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Tautomerism and metal complexation of 2-acylmethyl-
2-oxazolines: a combined synthetic, spectroscopic,
crystallographic and theoretical treatmentt

Roderick C. Jones,? Khrystyna Herasymchuk,¢b Tayseer Mahdi,+® Anna Petrov,+°
Sanja Resanovi¢,+° Douglas G. Vaughan,t Alan J. Lough,§OI J. Wilson Quail,§¢
Bryan D. Koivisto,? R. Stephen Wylie® and Robert A. Gossage**<"

A synthetic, structural and theoretical investigation into the solid-state, solution and gas phase structure(s)
of six 2-acylmethyl-4,4-dimethyl-2-oxazolines is reported. Four of these materials, viz. a-[(4,5-dihydro-4,4-
dimethyl-2-oxazolyl)methylene]benzenemethanol (3a), «o-[(4,5-dihydro-4,4-dimethyl-2-oxazolyl)-methyl-
ene]-(4-nitrobenzene)methanol (3b), 1-(4,5-dihydro-4,4-dimethyl-2-oxazolyl)-3,3-dimethyl-1-buten-2-ol
(3d) (E)-1-phenyl-2-((3aR)-3,3a,8,8a-tetrahydro-2H-indenol 1,2-dJoxazol-2-ylidene)ethanone  (3f)
have been characterised in the solid-state by single crystal X-ray diffraction studies. These data represent

and

the first solid-state structural studies of this class of compounds and details the first synthesis and full
characterisation of chiral derivative 3f. All four of these materials are shown to exist in the solid phase in
the enamine tautomeric form (e.g., 3a is best described as 2-[4,4-dimethyl-2-oxazolidinylidene]-1-pheny-
lethanone) and it is suggested (NMR, IR) that this isomeric form is likely also retained in solution (e.g.,
CDCls) as the more stable isomer. An investigation of the relative gas phase stabilities of the three poss-
ible (i.e., the (2)-enol, keto and enamine) isomers of all five compounds by DFT at the B3LYP/6-311G(d)
level of theory confirms the latter as the most stable form. The energy differences between the enamine
and keto tautomers have been calculated to be the lowest for derivative 3d. These results are compared
and contrasted with the previously reported NMR studies of such compounds which have identified the
keto form as being a minor (albeit solution) tautomer. Equilibrium solution tautomer distributions for 3d
are found to be solvent dependent. The protonated form of 3a, isolated as the HSO4~ salt (i.e. 4a), has
been further characterised in the solid state by single crystal X-ray diffraction. These data represent the
first example of a protonated oxazoline to be structurally elucidated and confirms that upon protonation,
the keto (oxazoline) tautomer is the energetically favoured form in the solid-state. This observation is
further supported by DFT studies for the gas phase protonated forms of such materials. Further DFT
(B3LYP/6-311G(d)) calculations employing the SM8 or SMD solvation models were then applied to
address the observed solution isomeric distribution for 3d; these results corroborate the gas phase theo-
retical treatment and also yield values that predict the higher solution stability of the enamine form as
observed, although they fail to account for the existence of the keto form as a minor solution state tau-
tomer. To access the availability of an enol-form, via hypothetical de-protonation to the enolate, com-
pound 3a was treated with hydrated Cu(NOs), in EtOH solution. The resulting isolated green-coloured
product (5), the first metal derivative of this entire class of ligands, is best described (IR, X-ray diffraction)
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as a coordinated enolate complex, i.e., Cu(3a-H),. Complex 5 crystallizes in the P21/c space group with
four molecules in the unit cell. The coordination geometry around the formal Cu?* metal centre is deter-
mined to be highly distorted square planar in nature (z4 = 0.442). TD-DFT is used to give a reasonable
explanation for the intensity of the absorbance band observed in the visible region for solutions of 5.
These latter experiments strongly suggest that the title class of compounds may have considerable poten-
tial as ligands in coordination chemistry and/or metal-mediated catalysis.

Introduction

Azoles, specifically the 2-oxazoline (i.e., 4,5-dihydro-2-oxazole)
sub-class of azoles, represent an important group of chiral
auxiliaries and metal binding agents which are used exten-
sively in both enantio-selective catalysis and materials science.
In addition, this heterocycle has been employed for some time
as a monomer in polymer chemistry” and as a directing and/or
protecting group in organic syntheses; azoles are also present
in a wide variety of natural products and synthetic drugs.**
Our own interests lie in the areas of metal coordination chem-
istry and ligand design strategies of both chiral and achiral
oxazolines.” In this regard, we became interested in a class of
oxazoline-derived organics first described by the Ilate
A. 1. Meyers;® simple protocols (Scheme 1) for a variety of other
examples being revealed sometime later by Tohda and co-
workers.”** These compounds, in one tautomeric form,
contain an oxazoline linked to a ketone functionality via a
carbon atom emanating from oxazoline ring position-2
(Scheme 1).%” A potential application of these materials
involves the sequestering of the enol-form (Scheme 1: A) via
K°-N,0 metal chelation either proceeding or subsequent to H*
loss (i.e., bidentate metal-binding via the resulting enolate).®
There are several reasonable resonance forms for this class of
heterocycles including two oxazoline forms (Scheme 1: A
[enol] and B [keto]) and a secondary amine of the enamine
class (Scheme 1: C).

