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ABSTRACT: Acidities and bond dissociation energies (BDEs) of the N–H bond in two phenylsulfenylamides,
PhSNHBz and PhSNH-t-Bu, and four phenylsulfenylanilides, 4-GC6H4NHSPh, where G = MeO, H, Br and CN, were
measured in order to compare the effects of substituents on acidities and BDEs of N—H bonds with those of C—H
bonds. The effects of PhS groups on acidities and BDEs in a series of C—H acids were found to be comparable to
those on acidities and BDEs of PhS in a similar series of N—H acids. Comparisons were also made of the effects of
changing the oxidation state of sulfur in the series PhS, PhSO and PhSO2 on the acidities and BDEs of adjacent N—H
and C—H bonds in weak acids. Hammett-type plots of pKHA values for phenyl benzyl sulfones (4-GC6H4CH2SO2Ph)
and phenylsulfenylanilides (4-GC6H4NHSPh) were linear vs�p

ÿ values. A linear plot was obtained and explained for
a plot of BDE of the N—H bonds in remotely substituted phenylsulfonylanilides with�� values. Plots of BDEs vs
Eox(A

ÿ) were also linear for 4-substituted phenylsulfenylanilides (4-GC6H4NHSPh), phenylsulfonylanilides (4-
GC6H4NHSO2Ph) and phenyl benzyl sulfones (4-GC6H4CH2SO2Ph).  1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Sulfenyl (RS), sulfinyl (RSO) and sulfonyl (RSO2)
groups have found wide application in synthetic carba-
nion chemistry by virtue of their acidifying power on
adjacent C—H bonds.1 The corresponding N—H acids,
i.e. sulfenamides (RSNH2), sulfinamides (RSONH2) and
sulfonamides (RSO2NH2) have also aroused considerable
interest.2 Equilibrium acidities for a number of sulfur-
containing compounds have been measured in dimethyl
sulfoxide (DMSO)3,4 and other solvents5 in order to
obtain quantitative information concerning the relative
basicities of the corresponding anions. In earlier papers
we have also presented measurements in DMSO of the
homolytic bond dissociation energies (BDEs) of the
acidic C—H bonds in a number of sulfur-containing
carbon acids by using the following equation
(henceforth kcal molÿ1 will be abbreviated as kcal):4

BDEHA � 1:37pKHA � 23:1Eox�Aÿ� � 73:3kcal/molÿ1

�1�

Relatively little information is available concerning
the acidities and BDEs of the corresponding nitrogen
acids, however.

In this paper we present pKHA and BDE estimates of
the effect of increasing the oxidation state of sulfur in the
series sulfenyl, sulfinyl and sulfonyl on adjacent C—H
and N—H bonds for a number of carbon acids, and make
comparisons with their nitrogen analogues.

RESULTS AND DISCUSSION

Effects of phenylsulfenyl groups on acidities and
BDEs of a-CÐH and a-NÐH bonds

In Table 1, we compare the effects ofa-PhS groups on the
C—H and N—H bonds. Examination of Table 1 shows
that a-PhS groups increase the acidities of methane and
toluene by about 14 and 12 pKHA units (19 and 16 kcal),
respectively. The effects of ana-PhS group on the acidic
C—H bonds in acetophenone and diphenylmethane are
smaller (10.5 and 7.4 kcal) because of leveling and steric
effects. The acidifying effects of ana-PhS group on
N—H acidities are in a similar range (11–12 kcal).

The origin of acidifying effects caused by sulfenyl
groups on carbon acids has been interpreted theoretically
as being due to (a) polarization,10 (b) d-orbital participa-
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tion11 and (c) hyperconjugation.12 The polarization
mechanismsuggeststhat the anion is stabilized by
distributing its negativechargeover the sulfenyl group.
The results of ab initio calculationsindicatesthat on
goingfrom CH3SCH3 to CH3SCH2

ÿ, theelectrondensity
on theSCH3 groupis increasedby 0.334electronunit.12a

Thed-orbitalparticipationmodelsuggeststhat theanion
might be stabilizedby the presenceof unoccupied3d
orbitalsof thesulfuratom.11 Recenthigherlevelabinitio
calculationsindicate that the d-orbital participation is
unimportant.12,13 The hyperconjugationmechanismin-
volves the electronsfrom the carbanioncenter being
donatedinto theC—S�* antibondingorbital. This view
explains the increasing C—S bond order in the
CH3SCH2-anion.12a

Substituenteffects can generally be separatedinto
three major parts: steric, inductive and resonance
effects.14 Basedon the experimentalresults,the corre-
spondingsubstituentconstantshavebeenevaluated.15 In
termsof R andF valuesdefinedby SwainandLupton15b

for separationof theresonanceandfield inductiveeffects,
thesulfenylgroupshavepositiveF valuesandnegativeR
values.TheirpositiveF values(�0.30for PhS,�0.37for
MeS)indicatethattheyareelectron-withdrawinggroups,
but they are considerablyweakerthan strongelectron-
withdrawing groups,such as CN (F = 0.51) and NO2

(F = 0.65).ThenegativeR value(ÿ0.23for bothPhSand
MeS groups)indicatesthat they canalsobe moderately
strongelectrondonors[comparetheirR valueswith those
of strong electron-donorgroups,suchas OMe (ÿ0.56)
andNMe2 (ÿ0.98)]. The acidifying effect of a sulfenyl

group can thereforebe interpretedas a field/inductive
effect, that stabilizes the anion and is only mildly
opposedby aresonanceeffectthatdestabilizestheanion.

