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The accurate SH bond dissociation enthalpies [BDE($)] for a series of meta and para substituted
thiophenols (% CsHs—SH, X = H, F, Cl, CH;, OCH;, NH,, CF;, CN, and NQ) have been estimated by
using the (RO)B3LYP procedure with 6-3t#G(2df,2p) basis set. The proton affinities [PAjBat the
sulfur site of the corresponding thiophenoxide ions-(H,—S") and adiabatic electron affinities (EpRof
thiophenoxy radicals have also been evaluated at the same level of calculations. The-BIPE{&e parent
thiophenol has been evaluated to be 332.61.0 kJ/mol, which is in agreement rather with the earlier
experimental value of 331.0 kJ/mol (Bordwell et al.,Am. Chem. Sod 994 116, 6605) than the more
recent value of 349.4 kJ/mol (Santos et al.Phys. Chem. 2002 106, 9883). The effects of para and meta
substituents on the BDE{SH) and PA(S) have been critically analyzed considering the change in stabilities
of the neutral molecule, radical and anions with the change in substituent, and its position. The correlations
of Hammett's substituent constants with the BDE{H and PA(S) values have also been explored.

Introduction a method to determine gas-phase BDEs of the aciditHA
Sulf d radical . hemi bonds from the solution phase data and using a thermodynamic
b u ur-cefntﬁrg r? ica sd_are vef_ryldlmportﬁnt to ¢ em'ﬁ”Y cycle. These authors obtained an empirical equation relating
ﬁcaqs;e 0 b't ekl]r ro_et In diverse tie tl‘sl suc ag atmlospderl_f BDEs with the oxidation potentials of the conjugate anions and
pdem:s rlyR l'.o%IeTr:s ry, orr]gamc f)ént esis, .ag c(;joa and ol pKa values. Using t_his empirical equation, they estimated B_DE-
Industry- Reliable thermochemical dala are indeed necessary S—H) values for thiophenol and some meta and para substituted
to understand the chemistry of these compounds. This necessit hiophenols They obtained a BDE(SH) value of 332.0 kJ/
has stimulated researchers to study the thermochemistry Ofmolpfor thio.phen)cl)l which was very close to that (323,2 2 K/
different sulfur containing species including the heats of mol) obtained earli,er by Venimadhavan ef@Very recentlly
formation, ionization potentials, and most importantly, homolytic Santos et a.have reported a value of 3494 4.5 kl/mol for'
bond dissociation enthalpies (E_SDEjZ_becau_se those are cru_cial the BDE(S—H) value of thiophenol. In fact, the .Iiterature value
parameters when we are dealing with radical species. Thiophe- or the BDE(S-H) of thiophenol varies wit,hin 2 wide ranae of
noxy radicals has gained special attention because they can hel 31.0 t0 349.4 kJ/ dFMp BDE(S-H) val ¢ 9 ¢
in understanding the chemistry of the related phenoxy radicals, V1o ) mar. Vioreover, BL (SH) values for mos
of the meta and para substituted thiophenols are not available.

which are well known for their antioxidant activities. BDEs are owi his di . . I d lack of d
important in determining antioxidant activity not only from a wing to this !sparlty among various resu tsan jacko ata,
we set out to investigate this problem by applying accurate

kinetic but also from a thermodynamic point of view. Because ) ; .
BDEs can provide information about the energetic nature density functional theory (DFT) procedures for estimating the

(exothermic or endothermic) of the inhibition reaction involved BDE values. o '
in antioxidant activity, BDEs are also useful for the understand-  Accurate estimation of BDE from quantum chemical calcula-
ing of a diversity of processes ranging from surface chemistry tions is always a challenging task, because it is necessary to
to many enzyme reactions. Theoretical methods that can betake into account the effect of both dynamical and nondynamical
applied for accurate BDE calculations in large molecules are part of electron correlation. This involves high levels of ab initio
especially useful, because in general, experimental BDE datacalculations, which is prohibitive for large-size molecules such
have large uncertainties. as substituted thiophenols. Thus, DFT based methods can be
The BDESs for the SH bonds in thiophenol and substituted ~ Very useful for this study. In fact, Fu et &lhave recently
thiophenols are the subject of recent experimental and theoreticareported the BDE(SH) values for some of the para substituted
studies?® In 1986, Bordwell and co-worket$iave prescribed  thiophenols at the UB3LYP/6-331+G(d,p) level of theory.
However, their calculated values differ widely from the
* Corresponding author. E-mail: minh.nguyen@chem.kuleuven.ac.be; €Xperimental values. Here, we haYe applied the (RO)B3LYP/
asitchandra@hotmail.com. 6-311++G(2df,2p) procedure to estimate the BDE(S) values
T Present address: Department of Chemistry, North-Eastern Hill Uni- for a series of meta- and para-substituted thiophenols. The (RO)-
versity, Shillong 793022, India. . ’
B3LYP method is known to produce very accurate BDE values
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Danang, Vietnam. for various types of bond$-1* Very recently, we calculated
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the BDE(O-H) values for a series of meta and para substituted TABLE 1: The Calculated and Experimental S—H Bond
phenols by applying this procedure and obtained very good Dissociation Enthalpies [BDE(S-H) in kJ/mol] for Para - and
results with an error bar o£6 kd/mol!5 Because many times ~ Meta- Substituted Thiophenols [X~CeH4—SH]

