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ABSTRACT: The study of an isomeric A/B mixture of the title oxime 1, by photolytic or thermal E,Z-isomerization
and NMR measurement including 1H{1H}-NOE difference spectra, led to assignment of the E configuration to its
predominating form A. The 1H/13C data were interpreted in terms of steric overcrowding of both forms, especially of
the thermolabile photoproduct B. Four classical (empirical) NMR methods of elucidating the oxime geometry were
critically tested on these results. Unexpected vapor-phase photoconversion A!B in the window glass-filtered solar
UVand spectroscopic findings on their protonated states were discussed, as well. The kinetically controlled formation
of the N-protonated species (Z)-5þ was proved experimentally. In addition, some 1H NMR assignments reported for
structurally similar systems were rationalized (3 and 4) or revised (1 and 7–9) with the GIAO-DFT(B3LYP) and/or
GIAO-HF calculational results. Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894–3230/suppmat/
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INTRODUCTION

The NMR spectroscopy is an extremely powerful tool for
studying organic species. It enables an elucidation of the
structure and conformational preferences of such objects.
However, some problems can be occasionally encoun-
tered during the subtle spectroscopic effects interpret-
ations, especially when only a single approach is applied.

In our studies on sterically crowded rings, oxime 1 was
prepared following the literature procedure.1 After
vacuum sublimation in a Pyrex vessel exposed acciden-
tally to solar rays, the product appeared to be a mixture of
two isomers (major A: minor B� 85:15), in contrast to
data reported by Latovskaya et al. 1 According to these
authors only one form of 1 (henceforth abbreviated as A)
was formed under such conditions (except for a Pyrex/
sunlight coincidence), to which the Z configuration2 was
assigned,1,3 based on the 1H NMR results obtained with
Eu(dpm)3 as a lanthanide shift reagent (LSR).

To species A of mp ca. 398K,1,4 the only one form of 1
described until now, the E geometry was assigned earlier4b

from the outcome of its reaction with concentrated sulfuric
acid; the normal Beckmann rearrangement was assumed.
However 1, as derivative of an a-alkoxy imine, undergoes5

heterolytic fragmentation5,6 under such conditions and no
structural information is available. On contrary, analysis of
steric interactions between oximino (hydroxyimino) and
gem-diCH3 fragments in both isomers allowed to anticip-
ate that the more stable form A has the E geometry.

The rearrangements in oxime systems are known as
their unstable forms undergo usually conversion into
stable counterparts (Z-to-E isomerism) thermally, by a
prolonged exposure to daylight or chemically, for
example, with use of protic acids. By contrast, a higher
energy (shorter wavelength) UV irradiation through
quartz and/or special filters must be applied for reverse
processes conducted as major reactions (or beside the
competing photo-Beckmann rearrangement) in non-polar
media, usually deoxygenated just before use.7 Recently,
the solid-state photoisomerization was detected even for
molecules trapped in low-temperature matrices and a
reversible photoproduct formation was found leading to
an achievement of the photostationary state (PSS).8 By
changing the wavelength of UV irradiation, l> 295 nm
vs l> 335 nm, the equilibrium composition could be
altered,9 in line with the above generalities. Dependence
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of the PSS mixtures on UV wavelength (l254 vs 366 nm)
was found also for conjugated ketoximes (accompanied
by the solvent effect)10 and used for preparative
photoreactions.7c,11

