalues are 343:1in 1, 353.7in 1T, 348.7 in 1F, and 345.2

(Figures 2-5 and Tables +4). If not mentioned otherwise, in 1D. Except forlT, t_he HC—S segment of which is nearly
the discussion refers to HE/6-3G* optimized structures. planar, these values lie almost halfway between those for an

Substitution of one methyl group in dimethylsulfor®) by ideal tetrahedron (3282 and a planar environment. Corre-

a trifluoromethyl group or a fluorine atom results in a slight sponding results fot were obtained by Anders et &. These
yl group 9" authors further showed that pyramidalization of thgCHS

segment ofl is retained when the optimization is carried out

aBond lengths in A, bond and dihedral angles in deg (HF/6-G1/
IHF/6-31+G*).

Results and Discussion

(53) Mgller, C.; Plesset, $hys. Re. 1934 46, 618.
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including MP2 corrections in the calculation of the gradients Table 5. Relative Energies of, 2, 1D, 2D, 1T, 2T, 1F, and2F in
(MP2/6-31G*//MP2/6-31+G*). To check whether thisis also ~ kcal/mol

true when R is an electronegative substituent, we performed Eel Erel Eel Erel
an analogous optimization fdf. With a sum of bond angles method (2-1) (2D-1D) (2T—1T) (2F-1F)
at the anionic center of 346.5its deviation from planarity is HF/3-21G//HF/3-21G 7.09 13.14 9.98
even stronger than at the HF/6-BG* level. HF;3-216(*)//}7F/3;—210(*) 8.14  13.60 15.57
oo " HF/3-2H-G(*)/IHF/3-21+G(*) 7. 11.4 16. 13.91

The optimized structure of thelR_ZC—S segment_cr!ncally MP§/3-2}(E((32*)//H|§/3-21f((32*) 7.22 12.061\’ lggg 12.29
depends on the quality of the basis set. Thus, similar to our 4r/5.31G6/HE/6-31G 818 1094 1243 1943
results, Streitwieser et &bbtained a significantly pyramidalized  HE/6-31G*//HF/6-31G* 997 13.42 16.35 15.17
carbaniorl using the 3-21G basis set augmented with a diffuse HF/6-3HG*//HF/6-31+G* 9.56 13.76 16.15  14.61

sp shell only on the Catom (3-21G-). Earlier calculations MP2/6-3t-G*//HF/6-31+G* 9.31 1397 1569 1576
by other authors using a minimal basis set of Gaussian-type MP2/6-31G*//MP2/6-31+G* 16.08
functions also resulted in lower energies for pyramidalized
specie$. In contrast, the 3-21G(%-optimized structure (d  tions in single-point calculations at HF/6-BG*-optimized
functions only on sulfur and a diffuse sp shell on the anionic geometries slightly lowers this value to 9.31 kcal/mol. When
carbon atom) is characterized by a planaiCHS group® the hydrogen atoms of the methyl group are replaced by fluorine
Moreover, we found local minima with essentially planar (1T and2T), this energy gap is significantly increased to 16.15
H.C—S groups forl, 1F, and1T with the 3-2HG(*) basis set kcal/mol at the HF level. This value is only slightly reduced
which contains polarization functions only at sulfur but diffuse to 15.69 kcal/mol when MP2 corrections are included. The
functions on all atoms except hydrogen. corresponding results for the fluoro compouridsand 2F are
Compared with the parent sulfon@SST, 3':, and 3D' the 14.61 (HF/B'SHII’G*//HFIG'g:H‘G*) and 15.76 kcal/mol (MPZ/

S—R3 bonds are longer in both the eclipsed and the staggered®-31+G*//HF/6-31+G*), respectively. Finally, we obtained
conformers of all anions. The fact that this elongation is more Surprisingly high energy differences of 13.76 (HF/6+33*//
pronounced in the staggered than in the eclipsed conformerHF/6-31+G*) and 13.97 kcal/mol (MP2/6-3tG*//HF/6-
shows that the interaction of the anionic lone pair orbital with 31+G*) betweenlD and2D.