even the experimental values have large uncertainties, theoretical para meta
results can be reliable if they give consistent results on trial X calc expt calc expt ABDEy-m
molegules. We have.als.o estimated the PA yqlues fc_)r the 3326 33163322 3326 0.0
substituted thiophenoxide ions. The gas-phase acidity of thiophe- 334.7, 349.4
nol molecule can be approximately calculated from the PA value F 3255 336.0 -105
of the corresponding thiophenoxide ion. Haeberlin and Brinck Cl 326.4 3314 336.0 335.% —9.6
indeed observed that the PA values of phenoxide anions and CHs ~ 3243 327.6 331.8 3301 ~1.5
idities of the corresponding parent phenol molecules were OCH, 3176 3217 3305 —12.9
acl P g parent p NH, 3100 292.0 331.8 —21.8
cIo_se_ to eaqh othéﬁ Finally, elucidation _of the structure CF 340.2 337.2 3.0
activity relationship has long been a major goal of physical CN 340.6 339.3 1.3
organic chemistry. Attempts have, therefore, been made here NO; 345.2  340.6 340.6 4.6

to establish such correlation from the results of BDEK§ and aRef 9.5 Ref 10.¢ Ref 28.9 Ref 2.

PA calculations. The effect of changing the position of a

substituent on the stabilities of neutral thiophenol molecules, and the adiabatic electron affinity of the radicaHReHs—S)
thiophenyl radicals, and thiophenoxide anions has also beenat 298 K were estimated from expressions (2) and (3),
analyzed. As a byproduct, the electron affinities of the substi- respectively

tuted thiophenoxy radicals, EA{Shave also been derived. As

far as we are aware, experimental result of this quantity is PA(S™) = H(X—CgH,—S") + Hy(H") — H(X—CgH,—SH)

available only for the thiophenoxy radical 46sS°), and the )
reported value amounts to 2.26 0.1 eV’ Recently, Brinck
and co-worker$ calculated the EA values for para-substituted EA,= H(X—CgH,~S) — H(X—C;H,~S") ©)

thiophenoxy radicals at the B3LYP/6-3G(d) level of theory.
Our results can, therefore, be compared to the EA values Results and Discussion
reported by them.

A. Bond Dissociation Enthalpies.The B3LYP procedure
Computational Details is known to provide reliable geometries and frequencies for the
phenolic or thiophenolic systenig:?° We therefore are not
going to discuss these aspects here. However, it is important to
check first whether the methodology used for calculating the
BDE(S—H) values can provide reliable results. The choice of
an appropriate method is very important, since one of our aims
is to calculate the accurate BDE(H!) values for thiophe-
nols. As we mentioned earlier, we applied the (RO)B3LYP/
6-311++G(2df,2p) method for calculating BDE(EH) values
of substituted phenols and obtained very good resbits.
However, to reconfirm the efficacy of the procedure, we have
calculated the BDE(SH) values for two model systems, namely
H,S and CHSH, for which exact experimental results are
known. Our calculated BDE(SH) values for HS and CHSH
are 382.8 and 363.2 kJ/mol, respectively, which is very close
to the experimental values of 381462.9 kJ/mol for the former
and 365.7+ 2.5 kJ/mol for the latter molecufd.These results
give us confidence to apply the same procedure for calculating
the accurate BDE(SH) values of the thiophenol series.

