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The acid-base behavior and self-aggregation of salicylhydroxamic (SHA) andp-hydroxybenzohydroxamic
acids (PHBHA)have been investigated by UV and1HNMR spectroscopy, respectively. The acid-base
parameters, measured in H2O at 25°C andI ) 0.1 M, were pK1 ) 7.56, pK2 ) 9.85 for SHA and pK1

) 8.4, pK2 ) 9.4 for PHBHA. The1H NMR signals for salicylhydroxamic andp-hydroxybenzohydroxamic
acids measured in acetone indicate that both acids self-aggregate according to a mechanism where two
monomers produce planarE-E dimers stabilized by horizontal H-bonds. Further dimer aggregation yields
sandwich-like tetramer structures stabilized by vertical H-bonds andπ-π interactions. Thep-
hydroxybenzohydroxamic tetramers, less stable than those of salicylhydroxamic, contain two water
molecules in their structures. The gas-phase structures of salicylhydroxamic acid and its anions were
investigated by ab initio calculations using the density functional theory at the B3LYP/AUG-cc-pVDZ
level. The SHA most stable gas-phase conformer is the A-Z amide, a structure with all three phenolate
(OP), carboxylate (OC), and hydroxamate (OH) oxygen atoms in thecis position. The B-Z amide, with the
OP oxygen trans to OC, lies 5.4 kcal above the A-Z amide. The most stable monoanion is the
N-deprotonated A-Z amide.

Introduction

Hydroxamic acids (R-CONHOH) are very important bioli-
gands.1 Much of their biological activity is related to their ability
to form very stable metal chelates,2 especially with iron.3 The
literature related with hydroxamic acids is very extended, as

inferred from the growing amount of work published in the past
few years, compiled in earlier publications.4-6 Despite the
renewed effort made to elucidate the main features and due to
their ability to adopt different conformations, the solution
chemistry of hydroxamic acids is still poorly characterized.5 The
restrained rotation around the C-N bond revealed by NMR
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measurements,7,8 and borne out by theoretical calculations,4

gives rise to theZ and E conformers whose existence would
imply the possible formation of the corresponding imide
structures. However, ab initio and NMR investigations4,6-8

suggest that formation of imide structures both in the undisso-
ciated hydroxamic acids and in their anions is in the minority.
On the basis of theoretical calculations and comparative data
with amides, some authors have concluded that theZ-amide
conformation of the monohydroxamate group (CONHOH)
becomes preferentially stabilized either by intramolecular
hydrogen bonding in nonpolar solvents9 or by hydrogen bonding
with water molecules.10 On the other hand, theZ-imide structure
is definitely present in the hydroxamic acid/metal chelates.4,5,11

A further matter of debate stems from the acid-base
properties of monohydroxamic acids. Apparently both the N-H
and O-H protons are labile; however, different titration
experiments with strong bases have shown that only one proton
can be removed, even at the highest basicity levels. Therefore,
the challenge of assigning the deprotonation site in monohy-
droxamic acids still remains. The O vs N deprotonation
controversy has given way to different interpretations by
different authors.9,12 Thus far, the NMR experiments carried
out indicate that both the N- and O-deprotonation progress to
similar extents.4-6 On the other hand, a number of gas-phase
conformations supporting N-acidity4,6,13,14 for the anions of
formohydroxamic,15 acetohydroxamic (AHA),6,15-17 and ben-
zohydroxamic acids (BHA) have been deduced from ab initio
calculations.4

We report here on a theoretical and experimental investigation
on salicylhydroxamic acid (SHA) and an experimental inves-
tigation on its isomerp-hydroxybenzohydroxamic acid (PH-

BHA); although these acids bear three potentially acidic
hydrogen atoms, upon titration with bases only the phenol proton
and one of the two remaining protons are prone to afford the
corresponding anions.18 Hence, this work is aimed at: (a)
determining the most stable structure for both the undissociated
species and its anions, identifying the most likely SHA gas-
phase ionization sites; (b) evaluating by UV-vis spectropho-
tometry the SHA and PHBHA pKA deprotonation values in
water, and deriving conclusions on their acidic behavior; and
(c) extracting information about the PHBHA and SHA structures
from 1H NMR spectra in deuterated acetone.