Examinationof the BDEs in Table 1 showsthat the
introductionof a PhSgroupweakensthe C—H bondof
CH4, PhCH3, PhCOCH3 by about12, 5 and 11.3kcal,
respectively,and weakensthe N—H bond of BzNH2,
t-BuNH2 and PhNH2 by about 13, 13 and 9.7kcal,
respectively. These bond weakening effects can be
interpretedas being due to (a) the formation of three-
electron,two-centeredbondsasthe resultof interaction
of the spin–orbitaland the non-bondedelectronpair of
thesulfuratomand/or(b) delocalizationof thespinto the
sulfuratomby resonance(1a ! 1b or 2a ! 2b). The
bond weakeningeffect causedby a PhS group on the
N—H bond in aniline is larger than that for the C—H
bond in toluene(9.7 vs 5 kcal). This is understandable
sincethe resonancecontributor2b (a nitranion) is more
stablethan1b (a carbanion).

Thebond-weakeningeffectof thea-PhSgroupon the
acidicC—H bondin PhCOCH2SPhis surprisinglylarge,
i.e. aboutas large as that on methane,11kcal. On the
other hand,the effect of the a-PhSgroupon the acidic
C—H bondof Ph2CHSPhis to strengthentheBDE of the
acidic C—H bond by 1 kcal. The striking differencein
thea-PhSeffecton theBDEsin thesetwo substratescan
be attributed on the one hand to an unusually strong
acceptor–donorresonanceeffect in the PhCOCH(SPh).

Table 1. Effect of the PhS group on acidities and BDEs of a-CÐH and a-NÐH bonds

Entry Acid pKHA
a DpKHA Eox(A

ÿ)d BDEHA
e DBDEHA

1 CH4 �56 (0.0) 105f (0.0)
CH3SPh �42 14 93f 12

2 PhCH3 �43 (0.0) 87.5f (0.0)
PhCH2SPh 30.8 12 ÿ1.446 82.2 5

3 Ph2CH2 32.2 (0.0) ÿ1.557 81.5g (0.0)
Ph2CHSPh 26.8 5.4 ÿ1.187 82.6i ÿ1.1

4 PhCOCH3 24.7 (0.0) ÿ0.607 93.1h (0.0)
PhCOCH2SPh 17.1 7.6 ÿ0.649 81.7h 11.3

5 BzNH2 �40b (0.0) �100j (0.0)
BzNHSPh 30.6c �9 ÿ1.228 86.9 �13

6 t-BuNH2 �40b (0.0) �100j (0.0)
t-BuNHSPh 30.8c �9 ÿ1.223 87.1 �13

7 PhNH2 30.6 (0.0) ÿ0.994 92.3g (0.0)
PhNHSPh 22.6c 8.0 ÿ0.943 82.6 9.7

a Datafrom Ref. 3 unlessindicatedotherwise.
b Estimated from thepKHA of NH3 (�41), andthesubstituenteffect of a methyl groupon PhNH2 (30.6)vs PhNHMe(29.6).
c SeeTable7 for details.
d Irreversibleoxidation potentialsmeasuredin DMSO with 0.1M Et4N

�BF4
ÿ at a sweeprate of 100 mV sÿ1, and referredto the ferrocene/

ferroceniumcouple.
e Estimatedby Eqn (1), this work, unlessindicatedotherwise.
f Ref. 6.
g Ref. 7.
h Ref. 8.
i Ref. 9.
j Estimatedrelativeto the BDEHA of MeNH2 (100kcal).
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radical (3a  ! 3b  ! 3c, etc.) and on the other to
strong steric constraints on the stability of the
Ph2C(SPh). radical. Numerousother examplesof the
highsensitivityof radicalstabilitiesto stericeffectshave
beenobserved.16

The DBDEHA values of about 10–13kcal for the
nitrogen-centeredradicalsformedin entries5–7in Table
1 point to an unusuallystrongstabilizationof nitrogen-
centeredradicalsby divalentsulfur. This is reminiscent
of the 16 and17kcal weakeningof the N—H bondsin
benzamideandacetamide,respectively,on replacingthe
carbonylgroupby a thiocarbonylgroup.17

Comparison of the effects of alkoxyl and alkylthio
(alkylsulfenyl) groups on acidities and BDEs of a-
CÐH and a-NÐH bonds

An alkylsulfenyl group (RS) has a superficial resem-
blanceto an alkoxyl group(RO). The two often exhibit
differentsubstituenteffects,however,becausesulfur has
(a) longerbonds(1.8Å for C—S vs 1.4Å for C—O)18a

(b) asmallerelectronegativity(2.58for Svs3.44for O)19

and(c) a muchhigherpolarizability (2.9 for S vs 0.8 for
O).18b Comparisonsof thesubstituenteffectsof sulfenyl
andalkoxyl groupsarepresentedin Table2.