The calculated BDE(SH) values for the para- and meta-
substituted thiophenols are given in Table 1. The available
experimental results are also given for comparison. As men-
tioned before, the experimental BDE{H) values of thiophenol
vary within a wide range of 331.0 to 349.4 kJ/mbéIThe most
BDE(S—H) = H(X—CeH,=S) + Hi(H) — recZznt value (349.4 k%/mol) was determined from the time-

H:(X—CgH,—SH) (1) resolved photoacoustic calorimetry (FRAC) experiment by
Santos et al.Our calculated value (332.6 kJ/mol) is lower by
The enthalpies at 298 K were estimated by adding thermal almost 17 kJ/mol from the TRPAC value but quite close to

The structures of the para- and meta-substituted thiophenol
molecules (%X-CgHs—SH, X=H, F, Cl, CHs, OCH;, NH, CF;,
CN, and NQ), the corresponding thiophenoxy radicals—X
CeH4—S), and thiophenoxide anions GCgH4—S™) were first
optimized at the B3LYP/6-311G(d,p) level. Single point energies
were then calculated at the B3LYP/6-3#+G(2df,2p) level.
Earlier studies show that geometry optimization and frequen-
cy calculation at the B3LYP/6-311G(d,p) level are sufficient
for getting reliable result¥21415 ROB3LYP procedure was
used for the open shell thiophenoxy radicals at the UB3LYP/
6-311G(d,p) optimized geometry. In the ROB3LYP method, the
spin restricted open shell HartreEock (ROHF) formalism was
used to generate the DFT orbitals. It was demonstrated before
that UB3LYP and ROB3LYP produced nearly the same
optimized structure for radical8.We therefore used UB3LYP
for geometry optimization of radicals, because this is much faster
than the ROB3LYP method. All the calculations were performed
using Gaussian-98 suite of progratis.

The gas-phase homolytic-$1 bond dissociation energies of
thiophenols at 298 K were obtained from the enthalpies of
different species (F5) at 298 K and using the expression

correction to the energies at 0 K those estimated by Bordwell and co-workers (331.0 kJ/nol)
and also by Venimadhavan et al. (332.2 kJ/mbl)YOur
H;(298K)=E, + ZPE+ H, .+ Ho: T Hyip + RT calculated values for para substituted chloro, methyl, methoxy,

and nitro thiophenols are also found to be very close to those
where Hrans Hrot, and Hji, are the translational, rotational, and estimated by Bordwell and co-worketsi-or para amino-
vibrational contributions to the enthalpy, respectively. thiophenol, the calculated value is much larger than that
The exact energy of the hydrogen atom0(5 au) was used  estimated from the TRPAC results. As pointed out by Fu et
for the calculations, since DFT methods suffer from the problem al.3 the lower TR-PAC value is due to the hydrogen bonding
of self-energy:213The PA at the sulfur atom of XCgHs—S~ between the amino group and the solvent molecules. As a result,
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TABLE 2: The Change in the S—H Bond Dissociation

Enthalpies upon Substitution]ABDE(S-H) =
BDE(XC¢H4S—H) — BDE(CgHsS—H) in kJd/mol] for Para-
and Meta-Substituted Thiophenols [X—CgH;—SH]
para meta
ABDE ABDE
X calc expP cal (O—H)! cale (O—H) = CN NO
H 0 0 0 0 0 £ :
F -7.1 —-8.8 3.4 3.8 =
Cl —6.2 3.6+£27 -—-23 —-5.9 3.4 3.8 Ii
CHs -83 —-19+29 —-49 -100 -08 -—25 | | .
OCH; —150 —83+29 -139 -259 -21 59 CIX-C.H,-S
NH2 —22.6 —40.2 -0.8 —25 -15
Ck 7.6 3.1+ 28 7.3 12.1 4.6 8.4
CN 8.0 7.9 6.7 11.7 1
NO, 12.6 17.6 8.0 134 20 —

a Present work? Experimental value, ref Z.Calculated value at the

MPW1PW91/aug-cc-pVTZ level, ref 2.Calculated values, ref 15. Figure 1. The difference in enthalpy values between the corresponding

para and meta substituted thiophenols and thiophenoxy radicals.