Results and Discussion

Theoretical Study of SHA. To properly cope with the
geometry optimization of both the neutral SHA species and its
anions, the amide and imideZ andE forms with the aromatic
ring coplanar with the OdC-N group were taken as starting
structures. From here onward, OC stands for the carbonyl
oxygen, Op for the phenolate oxygen, and OH for the hydrox-
amate oxygen. The search for some stable forms has provided
a set of 36 different SHA geometries (14 amide and 22 imide
forms) among which the A and B conformation sets stand out.
In the A-form, the ortho toluenic OPH group faces the CO group,
whereas in the B form the OPH faces the nitrogen atom. Scheme
1 displays the most stable neutral and anionic A-SHA amide
forms; Table 1 lists their relative energies and dipole moments
calculated with the B3LYP/AUG-cc-pVDZ method. The re-
maining structures are stored in Scheme S1, and their parameters
are set down in Table S1 of the Supporting Information (SI).
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TABLE 1. Calculated Relative Energy (kcal/mol) and Dipole
Moment (Debyes) of the Neutral Forms and Anions, and
Dissociation Energies (kcal/mol) of A-SHA with the
B3LYP/AUG-cc-pVDZ

neutral forms ER µ

A-Z-amide 0.0a 3.1288
A-E-amide 4.5 3.7061

anions ER µ

A-Z-1 0.0b 5.5199
A-Z-2 13.8 8.9918
A-Z-3 15.4 4.6997
A-E-1 12.7 4.6109
A-E-2 9.3 4.3444
A-E-3 22.2 4.1736

dissociation energies

A-Z-amidea A-Z-1 335.7
A-Z-amidea A-Z-2 349.5
A-Z-amidea A-Z-3 351.2
A-E-amidea A-E-1 343.0
A-E-amidea A-E-2 340.5
A-E-amidea A-E-3 353.0

a Ea) -551.431548 au.b Eb) -550.896510 au.
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The A-Z-amide structure appears to be most stable in the gas
phase; its most stable conformer, the B-Z-amide, lies 5.4 kcal/
mol above the corresponding A-form. The A-Z-amide conformer
becomes stabilized through formation of a strong intramolecular

OPH‚‚‚OC H-bond; actually, the most stable A-E-amide con-
former lies 4.5 kcal/mol above the A-Z-amide form, in good
agreement with the value reported by Kaczor et al.19

For the Z-amide, the most likely dissociation process is
N-deprotonation, which requires 335.7 kcal/mol (A-SHA) and
329.6 kcal/mol (B-SHA), respectively. For the A-E-amide
form, the most predictable dissociation process corresponds

(19) (a) Kaczor, A.; Proniewicz, L. M.J. Mol. Struct.(THEOCHEM)
2003, 640, 133-141. (b) Kazcor, A.; Szczepansky, J.; Vala, M.; Proniewicz,
L. M. Phys. Chem. Chem. Phys.2005, 7, 1960-1965.

SCHEME 1. Most Stable Neutral and Anionic Structures of A-SHA Amide
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to formation of anion A-E-2, which requires 340.5 kcal/mol.
Table S2 shows the most likely dissociation processes of A-SHA
and B-SHA calculated with the B3LYP/AUG-cc-pVDZ
method.

Acid Dissociation Equilibria. UV Spectrophotometry.
Evaluation of the pK values of SHA and PHBHA corresponding
to the proton dissociation reactions 1 and 2

were carried out by UV-vis spectrophotometry.
SHA. Figure S1 shows the spectral changes recorded during

the titration of SHA with NaOH. The data treatment used for
equilibria evaluation has been described earlier.5 The pK values
at different temperatures (Table S3) are in good agreement with
previously obtained data.20-23 The temperature dependence of
the pK1 and pK2 values yielded∆H1

0 ) 4.4 ( 0.4 kcal mol-1

and ∆S1
0 ) -19.7 ( 0.9 cal mol-1 K-1 for reaction 1, and

∆H2
0 ) 3.6 ( 0.1 kcal mol-1 and ∆S2

0 ) -32.7 ( 0.5 cal
mol-1 K-1 for reaction 2. The∆S2

0 value, more negative than
the∆S1

0 value, accounts for the larger solvation of the dianion
formed according to reaction 2. Both dissociation reactions are
weakly endothermic.