the S-R3 part of the molecular backbone is more effective in It is interesting to note that the eclipsed conformers of all
staggered conformers. anions are characterized by two imaginary frequencies in the

spectra of their normal vibrations and are therefore not true
saddle point§* The eigenvector belonging to one of these
frequencies corresponds to a rotation about the £axis while

The strong impact of fluorination on the properties of the
anion is reflected by some remarkable differences in those

structural changes that occur upon rotation about the £3 D T e
g b the other indicates pyramidalization of the anionic center.

bond. While the rotation converting eith2iinto 1 or 2D into . . h .
1D results in increased G35 and S-R2 bond lengths, the G3S Again, the HF/3-23-G(*) results are different, in that at this
level the eclipsed anions are saddle points with a single

bond lengths are reduced in the case of the fluorinated anions. . . . .
1T and 1F. Thus rotation of the methylene group of the imaginary frequency in the spectra of their normal modes. This

fluorinated anions from the eclipsed conformers to the staggeredmOde corr_esponds to a rotation around theCS bond.
conformers causes a reduction of the-3bond length of To obtain approximate rotational barriers about the-G3

; e bond, we started from the staggered conformations (rotation
0.016-0.017 A, and the elongation of the-€F; bond is similar " - . - :
to that of the S-CHs; bond ingthe case of the methyl aniohs angle¢ = 0°) optimized with the 6-33 G basis set, increased
and2. At the HF/6-31-G* level, the most striking change in ¢ in steps of 10, and calculated total energies for 19 structures

bond lengths occurs in the case of Biuoro compound. While (Figure 6). These calculations were carried out in the rigid
the H,C—S bond is 0.017 A shorter ibF than in2F, the S-F rotator approximation, which means that all structural parameters

bond distance in the staggered conformer exceeds that in the''ére held constant in each step. Taking into account the

eclipsed conformer by 0.051 A. We will see later how these structural differences between the staggered and the eclipsed
changes in bond Iengthé can E)e easily explained in terms ofisomer, .it Is not surprising.thqt. the rotat_ional barriers emerging
Ne—o*sr hyperconjugation. The G35—R? bond angle is from this process are significantly higher than the energy
remarkably larger (byﬁll"j in the staggeredi( 1F, 1T, 1D) difference between the optimized rotamers. While the maxima

than in the eclipsed aniong,(2F, 2T, 2D), and the same holds of the curves for R=F and CF; are centered around 9hat

1 - R2 — R3 = i i i ifi
for the O-S—0 angle which is about®7larger in conformers for R R R .CH3 IS shlfted. to a value. significantly
1,1F, 1T, and1D than in conformer&, 2F, 2T, and2D. Again smaller than 90 To find an explanation for the different shapes

the geometric changes upon rotation around the-E3ond of the potential curves, we analyzed them by applying Pople’s

; . 56 i
ae Svongly basis st deperent. Whie he HEaGE)  FOUTE Sers mebidl fng e cuves o 8 e
results qualitatively parallel the HF/6-31G* data for the y q

fluorinated anions, this is not the case for the methyl compound procedure, we obtained the results which are given in Table 6.
where the HC—S bond is 0.010 A shorter id than in 2
with the smaller basis set. V(@) = "[Vy(1 = cosgp)) + Vy(1 — cos(2h)) +

Energy. In accordance with the results of other autiérd: 23 V5(1 — cos(3h))] (1)
we found that conformet, in which the lone pair orbital of ) o )
the methylene group bisects the-S—0 angle, is lower in As found previously by Streitwieser et al. foy® all series are
energy than conforme? in which the hydrogen atoms of the ~dominated by a positivé, term, although the other components
methylene group are lying in the molecular plane defined by (V1andVs) contribute significantly in some cases. We therefore
the C3-S—C1 segment (Table 5). This energetic order remains — (54) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAInitio
unchanged when the hydrogen atoms of the methylene segmenMolecular Orbital Theory John Wiley: New York, 1986.