the solution phase BDE(3H) value itself is too low. We could  studied here are shown in Figure 1. The positive values of the
find out experimental BDE(SH) values for only meta chloro- ~ AHp—n, indicate the higher stability of the meta substituted
thiophenol and meta methyl-thiophenol, and in both the casesspecies over the corresponding para substituted one. Electron
our calculated values are in very good agreement with the withdrawing groups, such as CN, NGat the para position of
experimental results. Our calculated BDE{(3) values are, in thiophenol stabilize the system much more than when they are
fact, the first reported results for most of the meta-substituted at the meta position, whereas energies of the thiophenoxy
thiophenols. radicals do not depend much on the position (para or meta) of
Itis interesting to observe how the BDE(S) value changes  such groups. As a result, for electron withdrawing groups, the
with the change in substituent at the para or meta position of higher BDE(S-H) value for para substituted thiophenol over
thiophenols. Table 2 shows the change in BDEKS values the corresponding meta substituted one is primarily due to the
[ABDE(S—H) = BDE(XCgH4S—H) — BDE(CsHsS—H)] for extra stability of the para substituted thiophenol. The situation
different substituents in going from the parent thiophenol to a is quite different for electron donating groups, such as;,CH
substituted thiophenol. Our results for para-substituted thiophe-OCHs;, and NH, including F and Cl. Here para substituted
nols are found to be in resonably good agreement with the thiophenols have lower stability than the corresponding meta
available experimental results reported in the literature. The substituted counterparts, and it is just the opposite for thiophe-
effects of electron donating and withdrawing groups on the noxy radicals. Especially for OGHand NH substituents, the
BDE(S—H) of the para-substituted thiophenols are opposite. AH,-n value is found to be quite large. These two effects add
Strong electron donating groups, such as Q@Hd NH, at together and make the-$%1 bond in meta substituted thiophenols
the para position result in a sharp decrease for the BBH(S substantially stronger than the corresponding para substituted
value. For example, the BDE{3) value of p-aminothiophenol  product.
is more than 22 kJ/mol lower than that for thiophenol. On the  The substituent effect on the strength of the I bond in
other hand, the strong electron donating group at the metaphenol could not be explained in terms of the changes in the
position of thiophenol does not have any appreciable influence properties of the bond itself. It was, indeed, obsef¥#uat the
on the BDE(S-H) value. The differences of the BDE($H) force constant value of the-€H bond in phenol increases with
values ABDE,-) between the para and meta substituted increasing electron-donating power of the substituent, which is
thiophenols are given in the last column of Table 1. This clearly opposite to that expected from the BDE value. Even the electron
shows how the effect of a substituent changes with the changedensity around the ©H bond was found to give a negative
in substituent position. The behavior-ef and—Cl at the para correlation with the BDE valué? It is generally believed that
and meta position is opposite. At the para position, they reduce electron donor substituents at para position decrease the BDEs
the BDE(S-H) value from the parent molecule by more than 6 of the O—H bonds of substituted phenols primarily by stabilizing
kJ/mol, whereas at the meta position, they enhance the BDE-the corresponding radicals, and to some extent, by raising the
(S—H) value from that of the unsubstituted thiophenol. These ground-state energies of neutral molecules. In fact, Brinck et
two groups, therefore, do not have specific electron donation al. showed that thé\BDEs for phenols with electron donor
or withdrawing character. Their behavior rather depends on the substituents were mainly determined by the stabilization of the
site of substitution. On the other hand, electron withdrawing radical due to spin delocalizatiA.On the other hand, the
groups, such as GFCN, and NQ at the para or meta position,  delocalization of the oxygen lone pair of electrons was found
induce an increase of the BDE(S!) value significantly. Of to be the dominating factors in determiningDEs for electron
course, the enhancement is more pronounced at the para positiowithdrawing substituent® Wu and Laf® analyzed the sub-
than that at the meta position. Thus electron withdrawing groups stituent effects on the ©H bond of phenol in terms of radical
at the para and meta position of thiophenol produce a worseningeffect (RE) and ground-state effect (GE) and made almost
effect on its antioxidant activity, while electron donating groups, similar observations as those mentioned before. We believe that
especially at the para position, show an opposite effect. the same phenomena are occurring even in the case of
To understand the reason behind the variation of BDE(S thiophenols. In fact, Fu et dlpointed out that the major source
H) value with the change in substituent position, we have of the substituent effects on BDE($H) of thiophenols was the
estimated the change in the enthalpy valu®d{ m = Hpara— stability of the thiophenol radicals. The electron-withdrawing
Hmetg While going from para to meta substituted thiophenol and substituent at the para position is likely to interact with theH5
thiophenoxy radical. Th&H,-n, values for all the substituents  dipole, causing a lowering of the ground-state energy of the
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neutral and thereby increasing the BDE{9) value from the ~ TABLE 3: The Calculated Proton Affinities [PA(S ™) in
parent molecule. We have calculated the change in enthalpieskJ/mollof Para- and Meta-Substituted Thiophenoxide Anions
at 298 K for a substituted thiophenol and thiophenoxy radical X ~CeH4=S

