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Abstract: A series of dimeric N-isopropylhydroxamic acids, separated by (CH,), units (n = 4, 6, 8, and 10), have been synthe-
sized from the acid chlorides and N-isopropylhydroxylamine. The structure of the adipoyl derivative (# = 4) has been deter-
mined from single-crystal X-ray diffraction data collected by counter methods. In contrast to all previous hydroxamic acids
that have been structurally characterized, the planar hydroxamate groups are trans, with C(O)-N and C==0 distances similar
to those found in amides. Strong intermolecular hydrogen bonds between the hydroxyl and carbonyl groups hold the molecules
in pleated planes perpendicular to the b axis and compensate for the loss of the intramolecular hydrogen bond of the cis confor-
mation. The intermolecular hydrogen bonds appear to be stronger than the intramolecular hydrogen bonds of the cis conforma-
tion, but the latter are entropically favored in solution. The molecules are located on a center of inversion in the space group
Pbca with @ = 9.3859 (3), b = 18.7156 (2), and ¢ = 8.4180 (2) A. Full-matrix least-squares refinement on 1217 independent
data with Fy2 > 30(F,?) and all atoms (including hydrogen) anisotropic led to an R factor of 3.8%.

Introduction

As part of the development of actinide-specific chelating
agents,! a series of dimeric /V-isopropylhydroxamic acids,
which are connected by even-numbered carbon chains of four
to ten, have been synthesized from the acid chlorides and V-
isopropylhydroxylamine. Unsubstituted dimeric hydroxamic
acids separated by up to eight carbon atoms previously have
been prepared from the esters and basic hydroxylamine.?
Acid chlorides are more reactive but require a N-substituted
hvdroxylamine to prevent the formation of cyclic /V-dia-
cylhydroxylamines. A series of dimeric V-phenylhydroxamic
acids has been prepared from the acid chlorides,’ but the N-
phenyl group may impart undesirable redox properties to the
ligand as observed in the oxidation of U(IV) to the uranyl ion
by N-phenylbenzohydroxamic acid.®

Because of the anomalously high melting point and ex-
tremely low carbonyl stretching frequency, the structure of
N, N’-diisopropyladipohydroxamic acid (1) was of interest to
us. Although no other structures of N-substituted hydroxamic
acids are known, the planar trans conformation of the hy-
droxamic acid group found in 1is seen only in N-hydroxyurea,’
whose geometry is influenced by hydrogen bonding of the
amino group. The structures of aceto-,% benzo-,? and salicy-
clo-10 hydroxamic ucids and the IR spectrum of formohy-
droxamic acid!! show a planar cis conformation. This con-
formation is retained in the structures determined for a series
of four O-benzoylbenzohydroxamic acids.!? Thus all solid-state
structures of hydroxamic acids are cis, although the trans
isomer is expected to be the more stable in the absence of in-
tramolecular hydrogen bonding. In fact, reports of such
isomerization have appecared for the related hydroximic
acids

R—0 OH

|

R—C=N

for R} = Ry = CH3!3and R, = Ph, R; = Et!4, where no in-
tramolecular hydrogen bonding is possible. With the expec-
tation that perhaps the anomalous properties of compound 1
could be explained by such isomerization, the structure analysis
reported here was begun.
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Experimental Section

Infrared spectra were obtained on a Perkin-Elmer 283 or a Beck-
man IR-9 spectrophotometer. 'H NMR spectra were recorded on a
Varian EM 390 spectrophotometer. Melting points were determined
in open capillaries with a Buchi apparatus and are uncorrected. Mi-
croanalyses were performed by the Analytical Services, Chemistry
Department, University of California, Berkeley.

The dicarboxylic acids, which were used as obtained, were converted
into their acid chlorides by refluxing thionyl chloride followed by
fractional vacuum distillation. N-1sopropylhydroxylamine was pre-
pared by the reduction of 2-nitropropane with zinc dust.'?

N,N'-Dihydroxy- N, N’-diisopropylhexanediamide (1). A suspension
of 0.22 mol of isopropylhydroxylamine and 0.3 mol of NaHCOj in
250 mL of ether and 25 mL of water was cooled to 0 °C and 0.1 mol
of adipoyl chloride, diluted with an equal volume of ether, was added
dropwise with stirring. After stirring overnight, the reaction mixture
was filtered and the precipitate was crystallized from methanol. The
resulting solid was washed with 25 mL of 0.01 M HCI followed by 3
X 25 mL of water. These washings exhibited a positive FeClj test
indicating the presence of the monohydroxamic acid, probably formed
by the hydrolysis of an eight-membered cyclic V,0-diacylhydroxyl-
amine (see ref 2). Compound 1 was obtained as a white powder after
recrystallization from methanol.