are replaced by methyl groups. At the HF/6433*//HF/6- 23;515) Radom, L.; Hehre, W. J.; Pople, J. A.Am. Chem. S0d.972 94,
31+G* level, the energy difference betwednand 2 is 9.56 (56) Recently the physical basis of this analysis has been questioned,

kcal/mol and inclusion of second-order Mgller-Plesset correc- see: Salzner, U.; Schleyer, P. v. R.Org. Chem1994 59, 2138.
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Figure 6. Barrier toward rotation about the €3 axis ofa-sulfonyl

carbanions in the rigid rotator approximation (HF/6+33*//HF/6-

31+G*). The staggered conformations, (LT, 1F, 1D) correspond to
p=0 (@ RR=R°=H,RR=CHg b: R‘!=R?>=H, R®R=CF;

Rl=R?2=H,R*=F;d: Rl=R2=R3=CH,).

Table 6. Fourier Series Analyses of the Rotational Barriers
Obtained by the Rigid Rotator Approximation Starting from the
Staggered Conformations @&f 1T, 1F, and1D?

anion Vi \'Z Vs
1 —0.90 12.38 1.43
1T 0.74 21.38 0.47
1F 2.24 18.39 0.69
1D —-0.73 12.66 4.07

aTheV; are in kcal/mol (HF/6-3+G*//HF/6-31+G*).

J. Am. Chem. Soc., Vol. 118, No. 19, 19927

Jader

R3
M)

Figure 7. Schematic representation of negative hyperconjugation in
o-sulfonyl carbanions.

Since in the more stable staggered rotamers the anionic lone

conclude that the same effect, which is obviously an interaction pajr orbital lies in the plane that contains therbitals of the

of the anionic lone pair orbital with the orbitals of the €3—

C3—-S—R8 backbone, the stabilizing mechanism involves in-

R® backbone, predominantly determines the rotational barriers teractions between theseorbitals and the lone pair orbital.

in all anions under consideration. Sindgis greater for R=
F and CR than for B = CHj, this effect is amplified upon
fluorination. InterestinglyV, is about the same for®R= CHg,
Rl=RZ=H, and R = R2 = R® = CHs. Some additional

Qualitatively this stabilization can be explained in terms of
negative (anionic) hyperconjugation, a model which has been
used together with the results of ab initio calculations of
F—CH,—CH,~ and CR—CH,—CH,™ by several groug§37.57-63

features of the potential curves should be noted. In all casesto explain the stabilization of the negative charge in these anions
positiveVs values indicate that the preferred relative orientation and their preferred conformation. Although compared with the

of the SQ—R?3 and the RR2C group is staggered rather than
eclipsed. While the contributions of thé& term (maxima at
60° and 180) are less important fotF and 1T, they play a
non-negligible role foll and1D. The especially high value of
V3 in the case oflD is the most important reason for the shift
of the maximum of the corresponding curve to a value of
90°. This high value o3 is most likely caused by repulsive
interaction between the methyl groups of thg &om and the
SO,—CHjz segment. Whilé/; andV3 are negligible compared
with V, in the case oflT, a three times larger positivé,
indicates a significant repulsive interaction fof in the ¢ =
18(° position, in which the SF bond dipole moment and that
due to the lone pair at{repel each other. For bothand1D,
negativeV, terms of comparable size might indicate a weakly
stabilizing interaction in the = 180 position where the anionic
lone pair orbital issynto the S-R® bond.

deprotonation energies of the sulfones the energetic effects of
such orbital interactions are small, they play a significant role
in determining molecular conformatio#s23

In the staggered isomers the anionic lone pair orbital (n)
interacts with the doubly occupied-orbital of the S-R3
segment ¢), resulting in two doubly occupied orbitalsp;,
which is bonding in the SR3 as well as in the C3S region,

(57) Stamper, J. G.; Taylor, R. Chem. ReqS) 198Q 128.

(58) Stamper, J. G.; Taylor, R. Chem. RegM) 1980 1930.

(59) Apeloig, Y.J. Chem. Soc., Chem. Commu981, 396.

