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Abr8ct -SubsIitumt eikctt arising from dirtily bonded groups in sulfuf*ontaining compounds are 
invatrgated by mokcufar vrbitaf calculatrons of refativeenergzs. lnteractton energica basicitics and acidittes 
ate obtained from cakutations at the suppkmcnted 4-316 and 6-3fG basis set levels for substitutton in the 
thra seria of sulfur compounds SX-, SHX, and SW,X ’ with X - BH,. CHS, NH,, OH. F and in the bt- 
substituted series SX, IX 1 CH,, F). Donor-acceptor interactions arc dominated by the a-ckctrons and 
readtly account for the dHd; substitution by BH* is an cxceptiun. requiring consideration uf n-bun&q& 
especially m fhe anion, Charge transfer, bofh to and from the Kcond row ekment. is better {okrafed by the 
suifur-~~~~taln~~~ systems than by the corresponding oxygen compounds. 

A sysfcmafic study offftc effects of substitution on the 
oxygcnconfainingscries OX and OHX by Radom et 
ul.’ is here extended to the sulrur~n~njng species 
SHX, SX , and SH,X ’ for the substituenfs X = BHX, 
CH,, NH2, OH, and F. Similar studies on phosphorus 
and silicon compounds an reported xparatcly.’ 

Theoretical subsfifucnt parameters rcccnfly pro- 
posed by Topsom’ arc useful as a guide to the 
ckctrostatic cfkcts (the a,ffheor.) parameter) and the 
resonance effects (the a,(thcor.) parameter) cx-tad 
for the subsfitucnts used in this study. ax(?heor.) is a 
measure of group ekctronegativity on a .scalc in which 
the value for H is zero, and thcreforc gives negative 
values for fess ekctroncgative groups. 

Ciroup x : HHI CM, KHz 011 F 
o&heor.j 0.09 0.17 0.33 0.43 0.52 
o,(theor.) 0.06 -002 0.16 0.31 0.49 
a,(thcor.) 0.5f -0.03 -0.48 ,0.44 -0.34 

Vnkes of the same parameters for SH, S -, and 5%; 
arc : 

Second row centre : SH S’ srr; 
a#eor.l 0.07 - 0.07 0.21 
odtheor.) 0.2x 2.01 2.46 
a,frheor.f ‘- 0.21 -0.75 -0.01 

These figures suggtsf that fhc SH and OIf groups will 
display similar overall su~t~fution bchaviour across 
fhc X = RI+,, CH,, NH,. OH, F series, attenuated in 
the SHX compounds because of the rcduozd o-aaxptor 
and tr-donor abilities of the second row group. By 
extension, tht response to substitution shown by the 
SX and SH*X’ series is also expected to be milder 
than in the corresponding first row mnkcuks. 

MO calculations were made with fhc use of the 
Gaussian110stritsc~programs.“~ basisxt variation 
ofgcomctrlcs and ofcncrgy data is discuss4 elsewhere? 
and argument in this paper is based on the results 
obtained from thcsuppkmcntcd S-3tC basis set. using 

geometries optimized at the suppkmented 631G 
kvcl.6.‘Calculations on the anions SX - and OX - wcrc 
rcpcated with the 6-31C# # and 431G basis sets 
supplcmcnfcd by diffuse s and p functions. as 
recommtndcd by Spitmagcl ef aLR Preliminary 
calculations were used to choose a value ofk = 0.04 for 
the exponent of the additional sulfur sand p functions. 
The basis sets supplemented with diffuse s and p 
functions are designated 4-3 1+ G and 6-3 I + G # # ~ 

Calculated mokcular energies (4-3tG(#) and 6- 
31G # # Ie~cls)’ andoptimized geometries@-3tGfI) 
level) for mokcuks off he SX - series arc set out in Tabk 
1 and Fig. 1 together with data for the X = BH, 
m~m~~orthcSHX~dSH~X * scries.Entrgydafafor 
the remaining mcmbcrs of the latter series are rcporfcd 

in another place.’ Interaction energies (AE(X, lf)) and 
basic&y and a~~ditydataarcgivc~inTab~~ Zand 3and 
Fig. 2. Data from the analogous oxygen-containing 
systems, calculated from energy information published 
by Radom er ai., are included for comparison.’ In the 
ca.sc of the anions OX , the data were obfaincd by 
calculation. 

