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Abstract: The equilibrium acidities in DMSO for phenylhydrazine, five of ipssubstituted derivatives, 1,2-
diphenylhydrazine, and 1,1,2-triphenylhydrazine were measured and the BDEs of their acidibdhds were
estimated by using the following equation: BBEL.37Kpa + 23.0&Ex(A ™) + 73.3 kcal/mol. Thex-N—H bonds

in the hydrazides CBCONHNH,, PhCONHNH, NH,NHCO,Et, and PhSE@NHNH, were found to be 2 to 4Kya

units more acidic than the-N—H bonds in the corresponding amides, and the BDEs were estimated to12§ 23
kcal/mol weaker. Similarly, the BDE of a\H bond in hydrazine was estimated to be 26 kcal/mol weaker than
that of an N-H bond in NH;. Introduction of a RCO group into hydrazine had little or no effect on the BDE, but
introduction of RCO into th¢-position of PhCONHNH caused about an 8 kcal/mol increase in BDE. An increase
in BDE was also observed for introduction of an RCO group into aniline. Here the carbonyl group is effectively
destabilizing a nitrogen-centered radical by virtue of its strong electron-withdrawing effect. Incorporation of an
open-chain carbohydrazide into a ring structure tends to strengthen the acidity of-theodbhd and weaken its
BDEs.

Introduction suggests that the delocalizing effect is particularly strong in the
N—NR; moiety ). Additional studies have now been made

Earlier ies have shown th itution of a M r L i .
arlier studies have shown that substitution of a Me® group of the acidities and BDEs of compounds containing this moiety.

for an acidic hydrogen atom in PhCOgldaused a 1.9a
unit (2.6 kcal/mol) increase in acidity and a 13 kcal/mol
weakening of the acidic €H bond in terms of its homolytic Ph>_,(l_',\]Mez
bond dissociation energy (BDE) (henceforth, kcal/mol will be o

Ph .
. >=N—NMe,
o

abbreviated as kcal). Similarly, substitution of@Me,N group 2a 2b
into PhCOCH caused a 1.2 unit (1.6 kcal) increase in Ph. _ 4. Ph 4.
acidity and a 21 kcal weakening of the acidie-8 bond?! The - O>—N—NMez - O>=N—NMez

small acidifying effects for these weak acceptor groups are

expected, and their strong bond-weakening effects can be 2 2d
rationalized by calling attention to the powerful stabilization . .
of the corresponding radicals by delocalization (elg.= 1b Results and Discussion
< 1c < 1d). Acidities and Homolytic Bond Dissociation Enthalpies
(BDES) of the Acidic N—H Bonds in Hydrazine and Phenyl-
Ph>—(':H—‘I\IMe Ph>=CH—-N-Me hydrazines. The BDE of the N-H bond in hydrazine has been
o] : ie) ? difficult to obtain experimentally until recently because the
la 1b bond (BDE= 65.5+ 0.4 kcaf ) is weaker than the HN bond.
Ph.  _ 4. Ph - The N—H bond has been calculated to have a BDE of 87.5
-— O}—CH—NMez O/ECH—NMez kcal/2and a recent experimental value of 8&:8.3 kcal has

been reported?

A simple method of estimating homolytic bond dissociation

The effects of substitution af-RO or a-Me,N groups for ~ enthalpies (BDEs) of the acidic+HA bonds in weak organic
an acidic hydrogen atom in the nitrogen analogue, PhCQNH acids has been developed in our laboratory by combinkgp
are similar but much larger, causing a 9K unit (12.3 kcal) values and th(_e oxidation po_tentials of their conjugate bas_es in
increase in acidity fon-PhCHO substitution and a 5.0k DMSO according to eq 1. This method has been found to give
unit (6.8 kcal) increase in acidity fax-Me;N substitutior? estimates of BDEs that agree with gas-phase valugsStecal,