O

N

(Z)-1(E)-1

O

N

HO

OH

O

O

2

Therefore, an assignment1,3 of Z geometry toA seemed
to be incorrect, and we decided to re-establish its
structure. This work presents results from isomerization
and NMR studies on both isomers of 1 in the mixture,
which led unequivocally to the E configuration for A.
Having a well-known A/B mixture in hand, enabled us to
test additionally the reliability and present-time useful-
ness of some classical NMR spectra-based methods12 of
empirical nature as tools for elucidating the oximino
geometry in oximes. Among these results, a spectro-
scopically proved formation of the N-protonated states
(Z)-1 under kinetical control conditions is of great
interest, in the light of some recent works on the
Beckmann rearrangement.13 Present experimental find-
ings were fully confirmed by high-level quantum
mechanical calculations of isomer ratios and
1H/13C NMR chemical shifts (using the GIAO method,14

both at the HF and at DFT level of theory). To the best of
our knowledge, this is the first application of such a
comprehensive approach for oximes. The observed
photoisomerization A!B in sun’s rays filtered through
a window glass is also worthy of mention, in view of
reported persistence of unconjugated ketoximes to
Pyrex-filtered UV radiation.7a

RESULTS AND DISCUSSION

Isomerization of oxime 1 and analysis of steric
interactions

Isomeric mixtures of a slightly different composition
(A:B� 85:15; by 1H NMR) from a few sublimations of
the crude product 1 in vacuo, were subjected to thermal
analysis. It was found that B undergoes reisomerization
above its mp1 at ca. 348–354K leading to formation of A
(mp2� 399K).15 Conversion B!A proceeded also in the
presence of catalytic amounts of protic acid. This process
was observed very well in NMR spectra taken in
commercial CDCl3, contaminated usually with traces
of DCl.16 By contrast, the crude 1 contained �99% of A
and its recrystallization led to the stereochemical purity
enhancement.

Above facts indicated that anA/Bmixture richer with a
thermally unstable photoproduct B was formed by

sunlight radiation filtered through the soda-lime/borosi-
licate glasses (photochemical E-to-Z isomerization).
Indeed, it can be supposed that this accidental exposure
to sun’s UV rays was equivalent to 366-nm irradiation
with a high-pressure Hg lamp.17 To the best of our
knowledge, no reports were in the literature on the
photoisomerization of oximes in the gas phase. Instead,
photolysis of the parent ketone 2 at 313 nm, through Pyrex
in methanol or pentane, was interpreted in terms of an
initial Norrish type I cleavage of the more highly
substituted C—C bond adjacent to the C——O group.18

For aliphatic ketimines>C——N�Yone should expect a
predominance of sterically preferred form with Y syn to
the least substituted a-carbon atom, from classical
concept of the great significance of steric bulkiness.12e,19

Moreover, thermal isomerization of oximes fails entirely
to produce detectable amounts of unfavorable forms.12a

Accordingly, all the foregoing rearrangements of 1 can be
rationalized by photolytic A!B and thermal or chemical
B!A processes (Scheme 1). So, we assigned the E
configuration to the more thermochemically stable form
A, in opposition to earlier LSR results.1,3 This proposal
was justified in the further NMR studies.

Spectroscopic investigations

In order to establish independently the geometry of both
isomers 1, their A/B mixture was analyzed by using four
classical NMR techniques of empirical nature (i-iv);12 the
resulting chemical shifts dXs and diagnostic differences
are listed in Tables 1–3.

(i) DMSO solution method. It was originally found
that replacement of syn- and anti-CH3 groups in
acetone oxime by larger alkyls produces in
DMSO-d6 an upfield (low-frequency) and a down-
field shift of diagnostic dH(OH)s, respectively.12a

Shifts of this kind observed for 1 allowed signal
assignment for A and B to species of the geometry E
and Z, respectively. These dH(OH)s were found
insensitive to concentration, most likely due to
strong solvent-solute (as a monomeric entity) inter-
molecular H-bonding.20 As expected, this depen-
dency was found with CCl4 and C6D6 (Table 1).
Similar NMR effects assigned to the tert-butyl hin-
dered formation of the H-bond SþO� � � �HO—N,
were reported previously.21 Substantial difference
dEH(OH)—dZH(OH) of 0.17 ppm for 1 and downfield
shift of both dHs should be also noted, in view of
those found for other ketoximes.12a,22 The latter data
are indicative of the large overcrowding in oximes 1.