(60) Pross, A.; DeFrees, D. J.; Levi, B. A,; Pollack, S. K.; Radom, L.;
Hehre, W. J.J. Org. Chem1981, 46, 1693.

(61) Friedman, D. S.; Francl, M. M.; Allen, L. Cletrahedron1985
41, 499.

(62) Dixon, D. A.; Fukunaga, T.; Smart, B. BE. Am. Chem. S0d.986
108 4027.

(63) Farnham, W. B.; Dixon, D. A.; Calabrese, J.JCAm. Chem. Soc
1988 110, 2607.
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3+CH3 3T+CH3 3F+CH3 3D+CH3
-51.4 -41.9 -73.2 -57.1 -68.8 -54.2 -46.1 -32.3
2D+CHj
24CH, Aq=-13.8
- 2F+CH, 1D*CHq
1+CH4 A1=-9.5 —
A3=-14.6
2T+CH4  1F4CHy
Ap=-16.1
1T+CHg

Figure 8. Schematic representation of hypothetical isodesmic proton
transfer reactions of sulfones based on HF/6-Gt//HF/6-31+G*
energies. All values are in kcal/mol.

and ¢, which lies somewhat above n and is also bonding in
the S-R3 but antibonding in the G3S region (Figure 7). This
two-orbital four-electron interaction (dashed lines) is destabiliz-

Raabe et al.

energies of the reaction employing the total energies of the more
stable conformer4 and 1T yields values of-51.4 and—73.2
kcal/mol. Thus in this case the additional stabilization of the
negative charge due to fluorination of the methyl group amounts
to 21.8 kcal/mol. The height of the rotational barrier, ap-
proximated by the energy difference between the staggered and
the eclipsed anion, reflects an additional stabilization of the
anionic charge in the staggered isomkrX(T). The difference
between the barriers for the methyl and the trifluoromethyl
compound shows that this additional stabilization is 6.6 kcal/
mol more effective when an electronegative substituent is
present. Therefore, somewhat more than two thirds of the 21.8
kcal/mol can be attributed to a conformationally independent
inductive contribution. The remaining contribution (ca. 30%)
originates from negative hyperconjugation operative only in the
conformer where the anionic lone pair orbital is approximately

ing. Whether or not a net stabilization occurs depends on thein a plane with the SR® bond. It is instructive to roughly

degree to which the empty* orbital of the S-R® bond
participates. ¢, is hardly affected by*, while o* will interact
with @, resulting in orbitalsps and ¢4. Electronegative
substituents Rincrease the coefficients at sulfur in thitorbital

estimate the relative importance of the two contributions to the
overall stabilization of the negative charge for the fluoro
compoundl1F. For the difference between the approximate
rotational barriers of the methyl and the fluoro compound we

and reduce the energy of this MO. Both effects enhance the obtained a value of 5.1 kcal/mol. The difference between the

@2—0* interaction. As a result this energetically favorable
interaction will be strong in the presence of electronegative
substituents and will cause a net lowering of the total energy.
Since thes* orbital adds antibonding contributions to the-R3
bond and bonding contributions to the €8 bond, its participa-
tion will be reflected by the changes of the corresponding bond
distances that occur upon rotation about the-S3ond. With
growing o* contributions one therefore expects decreasing
C3-S and increasing SR bond lengths. These changes of
interatomic distances coincide with the formal no-bond reso-
nance descriptidi of negative hyperconjugation which is
expected to play an especially important role in charged or
highly polar specie:37:40.5763,65p.66,65q