The even larger bond-weakening effect of thée,N group or better for C-H and N—H bonds. The method cannot be
on the N-H bond in PhCONHNMegthan on the acidic €H used to estimate the BDE of the-¥ bonds in alkylhydrazines

bond in PhCOCENMe, (24 vs 21 kcal) is intriguing and ~ Pecause they are too weakly acidic for theyp value to be
measured in DMSO. It can be used to estimate BDEs of the

1c 1d
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Table 1. Equilibrium Acidities and Homolytic Bond Dissociation
Energies of the Acidic HN Bonds in Hydrazine and
Phenylhydrazines

no. weak acids IKha? Eox(A7)" BDE" ABDE

1 NH; (~41p 107 (0.0)
2 NH:NH; 80.8 26

3 PhNH 30.6 —0.992 9z 15

4 CgHsNHNH; 28.8 —1.740 72.6 (0.0)
5 p-MeCH4NHNH; 29.2 —1.795 719 —-0.7

6 p-CICsHsNHNH, 27.2 —1.630 73.0 0.4
7 p-EtOCOGHiNHNH, 25.6 —1.392 76.3 3.7
8 p-CRCgHsNHNH, 25.7 —1.327 77.9 5.3
9 p-CNGsHsNHNH: 25.1 —1.295 77.8 5.2
10 PhNHNHPh 262 —1.730 69.3 3.3
11 PhNHNPhH 245 —-111% 811 -85

12 2,4-(NQ).CsHsNHNPh, 121 —-0.292 83.1 -105

13 2,4,6-(NQ)sCsHNHNPh 5. —0.093 80 7.4

2In pKpa units; equilibrium acidities were measured in DMSO
solution by the overlapping indicator method or the standard acid
method (ref 8). See Table 4 unless otherwise ndt&gtimated by
extrapolation (ref 16)¢ Reference 17¢ Reference 185 Estimated from
the Eox(A™) and BDE values by using eq f1n volts; irreversible
oxidation potentials of the conjugate bases were measured by cyclic
voltammetry (CV) in DMSO solution and referenced to the ferrocenium/
ferrocene couple, unless otherwise noteBeversible oxidation po-
tentials." In kcal/mol, estimated by using eq 1Reference 19.Ref-
erence 4% Reference 20.

more acidica-N—H bonds in phenylhydrazine and its deriva-

Zhao et al.

A fairly good Hammett plot of Kna versuso, values for
the six phenylhydrazines was obtaine#{jp = 28.46— 5.34g,
r =0.987). Itis worthy of note that ordinaky, values rather
thano,™ values were appropriate in this gdidor the p-COEt
andp-CN substituents, although thevalue of 5.3 is not much
smaller tharnp,~ for a Hammett plot of anilinesef™ = 5.6; r
= 0.99)%7

A Hammett plot of BDE for para-substituted phenylhy-
drazines versus, values was roughly linear (BDE 72.63+
8.0%sp; r = 0.952), but with a 1.5-fold steeper slope than a
corresponding Hammett plot of BDE for para-substituted
anilines. The greater increase in BDEs for para-substituted
phenylhydrazines than for para-substituted anilines with in-
creases in electron withdrawal of the para substituent can be
rationalized in terms of greater delocalization of the electron
pair adjacent to the benzene ring because of four electron

e oo Feo oo
G@NHNHZ :®:NHNH2

3a 3b

G

repulsions 8a <= 3b). The greater delocalization causes a
greater decrease in ground state energy and a greater increase
in BDE.

Examination of the BDE values of para-substituted phenyl-
hydrazines in Table 1 also reveals that introduction of para-

tives, however, and the results of several such measurementsuybstituted electron-withdrawing groups into the benzene ring

are given in Table 1.