(E)-1 (Z)-1
∆ > mp1 or H+ (in solution)

hν (sunlight, gas phase)

Scheme 1. Isomerization of the oxime 1
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(ii) Solvent-induced shift techniques based on the use
of magnetic anisotropy of the >C——N�OH mol-
ecular unit (Dd) and aromatic-solvent induced shift
(ASIS) effects (Dds) in the

1H NMR spectra taken in
CCl4 and C6D6. All differences Dd and Dds for
a-CH2 protons in 1 (Table 2) agree with stereoche-
mical relations established empirically by Karabat-
sos and Taller12b only on an assumption of the E
isomer predominance. However, a syn-anti effects
found for the voluminous gem-diCH3 group in pos-
ition 2 (Dd> 0, Dds> 0) are generally inconsistent
with those reported for simple methyl ketoximes
(Dd� 0,Dds< 0). The latter results strongly suggest
a great influence of steric crowding in both isomers 1
on the oxime-aromatic solvent interactions. Very
similar NMR spectroscopic picture was reported
for aliphatic moieties in two carbocyclic structural
analogues 4 (of unknown geometry) found in a
practically identical molar ratio of 84:16 (in CDCl3)
with DdHs of 0.22 and 0.12 ppm for their CH3 and
OH protons, respectively.23

(iii) Hydrochloric acid vapor method. Since HCl is
known to catalyze isomerization in oximes,6a this

Table 2. Solvent-induced shifts for oximes 1 (E/Z�85:15),
dH, ppm

a

CHn vs OH relation

a-CH2 b-CH3
b

Ddc Dds
d Ddc Dds

d

CCl4 — 0.13 — 0.14 —
C6D6 — 0.26 — 0.21 —
— syn — �0.02 — 0.17
— anti — �0.15 — 0.10

a Based on the data given in Table 1.
b For gem-diCH3 groups in the position 2.
cDd¼ dsyn–danti.
dDds¼ dC6D6–dCCl4.

Table 1. 1H NMR data for 1 in the A/B (E/Z)�85:15 mixture, dH, ppm
a

Entry Solvent

2-C(CH3)2, s 4-CH2, s 5-C(CH3)2, s OH, s

anti (A) syn (B) syn (A) anti (B) syn (A) anti (B) A B

1 DMSO-d6 1.26 1.39 2.59 2.485 1.21 1.21 10.56 10.39
2 CCl4

b 1.34 1.48 2.68 2.55 1.30 1.30 9.48 c,d 9.44c,e

3 CDCl3 1.40 1.55 2.76 2.605 1.34 1.34 9.39 f,g h

4 C6D6 1.44 1.65 2.65 2.39 1.125 1.125 9.64 i,j 9.56 i

5 C6D6 þ 2mL HClaq vapor
k 1.44 1.61 2.65 2.40 f 1.125 1.09 8.94f

6 C6D6 þ 6mL HClaq vapor
l 1.44 1.55 2.64 2.455

m 1.12 1.07 9.29

aAll signal assignments are based on the GIAO B3LYP/6-311þG(2d,p)//B3LYP/6-31G(d,p) results (vide infra). The words syn and anti indicate a spatial
disposition of the particular group with respect to the hydroxyl unit of an oximino group.
b Data reported in Ref. 1 must include an error, because both gem-diCH3 signals of (E)-1 are listed as occurring at d 1.28.
c Signals at 9.23
d and 9.18
e ppm, respectively, for different concentration.
f Broad.
g At 9.28 ppm for pure E.
h Not observed.
i One common very broad resonance signal at 9.60 ppm, under some circumstances.
j At 9.44� 0.10 ppm, for various solutions of the pure form E.
k About 10% of the Z species.
l About 9% of the Z species.
mVery broad.