The gcometricai data obtained by opf~mi7ation 
calculations on SX-, SHX, and SH2X * series show 
contraction of bond distances from anionic to neutral 
to cationic species of some IO-20 pm for the X = CH,, 
NHz, OH, 1: spccis and a similar bond lengthening for 
the n-acceptor BH, ; these figures are very similar to 
those for the corresponding first row compounds.’ As 
round for other similar main group compounds, 
~on~~~rrn~f~ons are adopted fhaf minimize the cffia of 
unfavourabk lone pair lone pair interactions. This is 
not possible, of course, in the SX - series compounds. 

in their comments on the general pattern of 
substitucnt effects on first row systems, Hindc, Press 
and Radom”ciass the XOH series with XNH, and XF 
and the X0 series with XNII Except for 
interactions with X = BH,, aeon donor-+xqtor 
interactions are considered to dominate : because they 

2939 



2940 

Tebkt.Calculatadtotalenagin(Han~)ofSX serksmokcules(X - H,BH,.CH,.NH2.0H.FL 
SH*HH2 andSH,*BHi.andOX’ seriamokcuks’ 

BWiSSCl: 
- .- 

SH- 
S-i&H, 
S*CH, 
S-NH, 
S*OH 
SI: 
SH*BHI 
SH,*BH; 

- 397 63838 
-422.90917 
- 436.60795 
-452.55251 
- 472.37096 
- 4%.372J8 
- 42348782 
- 423.76434 

&JIG # # 6-31 +Gw t 4-31 +G 
.- __-.. _ . .._. ,- ._- 

- 398.09588 - 398.10983 OH 75.28990 
-423.39114 ‘423.39927 O+BH; - 100.59460 
-437.11781 -437.12916 O+CH, - 114.25226 
- 453.oa841 -453.1081 I O-NH; 130.18219 
-472.91293 - 4729365 I 
-496.91517 - 496.94203 

g*:‘.“- - 149.89233 
- 173.98515 

-423.95515 
-424.23104 

arc unfavourablc, substituent interaction cncrgics for Electron withdrawal from oxygen in the OX . series is 
the proasscs less u~avourablc than in the neutrals. AE(X. H) values 

0HX+H2dOHr+HX actually increasing for X = NH2, OH, F as ckctron 

OX +H,+OH +HX 
withdrawal reduces the charge on the oxygen atom. 
Conversely, the effect of the same substituents on the 

arc negative, becoming more and more so as the oxygen atom electron density in the cationic series 
clcctronegativity of the central atom increases. OH,X‘ produces a very steep destabilization 
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Fig. I. @timizcd gcomefria for SX-,SHX,d SH,X’ series mokruta(X - H, BII,, CH,, NH,,OH. F) 
obtained from 4-3lCfi #) level calculations. (Bond knglhs m pm, bond an&s m degrees.) 
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Tabk 2. Calculated subetitucnt interaction energies for SX -, SHX. and SH,X’ series 
mokxula(X = BH~,CH,,NH~,OH,~~~~m~tivc~taforOX~,OHX~a~OH~X~ 

series (kJ mol - I)‘.’ 

x= BH, 

sx &31+G# # 75. I 
&31G# Y 90.3 
43lcxI) 125.8 

SHX 63lGY * 54.0 
c3lct#) 59. I 

SH*X * &31G I# # 49.9 
4-31G(#) 42.5 

ox 4-31 +G 214.8 
4-316 314.6 

OHX 4-3lG I IR.R 
OH,X ’ 4-3lG 126.5 

CH, 
._._“_ - 

- 132.5 
- 125.6 
- 115.1 

- 97.6 
97.5 

- 29.0 
-36.3 
134.0 
.64.0 
132.6 

-62.5 

NH, 

171.1 
- 186.2 
- 156.5 
- 149.6 
. . 118.9 
-81.3 
-64.3 
231.1 

.- 1x4.9 
254.9 

- 2x4 

OH 

- 168.1 
- 193.3 
- 130.4 
- 177.1 
- 154.2 
- 149.2 
- 150.8 
_ 235.9 

- 181.2 
- 343.9 
-’ 402. I 

F 

- 122.8 
- 156.7 
-70.1 

- 189.9 
- 154.R 
- 219.3 
-2260 
- 172.4 
- 128.4 
- 403.5 

595. I 

l lntcraction encrgia refer to the reactions : 