Examinationof Table 2 showsthat sulfenyl groups
have larger acidifying effects than alkoxyl groups on
carbonacids.For example,an MeS groupincreasesthe

acidityof methaneandfluoreneby 11and4.6pKHA units,
respectively,eachabout4 pKHA unitslargerthanthatfor
an MeO group(entries1 and2). The greateracidifying
ability of a sulfenyl groupthanan alkoxyl groupcanbe
explainedby thelargerpolarizabilityof a sulfenylgroup
than an alkoxyl group. Recent ab initio calculations
suggestthat the greateracidifying effect for a sulfenyl
groupis primarily dueto the greaternegativehypercon-
jugation in an RSCH2

ÿ anion than that in an ROCH2
ÿ

anion.12a

On the other hand, phenylsulfenyl and benzyloxyl
groupshavesimilar acidifying effectson anN—H bond.
Note that theacidity of PhNHSPhis only 0.9 pKHA unit
greaterthanthat of PhNHOBz.22

Examination of the BDEs in Table 2 shows that
sulfenyl andalkoxyl groupsexertsimilar bond-weaken-
ing effectsoncarbonacids,e.g.12kcal (MeO)vs13kcal
(MeS)for theH—CH3 bond(entry1), 6.6kcal (MeO)vs
5 kcal (MeS) for the H—FlH bond (entry 2), 5.3kcal
(PhO)vs 4.8kcal (PhS)for the H—FlH bond(entry 3)
and 12.5kcal (PhO) vs 11.8kcal (PhS) for the H—
CH2COPhbond.Moreover,the BzO grouphasa much
largerbond-weakeningeffectontheH—NHPhbondthan
doesa PhSgroup(entry 5: 16.2vs 9.4kcal)22 owing to
the unusually strong three-electron,two-center N—O
bondin thecorrespondingradical(4a ! 4b):

(this is becausetheN andO atomsareof similar sizeand
have 2p orbitals with similar energies).Similar strong
bond-weakeningeffects have been observedfor other
N—H bondswherenitrogen is bondedto oxygen.For

Table 2. Effects of alkoxyl and sulfenyl groups on acidities and BDEs of a-CÐH and a-NÐH bonds

Entry Acid pKHA
a DpKHA BDEHA DBDEHA

1 CH3—H �56 (0.0) 105e (0.0)
MeOCH2—H �49 7 93e 12
MeSCH2—H �45 11 92e 13

2 FlH—H 22.6 (0.0) 79.6f (0.0)
9—MeOFl—H 22.1b 0.5 73.0b 6.6
9—MeSFl—H 18.0b 4.6 74.6b 5.0

3 FlH—H 22.6 (0.0) 79.6f (0.0)
9—PhOFl—H 19.9b 2.7 74.3b 5.3
9—PhSFl—H 15.4b 7.2 74.8b 4.8

4 PhCOCH3 24.7 (0.0) 93.1g (0.0)
PhCOCH2OPh 21.1b 3.6 80.6b 12.5
PhCOCH2SPh 17.1b 7.6 81.3b 11.8

5 PhNH2 30.6 (0.0) 92.0g (0.0)
PhNHOBz 23.5c 7.1 75.8c 16.2
PhNHSPh 22.6d 8.0 82.6d 9.4

a Datafrom Ref. 3 unlessindicatedotherwise.
b Ref. 4b.
c Ref. 21.
d Table1.
e Ref. 6.
f Ref. 7.
g Ref. 8.
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example,substitutionof MeO and BzO groupsfor an
N—H bond in CH3CONH2 decreasesthe BDE of the
remaining N—H bond from 107 to 89 and 90kcal,
respectively.23

Effects of increasing the oxidation state of sulfur
on acidities and BDEs of a-CÐH and NÐH bonds

Theaciditiesof severalseriesof sulfur-containingC—H
andN—H acidswith increasingoxidationstateof sulfur
aresummarizedin Table3.

Examinationof Table 3 showsthat oxidation of the
sulfenyl group to sulfinyl and oxidation of the sulfinyl
groupto sulfonyl increasetheacidity by 10 and6 pKHA

units in the MeSCH3 series(entry 1), 3.6 and3.8 pKHA

unitsin thePhCH2SPhseries(entry2), 2.3and2.2pKHA

unitsin Ph2CHSPhseries(entry3) and3.1and2.5pKHA

units in the PhCOCH2SPhseries(entry 4), respectively.
Thesizeof theacidifying effect decreasesastheacidity
of the parentacid increases,showinga leveling effect.
Oxidation of PhNHSPh to form PhNHSOPh and
PhNHSO2Ph increasesthe acidity of the N—H bondby
5.3and5.3pKHA units(entry5), respectively.Theeffects
for PhNHSPhseriesareeachabout1.4 timesthat of the
effect for the corresponding isoelectronic isomer
PhCH2SPhseries(entry 2), indicatinga largereffect for
N—H acidsthanfor C—H acids.