Anal. Calcd for C)aH24N204: C. 55.36; H, 9.29: N, 10.76. Found:
C,55.26: H,9.21; N, 10.67.

N,N’-Dihydroxy- N, N’-diisopropyloctane-, -decane-, and -dode-
canediamide (2-4). Using the above procedure, these compounds were
obtained as white plates after recrystallizing the first precipitate twice
from methanol.

Anal. Caled for CiaHsN204: C, 38.31; H,9.79: N, 9.71. Found:
C, 58.35; H.9.78: N, 9.68.

Anal. Caled for C1H33N,04: C. 60.73; H. 10.19: N, 8.85. Found:
C,63.02: H.9.98; N, 8.83,

Anal. Caled for C gH3¢N1O4: C, 62.76; H, 10.53; N, 8.13. Found:
C.63.02; H, 10.17: N, 8.08.

The vields and physicochemical properties of the ubove hydroxamic
acids arc summarized in Table 1.

X-ray Diffraction Studies. Colorless rhombic needles of NV, N’-di-
isopropyladipohvdroxamic acid (1) were obtained by the slow evap-
oration of a methanol solution. A piece of crystal of dimensions 0.18
X 0.23 X 0.48 mm was cleaved from a long needle using a scalpel and
was sealed in a thin-walled glass capillary. Precession photographs
and diffraction data showed orthorhombic symmetry and the sys-
tematic absences Okl k = 2n, h0l, ] = 2n, hkO, h 5 2n, consistent
with the space group Pbca. Graphite-monochromatized Cu Ko ra-
diation was used for the precise measurement of the cell constants and
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Table L. Synthesis and Characterization of Aliphatic Dimeric N-Isopropylhydroxamic Acids

0 0 OH

NaHCO,

OH O 0 OH

I I | | I
CIC(CH),CCl + 2(CHy),CHNH — === (CH,),CHN— C(CH,),C —NCH(CH,),

IR, cm™! 'H NMR (Me;CO-dg-MeySi), 6, ppm (J, Hz)
mol KBrpellet MeOHsoln (CH3),C <,12H -(CH3)-p—2 -C(O)CH;-,4H >CH,2H -OH,“2H %
n o wt mp, °C OH C=0 (=0 doublet multiplet triplet septet singlet  yield
4 260.3 162-163 31302 1570 1623 1.07 (7) 1.50, 4 H 235(7) 4.58 (7) 9.53 52
6 2884 135-136 3160 1600 1622 1.07 (7) 1.44, 8 H 2.30(7) 4.49 (7) 9.10 43
8 3164 137-138 3165 1600 1621 1.08 (7) 1.40, 12 H 231(N 4.54 (7) 9.10 74
10 3445 138-139 3165 1600 1622 1.05 (7) 1.36, 16 H 2.30(7) 4.48 (7 9.10 76

a Concentration dependent; disappears with D,0. ¢ Several bands between 2500 and 2900 cm -1,

Table II. Crystal Data for N,N’-Dihydroxy-/~,/N’-diisopropyl-
hexanediamide

C12H24N204
260.33
Pbca (D3, '%)

mol formula
mol wt

space group
cell constants?

a 9.3859 (3) A

b 18.7156 (5) A

c 8.4180 (2) A
vol 1478.73 (7) A?
formula units/cell 4
caled density 1.169 g cm=3
obsd density? 1.16 gcm™3
linear absorption coefficient, pcyka 6.85cm™!

@238 +0.5°C; CuKa, radiation, A = 1.540 562 A. & Measured
by flotation in CCls~pentane.

for data collection on a Nonius CAD-4 automated four-circle dif-
fractometer.!6 Cell parameters obtained by a least-squares fit to the
measured coordinates of 23 reflections ranging in 26 from 58 to 96°
are listed in Table 1.

The intensities of two equivalent forms, A, &, £/, of all reflections
with 26 < 150° were measured using a -2 scan and processed as
previously described.!?.!® An absorption correction!® gave a maximum
range of 1.12~1.25 for the correction factor and so was not applied.
Equivalent forms were averaged and, to avoid overweighting the strong
reflections, a parameter p equal to 0.02 (the R factor for averaging
F2) was introduced as previously described.20

Structure Determination and Refinement. Phases were determined
by MULTAN?! using the 80 largest E values. All nonhydrogen atoms
were located from the £ map with the highest figure of merit among
the eight phase sets generated by three special reflections. After

least-squares refinement of these atoms, the hydrogen atoms were
found in a difference Fourier.

