J. Am. Chem. S0d.996,118,10819-10823 10819

Solvent Effects on Homolytic Bond Dissociation Energies of
Hydroxylic Acids

Frederick G. Bordwell* and Wei-Zhong Liu

Contribution from the Department of Chemistry, Northwesternsgrsity, 2145 Sheridan Road,
Evanston, Illinois 60208-3113

Receied May 3, 1998

Abstract: The homolytic bond dissociation energies (BDEs) of theHDbonds in DMSO solution for (a) phenol

and a number of its derivatives, (b) three oximes, (c) three alcohols, (d) three hydroxylamines, and (e) two hydroxamic
acids have been estimated by eq 1: BRE 1.37Kna + 23.1E(A™) + 73.3 kcal/mol. For most of these hydroxylic

acids, the BDEs of the ©H bonds estimated by eq 1 are withit? kcal/mol of the literature values in nonpolar
solvents or in the gas phase. There is no reason to believe, therefore, that these BDEs are “seriously in error because
of failure to correct for solvent effects” as has been claimed on the basis that BDEs in highly polar solvents estimated
for the O—H bond in phenol by photoacoustic calorimetry must be so corrected.

Introduction Table 1. Comparison of BDEs for Phenols
The gas-phase homolytic bond dissociation energies (BDES) phenol BDE BDE* BDE° BDE' BDE® BDE'
of hydrocarbons and hydrocarbons bearing heteroatom substit-CsHsOH 90.4+1 883 88.3-2 84+1 856 87

uents, such as substituted methanes, &Gt where G is MeO, 3-MeGH,OH 90.0

i i 3,5-MeCsH:OH  89.7
HO, PhS, MeSi, Ph, MeN, etc., have long been considered to IMEOGH.OH 908

provide the best estimates for the stablilities of the corresponding 4-CIC:H,OH 90.9 89.6 84.4

radicals’ The determination of gas-phase BDEs has been 4.veGH,0H  88.7 86.1 86.5 '

limited for experimental reasons primarily to small molecules, 4+-BuCH.OH 88.7 86.5 82.1

however. Several years ago a simple method of estimating the4-PhGH,OH 87.6 85.0

BDEs of H-A bonds in weak acids was developed in our 2.6-M&CeHs;OH 855 ) 85.1

laboratory. The method uses a semiempirical equation (eq 1)4"\"eOQ?""‘O"| 84.6 826 84.0 781
- 4-H,NCeH,OH  77.3 75.5

based on a themodynamic cycle. 4-O-CgH,OH 730 722

4-MeCOGH4OH 92.8 90.8

— - 4-NCGH4,OH 94.2 92.9
BDE,, = 1.370,y, + 23.15,,(A ") + 733 kealimol (1) RCEHOH - 242 829

The [Kua values in DMSO of the acids, which are accurate to _ .- Estimated from eq 1.”Merenyiet al. from Eq(Ar0") and [Kia
! s in aqueous mediurh.©c Mahoney and DaRooge from rate constants

+0.2 Kua unit, are multiplied by 1.37 to converKpa units for reaction of ArO radicals in GHsCl with hydroperoxides and

to kcal/mol, and the oxidation potentials of their conjugate bases, differences of the heats of formation of the hydroperoxfléGriller
Eoxx(A7), are multiplied by 23.1 to convert eV to kcal/mol. et al. from photoacoustic calorimetric measurements (solvent not
(Henceforth kcal/mol will be abbreviated as kcal.) Although Specified)® ©McMillen, D. F.; Golden, D. M: "Corrected” value in a
most of the oxidation potentials are irreversible, they have been nonpolar mediuri.

found to be suitable to estimate BDEs by eq 1 that are within
the usual accuracy;3 kcal, for BDE values. The method has
been applied to estimate BDEs of acidie-B, N—H, O—H,

and S-H bonds in hundreds of weak acids, large and small,
and the results have been described in more than 50 publication
in theJournal of the American Chemical Societyd theJournal

of Organic Chemistry For example, in one paper, estimates
of the BDEs for (a) the benzylic and allylicHC bonds in 14
hydrocarbons, (b) the acidicHC bonds in 12 hydrocarbons 3-MeO (_90'_8)' and (e) 4-Cl (90.9). .