while going from the corresponding parent molecules, and this PA(S) PA(S)
information provides a clear idea about the substituent effect X (para) (meta) APAp-m
on the BDE(S-H) values. For strong electron donating groups, H 1420.0 1420.0 0.0
the substituted radical is getting more stabilized than the F 1406.7 1400.4 6.3
corresponding substituted thiophenol molecule, and as a result, Cl 1393.1 1393.9 —08
the BDE(S-H) value decreases. For examgeamino thiophe- CHs 14217 1422.6 —0.9

- : : Lty OCH; 1428.2 1417.9 10.3
noxy radical gains 22 kJ/mol more substitution enthalpy than NH, 1439.1 1428.2 10.9
the p-amino thiophenol molecule while going from the corre- CR 1375.4 1383.5 -8.1
sponding parent unsubstituted molecules. Opposite effect can  CN 1356.7 1369.8 —13.1
be observed for the electron withdrawing groups. Pheitro NO. 1337.2 1366.8 —296

thiophenol molecule gains nearly 13 kJ/mol more substitution  2The last column shows the difference of PA values between
enthalpy than the-nitro thiophenoxy radical while going from  thecorresponding para- and meta-substituted thiophenoxide anions.
the corresponding parent unsubstituted molecules. Thus, in the, o .
case of electron donating substituents, extra stability of the in an opposite direction at the meta position, due to a larger
thiophenoxy radical decreases the BDE(H value from the stabilization of the anion. On the other hand, an electron
parent molecule, whereas additional stability gained by the Withdrawing group (such as CN, GgFor NO,) at the para or
substituted thiophenol molecule for electron withdrawing sub- Meta position of thiophenoxide anion has a strong lowering
stituents results in increasing the BDE(8) value. This  effect on the PA value. Again, the effect is much more
observation agrees well with that made by Clark and Wayner Pronounced for the para position. For example, the PA value
in the context of phenolic ©H bond?* They noted that the for para nitro thiophenoxide ion is 82.8 kd/mol lower than the
effects of meta and para-electron acceptors are best looked or”A value for thiophenoxide anion. The= and—Cl substituents
as lowering the ground-state energies of the neutral phenols and’€have like an electron withdrawing group here, and their effect
thereby strengthening the-H bond. does not have much position dependence. For strong electron
We report also theABDE(O—H) values for substituted donating and withdrawing substituents, the PA values depend
phenols calculated at the same level of (RO)B3LYP theory in strongly on the position of the substituent, whic_h is clear from
Table 2 to compare the effect of a substituent on the BDE- the last column of Table 3. The largest effect is observed for
(S—H) value of thiophenol and BDE(©H) value of phenol. the NG group, where PA values for the_ para and meta position
The substituent effect is much greater for phenol than that for ?Age;’:)yvg&?g? gulg‘lsltri?ﬂé(:t trr?igyhk;ené%f?mgn?ﬁm}a;see
thiophenol, especially for strong electron donor or withdrawing P

: for substituted phenoxide anions. The substituent effect follows
groups. For example, th®BDE(S—H) values forp-amino and . . . . .
p-nitro thiophenol molecules are-22.6 and 12.6 kd/mol, the same trend in both thiophenoxide and phenoxide anions.

respectively, whereas th&BDE(O—H) values for these two However, in general, the PA vglues_ of th|ophenoxu_je anions
. are from 16 kJ/mol (forpara nitrothiophenoxide anion) to
related phenols are-40.2 and 17.6 kJ/mol, respectively. The 38 kJ/mol (forpara methylthiophenoxide ion) lower than the
effect of F and CI" on BDE(S-H) and BDE(G-H) are found orp nylthiophenc :
L : L corresponding phenoxide ions. Thiophenol is thus a stronger
to be more or less similar. It is noteworthy that the direction of

the effects is not changed, i.e., electron withdrawing substituents aci_d than phenol. OL." calculated PA value for thiophenox_ide

such as NG make the S’H. b"ond stronger, whereas electron ‘anion (1420 kJ/mol) is lower than the PA value of phenoxide

d ! ' . anion (1455.2 kJ/mol) by 35.2 kJ/mol, which is very close to
onor substituents, such as O iWeaken that bond. As pointed the experimental value of 35.6 kJ/n?b

out by Bordwell, the smaller dipole moments of thet$bonds ) :