The investigation reported herein examines several of these
materials in both the solid-state (X-ray diffraction, IR), solution

N OH N o] NH O
A B C

3a: R =Ph; 3b: R= Ph-4-OMe;
3c: R = Ph-4-NOy; 3d: R = -Bu; 3e: R = Me

NH (0] 3

Scheme 1 Synthetic scheme leading to 3-type derivatives (enamine isomeric
product shown); conditions: (i) 2 x RC(=0)CI/NEts/MeCN/A; (i) KOH/alcohol;
(i) +1/2 x Cu(NO3)5-2.5H,0/EtOH; ~HNO3 —1.25 H,.
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(NMR) and in a theoretical sense (DFT) to determine the rela-
tive stabilities and properties of such tautomeric possibilities.’
In this regard, reaction of enamine 3a with divalent copper
nitrate results in the isolation and full characterisation of the
corresponding bis-k>-N,0-enolate complex. This confirms the
accessibility, at least under these conditions, of a hypothetical
enol-tautomer of this class of materials and thus establishes
the groundwork for a coordination chemistry exploration of
ligands such as 3a. A further consequence of this work is the
establishment of the facile accessibility of chiral versions of
this potential ligand class via example 3f. The forms depicted
in Scheme 1 also serve to demonstrate that this class of hetero-
cycles will allow for a rare opportunity’® to examine an
enamine, keto and enol-trio, not only in terms of their stabi-
lities, but also with respect to their general structural proper-
ties in terms of the resonance-assisted H-bonding (RAHB)
theory."!

Results and discussion

As mentioned previously, compounds such as 3a-3e have
found application as useful intermediates in the syntheses of
other heterocyclic materials.” Both Meyers® and Tohda’**
independently surmised that the three tautomers, shown in
Scheme 2, could be accessible for these compounds and that
this aspect might be a contributing factor to their observed
reactivity. Indeed for alkyl derivatives such as 3e, both
researchers reported a minor solution tautomer (~10%)
unequivocally identified as the keto-form' in addition to a
major species assigned to the enamine. This latter conclusion
was supported by *C NMR data.®’” No theoretical studies or
any solid-state characterisation (X-ray) data have been reported
for any of these materials. An initial selection of three of these
compounds was chosen for investigation by single crystal X-ray
diffraction and these results are described below.

Solid-state characterisation

Suitable single crystals of compounds 3a, 3c and 3d
(Scheme 2) were obtained by re-crystallisation of the said
materials from hexanes-toluene mixtures. Fig. 1-3 give graphi-
cal representations (ORTEP"®) of a unit cell molecule of each
of the respective compounds.

Details of the crystal data and tables of bond lengths and
angles can be found in the ESLT The general crystal para-
meters reveal nothing unusual nor surprising.'* However, the
identification of an N-H group and a formal C=C initiating
from ring position-2 on the heterocycle are observations of

Org. Biomol. Chem., 2013, 11, 3484-3493 | 3485
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Scheme 2 Schematic representations of the isomers and organic compounds studied herein.

Fig. 1 ORTEP representation of a unit cell molecule of 3a, thermal ellipsoids
are at the 50% probability level.

Fig. 2 ORTEP representation of a unit cell molecule of 3¢, thermal ellipsoids
are at the 50% probability level.

Fig. 3 ORTEP representation of a unit cell molecule of 3d, thermal ellipsoids
are at the 50% probability level.

obvious relevance. These results unequivocally identify all
three of these compounds as existing in the enamine isomeric
form (Scheme 1: C) in the crystalline solid-state."” This tauto-
meric situation has been previously noted in, for example,
compounds such as (E)-N-(1,3-oxazolidin-2-ylidene)benzami-
de’®® and other related species.’®”'®” It is therefore suggested
that this isomeric form is the likely thermodynamically more
stable solid-state isomer for such compounds.

3486 | Org. Biomol. Chem., 2013, 11, 3484-3493

Scheme 3 Bond labelling of a hypothetical g-enaminone for discussions of
RAHB.