bSulfur mokcula calculations at 431G( # ) optimized geometries. 4-31 +G results for 
anionic oxygen compounds an from this rcwarch, QJIG/iQJlG calculations from ref. I. 

Table 3. Calculated relative basic&M and acidities for SHX series molecules (X - BH,, CH,. 
NH,, OH, Mb 

X- BH, CH, NH, OH F 
. . ..- -- -- _._ 

Rrlufiw !wsicificJ : 
SHX 6-31G1~ Y -4.1 68.6 68.3 27.9 . 29.4 

4-3ic(!#) - 16.6 61.2 S4.6 3.3 71.3 
OHX 4-316 7.7 70. I - 3.6 58.2 - 191.5 

Rclottw ncidirics : 
SHX 631 +Gi@ # 21.1 - 34.9 -21.5 9.0 67.1 

b3lGr # 36.4 I28.0 - 36.6 - 16.3 33.2 
4-3Kx#) 66.7 - 17.5 - 37.6 23.7 84.6 

OHX 4-31 +G 96.0 - 1.37 23.8 108.1 231.2 
431G 194.6 67.6 68.7 161.6 274.0 

* Relative basic&s and acidttia refer to the nactions: 

SHX + H,S l -. SH,X’ + HIS 

SHX+HS’dSX-+H,S 

‘4-3 1 + G data for anionic oxygm compounds from this research. other oxygen data from 
ref. 1. 

Tabk4.~mct~~iande)~ron~pu~tiondataonC~,~H.CH,G and 
CH,SH.CH,S-’ 

CH,OH CH,O- CH ,SH CW,S_ 

K-Y) 
r(C-H) av. 
AWLW 
(kJ mol-‘f 

0.35 0.33 0.53 0.42 
- 0.03 0.28 - 0.03 0.06 

1.430 1.361 I ,822 I.839 
I.081 I.122 1 .ol9 1.092 

-64.0 - 131.4 - 125.6 - 97.6 

l P(a) and P(r) me u md x bond 0th~ for ~bc C-O and C-S bonds and 
obtained, as were the gcometrial data, from akulations at 4_3lG/163tG 
kvel calculations (suppkmemcd for sulfur mokcuks). 



Fi~2In~eraftioncncrgits(kJmol~‘)anduandnbnndorders 
for SHX and SH3X’ scrid molcculcs from 631G + a:‘& 
31C3 + f level Ql~1arion.s and SX” series molecules at 6-3 1 
+G # #;+31Ci( # ) level. included for comparison are 
nsults for the corresponding first row cumpotmds (open 
circks; 4-3lG.‘:‘4-31G level calculations. 4-J! + G!+IIG for 

rhc OX scrksf. 

Interaction cnergia in the three sulfur series run 
yirallel with thosecalculated for theoxygen analogues. 
Apart from the three S-BHx intcractians, which like 
those for the analogous G-BHz casts arc all stabilizing, 
the sutfur-substituent interaction energies are all 
negative. The trends across the NHr, OH, F sequence 
show far less severe eifects for sulfur than for oxygen, 
particularly for the cationic SH,X l series compounds. 
AE(X,II} values for the BH* and CH, substituted 
molecules arc very similar in the two group, although 
SBH; cannot match the strong n-sfabiliration 
cxhibitcd by OBH;. 