S : In general, electron-withdrawing substituents significantly
in thiophenols than those for the-® bonds in phenols lead . - :
to smallerABDE(S—H) values? increase the acidity of thiophenol, whereas electron donor groups

o } ) reduce the acidity. The PA values also indicate that, for electron

B. Acidities of Substituted Thiophenols.The gas-phase  donor groups, meta substituted thiophenol is more acidic than
acidities of substituted thiophenols are determined from the {ne corresponding para substituted counterpart. On the other
proton affinities of the corresponding thiophenoxide anions (X hand, the opposite trend is true for electron withdrawing
CeHa—S"). The PAs are calculated from the enthalpy values of gypstituents; here, a para substituted thiophenol is more acidic
the substituted thiophenols and thiophenoxide anions at thethan its meta product. The substituent effect is much stronger
B3LYP/6-31H+G(2df,2p) level as described in eq 2. The oy pA than that on BDE(SH). For the present set of
greater the PA value of the thiophenoxide anion, the lower gypstituents, the maximum change in BDE$ value from
should be the acidity of the corresponding thiophenol molecule. the parent molecule is observed fmara nitrothiophenol, and
The PA values for para and meta substituted phenols are givenjt amounts to 12.6 kJ/mol, for the correspondipara nitro

in Table 3. Experimental PA value is available only for the thiophenoxide anion the change in PA value amounts to
thiophenoxide anion (§Hs—S~). Our calculated PA value of g2 8 kJ/mol.
1420.0 kJ/mol is in good agreement with the experimental value  c. Correlation of BDE(S—H) and PA(S™) with Hammett's
of 1424.0+ 8.8 kJ/mol for thiophendl®> We therefore believe  parameter. Table 2 shows that the BDE{SH) values of para
that the calculated PA values for the substituted thiophenols sypstituted thiophenols vary within a range of nearly 23 kJ/
should be very close to the exact values. mol. Thus BDE(S-H) values of para substituted thiophenols
The electron donating group at the para position of thiophe- depend strongly on the nature of the substituent. The effect is
noxide ion increases the PA value. The effect is especially strongfound to be much smaller for meta substituted thiophenols,
for the NH, group, where the PA value increases by almost 19 where BDE(S-H) values vary up to 8 kJ/mol. These substituent
kJ/mol. It is interesting to note that, although €bind NH effects can be seen in terms of Hammett's substituent parameters
increase the PA value also at the meta position, @@birks (o). However, a modified set of parameters') is generally
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Figure 2. The Hammett plot of BDE(SH) for para substituted
thiophenols.
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Figure 3. The Hammett plot of BDE(SH) for meta substituted
thiophenols.

used for such correlation to account for through conjugation
effects. This effect is important for electron donor groups, such
as—CH3, OCH;, and NH, at the para position. The," and
om values are nearly the same for meta substituents.

A Hammett plot for the BDE(SH) values of nine para
substituted thiophenols ang™ is shown in Figure 2. Thep"
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Figure 4. Plot of the proton affinities of the sulfur atom [PA(S for
para substituted thiophenoxy radicals againstdffevalues.

thiophenols. The slopes of these correlation lines can be
compared to those for the-€H bonds in phenols because they
indicate the reaction constanpt For both para and meta
substituents, the slopes are much higher for phenols. For
example, in the case of para substituted thiophenols and phenols,
the slopes are 16.2 and 25.3. Thus, fhevalues of linear
Hammett plots for the BDEs increase with the increasing dipole
moment of the breaking bond, and these correlation equations
can be useful to predict BDE{SH) value (in kJ/mol) for a new
para- or metasubstituted thiophenol, for which a Hammett's
parameter could be established.

