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The S=O bond lengths and the S=O bend stretching frequencies characteristically change
with changing ligand electronegativities in the XSO2Y sulphone series. Empirical relationships
have been established between the S=0 bond length and the sum of the ligand electronegativ-
ities (yx + xv) and also between the mean stretching frequency and (yx + yv). These relation-
ships may be used for estimating group electronegativities from geometrical and vibrational
data or to predict bond lengths, bond angles and stretching frequencies from ligand electro-

negativities.

Revised empirical correlation relationships be-
tween geometrical and vibrational parameters of a
series of sulphone molecules have been communi-
cated recently [1]. The predictive ability of these
relationships has been demonstrated by the results
of structure determinations of further sulphone
molecules, viz. CCl3SOCl [2], CF3S0:Cl [3],
OCNSOCI [4], (CH;=CH)2S0; [5].

The importance of the ligand electronegativities
of XS0.Y sulphones on the vibrational frequencies
and geometry of the SOy group has been recognized
for a long time (see e.g. [6]). As the ligands and
their electronegativities change in the sulphone
series, the corresponding S=O0 bond lengths and
0=S8=0 bond angles may differ up to 0.04 A and
5°, respectively. At the same time the oxygen-
oxygen non-bond distance is strikingly constant in
the XSO2Y sulphones as has been noted recently
[7, 8]. The O ... O distances in XSO2Y sulphones
can be directly and accurately determined from the
rotational spectra (cf. [8]). The mean r(O ... 0)
value from 9 microwave spectroscopic studies is
2.484 A (6=0.004 A) [8]. The empirical relationship
correlating (S=0) and the bond angle 0=S=0
gives nearly the same predictions as yielded by the
trigonometrical expression

< 0=8=0 = 2arcsin [2.484/27(S=0)]
in which 2.484 A stands for (O ...0). This is

demonstrated by Fig.1 incorporating mostly
electron diffraction results.
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Although the correlation between ligand electro-
negativity and the geometrical variations seems to
be obviously present, no empirical relationship can
be established outright because of lack of group
electronegativities. As is well known, while the
electronegativity of an element is considered to be
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Fig. 1. The O=S=O0 bond angle (<) as a function of
the S=O bond length (r). Circles: experimental values
(for further details see Ref. 8; sources can be found in
the Tables). The empirical relationship < = —147.7r
+331.7 was found by a least squares procedure. The
trigonometrical expression utilizes the remarkable pheno-
menon of the Q... O distance being constant (2.484 A)
in a large series of sulphone molecules.
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a property of this element, the group electro-
negativity depends on the bond that the group
forms. Thus, strictly speaking, there is a specific
group electronegativity scale for the sulphone
series. The idea to estimate a group electro-
negativity scale in the sulphone series on the basis
of the geometrical, i.e. S=0 bond length, variations
is attractive since accurate r(S=O0) values have
recently become available (see e.g. [8]). These
S=0 bond lengths were determined by gas electron
diffraction and, accordingly, refer to free molecules.

An initial set of electronegativities was compiled
for a few ligands, viz. F, Cl, CF3, CCl3, and CHs.
The choice of the first two was obvious, while group
electronegativities for the three CX3 ligands have
been established by Hinze, Whitehead and Jaffé [9],
2cFs 3.29, xccis 2.79, and ycus 2.30. These values
were consistent with the experience reported on the
relative electronegativities of these five ligands in
sulphones [10] and sulphoxides [11] (see also [12]).
The geometries of six sulphone molecules with
various combinations of these ligands were recently
determined. These initial data are given in Table 1.

Because of the good experience with the empirical
relationships between the S=O bond lengths and
S=0 bond stretching frequencies, and the available
large body of vibrational data, it was decided to
parallel the investigation of the correlation between
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Table 1. Initial data used in establishing the correlation
relationships between S=O bond lengths or stretching
frequencies and group electronegativities ().

Compound r(S=0) [A] 7(S=0) [em™1] 3 »
FSO.F 1.398 [13] 1390 [16] 8.0
FSO.CF3 1356 [17] 7.3
FS0Cl 1.408 [14,8] 1346 [16] 7.0
FSOCHj 1322 [18] 6.3
CISOCF3 1.416 [3] 6.3
CIS0:Cl 1303 [16] 6.0
CIS0CCl3 1.421 [2] 1298 [17] 5.8
CISO>CH33 1.425 [15] 1280 [19] 5.3
CHsSO.CHs  1.436 [7] 1257 [20] 46

the bond lengths and group electronegativities with
another between the bond stretching frequencies
and group electronegativities. Note that the corre-
lation relationships between bond distances and
vibrational frequencies (and also force constants [1])
refer to vapour-phase geometries and liquid-phase
or solution spectra, respectively. One of the
relationships, incorporating the results of new
studies is demonstrated in Figure 2. Here and in all
subsequent calculations the bond stretching fre-
quency 7(S=0) is represented by the average