Increasingtheoxidationstateof sulfurcanincreasethe
stability of the anion by (a) increasingboth the field/
inductive effect [cf. the order of F values: MeS

(0.23)<MeSO (0.52)<MeSO2 (0.53)] and the reso-
nance effect [cf. the order of R values: MeS
(ÿ0.23)<MeSO (ÿ0.03)<MeSO2 (0.19)] and (b)
increasing the static charge interaction between the
negativechargeon the carbon atom and the positive
chargeon thesulfur atom(5 – 7).12a

Examinationof Table4 alsoshowsthatadjacentC—H
bondsare strengthenedon increasingthe oxidation of
sulfur, e.g. the oxidationstateof MeS to MeSO,andof
MeSOto MeSO2 strengthens(a) the MeSCH2—H bond
by 2 and 7 kcal, respectively,(b) the PhSCH(Ph)—H
bond by 6.6 and 0.9kcal, respectively, (c) the
Ph2CH(SPh)—Hbondby 2.8 and2.0kcal, respectively,
(d) the PhCOCH(SPh)—Hbond by 11.6 and 3.3kcal,
respectively,and(e) thePhNH(SPh)—Hbondby 7.6and
3.0kcal, respectively.Thesebond-strengtheningeffects,
which are associatedwith increasingoxidation stateof
sulfur, occur for several reasons:(a) the non-bonded
electronpairsonsulfurareeliminated,thusremovingthe
possibilityof forming three-electron,two-centeredbonds
which would stabilizethe radicalandweakenthe bond,
(b) theincreasingpositivechargedevelopedonthesulfur
atom12a destabilizestheelectron-deficientradicalsbeing
formed and (c) the S�—Oÿ dipole interactswith the
C�ÿ—H�� dipole to stabilize the acids (8), i.e. the

Table 3. Effect of oxidation state of sulfur on BDEs of CÐH and NÐH bonds

Entry Acid pKHA
a DpKHA Eox(A

ÿ)d BDEHA
e DBDEHA

1 CH3SMe 45 (0.0) 92f (0.0)
CH3SOMe 35 10 ÿ1.140 94 2.0
CH3SO2Me 29 16 ÿ0.733 99 7.0

2 PhCH2SPh 30.8 (0.0) ÿ1.446 82.2 (0.0)
PhCH2SOPh 27.2 3.6 ÿ0.943 88.8 6.6
PhCH2SO2Ph 23.4 7.4 ÿ0.677 89.7 7.5

3 Ph2CHSPh 26.8 (0.0) ÿ1.187 82.6g (0.0)
Ph2CHSOPh 24.5 2.3 85.4b 2.8
Ph2CHSO2Ph 22.3 4.5 87.4h 4.8

4 PhCOCH2SPh 17.1 (0.0) ÿ0.649 81.7i (0.0)
PhCOCH2SOPh 14.0b 3.1 0.036 93.3b 11.6
PhCOCH2SO2Ph 12.5 5.6 96.7i 14.9

5 PhNHSPh 22.6c (0.0) ÿ0.943 82.6 (0.0)
PhNHSOPh 17.3c 5.3 ÿ0.293 90.2 7.6
PhNHSO2Ph 12.0c 10.6 ÿ0.151 93.2 10.6

a Datafrom Ref. 3 unlessindicatedotherwise.
b Measuredby X.-M. Zhang.
c Table7.
d Irreversibleoxidation potentialsmeasuredin DMSO with 0.1M Et4N

�BF4
ÿ at a sweeprate of 100 mV sÿ1, and referredto the ferrocene/

ferroceniumcouple.
e Estimatedfrom Eqn(1), this work, unlessindicatedotherwise.
f Ref. 6b.
g Ref. 9.
h Ref. 5e.
i Ref. 7.
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ground-stateenergy of the acid is decreased,which
strengthenstheC—H bond.24

Comparison of the substituent effects of sul®nyl
and sulfonyl groups with that of carbonyl groups
on acidities and BDEs of a-CÐH and a-NÐH bonds

The sulfinyl group has a superficial resemblanceto a
carbonylgroup in that the electronegativityof sulfur is
closeto thatof carbon(2.64vs2.60),19 andthe�p values
of thetwo groupsarenearlythesame(0.50vs 0.49).15 It
is thereforeexpectedthat the two groupsmight have
similar effects on the acidities and BDEs of adjacent
C—H andN—H bonds.Comparisonsof the substituent
effects for the two groupstogetherwith thosefor the
RSO2 groupon theaciditiesandBDEsof adjacentC—H
andN—H bondsaresummarizedin Table4.

Examination of Table 4 shows that the BDEs of

MeCOCH2—H and MeSOCH2—H bonds(entry 1) are
identicalwithin experimentalerror (�1 kcal). In entry 4
the BDEs of the acidic C—H bond of PhCOCH2COPh
andPhCOCH2SOPhareagainwithin experimentalerror
of oneanother.

Despitethesesimilarities,thechemistryof CH3COand
CH3SOfunctionsdiffer greatly.Theprincipalcharacter-
istic of thecarbonylfunctionis its propensityto undergo
nucleophilic addition, whereasthe principal character-
istic of thesulfinyl groupfunctionis its easeof oxidation.
In addition, the CH3SO function has a pyramidal
structure1c in whichdelocalizationof thenegativecharge
from theanioncenterto oxygenatomis prohibited,12–14

unlike theCH3CO function which hasa planerstructure
which allowsthenegativechargeto bedelocalizedfrom
theanioncenterto oxygenatomby resonance.