Table 3. 13C NMR data and shift parameters for the con-
version of 2 to 1 (E/Z�9:1), dC or DdC, ppm

a

(E)-1 (Z)-1 2

C2 80.10 80.21 80.45
C3 168.05 167.30 214.17
C4 39.46 43.86 48.22
C5 79.06 78.80 75.86
2-CH3 30.05 26.39 26.32
5-CH3 29.15 29.15 30.13
Da–syn

b �8.8 �0.2 —
Da–anti

b �0.35 �4.4 —
Da–syn–Da–anti �8.4 4.1 —
da–da

�b,c �8.8 �4.4 —

aSee footnote a in Table 1.
bDa–syn (Da–anti or da–da

�)¼ doxime–dketone.
c For the CH2 carbon nuclei in the position 4.
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approach was applied with caution. Indeed, such a
reaction was really found, however C-H signals due
to both isomers 1 were easily identified in the
1H NMR spectra taken in C6D6 with gradual acid-
ification of the surrounding medium by bubbling
repeatedly the same, but rather little known, amount
of HClaq vapor through the solution (Table 1). In this
technique, the upfield and downfield shifts of a-syn
and a-anti signals occur, respectively,12c,d describ-
ing the time-average environments of the 1H nuclei
in protonated and non-protonated states of the
oxime. Adequate a shifts were found for both forms,
very small for A (�0.007 ppm) and large for B
(þ0.061 ppm) indicating for an equilibrium between
(Z)-1 and related ammonium salt (Z)-5þCl as a main
phenomenon observed. Therefore, it was reasonable
to assume the N-protonation12c,13e,24 of (Z)-1, rea-
lized by a proton attack from the less hindered side
(under kinetical control conditions), as proved
experimentally.25

Substantial, not reported to date, upfield shift of the
signal from remote gem-diCH3 group in the position 5
was also interesting (Table 2), especially from a
viewpoint of the structure of generated Hþ-states. The
initial formation of ammonium ions in a molecular
mechanism postulated for the acid-catalyzed Beckmann
rearrangement of oximes was discussed recently.13 But, a
competitive protonation of an oxygen atom giving rise
to the O-states 6 was also considered,12c,13a-c,e since
protonation occurs without any barrier (according to
reported calculational results).13a Our finding of initial
N-protonation of oxime 1 is in agreement with recent
report by Blasco and co-workers based on the solid-state
NMR data.13f

(iv) Syn-anti effect technique. Generally, 13C NMR
signals of both a-carbons in the system shift upfield
on the oxime formation, with an effect for the a-syn
C atom being considerably greater than for the
a-anti C.12e,f The dCs and shift parameters Da

measured for the A/B mixture and parent ketone 2
are given in Table 3. Differences Da–syn and Da–anti

found for 2!1 indicate the E geometry for A. The

shielding effect of Ca atoms proposed as a diagnostic
tool for the a-diketone monooximes (da–da

�, where
a� stands for the ketone a atom),26 exists also for the
4-CH2 carbon in 1, but to a substantially lesser extent
in relation to that reported for such diketone deriva-
tives. Interestingly, the (Da–syn–Da–anti) difference
for a strongly overcrowded form B is positive
(þ4.1 ppm) and much higher than an unique positive
value of þ1.1 ppm (or even only of þ0.8 ppm)
found for the large collection of ketoximes.12f Thus,
present results fully confirm an earlier assumption
that such differences are steric in origin.12e,f

(v) NOE-based measurements. Finally, modern 1H 1D
nuclear Overhauser enhancement (NOE) difference
NMR spectra27 were acquired for dilute solution of
pure form A of 1 in DMSO-d6 as a solvent of choice
for oximes (in order to obtain the strong/sharp
deuterium lock signal and narrow NOH lines, due
to a sufficiently slow exchange rate of this type of
protons in such hydrogen-bond acceptor med-
ium).27,28 Irradiation of the OH singlet caused a
small enhancement of the a-CH2 signal at
2.59 ppm. In contrast, a reverse experiment (satur-
ation of an a-CH2 transition) revealed a 1.3% NOE
of a nearby gem-diCH3 unit singlet and a 2.1% NOE
of the OH line (at 1.21 and 10.56 ppm, respectively)
indicating a close through-space connection between
all these protons.29 This proved unequivocally the E
geometry of an analyzed form of oxime 1 and
confirmed simultaneously the syn-OH arrangement
assigned to its b-C(CH3)2 protons at 1.21 ppm.