Final full-matrix, least-squares refinement?2 on 1217 reflections
with Fo? > 30(F,2) and 191 variables led to convergence with R =
0.038, Ry, = 0.049, and an error in an observation of unit weight of
2.48.23 All atoms were given anisotropic temperature factors and
scattering factors for the neutral atoms.?* The unusual crystal per-
fection gave rise to severe secondary extinction, and a correction was
applied.?® A final difference Fourier showed maximum residual peaks
of £0.13 ¢ A~3, Refinement using isotropic hydrogen temperature
factors led to convergence with R = 0.044, R,, = 0.061, and anerror
in an observation of unit weight of 2.96, justifying the use of aniso-
tropic hydrogen temperature factors at the 99.9% level.2¢

Description of the Structure. The unusual trans conformation of
the hydroxamic acid group is shown in Figure 1. The carbon, nitrogen,
and oxygen atoms of the hydroxamic acid group have an average de-
viation of 0.014 A from their least-squares plane. The O-H bond and
C5-C6 vector of the isopropyl group are almost perpendicular to this
plane. The substituent carbons, C2 and C4, are located 0.1 and 0.2
A from opposite sides of the plane. Since the molecule is situated on
a crystallographic inversion center, the carbon chain connecting the
hydroxamic acid groups is planar. This plane forms a dihedral angle
of 70.3 (2)° with the hydroxamic acid plane.

Bond lengths and angles are shown in Figure 2. The N—C(=0),
C=0, and C—C(==0) bond lengths are in good agreement with those
found in amides [1.333 (5), 1.235 (5), and 1.506 (5) A]?7 and in ace-
tohydroxamic acid [1.321 (6), 1.234 (6), and 1.498 (6) A).8 The
N—C(=0) bond is slightly shorter, and the C=0 distance is longer,
in arylhydroxamic acids,?:'® possibly as a result of conjugation. The
N-O bond length, 1.396 (2) A, is identical with that found in V-
hydroxyurea’ and acetohydroxamic acid.® The C~C bonds in the
carbon chain are shorter than normal [1.537 (5) A),27 but are similar
to those found in the carbon chains of the aliphatic diacids?® and their

Table I1L. Positional and Anisotropic Thermal Parameters? (X103) for Compound 1

atom X y z B B2 B33 B2 B3 23
O: 0.9100 (1) 0.91720 (6) 0.9564 (1) 123(1)  3.89(4) 15.8 (2) 1.81(5)  —1.3(1) —2.35(6)
0, 0.2163 (1) 0.87200 (6) 0.7433 (1) 153(4) 476 (4) 19.6 (2) 2.06 (6) 57(1)  3.58(7)
N 0.0277 (1) 0.87878 (6) 0.9015 (1) 10.8 (1) 3.01(3)  12.4(1) 1.10 (5) A()  .34(5)
Ci 0.0185 (2) 0.96503 (8) 0.5412 (2) 18.6(2) 287 (4) 12.4 (2) 86 (9) -23(2) 1D
C, 0.0685 (3) 0.97479 (9) 0.7092 (2) 233(3)  2.94(5) 13.0 (2) 92(10) =27(2)  .86(7)
C; 0.1089 (1) 0.90534 (7) 0.7866 (1) 13.8 (2) 3.02 (4) 11.5(2) 58 (7) —1.0(1) .81 (6)
Cs 0.0655 (2) 0.81659 (8) 0.9976 (2) 140(2)  2.78(4) 12.5(2) 46 (7) 1.3(1)  .68(6)
Cs 0.9416 (3) 0.7658 (1) 0.0125 (3) 223(3)  3.95(7)  207(3) —2.83 (13) 30(3) -.14(12)
Cs 0.1236 (3) 0.8397 (1) 0.1569 (2) 223(33) 4.17(6) 15.7 (3) 00(13)  —=54(2) 1.31(10)
HO, 0.837 (3) 0.902 (1) 0.890 (3) 26. (4) 7.0(11) 27.(5) 2.0 (18) 9.(3) -8.1(19)
Hia  0.093(3) 0.938 (1) 0.476 (2) 30. (4) 5.8(9) 15.(3) 8.8(17) 4.3) L1(13)
Hig 0.931 (3) 0.933 (1) 0.543 (3) 31.(4) 3.4(7) 46. (6) —5.5(16) —20.(5) 6.9 (18)
Hsa 0.004 (3) 0.999 (1) 0.769 (2) 43.(6) 4.2 (8) 11.(3) 9.3 (20) —6.(3) 1.1 (12)
Hag  0.168 (4) 0.005 (1) 0.700 (3) 42.(6) 3.9 (8) 53.(8) —43(22) -13.(6) 11921
Hy 0.140 (2) 0.795 (1) 0.939(2) 20. (3) 3.9 (6) 12.(3) 8 (12) —4.(2) 2.6 (10)
Hsa  0.901 (3) 0.753 (2) 0.906 (3) 42.(6) 8.8 (13) 18. (4) —12.8 (23) —5.(4) 4 (18)
Hsg 0.969 (3) 0.721 (1) 0.067 (3) 35.(5) 4.8 (9) 35.(6) -2.7 (20) —-2.(4) 5.5(19)
Hsc  0.867(3) 0.791 (1) 0.076 (3) 25.(4) 4.5 (8) 37.(5) —1.5(15) 8.(4) -5.1(18)
Hea  0.204 (3) 0.873 (1) 0.141 (3) 32.(5) 5.1(8) 29. (5) —-6.5(19) —7.(4)  4.9(16)
Heg  0.152(2) 0.795 (1) 0.215 (2) 29. (4) 5.6 (8) 22. (4) 2.8 (16) 0.(3)  3.7(15)
Hesc 0.045 (2) 0.861 (1) 0.212(2) 22.(4) 4.8 (8) 21.(4) —.1(16) —1.(3) 1 (14)