BDE,, = 1.37 (K, + 23.1E_(A) + 73.3 (1)
The N—H bond in ammonia has a BDE value of 107 kcal.
Comparison of the BDE values of the-N bonds in hydrazine
(entry 2 in Table 1) with that in ammonia (entry 1 in Table 1)
shows that introduction of an amino group into ammonia to
form hydrazine decreases the BDE of the N bond by about
26 kcal. This large bond-weakening effect is no doubt due
primarily to the strong delocalization of the corresponding
radical by the formation of the two-center three-electron bond,
ie.,

-+
H-N-NH,

H-N-NH,

The BDE of the acidic N-H bond in PhNHNH (entry 4 in
Table 1) is estimated by eq 1 to be 72.6 kcal. Inspection of the
BDE values of N-H bonds in entries 3 and 4 in Table 1 shows
that introduction of an amino group into the amino group of
aniline to form phenylhydrazine causes a decrease in BDE of
19 kcal. This is to be compared with the 26 kcal decrease in
BDE between NHand NHNH,. The smaller substituent effect
on the BDE of the N-H bond in aniline than that in ammonia
by substitution of an amino group is expected because of a
leveling effect (compare the 92 kcal value for the BDE of the
parent N-H bond in aniline with the 107 kcal for the parent
BDE of the N-H bond in ammonia). For the same reason,
introduction of a phenyl group into hydrazine causes an 8 kcal
decrease in the BDE of the-\H bond, whereas introduction

of phenylhydrazine increases the BDE of the acidieHNbond
in PANHNH, by 0.4-5.3 kcal, as is true also for the BDEs of
para-substituted phendland anilines?”

The phenyl group in phenylhydrazine (BDE 72.6 kcal)
lowers the BDE of the NH bond by about 8 kcal, relative to
that in hydrazine itself (81 kcal), by virtue of its delocalizing
effect. Introduction of a second phenyl group into hydrazine
to give symmetric PANHNHPh increases the acidity by X34
units (statistically corrected) and decreases the BDE of thel N
by an additional 4 kcal (BDE= 69 kcal). The 4 kcal decrease
in BDE caused by the introduction of the second phenyl group

QN_'N'H@

4a

|

4e

is attributed to the additional delocalization of the corresponding
radical when involved in the larger conjugated systdm <>
4b <> 4c < 4d < 4e).

Introduction of a third phenyl group into hydrazine to give

of a phenyl group into ammonia causes a 15 kcal decrease inphNHNPh causes a further 2Kua unit increase in acidity,

BDE of the N—-H bond.

Comparison of acidity and BDE data for six para-substituted
phenylhydrazines in Table 1 with those of the corresponding
aniline’s shows that introduction of a second amino group into
an aniline causes a slight increase in acidity (0.22 to 2.7 kcal)

and a large decrease in BDE averaging, about 18 kcal. The

latter confirms the inherent large delocalizing effect inaN
NR; moiety.

but the BDE isincreasedby 12 kcal relative to that in

PhNHNHPh because of steric crowding, which reduces the
extent of efficient delocalization of the odd electron in the
corresponding radical. Introduction of 2,4-dinitro groups or

(6) Hammett constants,~ ando,, are taken from: Hansch, C.; Leo, A.;
Taft, R. W.Chem. Re. 1991, 91, 165-195.

(7) Bordwell, F. G.; Cheng, J.-B. Am. Chem. S0d.991, 113,1736~
1743.



Acidic H—N Bonds in Hydrazines and Hydrazides

J. Am. Chem. Soc., Vol. 119, No. 39, 9927

2,4,6-trinitro groups into the benzene ring at position 2 of 1,1,2- Table 2. Equilibrium Acidities and Homolytic Bond Dissociation
Energies of the Acidic HN Bonds in Amides and Hydrazides

triphenylhydrazine increases the acidity by 12 and kK34

units, respectively, but the effect on the BDE is negligible. Nitro weak acids Kra? Eox(A7)® BDE' ABDE
groups have been shown to exert dual effects on the stabilities™ . conp, 255 —0.025 107 (0.0)
of radicals: (a) stabilizing by virtue of their delocalizing effect CH;CONHNH, 21.8 —0.890 82 25
on the odd electron and (b) destabilizing by virtue of their PhCONH 23.35 0.074 107 (0.0)
electron-withdrawing effect. The steric repulsion effect be- PhCONHNH 18.9 —0.818 80 27
tween the 2-nitro or 2,6-dinitro and the benzyt+N bond may NH,COOEt 24.6 —0.078 108 (0.0)