bearing one or more heteroatoms, (c) the acidieNHonds in Examination of Table 1 shows that there is remarkably_good
5 nitrogen acids, and (d) the+O bond in phenol and the-SH agreement_between our BDE values ano_l the BDEs estimated
bond in thiophenol were reportédFor the 18 weak acids where Py Merenyi et al. for phenol and 8 of its meta and para
literature (usually gas phase) BDE values were available derivatives by combining reduction potentials of phenoxyl
agreement to withiee2 kcal was observed for all but three acids ~ "adicals with Ky values, both measured in aqueous solution.
(PhsC—H, PhNH-H, and PhG-H). For triphenylmethane the These values were obtained by gssentlally the same method that
literature BDE value was shown to be too low by 6 kcal, and W€ used. In the aqueous medium thep for phenol is 10,

evidence was presented to suggest that the literature BDE valud-€~ 8 H<ua units (11 kcal) lower than in DMSO, but the
reduction potentials of the ArQadicals evidently change to

for aniline was also too low. On the other hand, the BDEs
estimated for the ©H bond in phenol and a number of its meta
and para derivatives appeared to agree reasonably well with
éiterature values, as is brought out in Table 1.

Our BDE for phenol of 90.4t 1 kcal estimated by eq 1 is
based on the average of the values (kcal in parentheses) for (a)
the parent, H (90.4), (b) 3-Me (90.0), (c) 3,5-Me, (89.7), (d)

® Abstract published i\dvance ACS Abstract©ctober 15, 1996.
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keep pace. Our estimated BDE values are usuahy kcal
higher than those of Merenyi and alse-2 kcal higher than

Bordwell and Liu

not oxidation potential data, were also available for a number
of alcohols, where the ©H BDEs were known. The BDESs of

those obtained in chlorobenzene in the careful study of Mahoneythe O-H bonds in several hydroxylamines and hydroxamic

and DaRoogé. Our value for phenol and its 4-Cl, 4Bu, and
4-MeO derivatives are about-% kcal higher than those
obtained by photoacoustic calorimetry (PAC) by Griligral.

acids had also been reported in the literature, but acidity and
oxidation potential data were lacking. These hydroxylamines
and hydroxamic acids were purchased or synthesized, and the

(solvent unspecified)and for the best gas-phase value chosen requisite data obtained byKp, and CV measurements.

by McMillen and Golder
Recently a further extensive study of the BDE of the D

bond in phenol has been carried out by photoacoustic calorim-

etry (PAC), and the BDE has been found to be solvent
dependent. In particular, the BDE of the Ph©H bond in both

The BDEs of the O-H Bonds in Oximes. In 1992 we
measured acidities and estimated the BDEs of thed®onds
in 21 oximes® Later we were surprised (and chagrined) to find
a report in the earlier literature of the BDEs of the-B bonds
in three ketoximest-Bu,C=NOH, t-Bu(1-Ad)C=NOH, and

ethyl acetate and acetonitrile, which are dipolar hydrogen bond t-Bu(i-Pr)GC=NOH, measured by a direct calorimetric method

acceptor solvents like DMSO, have been found to be 95 kcal.

in benzeng&that were 6.3 to 15.8 kcal lower than the BDEs we

The authors have corrected this value for solvation of the had found. This indicated that either there was something wrong
hydrogen atom (2 kcal) and hydrogen bonding of phenol to the with our method or the ©H bonds in the ketoximes are

solvent (4.7 kcal) to 88.3 kcal. Although they apparently did

dramatically weakened by increasing the bulk of the alkyl

not carry out any PAC measurements in DMSO, they have madegroups. Fortunately, the latter turned out to be true. The BDEs
the reasonable assumption that the BDE, as estimated by PACgstimated by eq 1 for the two oxime8u,C=NOH andt-Bu-