As is apparentfrom Table4, despitetheir muchlarger
F values(0.52 vs 0.33), a-sulfinyl groupsusually have
smalleracidifying effectsthando a-carbonylgroupson
carbonacids.The RC=O function wins out becauseof
its muchlargerR value(0.17vsÿ0.03),which is due,in
part, to its greaterability to stabilize the carbanionvia
resonance.The differencein aciditiesbetweencarbonyl
andsulfinyl acidsis largein entries1 and2 in Table3 (8.5
and 9.5 pKHA units), but smaller in entry 3 (5.7 pKHA

units)wherestericinhibition of resonancecurtailstheR

Table 4. Comparisons of the substituent effects of carbonyl, sul®nyl and sulfonyl groups on acidities and BDEs of a-CÐH and a-
NÐH bonds

Entry Acid pKHA
a DpKHA Eox(A

ÿ)d BDEHA
e DBDEHA

1 CH3—H �56 (0.0) 105f (0.0)
MeCOCH2—H 26.5 29.5 94g 11
MeSOCH2—H 35 21 ÿ1.140 94 11
MeSO2CH2—H 31.1 25 ÿ0.733 99 6

2 PhCH3 43 (0.0) 87.5f (0.0)
PhCH2COPh 17.7 25.3 82.6g �4.9
PhCH2SOPh 27.2 15.8 ÿ0.943 88.8 ÿ1.3
PhCH2SO2Ph 23.4 19.6 ÿ0.677 89.7 ÿ2.2

3 Ph2CH2 32.2 (0.0) 81.5h (0.0)
Ph2CHCOPh 18.75 13.45 83g ÿ1.5
Ph2CHSOPh 24.5 7.7 85.4b ÿ3.9
Ph2CHSO2Ph 22.3 9.9 87.3i ÿ5.9

4 PhCOCH3 24.7 (0.0) 93.1g (0.0)
PhCOCH2COPh 13.4 11.3 93.3g ÿ0.2
PhCOCH2SOPh 14.0b 10.7 0.036 93.3b ÿ0.2
PhCOCH2SO2Ph 12.5 12.2 96.7g ÿ3.6

5 PhNH2 30.6 (0.0) 92.0h (0.0)
PhNHCOPh 20.0 10.6 97.0g ÿ5.0
PhNHSOPh 17.25c 12.6 ÿ0.293 90.2 �1.8
PhNHSO2Ph 11.96c 18.6 ÿ0.151 93.2 ÿ1.2

a Datafrom Ref. 3 unlessindicatedotherwise.
b Measuredby X.-M. Zhang.
c Table7.
d Irreversibleoxidation potentialsmeasuredin DMSO with 0.1M Et4N

�BF4
ÿ at a sweeprate of 100 mV sÿ1, and referredto the ferrocene/

ferroceniumcouple.
e Estimatedfrom Eqn(1), this work, unlessindicatedotherwise.
f Ref. 6.
g Ref. 8.
h Ref. 7.
i Ref. 5e.
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effectof PhCO.Theacidity orderis reversedby 2 pKHA

units in entry 5 for a nitrogenacid, wherethe F effect
apparentlybecomesdominant.

Thegreateracidifyingeffectof asulfonylgroupthana
carbonylgroupis expectedsincebothR andF valuesfor
the MeSO2 group (0.19 and 0.53, respectively) are
greater than those for MeCO group (0.17 and 0.33,
respectively).This is observedin entries4 and5 but not
in entries1,2 and3. In fact,agreateracidifyingeffectfor
thesulfonylgroupis observedin thegasphase(dimethyl
sulfoneis moreacidic thanacetoneby 2.6 pKHA units).
Thesmalleracidifying effect for a sulfonyl groupthana
carbonylgroup in DMSO is thereforedue to a solvent
effect, possiblybecausethe dipole momentof Me2SO2

(4.4D)20 is muchgreaterthanthatof Me2CO(2.9D),18c,d

which leadsto a greatersolvationenergyfor dimethyl
sulfone than acetonein DMSO. The Me2SO2 acid is
thereforemorestabilizedby solvationthanacetone,and
theacidifying effect for a sulfonyl groupis decreasedin
DMSO. The smaller acidifying effects observedfor

PhSO2CH2Ph (entry 2) and PhSO2CHPh2 (entry 3) in
DMSO arepossiblydueto a similar reason.

Examinationof theeffectsof RC=O, RSOandRSO2

functionsontheBDEsof adjacentC—Hbondsin Table4
showsthat the RC=O function weakensthe bond by
11kcal whensubstitutedinto methane(entry 1) andby
5 kcal whensubstitutedinto toluene(entry 2). The RSO
functionappearsfrom entry1 to havea bond-weakening
effectsimilar to thatof RC=O on methane.TheBDE of
88.8 for PhCH2SOPh (entry 2) suggests,however, a
1.3kcal strengtheningof the C—H bond in toluene,
which is supportedby the0.2 and3.9kcal strengthening
effectsrecordedin entries3 and4. Thedatafor RSO2 in
entry1 indicatesa6 kcalbond-weakeningeffect,relative
to methane.On theotherhand,thedatafor thesubstrates
in entries 2, 3 and 4 all point to bond-strengthening
effects.