. : NH,NHCOOEt 228 —0.954 8 23
also play an important role, at least in the latter case. (In our PhSONH, 16.1 0.425 105 (0.0)
previous studie$the increases in ground state energies of the  phSQNHNH, 17.1 ~0.702 81 24

neutral precursors caused by the steric strains of groups adjacent

to the acidic H-A bonds, as in the 2,6-dert-butyl-4-G-

H—A bonds.)

of the conjugate bases of the hydrazines. For example, the

oxidation potential of the anion derived from phenylhydrazine

aData taken from ref 2 unless otherwise noteth pKpa units;

- equilibrium acidities were measured in DMSO solution by the overlap-
substituted phenols, have been shown to greatly weaken theping indicator method or the standard acid method (ref 8). See Table
4 unless otherwise notetiReference 21¢This work.¢In volts;

It was also of interest to examine the electrochemical behavior irreversible oxidation potentials of the conjugate bases were measured
by cyclic voltammetry (CV) in DMSO solution, and referenced to the
ferrocenium/ferrocene coupléln kcal/mol, estimated by using eq 1.

is not reversible, but introduction of a second phenyl group in Table 3. Effects of Structural Change on Acidities and BDEs of
the-position causes the oxidation potential of the anion derived Amides and Hydrazides

from 1,2-diphenylhydrazine to become reversible. This means g weak acids Kuad Ex(A)" BDE ABDE
that the corresponding radical must have a sufficient lifetime

i 1 NH; (~41p 10% (0.0)
on the CV scan scale (sweep rate: 100 mV/s) for the reverse , CH.CONH, 255 —0025 10F 0
wave to be observed. For a radical to display such kinetic 3 PhCONH 2335  0.074 107 0
stability, it must possess some or all of the following proper- 4 PhNH 30.60 —0.992 9X 15
ties: (a) substantial delocalization of the unpaired electron, (b) 5 PhNHCOCH 213 -0159 9% 8
steric congestion in the vicinity of the atom bearing the unpaired ? ZEN’::_?OPh 188 —0.085 ggeg %8 0)
electron, and/or (c) substitution appropriate to prohibit dispro- g CHjCO?\lHNHz 218 -089G 8% -1
portionation of the radicdP!! In the case of 1,2-diphenyl- 9 CH,CONHNHCOCH 16,7 —0.190 8768 —6.8
hydrazine, large substituents are absent and delocalization of 10 PhCONHNH 189 —-0.818 80 1
the corresponding radical must play the primary role to account 11  PhCONHNHCOPh 137 -0121 89 -8
for the kinetic stability of the radical. The oxidation potentials 12 CHCONHNHPh 184 0864 786  (0.0)
of the anions derived from 1,1,2-triphenylhydrazine, 1,1- Q
diphenyl-2-(2,4-dinitrophenyl)hydrazine, and 1,1-diphenyl-2- 13 &NH 153 —0.885 73.9 4.7
(2,4,6-trinitrophenyl)hydrazine are also reversible. In these N,

. . . Ph
examples, both the delocalization of the unpaired electron and PhCONHNH 189 -0818 803 (0.0)
the steric congestion around the function holding the unpaired o
electron are believed to account for the special stabilities of the _
corresponding radicals. N @E/SQIH e pess T “0
Effects of Structural Changes on the Acidities and _