7= {} [733(320) + »2(S=0)]}1/2.
The initial frequency data for 8 sulphone molecules

with various combinations of the above mentioned
ligands are also given in Table 1.
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The following relationships were obtained by
least-squares procedure, and are illustrated in
Figures 3 and 4.
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Fig. 3. Correlation relationship between the bond length,
r(S=O0) and the sum of the electronegativities of the
ligands X and Y in the XSO2Y sulphone molecules.
The circles represent the initial data given in Table 1,
the full line and dashed line are determined by the linear
and second degree relationships described in the text.
The second degree relationship is somewhat superior
to the linear one within the interval covered by the initial
data. However, the linear relationship is recommended
for extrapolation.
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Fig. 4. Correlation relationship between the average
stretching frequency, #(S=0) and the sum of the electro-
negativities of the ligands X and Y in the XSOzY sulphone
molecules. The circles represent the initial data given
in Table 1, the full line and dashed line are determined
by the linear and second degree relationships described
in the text. The second degree relationship is somewhat
superior to the linear one within the interval covered
by the initial data. However, the linear relationship is
recommended for extrapolation.
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Linear
Z y = —91.287r + 135.54 (standard deviation,
o = 0.10),
D x=— 0025465 — 27.3 (o = 0.08),
Second degree
> 2 = 436.6972 — 1328.65r + 1012.00
(0 =0.07).
> x = — 0.00003247 #2 + 0.11139 7 — 84.1
(o = 0.06) .

These relationships were then used to estimate
other group electronegativities on the basis of
available S=0O bond lengths and bond stretching
frequencies. The results are collected in Tables 2
and 3.

In addition to the usefulness of the group
electronegativities, their tentative character should
also be emphasized. Only some of the many
possible sources of uncertainty are mentioned here.
As was stated above, electronegativities of groups
linked to identical molecular moieties are com-
parable in a strict sense. Thus even within the
sulphone series the group electronegativities yx in
the sulphonyl chloride series (XSO2Cl) should be
distinguished from the yx values in the sulphonyl
fluoride series (XSO2F), etc. The experimental

Table 2. Group electronegativities of ligands in the XSO2Y
series as estimated from the S=0 bond lengths (using the
second degree relationship). Parentheses refer to estimated
experimental errors of the bond lengths, corresponding
deviations of > y and inplausible values of yy, respec-
tively.

XSOzY r(S=O) Ref. zx XX XY
(4]
FSOoF 1.398(2) [13] 8.0(2) 4.0 4.0
FS020S0-F 1.398(2) [21] 8.0(2) 4.0 4.0
FS0,050;080.F  1.402(3) [21] 7.6(3) 3.8 3.8
FS05C1 1.408(6) [14] 7.0(6) 4.0 3.0
FS0,0CH3 1.410(2) [22] 6.8(2) 4.0 2.8
FSO,CH3 1.411(3) [23] 6.7(3) 4.0 2.7
CISO.CF3 1.416(7) [3] 6.2(7) 3.0 32
CIS0aNCO 1.417(3) [4] 6.1(3) 3.0 3.1
CISO5CeHs 1.418(12) [24] 6.0(12) 3.0 (3.0)
C1S0,0CH3 1.420(3)° [25] 5.9(3) 3.0 2.9
CIS02CCl3 1.421(3) [2] 5.83) 3.0 28
CISO.CHCH> 1.421(6) [26] 5.8(6) 3.0 (2.8)
CISO,N(CH3)2 1.422(4) [27] 5.74) 3.0 2.7
CISO.CH3 1.425(3) [15] 5.4(3) 3.0 24
SO, 1.432(2) [28] 4.9(2) 24 24
(CH3)aNSO2N(CHg): 1.433(10) [29] 4.8(10) 2.4 2.4
CH3S0.CH3 1.436(3) [7] 4.6(3) 23 23
CsH5S02CeHs 1.439(5) [30] 4.3(5) 2.2 2.2
CH,CHSO;CHCH:  1.440(3) 5] 4.333) 21 2.1
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Table 3. Group electronegativities of ligands in the XSO2Y
series estimated from the S=O stretching vibrational
frequencies.