“CH,~X—R < CH,=X + R~

If R3is an electropositive group, participationafis negligible
and the unfavorable+o interaction will now play the dominant

proton transfer energies using the less stable isogharsl 2F

is 12.3 kcal/mol. Thus we end up with the result that the
mechanism active only in the staggered anions contributes about
29% to the net stabilization in the case of a single fluorine atom
also. The relative importance of negative hyperconjugation and
inductive contributions to the overall stabilization is therefore
roughly the same for a single fluorine atom and a trifluoromethyl
group. A similar analysis based on our 342%(*) energies

led to an almost identical result. These findings are in keeping
with earlier computational results by Taylor et &5 who
calculated the energies of deprotonation of ethane, fluoroethane,
and 1,1,1-trifluoropropane with the 4-31G basis set. Studying
the conformational dependence of these energies, they concluded
that negative hyperconjugation contributes significantly to the
overall stabilization of the negative charge. Separating the net
stabilization into a conformationally independent and a confor-
mationally dependent component they attributed the latter to
negative hyperconjugation and the former to inductive stabiliza-

role. This destabilizing and thus repulsive interaction is reduced tion. As to the relative importance of these two contributions

by an increase of the G35 bond length. As fod and 1D,
increased C3S bond lengths compared withand 2D might
be observed under such conditions.

they assigned about 30% of the total stabilization to negative
hyperconjugation. It has frequently been found thatfluorine
atom and g-trifluoromethyl group stabilize an adjacent anionic

We further calculated the changes of energy associated withcenter to a similar exteft=>° Using the isodesmic proton

the following (hypothetical) isodesmic proton transfer reactions
2—5, in which one H is formally transferred fronil to CHs~.%7

CH,—SO,—CH, + CH, — 1,2+ CH, )
CH,—SO,—F + CH, — 1F, 2F + CH, 3)
CH,—SO,—CF,+ CH,” —1T,2T+CH,  (4)

(CH,),C(H)~SO,CH, + CH,” — 1D, 2D+ CH, (5)

(65) (a) Roos, B.; Siegbahn, Fheor. Chim. Actal97Q 17, 199. (b)
Collins, M. P. S.; Duke, B. XChem. Phys. Lettl976 42, 364. (c) Baird,
N. C.; Taylor, K. F.J. Comput. Chenil981, 2, 225. (d) Krd, V.; Zden&,
A.; Zden#, H. Collect. Czech. Chem. Commuir@81, 46, 883. (e) Francl,
M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; DeFrees,
D. J.; Pople, J. AJ. Chem. Physl982 77, 3654. (f) Mezey, P. G.; Haas,
E.-C.J. Chem. Physl982 77, 870. (g) Angyan, J. G.; Kucsman, APairier,
R. A.; Csizmadia, I. GJ. Mol. Struct(THEOCHEM 1985 123 189. (h)
Magnusson, E.; Schaefer, H. F., I Chem. Phys1985 83, 5721. (i)
Schleyer, P. v. R,; Clark, T.; Kos, A. J.; Spitznagel, G. W.; Rohde, C;
Arad, D.; Houk, K. N.; Rondan, N. Gl. Am. Chem. S0d.984 106, 6467.
() Angyan, J. G.; Poirier, R. A.; Kucsman, .ACsizmadia, |. GJ. Am.
Chem. Soc1987 109, 2237. (k) Lowe, G.; Thatcher, G. R. J.; Turner, J.
C. G.; Waller, A.; Watkin, D. JJ. Am. Chem. S0d.988 110, 8512. (I)

The combined results are schematically represented in Figure\yong M. w.: Gill, P. M. W.: Nobes, R. H.; Radom, L. Phys. Chem

8. For B = CH; and= CF; use of the total energies of the
less stable conformerg,and 2T, resulted in values of-41.9
and —57.1 kcal/mol, indicating that for these isomers the
additional stabilization of the negative charge due to fluorination
of the methyl group is about 15.2 kcal/mol. Calculation of the

(64) The concept of fluorine no-bond resonance was originally introduced
to explain the orienting influence of the €group in electrophilic aromatic
substitution reactions, see: Roberts, J. D.; Webb, R. L.; McElhill, E1. A.
Am. Chem. Sod95Q 72, 408.