Resonance assisted H-bonding (RAHB) is a theory first
introduced by Gilli et al.'* and is used to describe a special
form of intramolecular H-bonding and its effect(s) on ground
state molecular structure.""”"® This concept is used to evalu-
ate the level of H-bonding and bond length distortions
between groups D-H:---A = where D and A are atoms which are
connected through a n-conjugated system. A schematic rep-
resentation of such a generalised system, with some selected
bond labelling, appears in Scheme 3.'®* Compounds such as 3a
therefore provide an opportunity to examine the presence of
the effects attributed to RAHB in enamine-containing mole-
cules. If there is appreciable n-delocalisation present in a par-
ticular system, such as that depicted in Scheme 3, this will
affect the various interatomic distances d; through d, in the
following manner: (i) bond lengths d, and d; tend to become
equal and (ii) d; bond lengths shorten and d; bond lengths
increase vs. that of typical'* values. The common values for
the relevant interatomic distances are shown in Table 1 (taken
from the benchmark study of Allen et al.: ref. 14) as are the
observed d,-d, distances found in the solid-state for 3a, 3c and
3d. An examination of Table 1 reveals that in the case of the
enamines examined here, the d; (i.e., carbonyl C=0) bond
lengths do indeed elongate (~2-3%) in all three cases and the
d, (i.e., C-NHR'") parameter is shorter than typical values by
about 1-3%. Significant shortening of d, (~3%) and lengthen-
ing of d; (~3%) is also observed, but these latter two values are
still significantly different from one another by an average of
more than 0.03 A. Although more examples will be necessary
to make a more concrete conclusion, it can be suggested based

This journal is © The Royal Society of Chemistry 2013
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Table 1 Bond lengths d{—d,4 of p-enaminones with respect to discussions of RAHB.
Parameter Typical values” Compound 3a” Compound 3c° Compound 3d
dy (A7 1.221 for 3a and 3c¢; 1.222 for 3d 1.25 1.25 1.26
(1.25) (1.25) (1.24)
d, (A)? 1.464 1.41 1.41 1.42
(1.44) (1.43) (1.47)
ds (A)? 1.340 1.37 1.38 1.37
(1.37) (1.38) (1.37)
d, (A) 1.355 1.32 1.32 1.34
(1.35) (1.34) (1.35)

“Ref. 14. ” Three molecules in the unit cell: average values shown. ° Four molecules in the unit cell: average values shown. ¢ Calculated (DFT)

values in parentheses.

on these simple observations that the H-bond resulting from
the N-H---O=C interaction appears to be relatively weak in
these systems.'”"*®

Solution NMR studies

In an attempt to observe and/or clarify the isomeric distri-
butions in solution of the phenyl compounds such as 3a-c, an
examination by VT-"H NMR spectroscopy was initiated. Unfor-
tunately, under both low (—78 °C) and high (+40 °C) tempera-
ture conditions only a single (non-keto) isomer was observed
in the case of 3a (CDCl; solution) and indeed a similar result
is noted for the RT spectrum of 3a recorded in acetone-dg.
These observations are consistent with the room temperature
(RT) data reported by Tohda.”* As mentioned previously, alkyl
derivative 3e reveals the presence of a minor (unequivocally
keto) species in addition to the major, enamine (NMR:*"° vide
supra) form. Our independent observations here confirm both
Meyers® and Tohda’® reports of the minor (~10%) keto 3e tau-
tomer being present at RT in chloroform-d. tert-Butyl com-
pound 3d has also been examined previously vie '"H NMR
spectroscopy. This material has been reported to exhibit a
single set of resonances, again presumed to be representative
of the enamine, when examined in CCl, solution by NMR spec-
troscopy.” In contrast, our observations confirm the presence
of the minor keto form in CCl, (external CDCl; lock) being
present in about 6.1%. Our further examination of this com-
pound dissolved in CDCl; also reveals the presence of this
same minor species (8.1%: &y = 3.97 [s, 2H, O-CH,], 3.63 [s,
2H, -CH,-], 1.29 [s, 6H, -CH;], 1.18 [(s, 9H, -C(CH3)3]) in
addition to the major enamine tautomer. These data suggest
that solvent influences may be an important aspect of the
isomer distributions in these materials'”'® and that such
interactions could be energetically greater than any influences
due to RAHB.®”'7'%2° (Calculations (DFT calculations see
ESIT) have revealed that upon protonation, the keto tautomers
are considerably lower in energy than the respective proto-
nated enamine or enol species (~40 k] mol™"). Therefore, the
attempted syntheses of the protonated form of 3a and 3d was
carried out (reaction of 3a/d and H,SO,) and the resulting pro-
ducts (e.g., 4a/d) isolated as a crystalline solids.T The nature of
these materials was then confirmed by single crystal X-ray
diffraction (Fig. 4) and these data represent, to our knowledge,

This journal is © The Royal Society of Chemistry 2013

06

Fig. 4 ORTEP representation of a unit cell molecule of 4a, thermal ellipsoids
are at the 50% probability level.

the only crystallographically characterised protonated oxazo-
line in the literature.