Molecular modeling and Predicting the NMR
Spectra

Overcrowded oximes 1, 3 and 4. Although the HF/
6–31G(d,p) is a standard level for all studies on the NHR
(or OH) group-containing systems or on the hyperconju-
gative stereoelectronic effects,30 we attempted to take
partially an electronic correlation into account. Accord-
ingly, density functional theory (DFT) was used at the
hybrid B3LYP level. In addition, standard Gibbs free-
energy differences, DG-, between both forms of 1 were
predicted in scaled frequency calculations31 giving the
isomer ratios E:Z of 95.1:4.9 and 97.1:2.9 for the basis
sets 6–31G(d,p) and 6–31(þ)G(d,p),32,33 respectively
(Table S2), in comparison with the observed A:B� 85:15
(vide infra). The more extended basis, 6–311þG(2d,p),34

was used in subsequent gauge independent atomic orbital
(GIAO)14 calculations of the chemical shieldings sXs, to
consider properly free electron pairs on heteroatoms. The
NMR data computed in this way fully confirmed the
foregoing E,Z-assignments (see Figure S2 for two
possible assignments of the most diagnostic 13C NMR
signals). To the best of our knowledge, this kind of
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calculations were not carried out before for oximes of
such a molecular size. The antiperiplanar (ap, s-trans)
rotamer about the single bond in the ——N—OHmolecular
unit was always preferentially found for 1 (Figure S1).

The scatter diagram and scaling equation of the type
d
pred
C;H ¼ adobsdC;H þ b evaluated for both forms E and Z of 1 in
CDCl3 are given in Fig. 1.35 In general, theoretical and
real dXs matched very well; r(dC,H)� 0.9998,
r(dC)� 0.9997 and r(dH)� 0.9986, respectively.37 The
strong correlation was found also for dHs measured in
CCl4 and DMSO-d6; r(dH)¼ 1.0000 and r(dH)� 0.9971
for E and Z, respectively, in both solvents. These
statistical results can be regarded as the best proof of
correctness of assignments given above. Moreover, such
an excellent compatibility between NMR data observed
and calculated for single isomers 1 indicates on their high
conformational rigidity and overcrowding preventing an
existence of the H-bonds resulting in their self-
association, that is known to exist among the ‘normal’
(not sterically crowded) oximes.12b

The 0.983-scaled B3LYP/6–31G(d,p) approach38 was
used also for the structurally related oximes 3 and 4
affording DG8

298.15 of 0.18 and 4.01 kJ mol�1 in favor of
(E)-3 and (Z)-4, respectively (Table S2), in excellent
agreement with the 1:1 and 16:84 ratios23 evaluated from
1H NMR spectra of their isomeric mixtures (most likely
equilibrated in CDCl3 solution, vide supra). According to
the GIAO B3LYP/6–311þG(2d,p) results obtained for 4,
these planar molecules ofCs symmetry are responsible for
gem-diCH3 signals at 1.808 and 1.475 ppm, in line with
reported dHs 1.85 and 1.63 ppm; DdHs 0.333 vs 0.22 ppm.
Analogous data DdH(CDCl3) for 1 and di-tert-butyl
ketoxime (DtBK) are 0.241 vs 0.14 ppm and 0.193 vs
0.1639 ppm, respectively (Table S3). Consequently, the
value DdH of 0.18 ppm can by tentatively recognized as

the average E,Z-shielding difference typical of this sort of
oximes due to an oximino group anisotropy, that is,
deshielding of gem-diCH3 protons attributable to the syn
spatial proximity of an oxygen lone-pair electron
density.6b,7b For both ring conformations of 1, this
difference is no doubt modified by the surrounding
medium (especially by an aromatic solvent); the DdH of
0.241 ppm GIAO-predicted vs 0.13–0.21 ppm observed
experimentally in different solvents (Table 1).