The relative energy data can be rationali& by 
assuming that o-interactions dominate in all cases 
except those involving the x-acceptor BH, where the 
stronger n-bonding possible with the 1st row ccntrc 
accounts for the much larger stabilization energy of 
ORH;. The progressively more unf~vourable intcr- 
actions with the u-acceptor sub&rents NH2, OH. and 
F suggest that SH be classified as a weak o-acceptor 
and SH; as a strongo-acceptor. As may be expected on 
this view, the destabilization producbd by these 
substituents is rather the more severe for the oxygen- 
containing molecules. 

Further su~~i~u~ion of the methyl group has Fhc 
same effect on molecular energy as it did at first. the 
interaction energy value of - 191.6 kJ mol - ’ beingjust 
short of twice the substituent jntera~tion energies af 
SH*CH,. With SF,, however, the attachment of the 
second guorinc is 55 kJ mol ’ less destabitizing than 
the first, showing that the S-F bonds interact with 
each other, but much less strongly than do the P-F 
bonds in PF3.‘* 

Acidities und &&cities ofSHX compounds. B&city 
and acidity data follow the trends which might have 
been pre&cted. The substituted sulfur SHX com- 
pounds become progressively mare acidic and tess 
basic across the NH*, OH, F sequence but the changes 
are much smaller than those calculated for the oxygen 
analogues. 

The effects of methyl substitution on the acidity of 
methanol and methane thiol have been discussed 
already.’ As &Frees er ~1. point out, there are two 
separate hyperconjugative interactions betwan CH, 
and O- (or S-k a d~tabil~n~ four-electron term 
(repulsion between filled orbit& on both cent@ and a 
stabilizing twockctron term (resuhing from overlap 
between the filfaf px orbitals on the anioniccentre and 
the anti~nding x-type C-H orbitals and producing a 
charge shift towards the CH, group). However, the 
c&c& rn the CH,O-;CH,OH systems contrast 
sharply with those in CH,S-,C!I,SH. At the much 
longer bond distances found in the 2nd row molecules 
hy~rconjugat~on is very weak. C-H bond lengthen- 
ing between CH,SH and CH$- is only 1.3 pm 
compared with a 4.1 pm C-H bond length differena 
between CH,O and CH,Ofi. Consequently, the 
shortening of the C-O bond in the anion (a very large 
6.9 pm) produced by hy~rconju~t~on becomes a i.7 
pm C-S bond ie~~thening in CH,S-! 

The contrast betwan first and second raw 
compounds is probably to bt accounted for by the 
comparative absence of n-bonding in CH,S Note the 
very large change in n-bond order in CH,Ofi,CIi ,O- 
against an almost constant o-bond order and the 
opposite situation in the second row compound. As a 
result, the methyl substituent is acid weakening in H&5. 
Although ~functjons are not needed in the explanation 
for this behaviour, because the contribution made is 
simtlar in both CH,SH and CH,S , that con~~bution 
is not insignificant, Geometry optimization using basis 
sets without dfunctians uniformly leads to a C-S bond 
tength some 9.0 pm longer than experiment whereas the 
discmpancy with sup~~~t~ basis set calcuIatians is 
only about 1.0 pm ; as noted el.sewhere~‘O d functions 
appear to act in a marginal valence role in molecules of 
normal valency as well asin hypervalcnt compounds ’ t 

Relative energy data on the s~Ifur~anF~nin~ series 
SHX, SX and SH2X l follow very similar trends to 
those reported for the oxygen analogucs and are readily 
a~ornrn~at~ by perturbation molecular orbital 
theory on the hypotheses: 

(a) a-interactions are pwdominant for the strong n- 
;tcceptors NH2, OH, F and aecount for substifuent 
interaction energies which rise as charge is withdrawn 
from the anions SX , fall for SHX, and fall steeply for 
the cations SHX * .z As in the corresponding oxygen 
series, all interactions arc unfavourable. but the greater 
polarirability of the electron djs~r~but~on in the second 
row case leads to a better toleration of the charge 
developed on the acntral atom and to much less severe 
d~tab~~i~tion. 

fb) n-interactions are important with the a-acceptor 
substituent RN, but much less so than for the 1st row 
molecules. Hy~~njugation between CH, and S is 
much less m evidcna than in the CH30H!CH,0- 
case. 
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