As expected, the data are wholly consistent with a keto-form
for crystalline 4a; distinct N—C (d = 1.29 A) and clearly appar-
ent sp>-hybridised C atom emanating from azole ring position-
2 (£C-CH,-C = 111.3°) are observed.t These data corroborate
the DFT calculations on the relative stability of the keto follow-
ing ring N-protonation. Unfortunately, samples of 3d treated
in this way (to yield the desired 4d) resulted in the isolation of
crystalline material of the oxazoline ring-opened ester product
formed by the attack by water.q Therefore, only solution obser-
vations of 4d could be reliably reported. The "H NMR chemical
shift data for 4d (CDCl;: &y = 7.51 [br], 6.30 [br], 4.17 [s, 2H,
O-CH,], 3.81 [s, 2H, -CH,-], 1.41 [s, 6H, -CH;], 1.15 [(s, 9H,
—-C(CH3);]) do not correspond to the observed keto-form in
samples of 3d in CDCl; mentioned above, thus ruling out a
possible assignment of the latter as 4d due to protonation of
3d by residual HCI present in chloroform.'%¢2°

To investigate this notion further, a sample of compound
3d was further examined (‘H NMR) after dissolution in C¢D,
acetone-dg, MeOH-d, and DMSO-ds. The ratio of enamine to

9 Crystallographic characterisation of the products resulting from the ring-
opening of protonated 3d will be reported separately. For related examples, see:
(a) A. M. Korolev, L. T. Eremenko and L. V. Meshikhina, Izv. Akad. Nauk. Ser.
Khim., 1999, 812-814 (Russ. Chem. Bull., 1999, 48, 808-809); (b) R. A. Gossage,
H. A. Jenkins and J. W. Quail, J. Chem. Crystallogr., 2010, 40, 272-277;
(c) P. Deslongchamps, S. Dubé, C. Lebreux, D. R. Patterson and R. J. Taillefer,
Can. J. Chem., 1975, 53, 2791-2807; (d) P. Deslongchamps, C. Lebreux and
R. Taillefer, Can. J. Chem., 1973, 51, 1665-1669.
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keto forms (Kr) in these solvents (RT) were determined to be
24.3; 27.5; 6.4 and 40.9-to-one, respectively. Examination of
these values does not lead to a logical correlation between Kr
and common solvent parameters such as donor number (DN),
acceptor number (AN) or relative permittivity.'”#?! Such an
investigation will be part of a separate treatment of these
effects.

Theoretical gas phase and solution (DFT) treatments

The solid-state structures of compounds 3a, 3¢ and 3d deter-
mined above (X-ray) can be compared with calculated struc-
tures for the gas phase.t Using the solid-state structure of 3a, a
study was made of the effect of the selected basis set on the
results of the geometric optimisation. Calculations were
carried out with the B3LYP/6-31G(d), 6-311G(d) and
6-311G(d,p) basis sets and the bond lengths, angles and
torsion angles compared thereafter. Calculations with the
6-311G(d) basis set provided very good agreement with the
experimental values, similar to but better than the results
obtained from using the 6-31G(d) basis set. Subtle differences
in the calculated structure of 3a when compared to the solid-
state structure were consistent with the expected effects of
crystal packing. The geometrically-optimised structure with
the higher level 6-311G(d,p) basis set was not noticeably
improved and not surprisingly required significantly more
computation time to complete. Therefore, the 6-311G(d) basis
set was considered the best compromise between accuracy and
computational time requirements and was used accordingly
for structure calculations of all the molecular isomers in this
study. A comparison of the bond lengths, bond and torsion
angles for the solid-state vs. DFT determined gas phase struc-
tures for 3a, 3c and 3d can be found in the ESIf and in
Table 1. As noted in Table 2, in all five cases (3a-e), the
enamine tautomer is calculated to be the most stable gas
phase isomeric form, followed by the enol form. The keto-

Table 2 Calculated gas phase energies (DFT: B3LYP/cc-pVTZ) for the tautomers
of 3a-e

Relative energy differences to

Tautomer enamine form (kJ mol™") in gas phase
3a-enamine 0
3a-enol +6.81
3a-keto +29.88
3b-enamine 0
3b-enol +9.02
3b-keto +26.36
3c-enamine 0
3c-enol +11.30
3c-keto +40.55
3d-enamine 0
3d-enol +4.06
3d-keto +30.89
3e-enamine 0
3e-enol +4.47
3e-keto +30.23

3488 | Org. Biomol. Chem., 2013, 11, 3484-3493
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isomer is estimated to be the least stable ground state con-
figuration. This result is in contrast to the solution (CDCl;)
phase observations, notably for 3d and 3e in which both the
keto (minor) and the enamine (major) isomer are present.®’

In relation to the idea of RAHB, an examination of the cal-
culated structure of the enol tautomer of 3a was carried out to
evaluate the potential energetic contributions of RAHB in this
particular isomeric form. Average'! bond length values for
such enols are 1.333, 1.362, 1.455 and 1.314 A respectively, for
the d, to d, parameters (Scheme 3). The calculated values of
enol-3a are in quite close agreement to these values for related
known systems (1.34, 1.37, 1.44 and 1.29 A respectively:
ESIt).' This result gives credence to the hypothesis that RAHB
is also weak for this tautomer in a similar way as was found for
the more stable enamine form (vide supra).