9 The form of the anisotropic temperature factor is exp[—(81142 + B22k2 + B33/2 + 2B12hk + 2813k + 2633k1)].
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Figure 1. Stereopair of N,N’-diisopropyladipohydroxamic acid with
nonhydrogen and hydrogen thermal ellipsoids drawn at the 30 and 4%
probability levels, respectively.
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Figure 2. Bond lengths and angles in N,N’-diisopropyladipohydroxamic
acid. Unless specified in parentheses, esd’s are 0.002 A and 0.2°,

diamides.2%3% Although the N-C4 bond is shorter than normali,
found in amines [1.472 (5) A],? it agrees with the C-N distance of
1.457 (2) A found in [16]aneN4.3! Because of thermal motion the
isopropyl C-C bond lengths are shortened. Assuming that the methyl
carbons ride on the methylidyne carbon, corrected bond distances??
of 1.537 (2) and 1.535 (2) A are obtained.

As is normally observed in X-ray diffraction studies, the average??
C-H distance of 0.99 (5) A is shorter than that found by neutron
diffraction?® owing to the polarization of electron density of the H
atom toward the C-H bond. However, the O-H distance of 0.93 (3)
A is in good agreement with the neutron diffraction values of 0.95 (2)
A found in hydroxylamine hydrochloride and 0.94 (3) A found in
peataerythritol.3* This may be a result of a strong hydrogen bond
which prevents the polarization of charge toward the oxygen. The
average33 H-C-H and C-C-H angles of 109 (2) and 109 (3)° are as
expected for tetrahedral carbon atoms. The anisotropic thermal mo-
tion of the hydrogen atoms corresponds in general to the expected
orientation based on molecular geometry and force constants, That
is, the thermal motion tends to be minimized along the C-H bond and
reaches a maximum along directions perpendicular to torsional di-
rections of the methylene groups, as can be seen in the root mean
square amplitudes of vibration of individual atoms (Tables IV and V;
see paragraph at end of paper regarding supplementary material).

As seen in Figure 3, each molecule of 1 is hydrogen bonded to four
others forming pleated planes perpendicular to the b axis. The short
intermolecular O1-02 distance of 2.617 (2) A and the nearly linear
O1-H-02 angle of 175 (2)° indicate a strong hydrogen bond.3* This
is manifested by the high melting point and low carbonyl stretch of
1 as compared to the other members of the series. In addition to a band
at 3130 cm~!, compound 1 also exhibits several hydroxyl bands be-
tween 2500 and 2900 cm™!, which are characteristics of strongly
hydrogen bonded carboxylic acids,35 and which are not found in the
IR spectra of its congeners.