The BDEs in sterically congesteddiphenylmethane
showthattheintroductionof eventhePhCOfunctioninto
Ph2CH2 is bond strengtheningby 1.5kcal becauseof

Table 5. Equilibrium acidities and homolytic BDEs of a series of para-substituted benzyl phenyl sulfones, phenylsulfenanilides
and phenylsulfonanilides

Substrate G pKHA
a Eox(A

ÿ)c BDEHA
d

p-GC6H4CH2 SO2Ph MeO 25.0b ÿ0.807b 89.1b

H 23.4b ÿ0.652b 90.3b

Br 22.3b ÿ0.582b 90.4b

CN 18.5b ÿ0.299b 91.8b

p-GC6H4NH SPh MeO 23.9 ÿ1.060 81.6
H 22.6 ÿ0.943 82.6
Br 21.6 ÿ0.862 83.0
CN 18.5 ÿ0.625 84.2

p-GC6H4NHSO2Ph MeO 12.98 ÿ0.086 89.1
H 12.0 0.151 93.2
Br 11.26 0.244 94.4
CN 9.32 0.457 96.6

a Table7 unlessindicatedotherwise.
b Ref. 5a.
c Irreversibleoxidation potentialsmeasuredin DMSO with 0.1M Et4N

�BF4
ÿ at a sweeprate of 100 mV sÿ1, and referredto the ferrocene/

ferroceniumcouple.
d Estimated from Eqn(1), this work, unlessindicatedotherwise.

Table 6. Correlation analyses of acidities and homolytic BDEs of CÐH and NÐH bonds in a series of para-substituted benzyl
phenyl sulfones, phenylsulfenanilides and phenylsulfonanilides

Substrate �a pKHA
b BDEHA

b

R2 R2

p-GC6H4CH2 SO2Ph �p
ÿ 0.998 ÿ5.1 0.920 1.9

�p 0.982 ÿ7.0 0.951 2.7
�p
� 0.870 ÿ4.3 0.973 1.8

p-GC6H4NHSPh �p
ÿ 0.999 ÿ4.2 0.955 3.9

�p 0.984 ÿ5.8 0.988 4.5
�p
� 0.868 ÿ3.6 0.964 2.8

p-GC6H4NHSO2Ph �p
ÿ 0.992 ÿ2.8 0.819 5.2

�p 0.994 ÿ3.9 0.910 7.6
�p
� 0.904 ÿ2.5 0.995 5.3

a � valuesselectedfrom Ref. 11a.
b Linear correlation results(R = correlationcoefficient,r = slope).Datatakenfrom Table5.
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stericinhibition of resonancein theradical.Introduction
of PhSOandPhSO2 groupscauses3.9and5.9kcal bond
strengtheningeffects,respectively.

Theeffectson BDE of thePhNH—Hbondarevaried.
Introductionof aPhCOgroupinto anilinestrengthensthe
remainingN—H bond by 5 kcal, but introductionof a
PhSO group weakensthe remaining N—H bond by
1.8kcal and introductionof a PhSO2 groupstrengthens
the remainingN—H bondby 1.2kcal.

Remote substituent effects on acidities and BDEs
of NÐH bonds in sulfenanilides and sulfonani-
lides

The equilibrium acidities and BDEs of a series of
4-substituted benzyl phenyl sulfones (4-
GC6H4CH2SO2Ph), benzenesulfenanilides
(4-GC6H4NHSPh) and benzenesulfonanilides (4-
GC6H4NHSO2Ph) (G = OMe, H, Cl, CN) are summar-

izedin Table5. Theresultsof linearcorrelationanalyses
of the pKHA andBDE valueswith corresponding��, �
and �ÿ values for these sulfones,sulfenanilidesand
sulfoanilidesaresummarizedin Table6.

Examinationof Table 6 showsthat the acidities of
remotely substituted benzyl phenyl sulfones, p-
GC6H4CH2SO2Ph, substituted phenylsulfenylanilides,
p-GC6H4NHSPh,andsubstitutedphenylsulfonylanilides,
p-GC6H4NHSO2Ph, are well correlatedby �p

ÿ with a
slopeof ÿ5.1 (Fig. 1), ÿ4.2 (Fig. 2) andÿ2.8 (Fig. 3).
The slopefor the limited plot of pKHA valuesfor para-
substitutedbenzylphenylsulfonesis only slightly higher
than that for meta-substitutedbenzyl phenyl sulfones
(ÿ4.76).4a The aciditiesof the para-substitutedphenyl-
sulfonanilidesare also well correlatedwith �p with a
slopeof ÿ3.9(possiblybecausetheappropriatescalefor
this setof aciditieslies betweenthe�p and�p

ÿ scales).
The BDEs of the para-substitutedphenylsulfonani-

lides plot well with �� (Fig. 4), however.This can be
rationalizedsince Brown’s �p

� scale is basedon the
solvolysisof cumyl chloridesandtheradicalsformedon
homolysisof thephenylsulfonanilidesalsohaveappreci-
able cationic charactersince they are attachedto the
stronglyelectron-withdrawingsulfonyl group.