An excellent compatibility of a relation dcalcdH vs dobsdH

for 3 and 4 with r(dH) 0.9990 [and for oximes 1, 3 and 4;
r(dH) 0.9991] permitted to predict the 1H NMR data for
2,2,4,4-tetramethyl-cyclopentanone oxime (7),1 that is,
the carbocyclic analogue of oxime 1, only if its E
geometry had previously been supposed (Table S3, Figure
S3).40 As above for (Z)-1, a large dcalcdH vs dobsdH

disagreement was found using the Z geometry assigned
originally.1 On the other hand, a high compatibility of
energetics for 3 and 4 in the gaseous vs liquid phase
suggests that the obtainedA/Bmixture of 1 (E:Z� 85:15)
does not represent the true equilibrium composition,
because only�5% of (Z)-1was computed at both applied
levels of theory (vide supra).

Protonated states of oxime 1. Similar calculational
treatment was used for the N-protonated oximes 5 and
O-protonated states 6 as the other possible Hþ-derivatives
of oxime 1. In addition, the conformational equilibria
must be considered for ammonium cations 5 due to the
rotation around the N(H)—OH bond leading to different
rotameric forms (Figure S4). Corresponding þac and
�ac forms were computed practically equivalent in
energy because of an approximate planarity of these
species. On the other hand, the stability of sp rotamers
was found dependent on the theoretical levels applied. As
to oxonium ions 6, a large elongation of the N—OþH2

bond to 1.640 Å (or even to 1.680 Å) was computed for the
(E)-6 and (Z)-6 isomers, respectively (Figure 2), in
comparison to 1.551 Å found for such a distance in
O-protonated formaldehyde oxime.41 However, these
high energy (in comparison to states 5) structures 6 were
localized as the true potential minima, in spite of
simultaneous shortening of the C——N double bond
[especially large for (Z)-6]. Calculational results for all
the important Hþ-species are listed in Table S4.

Unfortunately, the GIAO dH data showed that the used
free-molecule approximation is rather not adequate for
salt (Z)-5þCl�. In fact, deshielding of all protons was
predicted for its low-energy structures, whereas such a
trend was found only for the CH2 group in (Z)-1 (Table 1,
entries 4–6). However, an observed upfield shift of the
1H NMR signal due to the gem-diCH3 fragment in the
position 5 was reproduced computationally quite well for
the preferred �ac rotamer of (Z)-5þ. Also, expected
differences in dHs arising from the oximino group
anisotropy were predicted correctly for all these Hþ-
species.

δpred = 0.9346 δcalcd- 0.0099

r 2 = 0.9996
r  = 0.9998
N  = 18
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Figure 1. Scatter plot of a relation dobsdC;H vs dcalcdC;H from the
linear regression analysis of the GIAO/DFT-B3LYP/
6-311þG(2d,p)//B3LYP/6-31G(d,p) results for both isomers
of 1 (results from Tables S1 and S3).
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Possible explanation of failing the LIS method
for oximes 1 and 7–9

As to the failure of Latovskaya et al. 1 in elucidating the
geometry of 1 and structurally related oximes 7–9 by
using LSRs, it did not arise from some imperfections
inherent in the lanthanide-induced shift (LIS) method. It
seems rather that authors adopted too simplified model of
the LSR-substrate (LSR�S) complex, that is, the Ln3þ

cation interacting solely with the nitrogen lone pair.
However, an alternative binding with an oximino oxygen
was found for the other oximes.42 Moreover, the 1H NMR
data were analyzed only. Generally, it is most advisable to
use the 1H and 13C data evaluated simultaneously for the
same solution, in all LIS-based analyses of species with
several Lewis-basic binding sites capable to interact with
the Ln3þ ion.43 Other aspects of the early (often
erroneous) interpretations of such data were reviewed.44