Homolytic Bond Dissociation Enthalpies (BDEs) of the PhCOEHNHCOPh 187 0121 893 (00
Acidic N—H Bonds in Hydrazides. The acidities and BDEs
of acetamide, benzamide, ethyl carbamate, and benzenesulfon-17 ©¢E: 128 -0.166 868 25
amide, as well as the corresponding hydrazides, are given in
Table 2. The acidities of the hydrazides derived from the two o
carboxamides and ethyl carbamate are slightly higher than those Q
of their parent amides, but that of benzenesulfonohydrazide is ;4 ¢¢|H 132  -0.158 877 16
one [Kna unit less acidic. The amides have BDEs of 1b& NH
kcal, which means that in the corresponding radicals the o

delocalizing effects of the adjacent carbonyl, ethoxylcarbonyl,

aln pKua units; equilibrium acidities were measured in DMSO

or benzenesulfonyl groups, which have been found to stabilize solution by the overlapping indicator method or the standard acid

carbon-centered radicals, are either absent or masked by th@nethod (ref 8). See Table 4 unless otherwise ndtétrapolated (ref
electron-withdrawing properties of the carbonyl group. The 16).°Reference 2¢Reference 17¢Reference 22\ Reference 10.
BDEs of four hydrazides are 8% 1 kcal. Evidently the ¢ Measured by X.-M. Zhand! In volts; irreversible oxidation potentials
substitution of an N group for one of the NH hydrogen gfl\;ligaoconjugate bases were measured by cyclic voltammetry (CV) in
: . ; solution unless otherwise noted, and referenced to the ferro-

atoms in the amide has caused a#232 kcal weakening of the  cenjum/ferrocene coupléReversible oxidation potentials were ob-
acidic N—H bond. This is comparable to the 26 kcal weakening tained.i In kcal/mol, estimated by using eq 4Reference 19.Refer-
of the N—H bond in NH; on introducing an NkEigroup. Clearly ence 4.
the weakening of the NH bonds in these hydrazides is
essentially independent of the nature of theubstituent (H, ~ RCO, CQEt, or PhSQ) and the stabilizing effect on the radical
is brought about entirely by the three-electrorrNH, moiety.
It was of interest, therefore to explore further the effecijof
substituents and also the effect of incorporation of the NHNH
moiety into a ring structure (Table 3).

Comparison of entries-13 in Table 3 shows that substitution
of CH3CO or PhCO groups into NHincreases the acidity by
about 17 Kna units but has a negligible effect on the BDE.

(8) Bordwell, F. G.; Zhao, YJ. Org. Chem1995 60, 6348-6352.

(9) (a) Bordwell, F. G.; Zhang, X.-Ml. Phys. Org. Chen1995 8, 529.
(b) Bordwell, F. G.; Zhang, SJ. Am. Chem. S0d.995 117, 4858.

(10) Bausch, M. J.; David, B.; Prasad, V.; Wang, L.-H.; VaughnJA.
Phys. Org. Cheml1992 5, 1-6.

(11) (a) Balaban, A. T.; Istratoui, RTetrahedron Lett1973,1879-
1890. (b) Balaban, A. T.; Frangopol, P. T.; Frangopol, M.; Negoita, N.
Tetrahedronl967, 23, 4661-4676.
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On the other hand, introduction of a Ph group intogNEntry Table 4. Equilibrium Acidities of Hydrazines and Hydrazides

4) increases the acidity by about 1By units (14 kcal) and pKua+std  no. of
decreases the NH BDE by 15 kcal. Evidently the delocal- weak acids HIA  pKuin dev runs
ization of the odd .electron occurs to the phenyl group in the p-MeCsHNHNH, DDHP 204 2921+002 2
corresponding radical, but apparently not to a carbonyl group. CsH:NHNH, DDHP 294 28.80+001 2
Examination of entries 7, 8, and 10 in Table 3 shows that p-CICsH;NHNH; PXHe 27.9 27.20+0.03 2
substitution of CHCO or PhCO groups into NiMH; also has p-EtOCOGH/NHNH; HBlj 26.1 25.62:009 2
a negligible effect on the BDE. For example, the-N bond P-CFRCeHaNHNH, HB1 26.1  25.73£0.03 2
in hydrazine has a BDE of about 81 kcal, which is about the P ceHsNHNH: TPt =~ 256 25.12£0.06 2
in ny = - Keal, \ PhNHNPh TBUFH 244 2450:001 2
same as that of the acidicNH bond in PhCONHNH.! This PhCONHNPh PFHY 17.9 17.09- 0.01 2
suggests that the PhCO group has little or no ability to effect 2,4-(NQ),CeHsNHNPh, NBY300" 1225 12.09£0.01 2
additional stabilization of the PhCQMH, radical beyond that ~ NH.NHCOOEt FH 226 2219003 2