It appears from the observed data obtained by us and
others that solvation may be an important contributor to the
observed tautomeric distribution(s). Therefore, a theoretical
study (DFT: B3LYP/6-311G(d)) was carried out on 3d which
included the solvation modelling parameters SM8 or SMD.1>*
These treatments of solution phenomena have been found to
be useful®*** in some cases for predicting solvation enthalpies
and the relative stability of tautomeric isomers.>® Data for this
investigation is tabulated in the ESI as Table S-3.f This data
clearly parallel the gas phase studies, confirming the stability
of the enamine tautomer in each case, but failing to account
for the observation of the keto-tautomer. The results are,
however, consistent with an energetically accessible enol-tauto-
mer. In terms of applying such findings to metal-ligand
complex syntheses, one might suggest that materials such as
3a may be amenable to conversion to a metal-bound enolate
formed via proton loss. This concept is addressed below.

Chiral derivatives - proof-of-principle: the synthesis of 3f

The use of organic fragments as ligands in both coordination
chemistry and catalysis has been a subject of growing impor-
tance in recent years as the interdisciplinary nature of syn-
thesis continues to expand. A modular ligand design strategy,
in which a similar set of protocols and/or starting materials
can be used, facilitates the production of large libraries of
ligands that can have pre-established steric and/or electronic
properties. Our desire to use the Tohda inspired compounds
as potential ligands is further enhanced by the realisation that
many chiral 2-methyl-2-oxazoline precursors are available or
readily synthesised. It has been noted that unsubstituted
2-methyl-2-oxazoline itself can be a troublesome reagent to
employ under such methodology’® and hence this substrate
provides a potential caveat to the realisation of such a ligand
library. We therefore felt that the synthesis of a chiral analogue
of 3a-3d would suggest that this potential class of ligands was
worthy of further synthetic scrutiny. In this regard, the use
of (3a$,8aR)-2-methyl-8,8a-dihydro-3aH-indeno[1,2-d]oxazole
(1f: Scheme 2), readily available from (1S,2R)-cis-1-amino-
2-indanol, was chosen as a proof-of-principle reactant. Treat-
ment of 1f under identical conditions as those employed in
the synthesis of 2a (and subsequently 3a) were found, to our

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 ORTEP representation of a unit cell molecule of 3f, thermal ellipsoids
are at the 50% probability level.

delight, to yield chiral derivative 3f in reasonable overall yield
(see Experimental) without employing column chromato-
graphy. As observed previously for aryl-derivatives such as 3a,
no spectroscopic evidence for a second tautomer was observed
via NMR spectroscopy. Isolation of 3f as single crystals and
examination by X-ray crystallography unequivocally confirmed
the nature of the structure of the desired material and again
identifies the enamine form as the stable solid-state tautomer
(Fig. 5). This promising result opens a gateway for an extensive
examination of potential chiral ligands for applications in
enantio-selective substrate modification.

Sequestering an enolate - metal complex formation via 3a

The solid-state and solution examination of the materials
described herein has clearly indicated the preference of the
enamine form with only alkyl derivatives displaying the spec-
troscopic presence of the keto tautomer. Despite our calcu-
lations to the contrary, unequivocal observation or isolation of
the hypothetical enol form has not been observed. The seque-
stering of an enol form, as a precursor to metal-bound formally
anionic enolates, would make these materials even more
attractive from both a coordination chemistry (e.g., 3a) and
enantio-selective catalysis (3f) point of view. Thus, in our
opinion a further fundamentally attractive aspect of these com-
pounds is their potential as ligands. We therefore tested 3a in
reactions with hydrated Cu(NOs), in an attempt to replace the
nitrate and aqua ligands with two equivalents of a hypothetical
enolate derived via proton loss from 3a. This chemistry is
prompted by the known propensity of Cu** ions to form stable
and isolable metal-enolates®! and hence this reaction provides
a good starting point for a coordination chemistry study. The
connection between the structure of a deprotonated enolate
such as [3a-H] and the highly successful p-ketoamine class of
ligands, is also of obvious relevance.>® The treatment of light
yellow-coloured solutions of 3a with a one-half equivalent of
Cu(NO3),-2.5(H,0) leads to an immediate colour change to
deep green. Isolation of the resulting green powder (5: Experi-
mental), followed by characterisation and crystallisation of
this material, reveals elemental analyses data consistent with
the formation of a complex of stoichiometry Cu(3a-H),. To
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Fig. 6 ORTEP representation of a unit cell molecule of 5, thermal ellipsoids are
at the 50% probability level.