will be 95.6 kcal in DMSO. They suggest that this value should

(1-Ad)C=NOH are 82.6 and 81.7 kcal, respectivély Each

be corrected by 2 kcal for solvation of the hydrogen atom, and of these BDEs is 1.7 kcal higher than that reported in the

by 6.6 kcal for hydrogen bonding of phenol to the DMSO

literature. The estimates of the BDEs of oximes using eq 1

solvent to give a value of 87 kcal. The authors have concluded have now been extended to the—& bond in t-Bu(i-

from this study that our BDE estimated by eq 1 for the l®

Pr)C=NOH. It has been found to have a BDE of 86.0 kcal,

bond in phenol is seriously in error because we have neglectedi.e., 1.7 kcal higher than the literature report. Serious solvent

to correct for solvent effects, and that “similar errors must be

corrections for the BDEs obtained for these oximes are

present in many other electrochemical (EC) bond energies thatobviously not needed.

also were determined in polar solvents”.
It is not clear, however, to what extent the BDE for the

The BDEs of the O—H Bonds in Additional Phenols. In
earlier studies the BDEs of the-@H bonds in 2,4,6-trtert-

PhO-H bond estimated by eq 1 needs to be corrected for butylphenol andx-tocopherol have been estimated by eq 1 to
hydrogen bonding. For example, phenol must be strongly be 82.3 and 80.9 kcal, respectivély.The BDE of the G-H
hydrogen bonded to water in agueous solution, yet the BDE bond in 2,4,6-tritert-butylphenol obtained by the direct calo-

estimated for the ©H bond for phenol in this medium by
Merenyiet al4 is identical with that of Mahoney and DaRooge
(88.3 kcal) in chlorobenzene. The Merenyi value is also only
1 kcal higher than the “corrected value” of Wayredral. for
phenol in acetonitrile or DMSO. (Merenyi et al. estimate the
solvent correction to be of the order of-3 kcal for their BDE

in aqueous solution.)

rimetric method in benzene solutinis 1.1 kcal lower than
our value, and that for the-€H bond ina-tocopherol estimated
by kinetic measurements combined with a Polanyi-type cor-
relation is 0.5 kcal lowet® Here too solvent corrections are
not needed.

The BDEs of the O—H Bonds in Alcohols. The gas-phase
BDEs of the G-H bonds in three alcohols (kcal in parentheses)

We assume that the presumption of serious errors in otherare as follows: MeOH (104.5), EtOH (104){-BuOH (105).
BDEs estimated by our electrochemical method refers to other The (Kpa values of these alcohols are 29.1, 29.8, and 32.2,

O—H bonds rather than to-€H, N—H, or S—H bonds, which

respectively#* It is difficult to obtain oxidation potential values

are known to be very weak hydrogen bond donors. We have for these strongly basic anions because they bond strongly with
therefore sought to compare the BDEs estimated by the EC small amounts of alcohol or water, if present. But by using

method (eq 1) with literature BDEs in nonpolar solvents or the
gas phase for the ©H bonds in (a) additional phenols, (b)
oximes, (c) alcohols, (d) hydroxylamines, and (e) hydroxamic
acids.

Results and Discussion

In order to make the desired comparisons of BDEs eftD
bonds estimated by eq 1 in DMSO with literature values in

concentrated solutions of GHOCH,"K* in DMSO and low
concentrations of alcohol this has now been accomplished, and
eq 1 has been used to obtain the results shown in Table 2.

Examination of Table 2 shows that there is no need to correct
the BDEs of alcohols for solvation effects, despite their strong
hydrogen-bond donor abilities.

The BDEs of the O—H Bonds in Hydroxylamines. The
homolytic cleavage of the ©H bonds in hydroxylamines has

nonpolar solvents or the gas phase, it was necessary to f|ndaroused considerable interest because of their weakness. The

hydroxylic acids (a) with known ©H BDEs, (b) with acidities

that are measurable in DMSO, and (c) with conjugate bases for

which oxidation potentials can be measured by cyclic voltam-

metry (CV). Fortunately, we had already made measurements

(8) Bordwell, F. G.; Ji, G. ZJ. Org. Chem1992 57, 3019-3025.