does occur, but has negligible stabilizing effect, as is true of
O=C—0Or radicals!? Alternatively, the destabilizing electron-
withdrawing effect of the carbonyl group may mask its o
delocalizing effects. PhNHNHCOCH MCIPFH< 16.8 18.47+£0.01 1
In contrast to the negligible substituent effects of L& or CNAH' 18.9 18.38-0.01 2
PhCO groups on BDEs of the acidic¥ bonds in NH and 0
Cr
ZNH

NH
|

NH

caused by the NNH, moiety. Itis possible that delocalization Q
¢ HZFO) 12.95 13.16+ 0.06 2

NH2NH;, introduction of a CHCO or a PhCO group into the HzFm 1495 14.90£0.02 2

amino group in aniline (entries 5 and Bcreaseshe BDE of

the N—H bond by 7 and 5 kcal, respectively. Here the carbonyl PhCONHNHCOPh HZFP 1415 13.68:0.07 2
group is effectively destabilizing the nitrogen-centered radical Q
by virtue of its strong electron-withdrawing effect. {LNH HZEm 14.95 15.24-0.00 2

N«
Ph

Comparison of the BDE values of entries 2 and 3 with those
of entries 9 and 11 shows that substitution of an acidic hydrogen
atom in CHCONH, or PhCONH by a NHCOCH or a aHIn (indicator).? DDH: biphenyldiphenylmethané PXH: 9-phen-
NHCOPh group, respectively, to convert an amide function to ylxanthene? HB1: iminostilbene®TP2H: 1,1,3-triphenylpropene.

a RCONHNHCOR hydrazide function decreases the BDE of LTB(UhFH: |9{ﬁrt-blf)tylflLt1r?reneKZPFH: S-phenyl fuorenetNBY300:
. is(phenylsulfonyl)methane Kp measured by standard acid metho
Fhe N_,H bonds by 19 and ,18 keal, respectively. Further and dimsyl was quenched by dibenzy! sulforieH: fluorene) HZFOy:
inspection of the BDEs of entries 8 and 9 reveals th@H;CO 9-fluorenone 2-chlorophenylhydrazoeMCIPFH: 9-(m-chlorophen-
substitution in CHCONHNH, has a large substituent effect, yl)fluorene.! CNAH: 4-chloro-2-nitroaniline™HZF: 9-fluorenone

causing a 5.1g4a unit increase in acidity aha 6 kcalincrease phenylhydrazone! HZFP,: 9-fluorenone 4-chlorophenylhydrazone.

in BDE of the a-N—H bond. Note that the presence of the

B-CHsCO substitution destroys the powerful bond weakening membered ring (entry 13) causes a 3Kyp unit increase in
effect of the NH-NH moiety. Thep-PhCO substitution in  acidity and a 4.7 kcal decrease in BDE. The decrease in BDE
PhCONHNH has a similar effect. On the other hand, examina- iS presumably due to the enforced coplanarity of the orbitals in

tion of the BDE values of entries 8 and 12 shows thgtRh the hydrazide moiety. A similar effect of cyclization and/or

substituent increases the acidity by 3K unit anddecreases phenyl substitution is observed for entry 15 vs 14, and for entries

the BDE by 3.4 kcal. 17 and 18 vs entry 16, and the six-membered ring seems to
Ring Closure Effect on Acidities and Homolytic Bond have smaller ring closure effect on botkyp and BDE values

Dissociation Enthalpies (BDEs) of the Acidic N-H Bonds than the five-membered ring does.