XS0.Y (S=0) Ref. >y xx Vo'
[om1]
*
FSOoF 1390 16 8.0 4.0 4.0
FSO200F 1382 31 7.8 4.0 3.8
FSOz(E 1380 17 7.8 4.0 3.8
FSO20S0:F 1378 17 79 4.0 3.7
FS0;00CF3 1375 31 7.7 4.0 3.7
F02S0S020S02F 1372 17 7.6 3.8 3.8
FOSO02CF3 1356 17 7.2 4.0 3.2
FS02,0CHj3 1355 16 7.2 4.0 3.2
FSO2Cl1 1346 16 7.0 4.0 3.0
FSO.0H 1342 32 6.9 4.0 29
CISO2CF3 1329 33 6.6 3.0 3.6
FSO9Br 1326 34 6.5 4.0 2.5
FSO2CeHs5 1316 35 6.3 4.0 2.3
CISO.0H 1312 32 6.1 3.0 3.1
CISO2Cl1 1303 16 5.9 3.0 3.0
CISO2NCO 1302 36 5.9 3.0 29
CISO20CH3 1302 37 59 3.0 29
CISO2CCl3 1298 17 5.8 3.0 2.8
CISO2N(CH3)2 1293 38 5.6 3.0 2.6
CISO2CeH5 1285 39 5.4 3.0 24
HOS02;0H 1284 32 54 2.7 2.7
7N\ -
CISOZ—‘\S/ 1284 33 54 3.0 24
CISO2CHg 1280 19 5.3 3.0 2.3
CH30S02CgH5 1279 35 5.2 2.9 2.3
SOq 1261 16 4.7 24 24
CH3S02CHg 1257 20 4.6 2.3 2.3
*k

CeH5SO2NH, 1249 39 4.5 2.4 2.1
(CH3)2NSO2N(CHs)o 1246 38 44 2.2 2.2
<S>—SOZNH2 1243 40 4.3 2.4 1.9
CH3SO2NH» 1233 41 4.1 2.3 1.8
Ce¢H5S02CHCH, 1230 42 4.0 2.0 2.0
CgH5S02CeH5 1229 43 4.0 2.0 2.0
CH3SO2CHCH, 1229 44 4.0 2.0 2.0
CH2CHSO2CHCH, 1221 4 3.8 1.9 1.9

*Using the second degree relationship between
P(=[3 (i + vsH)]V?) and 3.
** Using the linear relationship.

errors of the bond lengths and stretching frequencies
should not be ignored. Ar(S=0)=0.005A or
A7(S=0) =20 ecm~! changes the estimated electro-
negativities by about 0.5. The estimated experi-
mental errors of the bond lengths are indicated in
Table 2 and their respective influence in the
estimated group electronegativities are also given.
It is seen that the relatively large errors of some of
the bond lengths render the corresponding estimated
group electronegativities meaningless. Unfortunate-
ly, no comparable quantities of the experimental
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error are available for the frequencies. Thus the
estimated y values should be treated especially
carefully. Furthermore, the estimation procedure is
somewhat influenced by the choice of the initial
data (cf. Table 1). It is true, however, that the
emerging pattern of group electronegativities seems
to be consistent with expectation and previous
experience and thus the initial choice of data is
probably fortunate. Finally, it should be remem-
bered that all the bond lengths in our tables refer
to free (vapour-phase) molecules while the stretch-
ing frequencies originate from spectra of liquid-
phase samples.

To summarize, the variations in the S=0 bond
lengths and bond stretching frequencies well
parallel the changes in the ligand electronegativities
in the sulphone series. Accordingly, group electro-
negativities can be estimated from the geometrical
and vibrational parameters. The present results
support earlier notions as regards the relative
electronegativities of the CF3, CCl3, CHs groups.
Furthermore, they indicate the position of some
other groups, notably the isocyanate and methoxy
groups, on the electronegativity scale. The electro-
negativities of some of the important ligands follow
the relationship:

F > OF > CF3 > NCO > Cl > OCH3 > CH3, etc.

It is also noted that the numerical y values for
some groups, e.g. OH, NHj, C¢Hjs, are very
uncertain.

The empirical relationships established above can
also be used to predict S=O bond lengths and
7(S=0)-values on the basis of the ligand electro-
negativities. As an illustration let us consider the
S=0 bond lengths for some individual compounds
[45]. Here we shall use the relationship

r(8=0) = (135.54 — > »)/91.28..

Seppelt and Lentz [46] suggested that the ligands
0SeF5 and OTeF'5 are at least as electronegative as
fluorine. Accordingly, the lengths of the S=0 bonds
in the SO groups of the following molecules can be
predicted to take the values listed below, assuming
4.0 for the electronegativities of the ligands OSeF's
and OTeF5.

The above relationship yields »(S=0) = 1.419 A
for sulphuryl chloride, SO2Cly. This value is some-
what larger than that reported from an earlier
electron diffraction investigation [47]. However, it
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Compound Predicted
r(8S=0)[A]
FS0208eF5 1.397
F SOzOTer 1.397
ClSOzOSer 1.408
CISO20TeF5 1.408
F58e0S0208eF5 1.397
F5T608020T8F5 1.397

was suggested that error in the empirical back-
ground may have resulted in the determination of a
too short S=0 distance in SO2Cl; ([8], cf. also [48]).
The bond length vs. stretching frequencies relation-
ship predicted 1.420 A for 7(S=0) [8] in complete
agreement with the present prediction based on the
ligand electronegativities. Thus an experimental
reinvestigation of the sulphuryl chloride structure is
warranted.

Using the above relationship, the S=0O bond
length for some more sulphone molecules are
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