(9) Mahoney, L. R.; Mendenhall, G. D.; Ingold, K. 0. Am. Chem.Soc.
1973 95, 8610-8614.

(10) Bordwell, F. G.; Zhang, Sl. Am. Chem. S0d.995 117, 4858-

on several additional phenols and on several oximes where the ™ 11y gordwell, F. G.; Zhang, X.-MJ. Phys. Org. Chen.995 8, 529-
required data were available in the literature. Acidity data, but 525

(5) Mahoney, L. R.; DaRooge, M. A. Am. Chem. So&975 97, 4722~
4731.

(6) Mulder, P.; Saastand, O. W.; Griller, D. Am. Chem. Sod.988
110, 4090-4092.

(7) Wayner, D. D. M.; Lusztyk, E.; Page, D.; Ingold, K. U.; Mulder, P.;
Laarhonen, L. J. J.; Aldrich, H. §. Am. Chem. Sod.995 117, 8737—
8744.

(12) Mahoney, L. R.; Ferris, F. C.; DaRooge, M. A.Am. Chem. Soc.
1969 91, 3883-3889.
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K. U. J. Am. Chem. S0d.985 107, 7053 - 7065.

(14) Olmstead, W. N.; Margolin, Z.; Bordwell, F. G. Org. Chem198Q
45, 3295-3299.
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87778781.



Acidities and Homolytic BDEs of Hydroxylic Acids

Table 2. Acidities and BDEs of Alcohols

J. Am. Chem. Soc., Vol. 118, No. 44, 19821

Table 3. Acidities and Homolytic Bond Dissociation Energies of
Hydroxylic Acids Estimated by Eq 1

ROH Kia Eox(A7)° BDEg,¢ BDE(lit.)e
i a —\c f
MeOH  29.F ~0.368 104.6 104.4 acid Wra®  Ex(AT)®  BDEua
EtOH 29.8 —0.483 103.0 104.2 1. EtNOH 29.6 —1.645 75.9
i-PrOH 30.25 —0.471 103.9 104.7 2. t-Bu,NOH 31.1 —2.070 68.2
t-BuOH 32.2 —0.512 105.5 105.1 3. NOH 324 —1.764 77.0
BzOH 27.00 -0.372 101.7 —1.660 79.0
apata from ref 14°Data from ref 15¢Irreversible oxidation
potentials. Measured in DMSO with-B mM alcohol, 16-20 mM
potassium dymsyl, and 0.1 M BNTPR;~ electrolyte at a sweep rate 4. TMPOH 31.0 —1.997 69.7
of 100 mV s?, and referred to the ferrocene/ferrocenium couple. 5, PhCON{-Pr)OH 18.7 —0.76F 81.2
4 BDEs estimated fromKya andEox(A~) values by eq 1¢ Data from 6. PhCON{-Bu)OH 19.6 —0.87% 79.9
ref 1. 7. t-Bu(i-Pr)C=NOH 255 —0.965 ¢ 86.0
8. t-Bu,C=NOH 24.4 —1.03%¢ 82.6

nitroxyl radicals derived from hydroxylamines where the
nitrogen atom is attached to a tertiary alkyl center such 4s in
2,2,6,6-tetramethyN-hydroxypiperidine (TMPOH), an@, N-

2 Data taken from Table 5 unless otherwise indicatddata from
ref 10.¢ Irreversible oxidation potentials measured in DMSO with 1
to 3 mM and 0.1 M BuN*PR~ at a sweep rate of 100 mVv'% and

hydroxylnortropane, are stable enough to allow the BDEs of referred to the ferrocene/ferrocenium couple unless otherwise indicated.
their O—H bonds to be measured by a direct calorimetric method Superscript R indicates reversibfeReduction potential of the corre-

or by an equilibrium constant method for hydrogen atom transfer
reactions such as eq®2.

sponding radical¢ 0.1 M E4N*BF,~ was used’ Estimated by eq 1.