PHBHA. The spectral changes recorded during the titration
of PHBHA are shown in Figure S2; the absorbance vs pH plot
at 258 nm (Figure 1), displaying a minimum at pH) 8.8, reveals
overlapping equilibria. For pH> 7 the plot shows two unequal
pH readings for the same absorbance value. This feature enables
application of Ang’s method.24 This method is capable of
analyzing and drawing a distinction between two ionization
equilibria whose pK values lie very close to each other; the
absorbance-pH data pairs can then be analyzed using eq 3,25

whereA1 stands for the absorbance at the lowest pH value,A3

for the absorbance at the highest pH value, andA2 for the
absorbance at intermediate acidity levels, all measured at the

same wavelength. Themi parameters were interpreted in terms
of activity coefficients of the species involved in reactions 1
and 2. A nonlinear least-squares fitting of eq 3 to the data pairs
yields the optimized values forA1, A2, A3, m1, m2, pK1 and pK2;
the continuous line measures the goodness of the fit. Table 2
lists the averaged pK1 and pK2 values that arose from replication
of the fitting procedure at seven different wavelengths; also are
included the pK values of those parent acids which may be
useful to reliably give away the deprotonation sites.

The closeness of the pK2 values of SHA and PHBHA to the
pK2 value of p-hydroxybenzoic acid26 suggests deprotonation
at the-OPH site of the investigated acids. The pK2 value of
SHA is 0.5 units higher than that of PHBHA owing to the OP-
H‚‚‚‚OC hydrogen bond present only in this acid.

The pK1 values deduced for SHA and PHBHA, rather close
to that of benzohydroxamic acid (BHA), suggest that the
hydroxamate group is the deprotonation site for both acids
(Table 2). However, the pK1 value of SHA was definitely lower
than that of PHBHA. This feature could be interpreted if one
takes for granted that the OP-H‚‚‚OC hydrogen bond, present
only in SHA, brings about a strength reduction of the adjacent
OC‚‚‚H-OH hydrogen bond, thus making deprotonation of the
OHH group easier. This interpretation requires that, in aqueous
solution, both acids display the A-Z conformation. The differ-
ence in pK1 values of SHA and PHBHA is almost twice the
pK2 difference. These results could not be interpreted only in
terms of the different strength of the OC‚‚‚H-OH hydrogen bond
present in both acids; actually, due to the partial double bond
character of the C-N bond, an electron-withdrawing effect from
N to OC becomes feasible; hence, N-deprotonation also becomes
feasible. In the case of SHA the negative density of charge on
OC turns out to be reduced by the additional OP-H‚‚‚OC

hydrogen bond. As a consequence, an electron shift from N to
OC is favored, thus leading to a lower pK1 value. To this aim,
it is interesting to notice that simultaneous N and OH deproto-
nation of SHA should occur in metallacrown formation.27 Also,
it should be noted that N-deprotonation concurs with the gas-
phase computations performed on SHA.

1H NMR Solution Study. PHBHA . The1H NMR spectrum
of PHBHA in acetone (Figure 2a) displays several signals, in
particular: (i) signal (1), which consists of three peaks, two
very close together with same intensity; (ii) two small singlets,

(20) Agrawal, Y. K.; Tandon, S. G.J. Electroanal. Chem.1973, 43,
158-160.
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TABLE 2. Comparison of pK Values of the Different Species at 25
°C

compound pK1 pK2

p-hydroxybenzoic acida 4.57 9.46
BHAb 8.78
SHAc 7.56 9.85
PHBHAc 8.4 9.4

a Reference 26.b Reference 4.c This work.

H2A {\}
pK1

HA- + H+ (1)

HA- {\}
pK2

A2- + H+ (2)

A )
A1(10-pH)m1+m2(10-pK1)-m1(10-pK2)-m2 + A2(10-pH)m2(10-pK2)-m2 + A3

1 + (10-pH)m2(10-pK2)-m2 + (10-pH)m1 + m2(10-pK1)-m1(10-pK2)-m2

(3)

FIGURE 1. Dissociation process of PHBHA atλ ) 258 nm.T ) 25
°C, I ) 0.2 M, andCPHBHA ) 4.3 × 10-5 M.
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(2) and (5), perceivable only below-10 °C; (iii) signal (3),
whose location is strongly temperature- and concentration
dependent; (iv) signal (4), which is only scarcely sensitive to
the above variables, and (v) signal (6) that consists of two peaks,
which are strongly temperature dependent and coalesce at 10
°C. The acetone signal, displayed at 2 ppm, is not reported in
Figure 2. Two doublets centered at 6.81 and 7.75 ppm, whose
locations are temperature- and concentration-independent, are
also exhibited. They correspond to the aromatic hydrogen atoms
and are not shown in Figure 2.