unequivocally confirm the structural nature of 5, a single
crystal X-ray diffraction study was again undertaken. Complex
5 crystallises in the P21/c space group (Table S-11); a schematic
representation of a unit cell molecule of 5 is shown in Fig. 6.
These data confirm the coordination of two units of the pre-
dicted enolate anion resulting from the de-protonation of 3a.
The resulting product 5 is a mononuclear formally Cu®*
species with trans-spanning N- and O-donor atoms (i.e., K’
N,O-chelating) from the two ligands obviously arriving via formal
loss of water and HNOj;. The IR and solution UV/Vis. data are
likewise consistent with this formulation. The coordination
sphere around the metal centre is best described as highly dis-
torted square planar in nature with a calculated Houser 7,
value of 0.441.>° Bond lengths and anglest of this complex are
similar to related Cu-oxazoline and related compounds with a
trans-N,O, ligand atom donor set and are likewise unsurpris-
ing®”?® although strictly square planar is a more common
geometry within similar species.’’*%°% The main visible
absorption band (4max = 443 nm) cannot be adequately
explained by a simple d-d transition model due to the rela-
tively large e value (>10°). We therefore examined this complex
by time dependent DFT (TD-DFT) employing the
B3LYP-LANDZD basis set. These results (ESIT) clearly indicate
the interaction of two, primarily ligand-based, MOs and a pre-
dominately metal-based LUMO and hence this observation
can be best described as ligand-metal charge transfer in
nature.

Conclusions

An examination of the solid-state, solution and gas phase tau-
tomers for a number of 2-acylmethyl-2-oxazolines has been
carried out and the first solid-state structural studies of this
class of compounds has been revealed. The stability of the
possible isomers of these materials seems to be phase
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dependent with solely the enamine isomer being found in the
(crystalline) solid-state and dominating the solution phase.
Keto isomers are observed in solution for the alkyl derivatives
3d and 3e; this appears to be a solvent dependent observation.
The enol form has not been unequivocally observed but is cal-
culated (DFT) to be a more stable gas phase isomer than the
keto-forms. An examination of the potential of RAHB as an
energetic contribution to the stability of the enamine and enol
forms of a number of these materials was also examined and it
is surmised that such contributions are likely to be fairly weak
in these systems. The B3LYP/6-311G(d) basis set was found to
be a suitable level of theory to emulate the solid-state mole-
cular properties of compounds such as 3a and no clear advan-
tage to employing the B3LYP/6-311G(d,p) basis set was found.
A further result of these investigations has been the first iso-
lation and solid-state characterisation of any protonated oxazo-
line (4a) and, under these conditions, the keto isomer is
clearly established by crystallography and theoretical calcu-
lations to be the more stable form. This series of organic
derivatives has been expanded to include a chiral analogue
(i.e., 3f) based on the utilisation of the known 2-methyl-2-oxa-
zoline derivative (3aS,8aR)-2-methyl-8,8a-dihydro-3aH-indeno
[1,2-d]Joxazole. The new compound 3f is formed under similar
reaction protocols to those disclosed by Tohda and co-workers.
One of the title materials (3a) has also been tested for the first
time in the synthesis of a transition metal coordination
complex. The resulting compound formed between Cu*" ions
in the presence of excess 3a is shown to be derived from depro-
tonation of the organic fragment and coordination, in a
k°-N,O-chelating sense, of a resulting enolate. An expanded
exploration into the use of this class of potential anionic
ligands is currently underway.

Experimental
General remarks

All chemical reagents were purchased commercially and used
as received. Melting points were determined on a Fisher Scien-
tific Model 12-144 melting point apparatus and are uncor-
rected. IR spectra were recorded as KBr pellets using a Perkin
Elmer Spectrum One IR spectrometer and near-IR spectra were
recorded from CCl, solutions on a Varian Carey 5 UV/Vis/near-
IR spectrophotometer. "H and '*C{'H} NMR spectra were
recorded in CDCI; solution or other solvents as indicated at
RT by a Bruker Avance 70 AC-400 NMR spectrometer. Spectra
are referenced to external TMS (5 = 0.00 ppm) which is in turn
assigned by the residual non-deuterated solvent as internal
standard. The syntheses of 3a, 3c and 3d were carried out as
described previously using 2,4,4-trimethyl-2-oxazoline (1)
which is first converted to the corresponding di-acylated pro-
ducts (2: Scheme 1).”% Toluene was used in lieu of benzene”®
for the purposes of re-crystallization for 3a, 3c and 3d. Com-
pound 3e was synthesised as reported by Meyers et al.® The
purity of all of the products was confirmed by a combination
of mp and IR and NMR spectroscopies. The synthesis of 4a
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and attempted synthesis of 4b was carried out by the addition
of excess conc. H,SO, to a methanol solution of the organic
starting material; crystals were obtained by slow evaporation of
the resulting mixture. These materials were only examined by
NMR spectroscopy and/or X-ray diffraction and hence were not
characterised further nor purified. The examination of com-
pounds 3a, 3¢, 3d, 3f, 4a and 5 via single crystal X-ray diffrac-
tion was carried out as described®“®* previously.t