Haberlein and Brinc¥ demonstrated that the gas phase PA
values for phenoxide anions are strongly correlated with the
Hammett's substituent constants. Such correlation stems from
the observation that substituent effects in phenoxide anions in
solution and gas phase are linearly related. Thus, PA values of
substituted thiophenoxide anions should correlate with Ham-
mett's substituent constants. It should be mentioned here that
instead of using the regular Hammett's parameters a different
set of parameterss() is generally used for systems where a
direct conjugation between the reaction center and the substituent
exists?® This is especially important for para substituents,
because of the resonance stabilization of negative charge center
by substituent. Thes,~ parameters have been determined

values are taken from the compilations of Hammett parametersprimarily from the aqueous basicities of anilines and acidities

by Hansch, Leo, and Ta#f. An impressive linear correlation
(R=0.97) is observed between the BDE() ando,* values.
The BDE(S-H) value increases with the increasing electron
withdrawing ability of the substituent (i.e., higher value égt).

of phenols. For the meta substituents, the and o, values
are the same due to the absence of direct conjugation with the
charge center. The correlation between the PA values of para-
substituted thiophenoxide ions awg~ is given in Figure 4,

Figure 3 displays the similar correlation for the meta substituted whereas Figure 5 shows the similar correlation for meta

thiophenols andr,* values. Here, the OCHgroup deviates
strongly from the correlation line, and theg,™ value for this

substituted thiophenoxide ions. Both the correlations are also
found to be very good. This indicates that Hammett's parameters

group is expected to be significantly lower than the assigned can be used for determining the substituent effect on the acidities

value of 0.05. A similar deviation was also observed for the
correlation between BDE(©H) of phenols andr,* values!®

In fact, from the nature of the OGHyroup, it can be expected
that theo,™ value should be less than zero, likeCH; and

—NHa groups. The correlation equations obtained for para and

meta (except the-OCHz; group) thiophenols are given in
equations (3) and (4), respectively

BDE(S-H)= 329.7+ 16.240," ®)
(4)

As mentioned before, the effect of substituents on BDE-
(S—H) is found to be more pronounced for para substituted

BDE(S-H)= 332.8+ 9.730,,"

of thiopenols. The linear equations obtained from such correla-
tions are as follows:

PA(S) (kd/mol)= 1414.4— 60.60,~ (5)

(6)

These equations can be used for determining the gas-phase
acidities of substituted thiophenols from the Hammett's param-
eters or vice versa.

D. Electron Affinities of Thiophenoxy Radicals. The
calculated electron affinities of the substituted thiophenoxy
radicals are given in Table 4. The EA of the parent RaSical
amounting to 225.5 kJ/mol (2.34 eV) is slightly larger than that

PA(S") (kJ/mol)= 1419.9— 76.40,,
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. these two groups should not be strictly classified as either
14307 electron donor or withdrawing groups.
1420 ;
. Summary and Conclusions
S 14104 ;
g 0 i The accurate BDE(SH) values are reported for a series of
3 1400 para and meta substituted thiophenols. Our calculated BDE-
£ T (S—H) values are the first reported results for most of the meta
o 1390'_ substituted thiophenols. The electron donor groups at the para
E’ 1380 position of thiophenol decrease the BDE(S) value from the
- parent molecule, whereas they do not have any significant
1370+ . influence at the meta position. The presence of electron
i withdrawing groups makes the-$ bond of thiophenol much
1360 T T T T T T T T T T 1 .
02 0.0 02 04 06 08 stronger, and the effect is greater when they are at the para
position. These two opposite effects for electron donor and
c_values - . -
m withdrawing groups are found to be due to the extra stability
Figure 5. Plot of the proton affinities of the sulfur atom [PA(f for of radicals for electron donor groups and extra stability to the
meta substituted thiophenoxy radicals againstdhealues. ground state of thiophenols for electron withdrawing groups.
TABLE 4: The Electron Affinities [EA , in kd/mol] of Para- For strong electron donor groups, the large c_in‘ferencg in BDE-
and Meta-Substituted Thiophenoxy Radicals [¥-CeHa—S72 (S—H) values for the para and meta substituted thiophenols
EA EA EA arises from the opposite stabilizing effects of the substituents
4 a 2 on thiophenol and thiophenoxy radical. The electron donor group
X (para) (paray (meta) AEAp . . X
at the meta position stabilizes thiophenol more than that at the
H 2255 219.0 2255 0.0 para position, whereas the reverse is true for thiophenoxy radical.
F 231.6 228.7 248.2 6.3 . .
cl 246.0 241.2 254.7 —08 The effect of substituents on the BDEs is much less pronounced
CH; 215.4 209.4 221.9 ~09 in thiophenol than in phenol, but the trend is found to be similar.
OCH; 201.9 197.8 225.6 10.3 Linear Hammett correlation is observed for BDE(S) values.
NH; 183.6 179.5 216.4 10.9 The slope of such correlation line is lower for thiophenols in
CFK; 296.4 282.2 —131 comparison to phenols. The acidities for the same series of
CN 2178 289.5 266.5 8l thiophenols are also determined from the PA values of the sulfur
NO, 320.7 317.4 286.5 ~29.6 P