Discussion

The planarity of the hydroxamic acid group and its bond
lengths indicate partial N-C(O) double bond character as
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Figure 3. Packing dlagram of NN~ dllsopropyladlpohydroxamlc acid
viewed down the a axis with the b axis vertical. The O-H hydrogen atom
ellipsoid is solid black to distinguish it from the other atoms.

found in amides. The existence of stable conformations of the
hydroxamic acid group and hindered rotation about the N-
C(O) bond is supported by the 15 (1) kcal mol™! barrier to
rotation measured in NV,0-diacetylmethylhydroxylamine by
NMR.3¢ This barrier to rotation could be increased by hy-
drogen bonding of the hydroxyl group in hydroxamic acids.
That the carbonyl stretching frequencies of 2-4 are 30 cm™!
higher than that found in 1 indicates that 2-4 assume the cis
conformation normally found for hydroxamic acids in the solid
state.8-10 As a result of steric interactions, the cis conformation
forms weaker intermolecular hydrogen bonds, thus exhibiting
a higher carbonyl stretching frequency than found in the trans
conformation.

As seen in Table I, the carbonyl stretching frequencies shift
to higher frequencies upon dissolution of the hydroxamic acids
in methanol. The identical methanolic frequencies show that
1-4 exhibit the same structure in solution. The carbonyl shift
of 53 cm~! seen for 1'is more than double the shift seen for its
congeners, which are similar to those reported to occur between
the solid state and carbon tetrachloride solution for several
other hydroxamic acids.3” With the exception of 1, all known
solid-state structures of hydroxamic acids show a cis-planar
conformation 819 supporting the assigned cis conformation
for 2-4. In all cases, the hydroxamic acid groups are inter-
molecularly hydrogen bonded in the solid state.®-10 Upon
dissolution, weaker intramolecular hydrogen bonds (which are
entropically favored over the dimeric or polymeric inter-
molecularly bonded species) or hydrogen bonds to solvent
molecules would account for the increased carbonyl stretching
frequency: Strong evidence for the intramolecular hydrogen
bond, which requires a cis conformation, has been presented
by the additional 44-cm™! increase of the carbonyl stretching
frequency upon methylation of the hydroxyl group.3? The cis
conformation is also supported by dipole measurements of
benzene and dioxane solutions of hydroxamic acids.38

In summary, with the exception of 1, the cis conformation
is retained in the solid state.8-10 The stabilization of the trans
conformer of 11n the solid state is ascribed to the very strong
intermolecular hydrogen bonding present in this particular
structure—which also gives rise to the unusually ideal crys-
tallographic properties of the compound. The infrared spectra
of these compounds are a reliable diagnostic test of their con-
formation.
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A Molecular Orbital Study of the Benzene
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Abstract: Theoretical calculations on the valence isomerization of various substituted benzene oxides (1) to the corresponding
oxepins (2) have been carried out using ab initio self-consistent-field and semiempirical (MINDO/3) molecular orbital theory.
The MINDO/3 calculations successfully reproduce the known substituent effects at ring positions X, and X; and give a rea-
sonable estimate of the activation energy for 1 — 2. Several predictions are made concerning the effect of other substituents
on the benzene oxide-oxepin equilibrium. Additionally, some substitution patterns are suggested which may “drive” the equi-
librium completely toward either the oxepin or benzene oxide isomers. We also present calculated structures for benzene oxide
and oxepin (C¢HgO) and compare them with the structures of ethylene oxide (C2H40), benzenimine (C¢HgNH), and norcara-

diene (C¢H¢CH3).

Introduction

The epoxidation of planar aromatic hydrocarbons yields
molecules with structures similar to 1. These arene oxides are
generally unstable species which may isomerize to give oxepins
(2) or phenols, or may suffer nucleophilic attack. The first
successful synthesis of the simplest arene oxide, benzene oxide
(1), occurred some 14 years ago.? Since then, many structural
analogues of 1 including molecules with different substituents
at ring positions 2, 3, and 4 and molecules which replace -O-
by -NX- and -CXX’- have been synthesized and character-
ized.? Particularly well studied has been the valence isomer-
ization 1 = 2. One of the aspects of these studies which is
especially interesting relates to the effect of ring substitution
on the position of the benzene oxide-oxepin equilibrium.

0002-7863/80/1502-1255801.00,0

!
[~ ]
2 ? 2°7
3 ¢ — 3</\>4
¥y 5

¥ 5

(1) (2)

Substitution at position 2 {X>) favors oxepin while substitution
at position 3 (X3) favors benzene oxide relative to the parent
compound X, = X3 = H.

We have become interested in elucidating the underlying
electronic causes of this substituent effect and wish to present
here the results of our analysis. We discuss not only the effect
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