Table 4. Comparison of the ©H Bond BDEs Estimated by Eq 1

and Those Obtained in the Gas Phase or in Nonpolar Solvent

3“ NOH acid BDEw*  BDE(lt)  ref
>LJ< 1. PhOH 904  84-883 i
87+ 19 7
1 2 2. a-tocopherol 809 804 13
3 2,4,6-tritert-butyl phenol 82.3 81.2 9
. 4. EtNOH 75.9 69.5 18
BDE (kcal):  69.6 71.0 5 tBUNOH 68.2 2606 9
| 6. TMPOH 69.7 69.6 9
NO NOH 7. NOH 780 770 9
p% +tBuC=NOH —— + +BuC=NO* @ Aﬁ
2° 3 2 3
BDE = 80.9 kcal BDE = 77 kcal 8.  t-Bu(i-Pr)C=NOH 86.0 84.3 9
9. t-Bu,C=NOH 82.6 80.9 9
In order to make estimates of the BDEsDf2, andt-Bu,- 10. tBuc ADCNOH 18014-7é 800, 7
NOH by eq 1 it was necessary to measure their acidities and -5’ Et%H 1038 104 1
the oxidation poten;ials of _their conjugate bases. This_turned 13 tBuOH 105.5 105 1
out to be a challenging assignment because all three acids have14.  PhCONi-Pr)OH 81.2 79.3 16
pKna values above 30, which requires rigid exclusion of water 15.  PhCON(Bu)OH 79.9 78.0 16

and oxygen. Also, these acids, in common with other hydrox-

a Data taken from Table 3 unless otherwise indicafd@eference

ylic acids, are subject to homo-hydrogen-bonding, which means 2. ¢ Reference 11¢ Reference 10¢ Data from Table 2! Data reported
that the acid bonds to its conjugate base to form a hydrogen-in references? Estimated to be the best gas-phase value described in

bond complex, RO---H—OR, wherein the undissociated acid
bonds more strongly to its conjugate base than to the solvent.
This perturbs the equilibrium of the acid with indicator ions
and can lead to erroneouKyu values. It was therefore
necessary to carry out the titrations under conditions where the
[RO™J/[ROH] ratio is close to unity# The oxidation potentials
also proved challenging to measure, but successful measure-
ments were obtained under the conditions described to measur
the CVs of alcohols. TheKya values and oxidation potentials
and BDEs are given in Table 3.

Examination of Table 3 shows that estimates of BDEs for
hydroxylamines1 and 2 by eq 1 are 69.7 and 78 kcal,
respectively. These values are within 1 kcal of the literature
values. The BDEs dfBu,NOH was not measured by Mahoney T
et al, but was estimated to be several kcal lower than that of
(69.6 kcal)® Our value estimated by eq 1 is 68.2 kcal.

The BDEs of the O—-H Bonds in Hydroxamic Acids.
Perkinset al. have determined the BDEs of the-® bonds in
N-isopropyl- andN-tert-butylbenzohydroxamic acid§,which
were prepared by benzoylation of the corresponding hydrox-

ref 7." See text! Table 1.

t-BuNH,OH"CI™ + PhCO

EtN
Cl—r

CHsCN

PhCON(-Bu)OH

The Kuas of these hydroxamic acids were measured by the
overlapping indicator method. The acidities of these hydrox-
amic acids are close to that of phenol in DMSO, and the homo-
%ydrogen-bonding constants are as large as those of phenols.
This would appear to make them good candidates for BDE
solvent corrections caused by hydrogen bonding. The BDEs
are, however, each only 1.9 kcal higher than the BDEs found
in the Perkins equilibrium studies.
Summary of Comparisons with Literature BDE Values.
he comparisons of BDEs of the€H bonds in the five
different hydroxylic acids described in previous sections by eq
1 with literature values measured in nonpolar solvents or the
gas phase are summarized in Table 4.

With the exception of phenol itself and diethylhydroxylamine,
the BDEs of all 15 of these hydroxylic acids estimated by eq 1

ylamines?’

(16) Perkins, M. J.; Berti, C.; Brooks, D. J.; Grierson, L.; Grimes, J.
A.-M.; Jenkins, T. C.; Smith, S. LPure Appl. Chem199Q 62, 195-200.