Recently, a novel approach to analyses of this kind was
presented, in which both paramagnetic and diamagnetic
LISs are normalized separately.45

O

N
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9
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SUMMARY AND CONCLUSIONS

The study of an exocyclic C——N bond configuration in
two stereoisomers of the title compound showed full
agreement between results from experimental (isomer-

ization, NMR) and theoretical (bulk approach) methods;
its predominant more stable form A adopts the E
geometry. The NMR-spectroscopic image rather not
typical of the oximes was found for an A/B mixture,
undoubtedly resulting from high overcrowding of its
components. Indeed, the photoisomer (Z)-1 is one of a
few sterically unfavored ketoximes with an a quaternary
carbon studied to date.

The first two of NMR techniques tested (i-ii, and LIS)
are based on the subtle effects arising from solvent shifts,
specific solvation or LSR�S complex formation. All these
classical methods are reliable, but a good knowledge of
the solute-solvent (or LSR interactions) is necessary for
their application, especially in the case of the labor-
consuming LIS method. But, adequate available datasets
for oximes are not too wide, and serious problems
occasionally may occur for overcrowded systems;
especially this concerns the dH(OH)s for the single
isomers in DMSO-d6. The third method (iii) also works
well but it is limited to the a group 1H signals only.
However, monitoring of the formed Hþ-states of oximes
is of great value. Undoubtedly, the last 13C NMR
technique (iv) is a classical method of choice because
only solutions in CDCl3 are used, but still requires both
isomers to be measured. The later limitation is not valid
for all modern non-empirical (NOE-based) methods.
Among them, the NOE difference spectra proposed firstly
by Heinisch and Holzer27 seem to be the most valuable,
especially recorded for degassed samples in DMSO-d6.

29

Generally, different and simultaneously independent
experimental techniques and/or theoretical approaches
should be applied in all stereochemical studies. In many
cases, however, the most fruitful is parallel use of
adequate computational calculations to model the
structure and to compare statistically its observed vs
calculated physical (especially spectroscopic) image. For
instance, the GIAO / DFT-B3LYP/6–311þG(2d,p)//
B3LYP/6–31G(d,p) method applied here was found to
be sufficient for the oximes. In fact, the use of a
locally-dense (mixed) basis sets approach afforded
similar or even slightly worse results. As an environment
of the CDCl3 molecules does not modify seriously a
solute geometry, the NMR spectra in this solvent are
usually regarded as an useful starting point for any
structural considerations concerning isolated molecules.
Moreover, such a joint approach works also very well
when pertinent physical data is available only for one of
two isomers [see e.g., NMR results for oxime (E)-7], in
contrast to all the classical methods discussed above.

EXPERIMENTAL

General methods

The 1H/13C{1H} NMR spectra were recorded in 5-mm
OD tubes at� 294K on a Varian Gemini 200 BB

Figure 2. 3D views52,53 of the HF/6-31G(d,p)-type geome-
tries of the major E (top) and minor Z (bottom) isomers of the
O-protonated state 6 revealing a large elongation of the
N–OþH2 single bond (see text).
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spectrometer at 199.98/50.29MHz. For solutions in CCl4,
a coaxially situated 1.5-mm ID glass tube filled
with D2O was included to provide the deuterium lock
signal. The 1D homonuclear differential NOE exper-
iments were done for non-degassed solution27 in
DMSO-d6 with the standard pulse sequence noemul, by
using a Bruker AVANCETM DRX 500 spectrometer
operating at 500.13MHz for 1H (Centre of Molecular and
Macromolecular Studies, Polish Academy of Sciences).
Chemical shifts are reported in ppm from TMS as internal
standard; dX 0.00 ppm. All deuterated solvents
(�99.6 atom%D) were applied as received. Spectral-
grade CCl4 was distilled over P4O10 through a Vigreux
column. Other commercial solvents and reagent-grade
chemicals were applied without any further treatment.
Melting points were determined on a Boëtius hot-plate
microscope and are uncorrected.