Synthesis of 3b.”*° Using similar reaction protocols to those
described by Tohda et al. (Scheme 1),”* a sample of 2,4,4-tri-
methyl-2-oxazoline (1: 5.65 g: 50.0 mmol) was placed in a
500 mL round-bottomed flask and heated to reflux tempera-
ture for 3 h in the presence of 4-methoxybenzoyl chloride
(17.05 g: 100 mmol), NEt; (17.4 mL: 125 mmol) and aceto-
nitrile (100 mL). The mixture was then cooled, filtered and all
volatile components of the reaction mixture were then
removed in vacuo; the residue was then treated with CHCl;
(50 mL) and water (50 mL). The organic layer was washed with
5% aq. NaHCO; (15 mL x 3), dried (Na,SO,), filtered and the
solvents removed by rotary evaporation. The crude solid
material was then recrystallised (hot hexanes) and then re-dis-
solved in EtOAc (100 mL), extracted with dil. KOH, dried
(Na,S0,), and then evaporated. This procedure yielded the di-
acyl product 2b (9.77 g: 51%) in the form of a pale yellow
powder (mp: 175-176 °C).*° To a sample of 2b isolated in this
way (3.50 g: 9.18 mmol), a solution of 100 mL of 1.5 M metha-
nolic KOH was added. The mixture was stirred at RT for 16 h,
filtered, and then the volatile components were removed
in vacuo. The residue was suspended in water (50 mL) and
then extracted with CHCl; (20 mL). The organic layer was then
washed with water (thrice: 15 mL), dried (Na,SO,), filtered
again and then evaporated to dryness. The crude solid product
was then recrystallised (hot hexanes) to give the colourless
product 3b (1.65 g: 74%) having a mp of 108-109 °C (lit.>* mp:
105-106 °C). "H NMR (400 MHz, RT, CDCl,): & = 10.10 (br,
1H, OH), 7.84-7.82 (d, 2H, J = 9.2 Hz, ArH), 6.89-6.87 (d, 2H,
J = 8.8 Hz, ArH), 5.53 (s, 1H, CH), 4.10 (s, 2H, CH,), 3.81 (s, 3H,
OCH3;), 1.39 (s, 6H, CH3); these data are consistent with that
reported®’ previously. "*C{"H} NMR (75 MHz, RT, CDCly): §¢ =
27.1, 55.3, 58.4, 73.3, 78.8, 113.3, 128.6, 130.9, 132.6, 161.6,
169.4, 186.7.