(17) Alewood, P. F.; Hussain, S. A.; Jenkins, T. C.; Perkins, M. J.;
Sharma, A. H.; Siew, N. P. Y.; Ward, B. Chem. Soc., Perkin Tans. 1
1978 1066.

(18) Caceres, Tint. J. Chem. Kinet1978 10, 1167.
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are within +2 kcal of the literature values. We have no Table 5. Equilibrium Acidities of Hydroxylic Acids Determined

explanation for the 6.4-kcal difference in BDE for,BOH, by the Overlapping Indicator Methad

but our value of 75.9 kcal is consistent with the BDEs of seven acid indicator (n)° pKpa® PKned
other RNOH hydroxylamines, estimated by eq 1, which fallin gy Non DDH (29.4) 2060 005 3.3f0.1
the range of 7477 kcal®® It is clear from these comparisons  t-Bu,NOH TH (30.6) 31.15+ 0.05 ef

that estimates of BDEs of the-€H bonds in most hydroxylic TMPOH TH (30.6) 31.00t 0.02 ef

acids made by eq 1 agree remarkably well with literature values, ~ NOH TH (30.6) 324+0.1 eg
and that there is no reason to believe that this method leads to
“serious errors” as has been suggestedur value for the G-H
bond in phenol of 90.4 kcal is, however, 2.1 kcal higher than
the value obtained by Mahonet al. in chlorobenzené,and PhCON(-P)OH  CNAH (18.9) 18.7G-0.02 3.7+0.1
3.4 kcal higher than the 87 kcal estimated to be the best gasPhCQN('B“)OH 2-NPANH (20.66) 19.601  3.6+0.1
; t-Bu(i-P\C=NOH TP2H (25.6) 255-0.1  3.25+0.03
phase valué. Furthermore, persual of the data in Table 4 shows
that BDE values estimated by eq 1 are usually slightly higher 2 See ref 14? Indicators: TH= triphenylmethane. DDH-= bis(p-

; ; phenylphenyl)methane. MFH 9-methylfluorene. CNAH= 4-chloro-
than the literature values suggesting that the BDEs may b(:"Z—nitroaniline. 2-NPANH= 2-naphthylacetonitrile. TP2Hk- 1,3,3-

subject to small solvent effects in DMSO. triphenylpropene. TheKuin values are given in parenthesépKpa
The relationship between the BDE in DMSO solution, BDE-  corrected for homo-H-bonding. ¢ Homo-H-bonding constadt. € The
(HA)s, and the corresponding gas-phase value, BDE{H#gn PKna is too high to obtain ln, values.f The homo-H-bonding effect
be expressed by eq 3: was observed to be smallKp, < 1). 9 The homo-H-bonding effect
was observed to be largeKp, ~ 3—4).

BDE(HA), = BDE(HA)g + AHsow(H.)s + N-Hydroxy-2,2,6,6-tetramethylpiperidine was prepared by the
. method of Ingoldet al® N-Oxyl-2,2,6,6-tetramethylpiperidine (0.78
AH(A)s — AHgo(HA)S (3) g, 5 mmol) ar?d 1,2-diphenylh>)//drazine (1.0g, 5.8erF1)nF1)oI) were( mixed
in 5 mL of benzene under a nitrogen atomosphere. The mixture was
The BDEs of the &H bond in carbon acids are generally stirred at room temperature for 20 min, then fractionally distilled to
assumed to be solvent independent because the last two termgive 0.5 g (63%) of a pale yellow liquid (bp 8C/10r) which solidified
in eq 3 cancel one anoth&. It is also generally agreed that ~upon standing, mp 3739 °C (lit.»> mp 38-40 °C). ‘H NMR
the remainingAHson(H*)s term is small. Its value is unknown, — (CDCh): 6 1.22 (12H, s, Me), 1.56 (6H, s, G} 4.03 (1H, br, OH).
and it is often neglected. This leaves BDE(HA) BDE(HA), N,N-Di-tert-butylhydroxylamine was similarly prepared from di-

for carbon acids, as has been observed experimentally in!€rtbulyl nitroxide in 70% yield, bp 56C/10r, mp 37-38 °C** "H
DMSOZ2 and also in agueous meditih. NMR (C¢Ds). 0 1.22 (18H, st-Bu), 3.97 (1H, br, OH).