Considering theZ/E isomer effect, comparison of the spectra
of PHBHA (Figure 2a) with those of benzohydroxamic acid
(BHA)5 (Figure 2b) makes clear that five of the observed signals
in Figure 2a correspond to the signals shown in Figure 2b as
follows: (1) corresponds to (O)HE, (2) to (N)HZ, (3) to (N)HE,
(5) to (O)HZ, and (6) to H2O. Hence, signals (1), (2), (3), and
(5) will be denoted as (OH)HE, (N)HZ, (N)HE, and (OH)HZ,
respectively. Signal (6), which consists of two close together
singlets in PHBHA and only a singlet in BHA, corresponds to
the trace water present in solution and will be analyzed below
in connection with the NOESY experiments. The signal (4)
displayed by PHBHA corresponds to the OpH proton; this
singlet, however, could not provide information on the PHBHA

Z / E transition because the signals of both isomers overlap
each other. Integration of the signals shown in Figure 2a yields
the 4:96Z:E population ratio; this ratio rises to 25:75 in BHA
(Figure 2b) and falls down to 0:100 in SHA (Figure 2c).

Table S4 shows the PHBHA concentration effect on the 1-5
signals; these move downfield as the substrate concentration is
raised, suggesting occurrence of PHBHA aggregation processes.
Table S5 shows the temperature effect on the (OH)HE, (N)HZ,
(N)HE, (OP)H, and (OH)HZ resonance in the-90-30 °C
temperature range. Figure 3a shows the temperature effect on
the (OH)HE, (N)HE, and (OP)H resonance in the-90-30 °C
temperature range. The upfield shift observed when the tem-
perature was raised can be put down to a reduction of the
hydrogen bond strength present in the substrate structure. The
most pronounced variation of the (N)HE proton signal suggests
formation ofE-E aggregates such as that shown in Figure 4a,
similar to the dimer structures put forward for amides;28 it should
be noted that dimer formation has been suggested for other
hydroxamic acids.4,5,7,10,19The somewhat more modest variation

(28) (a) Silverstein, R. M.; Webster, F. X.Spectrometric Identification
of Organic Compounds, 6th ed.; Wiley & Sons: New York, 1998. (b)
Scheiner, S.Hydrogen Bonding: A Theoretical PerspectiVe; Oxford
University Press: Oxford, 1997; p 125.

FIGURE 2. 1H NMR spectra (400 MHz) recorded at-60 °C in acetone-d6 for (a) CPHBHA ) 0.035 M, (b)CBHA ) 0.032 M, and (c)CSHA ) 0.02
M. For the sake of clarity, the signals of the aromatic H atoms are not shown.
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of the other signals in Figure 3a, will be discussed below. The
structure depicted in Figure 4a requires that, even if the
monomers are in theZ conformation (as suggested by the
theoretical calculations), those should adopt theE conformation
for the dimerization process to occur. This idea is also consistent
with the results of a previous NMR study of BHA,5 where the
E isomer was found to be the majority species in acetone at
low temperature.

The gas-phase relative stabilities of theE-E and Z-E
PHBHA dimers, calculated with B3LYP/cc-pVDZ, show that

theE-E dimer (µ ) 0.0441 D) is more stable by 9.0 kcal mol-1

than theZ-E dimer (µ ) 4.8056 Debye). Calculations for the
Z-Z structure did not attain convergence. In conclusion, both
the NMR spectra and the theoretical calculations point to
formation ofE-E dimers.

Figure 5 shows the concentration dependence of the signal
(3) corresponding to the (N)HE proton at-60 °C (Figure 2a).
The signal moves downfield as the PHBHA concentration is
boosted, concurrent with the onset of intermolecular hydrogen
bonds corresponding to the presence of aggregates in equilibrium
with monomers; the signal tends to level off at the highest
substrate content, suggesting that under these circumstances the
aggregated forms tend to prevail. On the other hand, measure-
ments at 20°C (not shown) reveal that the (N)HE chemical shift
is independent of the PHBHA concentration, suggesting that at
high temperature only monomers are present.