1988 92, 4875. (m) Yadav, A.; Sufja P. R.; Poirier, R. AJ. Mol. Struct.
(THEOCHEM 1988 165 297. (n) Patterson, C. H.; Messmer, R.P.
Am. Chem. Socl989 111, 8059. (0) Magnusson, B. Am. Chem. Soc.
199Q 112 7940. (p) Reed, A. E.; Schleyer, P. v. R.Am. Chem. Soc.
199Q 112 1434. (qg) Stock, L. M.; Wasielewski, M. Rerog. Phys. Org.
Chem.1981, 13, 253.

(66) Lambert, J. B.; Singer, R. A. Am. Chem. S0d992 114, 10246.

(67) For a calculation of the proton transfer equilibrium between
trifluoromethyl methyl sulfone and CH at the 3-21G*//3-21G* level of
approximation, see: Taft, R. Wl. Chim. Phys. Phys.-Chim. Bidl992
89, 1557.
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transfer reaction 6, Apelot§ obtained reaction energies of
—24.0 (R= F) and—25.8 kcal/mol (R= CF), indicating that
the stabilizing effect of a trifluoromethyl group is indeed quite
similar to that of a single fluorine atom.
H,C—CH, + R—CH,—CH;—

H,C—CH; + R—CH,—CH, (6)

To see whether this is also true farsulfonyl carbanions we

J. Am. Chem. Soc., Vol. 118, No. 19, 19929
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Figure 9. Mulliken charges of molecular fragments for anidh<2,
1T, 2T, 1F, 2F, 1D, and2D (HF/6-31+G*//HF/6-31+G*). All values
are in .

calculated the change of energy associated with the isodesmic

reaction 3. Using the more stable conform&:;, we obtained
a proton transfer energy 6f68.8 kcal/mol which is 4.4 kcal/
mol less favorable than that for the trifluoro compound. Thus
although ina-sulfonyl carbanions the total stabilization of the
negative charge by the trifluoromethyl group is somewhat more
effective than that brought about by a single fluorine atom, the
stabilizing effect of the two substituents is not very different.
Comparable overall stabilities were also found for the anions
CFR;s~ and CRCF, .82

Importance of d-like Orbitals in the Basis Set. The general
importance of d-functions in the basis sets of second row
elements has been discussed at length by other atitPioi%*6:5465
and the only aim of this brief section is to add some information

The charge distribution in the methyl anioris and 2 is
essentially independent of the relative orientation of the meth-
ylene group and the S®R3 segment. However, when both
hydrogen atoms of the anionic center are replaced by methyl
groups, the negative charge of the (§}4€ group is even
stronger for the staggered than for the eclipsed conformer. These
shifts of charge that accompany torsion of the<&3bond
correlate with the initially described changes of the<&3bond
length. Thus forl and 2, the charge of the TR2C group is
approximately the same for both ions, and at 0.007 A the
elongation of the corresponding bond is indeed relatively small.
Transfer of a significant amount of negative charge from the
SO,—R3 segment to the HR2C group is accompanied by an

to the abundant data presented in those papers. Omittingincrease of the G3S bond length of 0.017 A whe@D is
d-orbitals from the basis set results in drastic changes of thetransformed intolD. Finally, negative charge is transferred

geometries. The average value of the@bond lengths ir,

1T, 1F, and1D is 1.654 A with the 6-31¢9-5! basis set while

it is reduced to 1.456 A when the 6-31&*5%¢hasis set is used.
The average crystallographic-® bond length ofa-sulfonyl
carbanion salt$ is 1.452 A347.9-1113-1618.20 Thys from the
computational point of view, the importance of d-functions is
self-evident.

In the case of the methyl compounds ), lowering of the
total energy by inclusion of d-functions is 1.8 kcal/mol more
effective for 1 than for 2, and this energy difference is
approximately doubled for the trifluoro compound. In the case
of the monofluoro species this order is reversed, in gfats
more strongly affected that, although the energy difference

from the anionic center to the $©R® group when the
methylene group of the fluoro and the trifluoro compound is
rotated from the eclipsed into the staggered position. In both
cases this shift goes hand in hand with a reduction of the &3
bond length.