Synthesis of 3f. Stage 1: a sample of (3aS,8aR)-2-methyl-
8,8a-dihydro-3aH-indeno[1,2-d|oxazole (1f; 0.42 g: 2.43 mmol;
synthesised and characterised as previously reported®') was
dissolved in a mixture of MeCN (20 mL) and NEt; (0.67 mL:
4.86 mmol). Benzoyl chloride (0.56 mL: 4.86 mmol) was then
added by syringe and the mixture slowly heated to reflux temp-
erature. A gradual colour change from colourless to yellow to
orange was noted. After 4 h, the reaction flask was cooled to
RT. All volatile components were then removed by rotary evapo-
ration using a bath temperature of between 50-60 °C. The
resulting brown-coloured solid was then extracted with EtOAc
(2 x 30 mL) and water (50 mL). The residual solids and
aqueous layer was again extracted (CHCl;: 30 mL) and the
organics combined, washed with 5% aq. NaHCO;, and dried
(Na,SO,). This mixture was then filtered, and evaporated
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(rotovap) to give the crude, dark yellow solid of (Z)-2-((3aR)-3-
benzoyl-3,3a,8,8a-tetrahydro-2H-indeno[1,2-dJoxazol-2-ylidene)-
1-phenylethanone (2f). Recrystallisation of this material
(toluene-hexanes) gave the pale yellow product (mp:
206-206.5 °C. Elemental analysis (%); calc’d. (found) for
CysHoNO5: C 78.72 (78.29); H 5.02 (5.00); N 3.67 (3.69). 'H
NMR (400 MHz, RT, CDCls]: Oy = 7.60-7.21 (m, 14H, ArH), 6.12
(d, 1H, J = 6.0 Hz, CHN), 5.56 (m, 1H, CHHCHO), 5.37 (s, 1H,
C=CH), 3.68-3.63 (dd, 1H, J = 18.0 Hz, CHHCH), 3.45-3.39
(dd, 1H, J = 5.6, 18.0 Hz, CHHCH); ">C{'"H} NMR (75 MHz, RT,
CDCLy): 8¢ = 37.8, 65.8, 83.6, 85.4, 125.5, 126.8, 127.2, 128.0,
128.1, 128.2, 129.0, 129.9, 131.3, 131.9, 134.3, 138.4, 139.8,
140.0, 158.9, 168.5, 186.8) in 50% yield (0.54 g). This material
was then used directly in stage 2. Stage 2: A 0.38 g sample of 2f
(1.0 mmol), isolated as above, was treated with 50 mL of 1.5 M
KOH in MeOH and the resulting deep yellow coloured mixture
stirred at RT for 6 h. The (now dark orange coloured) solution
was then filtered and the mixture extracted with CHCI;
(30 mL) and water (3 x 50 mL). The organic fraction was iso-
lated, dried (Na,SO,), filtered and evaporated to give the crude
brown coloured solid. This material was then recrystallised
from a toluene-hexanes mixture; yield: 0.14 g (50%). mp:
211.5-212 °C. Elemental analysis (%); calc’d. (found) for
Cy5H5NO,: C 77.96 (77.07); H 5.45 (5.57); N 5.05 (4.93). 'H
NMR (400 MHz, RT, CDCl;): 6 = 10.63 (s, 1H, NH), 7.84-7.30
(m, 9H, ArH), 5.57 (s, 1H, C=CH), 5.55-5.51 (m, 1H, J = 1.6,
5.6, 7.2 Hz, CHHCH), 5.50-5.48 (dd, 1H, J = 7.2 Hz, CHN),
4.02-3.98 (dd, 1H, J = 16 Hz), 3.91-3.87 (dd, 1H, J = 16 Hz),
3.52-3.46 (dd, 1H, J = 5.6, 18.0 Hz, CHHCH), 3.44-3.39 (dd,
1H, J = 1.2, 18.0 Hz, CHHCH); “C{'"H} NMR (75 MHz, RT,
CDCL,): 6¢c = 38.5, 64.5, 74.1, 83.8, 125.0, 125.5, 126.8, 128.0,
128.1, 128.6, 129.4, 130.5, 139.3, 139.7, 169.7, 187.0.

Synthesis of 5. To a 50 mL round-bottomed flask was added
3a (0.50 g: 2.3 mmol) and 95% aq. EtOH (10 mL). The mixture
was then stirred until all contents had dissolved. A sample of
Cu(NO3),-2.5H,0 (0.27 g: 1.2 mmol) was added to the solution;
an immediate colour change from yellow to green was
observed. After stirring for 6 h, the solvent was reduced (vacuo)
to a volume of about 2 mL and the flask then placed in a
freezer (—4 °C) for 3 h to complete precipitation of the result-
ing powder. These green coloured solids were filtered off and
then dried in vacuo. Recrystallisation was carried out using
CHCI; as solvent which was then layered with an equal volume
of EtOH. This yielded material suitable for X-ray diffraction
and analytical purposes after a period of 2-5 d. Yield: 0.23 g
(41%). mp: 165 °C (decomp.). IR (KBr, v, cm™): 3100-3000
(vw), 2962 (m), 1595 (vs), 1574 (s), 1536 (s), 1489 (s), 1308 (s),
1194 (br, m), 1107 (m), 756 (m), 696 (m). Anax (acetone: 10~*
M) = 443 nm (e = 1048 L mol~' cm™"). Elemental analysis (%);
calc’d. (found) for C3;eH,gN,04Cu: C 62.95 (63.13); H 5.69
(5.76); N 5.65 (5.66).

Theoretical calculations

Full geometry optimisations were carried out with the use of
the B3LYP density functional level of theory®* using the 6-31G(d),
6-311G(d) and 6-311G(d,p) basis sets®® on all atoms (see ESI{)
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for all materials studied except Cu complex 5; in this latter
case the 6-31G(d) level only was employed. For the optimised
geometries, harmonic vibrational frequencies were calculated
at the B3LYP level. Single-point energies for the 6-311G(d)
optimised geometries were calculated at the B3LYP/cc-pVTZ
level of theory (except 5: 6-31G(d)).**** Solvation modelling
was carried out using the SM8 or SMD solvation parameters at
the 6-311G(d) level of DFT.** All calculations were carried out
with using the Spartan 8.0, Spartan 10.0 and the Gaussian 3.0
suites of software.>***
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