Figure 6a shows more in detail how signal (1), corresponding
to the(OH)HE proton (Figure 2a), changes when the PHBHA
total concentration is varied. The observed inversion of the peak
integral ratio as the substrate concentration is raised, clearly
indicates occurrence of aggregation, the two signals with the
same intensity corresponding to the aggregate. If the aggregation
process is described by

then then value can readily be obtained through a log-log plot
according to

where R ) [aggregate]/[monomer],CA is the total substrate
concentration andKn is the equilibrium constant of reaction 4.
Derivation of eq 5 is shown in detail in SI. Then and Kn

parameters are obtained by an iteration procedure; once the
convergence is reached, the slope of such a plot yields the value
n ) 3.3, and the intercept yieldsKn ) 4.5× 105 M1-n (Figure
7). These results indicate that the PHBHA aggregates are more
complex than simple dimers. The value ofn higher than three
suggests that probably some tetramer structures could also be
present.

It is interesting to notice that the (N)HE signal is single,
whereas the (OH)HE signal is split into two peaks. This fact
indicates that the chemical process associated with the (N)HE

signal is fast even at low temperatures, consistent with formation
of hydrogen bonds as in the dimer structures of Figure 4. The

FIGURE 3. Temperature effect on the chemical shifts of the (OH)HE

(9), (OP)H (2), and (N)HE (b) hydrogen atoms. (a) PHBHA (CPHBHA)
0.035 M) and (b) SHA (CSHA) 0.051 M).

FIGURE 4. Dimer structures: (a)E-PHBHA, and (b) A-E-SHA.

nA a An (4)

log R ) log Kn + (1 - n) × log(1 + nR
CA

) (5)
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rates for the monomer/ dimer interconversion are expected
to be diffusion-controlled. For instance, ultrasonic relaxation
measurements on aqueousN-ethylacetamide show that the
monomer-dimer interconversion is very fast (τ ) 6-8 × 10-9

s at -10 °C).29 By contrast, the (OH)HE signal splitting is
associated to a slower process. According to the structures of
Figure 4 this proton is not directly involved in dimer formation.
However, it can be involved in tetramer structures as will be
shown later; in such a case, the formation ofπ-stacked
aggregates can well give separate peaks, i.e., the momomer/

π-aggregate exchange rate is slow on the NMR time scale. For
instance, theπ-aggregation process of the cyanine CCyan2,
studied in aqueous solution at 25°C by the T-jump technique,
was found to occur on a much longer time scale (0.2-1
millisecond for substrate concentrations of the orders of 1×
10-4 M).30

Figure S3 shows the1H-1H NOESY spectra of PHBHA
recorded in acetone at-60 °C. Figure 8 shows the expansion
of the most relevant peaks. Only a cross-peak due to chemical
exchange (with the same phase as the diagonal, continuous line),
but five cross-peaks from NOE interactions (with opposite phase
than the diagonal) could be observed. A NOE interaction
between the (OH)HE proton and the aromatic hydrogen atoms
in the ortho position with respect to the hydroxamate group was
observed at (7.75, 11.19). The cross-peak at (9.77, 6.89)
corresponds to the NOE interaction between the aromatic meta
hydrogen atoms and the (OP)H hydrogen. The signal at (11.18,
10.03) indicates the NOE interaction between (N)HE and (OH)-
HE; all these cross-peaks verify the signal assignment shown
in Figure 2a. As expected, the NOE cross-peak at (6.89, 7.75)
corresponds to the interaction between theo-H and m-H
aromatic hydrogen atoms (only shown in Figure S3). Concerning
the aggregate structures, it is interesting to note that a small
NOE corresponding to the interaction between (OP)H and one
of the signals assigned to water appeared at (9.77, 3.84).

In the 1H NMR spectrum, the two water peaks (signal 6)
behave differently. The peak area atδ ) 3.85 ppm rises upon
addition of small water amounts to the acetone-d6 solution,
whereas the peak area atδ ) 3.84 ppm remains constant. It
can then be concluded that the signal atδ ) 3.85 ppm
corresponds to the free water present in solution. On the other
hand, the peak area atδ ) 3.84 ppm is proportional to the
PHBHA content, the 2:1 PHBHA:H2O ratio indicating that the
signal atδ ) 3.84 ppm corresponds to the stoichiometric water
joined to solute.

(29) Miecznik, P.J. Chem. Phys. 1999, 10, 2539-2543.
(30) Biver, T.; De Biasi, A.; Secco, F.; Venturini, M.; Yarmoluk, S.

Biophys. J. 2005, 89, 374-383.

FIGURE 5. Concentration effect on the chemical shift of the peak
associated with the (N)HE proton recorded in acetone atT ) -60 °C:
(b) PHBHA, and (O) SHA.