Synthesis of 2,2,5,5-tetramethyl-dihydro-
furan-3-one oxime (1)

This compound was obtained via the literature pro-
cedure,1 by direct oximation of ketone 246 with a 20%
excess of NH2OH�HCl in refluxing EtOH-pyridine
solution (3:1, v:v) for 3 h. After the normal work-up
and recommended sublimation of the crude product (90%
yield) under reduced pressure (�350K/�80 Pa, all-Pyrex
apparatus, exposure to bright window-glass-filtered solar
rays) the crystalline isomeric mixtures were obtained
[A:B (	E:Z) � 85:15(�1), by 1H NMR] giving
satisfactory analytical data. No significant change in
the composition was found upon several-months stand-
ing.15 Instead, recrystallization of the crude 1 provided its
pure form A (>99.5% of E, by 1H NMR); colorless
crystals, mp 398.7–399.7K (from hexane, heptane or
ethyl acetate), lit.: mp 401,4a 395–396,4b or 398–3991K.
For the NMR data, see Tables 1 and 3.

Molecular modeling and frequency
calculations

Fully-relaxed geometry optimizations of all the mol-
ecules were initially carried out by applying the MMþ
force field47 and/or the PM3 method within
HyperChem.48 Further geometry refinement was done
at the ab initio RHF level with a 6–31G(d,p) basis set
using the Gaussian 98W package49 (with the six Cartesian
components d set used for all the heavy atoms). Final DFT
level in vacuo computations for 1–4 and 7were performed
by the hybrid functional B3LYP method.50 Moreover, a
locally-dense approach32 was used, by an addition of
diffuse orbitals for heteroatoms (Z¼O, N), to construct
the mixed valence bases marked with 6–31(þ)G(d,p),
especially owing to the C——Z bonds and the unshared
lone pairs of electrons.30 Vibrational harmonic wave-

numbers were also calculated31 on these molecular
models, to characterize the localized stationary points as
true global minima on the correlated surfaces (Nimag¼ 0)
and to determine the standard Gibbs free-energies
(Go

298:15, Table S2). Vibrational zero-point energies were
scaled with an uniform factor of 0.98338 to approximately
correct for vibrational anharmonicity, basis set truncation
and partial neglect of electron correlation. On contrary, an
ab initio HF approach was used only for the protonated
states of 1 (Table S4). All the geometrical calculations
and molecular visualizations were carried out with
programs PCMODEL,51 ViewerLite52 and POVRay.53

The Intel 3.2GHz Pentium 4 class PC running under MS
Windows1 XP Professional SP2 was employed.

NMR spectra prediction

The GIAO14 DFT-B3LYP/6–311þG(2d,p) level54

in vacuo calculations of isotropic absolute shieldings
(sXs) for oximes 1–4 and 7 were carried out at the
equilibrium structures B3LYP/6–31G(d,p) [and B3LYP/
6–31(þ)G(d,p), only for 1] with the standard routines in
Gaussian 98W.49 The relative chemical shift of a given
nucleus X in the molecule is defined as dcalcdX [ppm]¼ srefX

� scalcdX . For the 1H and 13C spectra srefX is always equal to
31.8618 and 182.8589 ppm, respectively, as found
analogously on the B3LYP/6–31G(d,p) model of a
dual-reference dX standard (TMS of Td symmetry).
Details of ab initio calculations for the other species are
specified in Table S4. All statistical correlations were
performed by linear regression analysis using the MS
Excel1 97 spreadsheet.

Supplementary information available

Thermal isomerization of 1 and computational results for
1–9 and DtBK including the GIAO-predicted chemical
shifts (Figures S1-S4, Tables S1-S5) (6 pages, PDF). This
supplementary material is available free of charge via the
Internet at http://www.interscience.wiley.com.
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