Comparison to Experimental Results. Kinetic experiments
revealed that the difference in the rotational barrier of a
a-sulfonyl carbanion salt and the corresponding counterion free
anion is only small. Thus, a qualitative comparison between
experimental and computational results seems to be justified.
The higher rotational barrier of the ((trifluoromethyl)sulfonyl)-
methyl anion {T) in comparison to the (methylsulfonyl)methyl
anion () finds an experimental verification in the observation

is almost the same. As a result, inclusion of d-orbitals Changesthat the enthalpy of activation for,&S bond rotation of the

the rotational barrier by not more than about 1.8 kcal/mol in

monomeric G-Li contact ion pair [PhCHPh)C-SO,CFK;]Li

the case of the methyl compounds, while this difference amounts (|5 in tetrahydrofuran is 4.2 0.3 kcal/mol higher than that

to 4 kcal/mol for the fluorinated anions. As far as the methyl

of the monomeric GLi contact ion pair [PhCKH{Ph)C-

compound is concerned, we therefore agree with StreitwieserSOZtBu]Li (Ib) (vide supra)31819 Undoubtedly, this difference

et al® that d-orbitals do not play a significant role in stabilizing
the anionic charge. Obviously they play a more important role
when R is an electronegative substituent, and the extent clearly
depends on the relative orientation of thiRRC group and the
SO,—R2 segment.

Mulliken Population Analysis. In spite of its conceptual
limitations, Mulliken population analysi& provides a tool to
estimate the shifts of electron density that occur upon rotation
of the RIR2C group about the C3S axis (Figure 9). In the
case of the fluorinated anions, the negative charge of the
methylene group is stronger for the eclipsed conforr2@rand
2F than for the staggered conformdrg and1F, and the charge
transferred to the S©-R® segment upon rotation about the
C3-S axis is almost completely taken up by the ;Sfpoup.

(68) (a) Mulliken, R. SJ. Chem. Phys1955 23, 1833. (b) Mulliken,
R. S.J. Chem. Phys1955 23, 1841. (c) Mulliken, R. SJ. Chem. Phys.
1955 23, 2338. (d) Mulliken, R. SJ. Chem. Phys1955 23, 2343.

(69) (a) Busing, W. R.; Levy, H. AActa Cryst.1964 17, 142. (b)
Johnson, C. K.; Levy, H. A. Irinternational Tables for X-Ray Crystal-
lography, Ibers, J. A., Hamilton, W. C., Eds.; Kluwer: Dordrecht, 1989;
Vol IV. (c) Dunitz, J. D.; Maverick, E. F.; Trueblood, K. Mingew. Chem.
1988 100, 910; Angew. Chem., Int. Ed. Engl988 27, 880. (d) Johnson,
C. K. In Crystallographic ComputingAhmed, F. A., Ed.; Munksgaard:
Copenhagen, 1970; p 200.

should be even larger fda and itsSmethyl analogue. The
significant steric contribution of the methyl groups at thg C
atom to the rotational barrier of the ani@® in comparison to
the anionl is not without experimental precedent either. The
enthalpy of activation of the enantiomerization of [Ph(QWe)C—
SOCRLi (Ic) is 4.5 £ 0.3 kcal/mol higher than that of
[PhCHy(H)C—SO,CR]Li (Id).18:20

A direct comparison between the calculated gas-phase
structure and the solid state contact ion pair structure of
a-sulfonyl carbanions is, in principle, not possiBleHowever,
the X-ray crystal structure analyses of the-0O contact ion
pair{[PhCH(Ph)C-SQ,CF]Li :2THF}» (Ia-2THF)'35and the
ammonium salt [PhCHPh)C-SO,CFR;]NBuy (le),'® as well as
of the O-Li contact ion pair{[Me,C—SGO,Ph]Li-diglyme} »
(If -diglyme)® and the solvent-separated contact ion pairffie
SOPh]Li+[2.1.1]cryptand if -[2.1.1]c) 6 showed that the influ-
ence of the oxygen-coordinated cation upon the structure of the
anion as expressed by the bonding parameters is only small.
Thus at least a rough comparison of certain structural parameters
of the anionslT and 1D with those of the anions of the salts
(la*2THF), le, (If-diglyme), and If-[2.1.1]c, respectively,
seems permissible. The pyramidalization of thedfoms in
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Table 7. Selected Cystal Structural Parametat(la-2THF),,131°
le, and PhCHC(Ph)SQCRs!®