’ . tert-Butyl isopropyl ketoxime was similarly prepared by a method
~ The hydrogen bond donor properties of the hydroxyl group reported earliéf from tert-butyl isopropyl ketone imine (which was
in hydroxylic acids are likely to cause stronger bonding with gptained from a reaction @ért-butyllithium and isobutyronitrile) and
the hydrogen-bond-acceptor DMSO solvent than occurs with hydroxylamine hydrochloride in 80% yield, mp 14041 °C (lit.2* mp
the A radical. The BDE of the hydroxyl group will then be  140-141°C). *H NMR: ¢ 1.10 (6H, d,J = 7.1 Hz,i-Pr), 1.30 (9H,
strengthened thereby, but the effects are smaller than estimated, t-Bu), 2.59 (1H, m, CH), 8.83 (1H, s, NH).
for the hydrogen bond energies {8 kcal for alcohols)* N—Hydroxylr!ortropane. First, a reaction of tropane with ethyl
suggesting that solvation of the fadicals may also be involved ~ chloroformate in benzene solutférgaveN-ethoxycarbonylnortropane
to some extent. The hydrogen bond energy of phenol in DMSO N 95% yield, bp 109111 °C/8r (iit.** bp 122-124°C/1%). Then,
has been estimated to be-B kcal2! which may account for hydrolysis of N-ethoxycarbonylnortropane in refluxing concentrated

. . . hydrochloric acid gave nortropane hydrochloride in 90% yield. The
the greater difference in our BDE value in DMSO versus hydrochloride (1.5 g, 10 mmol) was dissolved in 10 nfl1dN NaOH

literature values than is observed for other hydroxylic acids. 4q,e0us solution and warmed to 3D, then 2.0 mL of 30% hydrogen
We conclude that solvent corrections of abotit®kcal are  peroxide (18 mmol) and 2 mg of phosphotungstic acid were added.
needed for the BDEs of the-€H bonds in phenol and its simple  After the gas evolution ceased (ca. 15 min), the resulting solution was
derivatives as estimated by eq 1 in DMSO, and that smaller (1 extracted with 20 mL of CkCl, containing 1.2 g (6 mmol) of
to 2 kcal) solvent corrections may possibly be needed for some PANHNHPh. The organic layer was dried with anhydrou€®s. After
other hydroxylic acids. There is no evidence to indicate that removal of the solvent, sublimation of the residue atrigave 0.6 g
“serious errors must be present in many other EC bond (48%) ofN-hydroxynortropane, mp 114116 °C (Iit.** mp 118°C).
energies”, as suggested by Wayeeal” Solvent corrections (')"HNMR (CDCl): 0 1.3-1.9 (10H, m), 3.44 (2H, ), 4.4 (1H, br,
for H—C, H—N, or H=S acids should ordinarily not be needed ):

. . - . N-Oxynortropane was prepared by the method of Ingadtl al.?
since the hydrogen-bonding donor abilities of these functions The reduction potential of this radical was measured successfully using

are weak. the crude product.
) ) N-tert-Butylbenzohydroxamic acid was prepared by a revised
Experimental Section method of Perkinset al” Into an acetonitrile solution (10 mL)

containingN-tert-butylhydroxylamine hydrochloride (0.55 g, 5 mmol)
and triethylamine (2.8 mL, 20 mmol) was added dropwise an acetonitrile
solution of benzoyl chloride (1.2 mL, 10 mmol). The resulting mixture
was stirred overnight and then mixed with 20 mL water and extracted
with CH,Cl, twice (10 mL each). The organic layer was dried and the