FIGURE 6. Portion of the 400 MHz1H NMR spectra showing the
concentration effect on the (OH)HE proton signals recorded at-60 °C
in acetone-d6 for (a) PHBHA and (b) SHA.

FIGURE 7. Analysis of the concentration effect on the peaks of the
(OH)HE protons (eq 5) recorded atT ) -60°C in acetone: (b) PHBHA,
(O) SHA.

FIGURE 8. 1H-1H NOESY spectrum of PHBHA in acetone-d6. T )
-60 °C, CPHBHA) 0.061 M. The 400 MHz1HNMR spectrum is shown
at the top and left-hand edges, with assignments.
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The outcomes of the NMR experiments concur in supporting
a sandwich-like structure of the PHBHA aggregate, where two
dimers of the type shown in Figure 4a gather together to form
a tetramer stabilized by two water molecules (Figure 9a); the
value n ) 3.3 deduced by application of eq 5 bears out this
interpretation. Likewise, hydrogen bonds such as (OH)HE ‚‚‚
OH and π-π interactions are also important for the tetramer
stabilization. This issue will be discussed below concurrently
with the analysis of the SHA NMR experiments. The analysis
of the NMR spectra according to eq 5 and the 1D and 2D1H
NMR experiments enables one to conceive the aggregation
process in a more detailed way according to reaction 6

where the steady-state concentration of species A2 is in the
minority. On this basis, the two signals with same intensity
shown in Figure 6a correspond to the tetramer, and the signal
at higher field corresponds to the monomer. The even intensity
of the two signals could be interpreted in light of the tetramer
structure put forward in Figure 9a. Two of the four (OH)HE

hydrogen atoms present in the tetramer are involved in (OH)-
HE‚‚‚(OH)HE interdimer bonds, and the other two are free. The
small signal separation and the broad shape both suggest an
interchange between the hydrogen-bonded and the free (OH)HE

groups. Finally, it should be noticed thatπ-π vertical interac-
tions could add further stability to the tetramer structure. In
principle, vertical interactions such as (OP)H-π and/or (OH)H-π
are also feasible in the proposed tetramer structure.31 Such
interactions should alter the chemical shift of the aromatic
protons; however, in view of the1H NMR experiments that
demonstrated this is untrue, this sort of interaction was not taken
into consideration.

SHA. Compared to the1H NMR behaviors of PHBHA and
BHA, that of SHA (Figure 2c) is simpler. In addition to the
water peak, only three signals could be observed which, by
comparison with the spectra of PHBHA and BHA, will be

assigned to theE isomer, which appears to be in the majority.
The signals of the aromatic hydrogens do not exhibit any
variation of chemical shift with temperature and substrate
concentration and therefore are not included here. The location
of the two rather close signals at about 11.4 ppm, corresponding
to the (OH)HE proton, is almost concentration independent;
however, its relative intensity strongly changes with the rise in
SHA concentration, as shown in detail in Figure 6b. This
behavior resembles that of PHBHA and suggests that SHA also
undergoes self-aggregation. The parameters deduced for SHA
by application of eq 5,n ) 4.0 andKn ) 2.2× 108 M1-n (Figure
7), reveal that in this system the tetramer formation is more
extended compared to that in PHBHA. However, formation of
aggregates with highern for higher substrate concentrations
could not be ruled out. Absence of splitting of the low-field
component of the (OH)HE pair of signals observed for SHA
could be rationalized by assuming that the rate of proton
exchange is higher in the SHA tetramer compared to that in
PHBHA. By analogy with the corresponding signals observed
for PHBHA and BHA, the signal ranging between 8.4 and 9.5
ppm (Figures 2c and 3b) has been assigned to the (N)HE proton,
since its line width at 20°C and its location in the spectrum
concur with the observed behavior of the amide NH proton.28