Good linear correlationswere not observedbetween
theBDEsof para-substitutedbenzylphenylsulfonesand
phenylsulfenanilides,possiblyowing to thesmallsizeof
the substituent effects on BDEs (2.7 and 2.6kcal,
respectively), which are not much larger than the
experimentaluncertaintiesof BDE values(�2 kcal).

Figure 1.

Figure 2.

Figure 3.
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In terms of Eqn (1), BDEs dependon pKHA and
Eox(A

ÿ). Also, within a family, pKHA and Eox(A
ÿ) are

oftenlinearly related.25 It is perhapsnot surprising,then,
to find that theBDEsplot linearlly with Eox(A

ÿ) (Fig. 5)
for 4-substitutedbenzylphenylsulfones,phenylsulfena-
nilidesandphenylsulfonanilides.

Examinationof Fig. 5 showsthattheplot of theBDEs
of thecarbonacid family of 4-substitutedbenzylphenyl
sulfonesvs Eox(A

ÿ) has a slope close to that of the
nitrogen acid family of 4-substitutedphenylsulfenani-
lides, althoughthe BDEs of the latter are about6 kcal
smaller. The 4-substitutedphenylsulfonanilideshave
appreciablylargerN—H BDEs becauseof the electron-
withdrawing effect in destabilizing the radical being
formed.Linear correlationsbetweenBDEsandEox(A

ÿ)
valuesin H—A acidsoccurbecausetheoxidationof Aÿ

and the homolysis of the H—A bond give the same
radical.

CONCLUSION

Introduction of an a-PhS group greatly increasesthe
acidities of adjacentC—H and N—H bondsand also
weakensthe adjacentC—H and N—H bondsappreci-
ably. The effect of introducing an a-PhS group into
PhCOCH3 to give PhCOCH2SPh weakensthe acidic
C—H bondby 11kcal,whereastheeffectof introducing
ana-PhSgroupinto Ph2CH2 to givePh2CHSPhstrength-
enstheacidicC-H bondby 1 kcal.Thestrikingdifference
in thea-PhSeffecton theBDE in thesetwo substratesis
attributedto a strongstabilizingacceptor–donor(‘capto-
dative’) effect on the correspondingPhCOCH(SPh).

radical and a strong destabilizingsteric effect on the
Ph2C(SPh). radical. The much greaterbond-weakening
effect of the a-PhS group on the N—H bond in
PhN(SPh)H (9.7kcal) than on the C—H bond in
PhCH2SPh (5 kcal) is attributed to the greater

stability of the RS�� ÿ NÿR contributor (a nitranion)
thantheRS�� ÿ CÿHR contributor(a carbanion).
a-Alkylsulfenyl groupshavegreateracidifying effects

on C—H bondsthan do an a-alkoxyl groups,but have
similar effectson N—H bonds(Table 2). On the other
hand,ana-BzOgroupweakenstheN—H bondin aniline
to amuchgreaterdegreethandoesana-PhSgroup(16vs
9.5kcal) becausethethree-electron,two-centerN—O in
thecorrespondingradical4a ! 4b is unusuallystrong.

Oxidationsof sulfenyl functionsto sulfinyl functions
and of sulfinyl functions to sulfonyl functions cause
progressiveincreasesin acidities (amountingto 2.2–7
pKHA units)andincreasesin theBDEs(amountingto 1 –
12kcal). Sulfinyl groupsusuallyhavesmalleracidifying
effectsthando carbonylgroupson C—H acids,but have
larger acidifying effects than do carbonyl groups on
N—H acids.

The pKHA values of 4-GC6H4CH2SO2Ph, 4-
GC6H4NHSPh and 4-GC6H4NHSO2Ph (G = MeO, H,
Br, CN) were found to be well correlatedwith the �p

ÿ

scale and The BDEHA values for 4-GC6H4NHSO2Ph
werefoundto bewell correlatedwith the�p

� scale.Good
linear correlationswere also found for the BDEs of
4-GC6H4CH2SO2Ph, 4-GC6H4NHSPh and 4-
GC6H4NHSO2Phwith thecorrespondingEox(A

ÿ) values.
Theselinearcorrelationsarein accordwith ageneralrule
that when quantitiesfor two seriesof compoundsare
correlated well with one other, there must be an
underlying molecularcause.For example,the BDEHA

values for 4-GC6H4NHSO2Ph were found to be best
correlatedwith the�p

� scalebecausethe latter is based
on the solvolysisof cumyl chloridesin which a cumyl
cationis formed,andin thehomolysisof theN—H bonds
in sulfonamideswhereinthep-GC6H4N(SO2Ph). radical
is formed, both the cumyl cation and the p-
GC6H4N(SO2Ph). radical are highly electron-deficient
species.Goodlinear correlationsbetweenBDEsandthe

Figure 5.

Figure 4.
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correspondingEox(A
ÿ) valuesareobservedbecauseboth

theoxidationof theanion(Aÿ) andthehomolysisof the
H—A bondform thesameradical.

EXPERIMENTAL

NMR spectra were recorded on a Gemini XL-300
(300MHz) or an XLA 400 (400MHz) spectrometer.
Melting points were measuredon a Thomas Hoover
capillary melting point apparatusandareuncorrected.