NMR spectra were recorded on a Gemini XL-300 (300 MHz) or
XLA 400 (400 MHz) spectrometer. Melting points were measured on
a Thomas Hoover capillary melting point apparatus and are uncorrected.
N-Isopropylhydroxylamine hydrochloridéy-tert-butylhydroxylamine
hydrochloride, N-hydroxyldiethylamine, N-oxyl-2,2,6,6-tetramethyl-

piperidine, ditert-butyl nitroxide, and tropané\tmethyl-8-azabicyclo- (22) Paleos, C. M.; Dais, B. Chem. Soc., Chem. Comma877, 345.
[3.2.1]octane) are commercially available (Aldrich). (23) Klages, F.; Sitz, HChem. Ber1959 92, 2606.
(24) Jones, W. H.; Tristram, E. W.; Benning, W. E.Am. Chem. Soc.
(19) Bordwell, F. G.; Liu, Wei-Zhong. Unpublished results. 1959 81, 2151-2154.
(20) Kanabus-Kaminska, J. M.; Gilbert, B. C.; Griller, D.Am. Chem. (25) Sandoz Ltd. The Netherlands patent application 6,510 0B8m.
Soc.1989 111, 3311-3314. Abstr. 1966 65:3846.
(21) Arnett, E. M.; Jaris, L.; Mitchell, E. J.; Murty, T. S. S. R.; Gorrie, (26) Mendenhall, G. D.; Ingold, K. UJ. Am. Chem. Socl973 95,

T. M.; Schleyer, P. v. RJ. Am. Chem. Sod97Q 92, 2365-2377. 6395-6400.
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solvent was stripped off. The residue was dissolved in 20 mL of EtOH, obtained with tetraethylammonium tetrafluoroborate as the supporting
then mixed with 10 mL 1 N aqueous NaOH solution and stirred for  electrolyte because their conjugate anions form strong homo-hydrogen-
1 h. The resulting mixture was extracted with 5 mL of &#. The bonds with the small amounts of water present, and deprotonation of
aqueous layer was neutralized lvit N aqueous hydrochloric acid to  the acids competes with the deprotonation of the electrolyte. When
pH 7 and extracted with Ci€l, twice (10 mL each). The organic  tetrabutylammonium hexafluorophosphate was used as the supporting
layer was dried and the solvent was stripped off. The residue was electrolyte, this problem was not encountered for hydroxylic acids with
recrystalized from hexane to give 0.7 g (70%) of slightly yellow solid; pKa, < 33.

mp 110-113°C (lit.Y” mp 113°C). *H NMR (CDCk): 6 1.33 (9H,

st -Bu), 7.3-7.5 (5H, m, Ph), 8.4 (1H, br, OH). Acknowledgment. We are grateful to the Petroleum Re-
N-Isopropylbenzohydroxamic acidwas similarly prepared from search Fund administered by the American Chemical Society
N-isopropyl-hydroxylamine hydrochloride in 67% yield; mp-839°C. and to the National Science Foundation for support of this

'H NMR (CDCk): 6 1.30 (6H, d,J = 6.5 Hz i-Pr), 421 (1H, m),  research. This paper is dedicated to Nelson Leonard, a brilliant

7.4-7.5 (SH, m, Ph), 8.4 (1H, br, OH). . . scholar and gentleman, on the occasion of his 80th birthday.
Equilibrium acidities in DMSO were determined by the overlapping

indicator method as described previouglyThe results were sum- JA961469Q

marized in Table S. (27) (a) Matthews, W. S.; Bares, J. E.; Bartmess, J. E.; Bordwell, F. G.;
Oxidation potentials were measured by a conventional cyclic Cornforth, F. J.: Druc'ker', G'.'E.; Ma’rgélinl,'z.; McCaII’urﬁ, F'e'.J.; Mccdlluh, "

voltammetric instrument, as described previodshll potentials are G. J.; Vanier, N. RJ. Am. Chem. Sod975 97, 7006-7014. (b) Bordwell
reported with reference t&i. of the ferrocene/ferrocenium couple.  F. G.; McCallum, R. J.; Olmstead, W. N. Org. Chem1984 49, 1424~
Oxidation potentials of the conjugate anions of alcohols cannot be 1427.