The sharp peak at 12.6 ppm corresponds to the (OP)HE proton.
The chemical shift (δ > 12 ppm) observed for this proton, much
larger than that of PHBHA (δ < 10 ppm), should be put down
to the strong OP-H‚‚‚OC hydrogen bond present in SHA. The
signal at 3.45 ppm (Figure 2c) corresponds to trace water;
contrary to the two signals of water observed for PHBHA
(Figure 2a), the water signal for SHA is a single signal whose
intensity is independent of the SHA concentration and corre-
sponds to the free water. This observation suggests that water
molecules, which stabilize the tetramer PHBHA structure
(Figure 9a), are absent in the case of tetramer SHA (Figure 9b).
The enhanced stability of the SHA aggregate, borne out by the
largerKn value, could be explained by the extended planarity
of the E-E dimer moieties (Figure 4b) forming the tetramer,
which would result in an increase of theπ-π interactions. In
addition, further stabilization of the SHA tetramer can arise from
the enhanced strength of the vertical hydrogen bonds, revealed
by the downfieldδ shift of the (OH)HE proton of SHA compared
to that of PHBHA (Table 4S and Figure 6). Figure 5 shows
that the concentration effect on the chemical shift of the SHA
(N)HE proton is more restricted compared to that of PHBHA;
this behavior finds a convincing explanation in the enhanced
stability of the SHA tetramer. Actually, since the equilibrium
represented by reaction 4 shifted toward the SHA tetramer (Kn

) 2.2 × 108 M-3), the concentration dependence ofδ should
level off at relatively low substrate concentrations. Figure 5 also
shows that, at relatively high substrate concentration, the (N)HE

chemical shift drops by about 1 ppm on going from PHBHA to
SHA. Such an effect can be put down to the strength reduction
of the (N)HE ‚‚‚OC intermolecular hydrogen bond in SHA,
brought about by the presence of a second strong intramolecular
(OP)H‚‚‚OC hydrogen bond (Figure 4b). The temperature
dependence of the chemical shifts shown in Figure 3 bears out
the above observations. The decrease inδ for (N)HE upon rising
temperature is much more pronounced for PHBHA compared
to that for SHA, concurrent with the less stable structure of the
PHBHA aggregates.

(31) Desiraju, G. R.; Steiner, T.The Weak Hydrogen Bond: Applications
to Structural Chemistry and Biology; International Union of Crystallography
Monographs on Crystallography, 9; Oxford University Press: Oxford New
York, 1999; (a) p 130. (b) pp 363-364.

FIGURE 9. Suggested tetramer structures for (a) PHBHA, and (b)
A-SHA.

4A a 2A2 a A4 (6)
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Experimental and Computational Section

All chemicals were analytical grade. Hydroxamic acids, SHA
and PHBHA, were recrystallized from water; to reduce to a
maximum the water content, the crystals were dried for 48 h under
vacuum in an inert nitrogen atmosphere. Acetone was purified as
previously described.4 Despite the many cautions taken, full
exclusion of water from the solution was unattainable.

All the NMR experiments were performed using a 400 MHz
instrument (operating at 399.94 MHz for1H). Two-dimensional
NOESY NMR spectra were carried out for PHBHA in acetone-d6

at -60 °C. The chemical shifts were referenced to the residual
resonance of the deuterated solvent. The sample temperature was
calibrated with a standard methanol sample.

The spectrophotometric measurements were performed with a
Hewlett-Packard 8453 spectrophotometer with a Peltier accessory
to control temperature. Experiments were performed at 15, 25, 35,
45, and 55°C for SHA and at 25°C for PHBHA. In view that
some benzohydroxamic acids may undergo hydrolysis in basic
medium,32 the conditions for such an effect to be negligible were
carefully controlled. The reversibility of the acid-base process was
routinely checked. To properly remove the CO2 dissolved in water,
the spectra were recorded in an inert atmosphere. The pH readings
were taken by a pH meter, with a glass electrode combined with a
3 M KCl calomel electrode and temperature probe, equilibrium time
120 s and a 20 mV/min signal drift. The glass electrode was
calibrated with eight buffer solutions covering the 1.26-12.46 pH
range, which enables a fair coverage of the acidity range of the
experiments with a single calibration curve.

To reduce to a minimum the computational effort, all calculations
were performed with the Mo¨ller-Plesset perturbation (MP2/RHF/
cc-pVDZ) and density functional theory (B3LYP). Both theoretical

approximations, MP2 and B3LYP, bear identical accuracy for the
determination of equilibrium geometries. All the calculations were
carried out with the package Gaussian 98.33

The calculations have been initialized at the RHF/cc-pVDZ level,
which is powerful enough for the search for the minimum energy
structures optimizing the geometry from distinct starting points.
More accurate B3LYP/AUG-cc-pVDZ calculations, with full
geometry optimization, have been performed from the RHF
structures for determining the relative energies and the enthalpies
of the likeliest deprotonation processes.
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