parameter l@-2THF), le sulfone
06—S2 1.447 1.449 1.427
O7-S2 1.449 1.443 1.426
C1-S2 1.859 1.826 1.850
C3-S2 1.620 1.638 1.807
Cl-F 1.328 1.333 1.297
06—-S2-07 117.4 118.2 119.9
06—-S2-C1 98.9 99.4 105.6
06—-S2-C3 112.0 112.0 112.3
C1-S2-C3 112.6 110.6 102.5
S2-C1-P° 110.9 113.0 109.9
F—C1-P° 107.3 105.8 108.9

aBond lengths in A and bond angles in dégiverage values.

dimethyl-substituted speciekD, (If-:2THF),, and If-[2.1.1]c
(345.2, 346.5, and 351.7, respectively) is not much different.
The lengths of the C3S bonds in the lithium saltsf¢diglyme),
andIf-[2.1.1]c (1.640 and 1.625 A, respectively) are comparable
to that of the aniordD which is 1.677 A. A comparison of the
bonding parameters of the salta 2THF), andle with those

of the parent sulfone PhGHPh)C(H)-SO,CF; on the one hand
and of the anionlT and its parent sulfon8T on the other
(Tables 7 and 3) shows that the calculations give a good
qualitative picture of the changes that occur upon deprotonation
However, the calculated lengthening of the &~ bond in1T

is not observed experimentally in the case lef-2THF), and

le. To shed further light on this point, determination of the
crystal structure of [HC—SO,CRINBuy (Ig) as the most
reasonable model compound fdrT would be desirable.
Furthermore, with values of 1.670 and 1.608 A, the-G bond
lengths of the anio and of the G-Li contact ion paif [H.C-
SOPh]Li-TMEDA} (Ih-TMEDA),,* respectively, differ sig-
nificantly. Here too, knowledge of the crystal structure of
{[H2C-SOMe]Li-2THF} 2 (li -2THF), would be helpful.

Conclusion

Raabe et al.

by Strifluoromethyl substitution and by the substituents at the
C, atom, have been verified experimentally. In this context it
would be interesting to see if the introduction of &
nonafluorobutyl instead of &trifluoromethyl group, which has
a similar electronic but a larger steric effé&,will lead to an
even higher configurational stability of tlkesulfonyl carbanion.
Finally, as far as the stabilization of-sulfonyl carbanions is
concerned, the calculations point, in accordance with previous
findings®>%222%0 a major contribution by Coulombic interaction
and to a minor one by hyperconjugatith.

Not only a-sulfonyl carbanions but alsa-sulfonimidoyl,
a-sulfinyl, and a-sulfenyl carbanions are stabilized by-n
o* sp®23.27. " hyperconjugation, and their configurational stability
apparently depends too on thg-€S rotational barrie??.720ur
calculations suggest th&ttrifluoromethyl substitution may also
lead in these cases to derivatives of a higher configurational
stability.
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hyperconjugation plays a significant role in determining the
conformation and the rotational barrierafsulfonyl carbanions.

The changes in bond lengths that occur upon rotation of the

RIR2C group are in keeping with its formal description as no-

JA953034T

(70) For a different view, see ref 21.
(71) Bernardi, F.; Csizmadia, |. G.; Mangini, A.; Schlegel, H. B.;

bond resonance. Structural changes as well as the conformaWwhanbo, M.-H.; Wolfe, SJ. Am. Chem. Sod975 97, 2209. Epiotis, N.
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especially favorable in the case of fluorine substitution either
at the S atom or at th® methyl group. As a result the rotational
barrier increases significantly upon fluorine substitution. The
calculations reveal also a significant steric contribution of the
substitutents at thedGatom to the rotational barrier of-sulfonyl
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