Materials. Aniline, p-bromoaniline,p-cyanoaniline,p-
methoxylaniline, benzenesulfonylchloride and thiophe-
nol werepurchasedfrom Aldrich andusedasreceived.
Benzenesulfenyl chloride was preparedby reaction of
thiophenolandsulfonyl chloride26 in 83%yield asa red
liquid, b.p., 48–50°C/2 Torr (lit.26 41–42°C/1.5 Torr).
Benzyl phenyl sulfide, benzyl phenyl sulfoxide and
benzyl phenyl sulfone were available from previous
work in our laboratory.27

Benzenesulfenanilides, N-tert-butylbenzenesulfena-
mide and N-benzylbenzenesulfenamide. These were
prepared by the method of Miura and Kinoshita.28

Benzenesulfenanilide, m.p. 108–109°C (lit.28 109–
110°C); 4'-methoxylbenzenesulfenanilide, m.p. 69–
70°C (lit.28 69–70°C); 4'-bromobenzenesulfenanilide,
m.p. 94–95°C (lit.28 94–95°C); 4'-cyanobenzenesulfe-
nanilide, m.p. 98–100°C. N-tert-Butylbenzenesulfena-

mide29 and N-benzylbenzenesulfenamide30 were
obtainedascolorlessliquids.

Benzenesul®nanilide. Benzenesulfinanilidewas ob-
tained by reactionof thionylaniline (PhN=S=O) and
phenylmagnesiumbromidein 70 % yield, m.p.53–55°C
(lit.31 54–56°C).

Benzenesulfonanilides, N-tert-butyl benzenesulfona-
mide and N-benzylbenzenesulfonamide. Thesewere
preparedby the methodof Ludwig et al.32 Benzenesul-
fonanilide, m.p. 108–109°C (lit.32 109–110°C); 4'-
methoxylbenzenesulfonanilide, m.p. 94–95°C (lit.32

95–96°C); 4'-bromobenzenesulfonanilide, m.p. 134–
135°C (lit.32 134–136°C); 4'-cyanobenzenesulfonani-
lide, m.p.171–172°C (lit.32 172–173°C).

Equilibrium acidities and oxidation potentials measure-
ments. Theequilibriumaciditiesin DMSOsolutionwere
determinedby theindicatoroverlappingtitration method
asdescribedpreviously.33 Theresultsaresummarizedin
Table7.

Oxidation potentialswere measuredwith a conven-
tional cyclic voltammetric instrument as described
previously.5 The working electrode consisted of a
1.5mm diameterplatinum disk embeddedin a cobalt
glass seal. The counter electrodewas platinum wire
(0.3mm in diameter). The reference electrode was
Ag/AgI, and the redox potentialsreportedwere refer-
encedto the ferrocene/ferroceniumcouple. In general,

Table 7. Equilibrium acidities of benzenesulfenanilides, benzenesul®nanilide and benzenesulfonanilides determined by the
overlapping indicator methoda

Acid Indicator(pKIn)b pKHA � SDl

BzNHSPh TH (30.6)c 30.6� 0.1
t-BuNHSPh TH (30.6)c 30.8� 0.2
PhNHSPh FlH (22.6)d 22.63� 0.03
p-MeOC6H4NHSPh BzN=CPh2 (24.3) 23.9� 0.1
p-BrC6H4NHSPh 2NPANH (20.66)e 21.6� 0.1
p-NCC6H4NHSPh CNAH (18.9)f 18.5� 0.1
PhNHSOPh FMY30 (18.1)g 17.25� 0.05
BzNHSO2Ph MClPFH (16.8)h 16.21� 0.02
t-BuNHSO2Ph FMY30 (18.1)g 18.05� 0.01
PhNHSO2Ph HZFO2P(11.98)i 11.96� 0.01
p-MeOC6H4NHSO2Ph HZFO2(12.95)j 12.98� 0.03
p-BrC6H4NHSO2Ph HZFO2P(11.98)i 11.26� 0.05
p-NCC6H4NHSO2Ph MeO2CFH(10.35)k 9.32� 0.02

a Ref. 33.
b Indicatorsor standardacidsusedwith their pKHA values.
c Triphenylmethane.
d Fluorene.
e 2-Naphthylacetonitrile.
f 4-Chloro-2-nitrophenol.
g 2-(Phenylsulfonyl)fluorene.
h 9-(3-Chlorophenyl)fluorene.
i 9-Fluorenone2,4-dichlorophenylhydrazone.
j 9-Fluorenone2-chlorophenylhydrazone.
k 9-Methoxycarbonylfluorene.
l MeasuredpKHA andstandarddeviation.
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tetraethylammonium tetrafluoroboratewas used as the
electrolyte. When the pKa of the weak acid to be
measuredwas higher than 30, tetrabutylammonium
hexafluorophosphate was used as the electrolyte. The
redoxpotentialvaluesmeasuredin severaldifferentruns
wereusuallywithin a rangeof 50 mV. Theuncertainties
of BDE valuesestimatedusingEqn(1) wereestimatedto
be lessthan 2 kcal basedon the experimentalerrorsof
oxidationpotentialvaluesandequilibriumacidityvalues.
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