in Hydrazides. Previous studies in our grotipand other Summary and Conclusions. The substitution of a Nk

groups®**have shown that ring closure has varied substituent group for a hydrogen atom in anilines or carboxamides to give
effects on Kua and BDE values depending on the specific hydrazines and hydrazides has been found to cause small effects
structures of the weak acids. For example, ring closures for on the acidities, but strong bond-weakening effects. The
ketones, carboxamides, or thiocarboxamides usually cause littlejntroduction of a phenyl group into ammonia causes both a large
change in their equilibrium acidities in DMS®; although  acid-strengthening effect and a strong bond-weakening effect
Meldrum’s acid was found to be 8.6Kpa units more acidicin  py virtue of its strong delocalizing ability. In contrast to NH
DMSO than its acyclic analogue, dimethyl malon&teOur and Ph effects, RCO (R= Ph, Me) exerts a large acid-
recent studies have shown that the equilibriumCor N—H strengthening effect by virtue of its strong electron-withdrawing
bond acidities of cyphc carbo>§ylllc esters or carbamates are apility, but a negligible effect on the BDEs. Incorporation of
usuallyca. 4 pKa units more acidic than those of their acyclic e hydrazide moiety into a ring structure increases the acidities

analogues. On the other hand, these structural changes werg,y gecreases the BDESs, usually causing a larger effect in a
found to cause little or no changes in the BDEs of the acidic five-membered ring than in a six-membered ring.

C—H or N—H bonds in these esters or carbama#és.
Comparison of the BDE of entries 12 and 13 shows that ) )
incorporation of the hydrazide moiety of entry 12 into a five- EXperimental Section

(12) Feller, D.; Davidson, E. R.; Borden, W. J..Am. Chem. S04984 Triphenylhydrazine, 1,1-diphenyl-2-(2,4-dinitrophenyl)hydrazine, and
10‘(115)5(1?5513- L E. G Fried, H. E1. Org. Chem1991 56, 4216 1,1-diphenyl-2-(2,4,6-trinitrophenyl)hydrazine were prepared according
a) Bordwell, F. G.; Fried, H. El. Org. Chem , 5 :
4225, (b) Zhang, X.-M.; Bordwell, F. GI. Org. Chem1994 59, 6456 to the method of Vogek Other compounds were commercially
6458. available from Aldrich. They were purified by distillation for liquids
(14) (a) Arnett, E. M.; Maroldo, S. G.; Schilling, S. L.; Harrelson, J. A.
J. Am. Chem. S0d984 106, 6759-6767. (b) Arnett, E. M.; Harrelson, J. (15) Vogel's Textbook of Practical Organic ChemistBgh ed.; Furniss,

A. Gazz. Chim. 1tal1987 117, 137-243. (c) Arnett, E. M.; Harrelson, J. B., Hannaford, A. J., Smith, P. W. G., Jatchell, A. R., Eds.; Wiley: New
A. J. Am. Chem. S0d.987 109 809-812. York, 1989.
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and recrystallization for solids and checked for purity % NMR The oxidation potentials of the conjugate bases were measured by
spectroscopy and their physical properties. cyclic voltammetry (CV) in DMSO. The working electrode (BAS)
The equilibrium acidities were measured in DMSO by either the consists of a 1.5-mm-diameter platinum disk embedded in a cobalt glass
overlapping indicator method or the standard acid method as previouslyseal. It was polished with a 0.05-mm Fischer polishing aluminum or
reportec® The results, together with the indicators or standard acids cleaned with an ultrasonic instrument, rinsed with ethanol, and dried

used, are summarized in Table 4. before each run. The counter electrode was a platinum wire (BAS).
- - The reference electrode was Ag/Agl, and the reported potentials were
296%6) Bordwell, F. G.; Algrim, D. JJ. Am. Chem. S04.988 110 2964~ referenced to the ferrocenium/ferrocene(frc) couple. Tetraethyl-
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