atom of the corresponding thiophenoxide anions. For most of

aThe Ia;,tcolumn shows the diff_erence _of EA values between the e cases, the PA values are reported for the first time. The
corresponding para- and meta-substituted thiophenoxide ahiBBEY P/ substituent effect on PA is found to be opposite to that observed
6-31+G(d) results from ref 18. for BDE(S—H). Electron withdrawing substituents, such as CN
and NQ, reduce the PA value significantly, whereas electron
donor groups, like Cgland NH, enhance the PA value of
thiophenols. Thiophenol is found to be more acidic than phenol.
The electron affinities of thiophenoxy radicals are also evaluated.
The electron-withdrawing substituent has a dramatic increasing
effect on the EA value, whereas electron donor groups tend to
reduce the EA value from the parent molecule.

of 2.23 eV determined earlier for phenoxy radical (PRDThe
calculated EA value for Ph$2.34 eV) is also somewhat larger
than the experimental value of 2.26 0.1 eV. The B3LYP/
6-314-G(d) results reported earlier by Brinck and co-workérs
for para substituted thiophenoxy radicals are also given in Table
4. Our calculated results with larger basis set are found to be
3—6 kJ/mol greater than their values, except in the cagmacd
cyano thiophenoxy radical. It is difficult to judge at this point
which results are better, because experimental result is availablq_
only for one system. However, it appears from the B3LYP
results with two different basis sets that the calculated EA values
do not have strong basis set dependence.

As in the cases of BDE(SH) and PA(S), strong substituent
effects can be observed on the EA values. As expected, the

i (1) (a) S-centered radicals, Alfassi, Z. B., Ed.; John Wiley: Chichester,
electron donor groups reduce the electron affinity and the effect - (b) Sulfur-centered Reactive Intermediates in Chemistry and Biology;

is quite large when the group is at the para position. Electron Chatgilialoglu, C., Asmus, K.-D., Eds.; Plenum press: New York, 1990.
withdrawing groups, like C§ and NQ, have a dramatic (2) dos Santos, R. M. B.; Muralha, V. S. F.; Correia, C. F.; Guedes,
increasing effect on EA. For example, in the case ofghe R. C.; Cabral, B. J. C.; Simoes, J. A. NI Phys. Chem. 2002 106,
nitro thiophenoxy radical, the EA value [ncrease;s by as much 988(33') Fu, Y.: Lin, B.-L.: Song, K-S.: Liu, L.: Guo, Q.-XI. Chem. Soc.,
as 95 kJ/mol. Here the'F and—CI substituents increase the  perkin Trans. 2 20021223.

EA values from the parent radical and thus behave like weak  (4) Nam, P.-C.; Flammang, R.; Le H. T.; Gerbaux, P.; Nguyen, M. T.

i ; i i Int. J. Mass. Spectron2003 228 151.
electron withdrawing groups. The difference in the EA values (8) Resende. S. M.. Ornellas, F. Rhem. Phys. Let2003 367, 489.

of para anq mgta substituted thiophenoxy radicAlEAp-m) . (6) Amold, S. T.; Miller, T. M.; Viggiano, A. A.J. Phys. Chem. A
are also given in Table 4. For electron donor groups, EA is 2002 106, 9900. _

larger when the group is at the meta position, whereas in the Che(;]) 'S-ggszzfgl/\iz%?l';ggn' A. H.; Roberson, M.; Daasbjerg, KAm.
case pf electron withdrawing groups, para substltuFed radical (8)' Bordwell, F. G.: Bausch, M. J. Am. Chem. S04 986 108 1979.
has higher EA than the meta counterpart. Interestingly, now  (9) Bordwell, F. G.; Zhang, X.-M.; Satish, A. VV.; Cheng, J.JPAm.
the behavior of-F and—Cl is like electron donor groups (such ~ Chem. Soc1994 116, 6605.

; i (10) Venimadhavan, S.; Amarnath, K.; Harvey, N. G.; Cheng, J.-P.;
as CH, NH,), whereas in both the positions they enhance the Arnett. G. M.J. Am. Chem. S0a992 114 221

EA vglue like other electrgn withdrawing groups in the serigs. (11) Handbook of Bond Dissociation Energies in Organic Compounds,
As discussed before, unlike the normal chemical conception, Luo, Y.-R. Ed.; CRC Press: London, 2003.
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