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Complexes formed between (-)-sparteine, 2-methyl- and 2-oxosparteine and 2-cyano-2-
methylsparteine with lithium perchlorate (LiClO4) were obtained in the solid state. The complexes,
C15H26N2LiC|O4, C16H23N2LiC|O4, Cl5H24N20LiC|O4, and C17H27N3Li2C|203 have been iso-
lated and characterised by UV/vis, NMR, and IR, spectroscopy and by their mass spectra. Three of
the four complexes present the 1:1 stoichiometry, while the 2-cyano-2-methylsparteine complex has

the 1:2 stoichiometry.
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Introduction

Considerable research effort has been devoted to
different types of proton sponges. Sparteine, a natu-
rally occurring member of the lupine alkaloid family, is
a representative of one class of such compounds. Dif-
ferent types of studies covered various aspects of pos-
sible applications of such proton sponges, including
sparteine and its derivatives. The interest in sparteine
is possibly a never ending story; to name just a few
of the numerous applications, we may recall analytical
usage in determination of cations and identification of
amines, through its role in living organisms, and finish
with the applications in asymmetric synthesis [1-3].
Sparteine is a naturally occurring chiral diamine and
has a widespread use as a chiral ligand in asymmet-
ric synthesis. The structure of sparteine, with two ni-
trogen atoms specifically placed in space, makes it an
excellent ligand for metal complexes [4-7]. The in-
terest in complexes of lithium has been rather limited,
however. Skolik and others have synthesised and stud-
ied the sparteine and o-isosparteine complexes with
lithium salts by IR and *H NMR spectroscopy [8]. The
results presented by these authors show that sparteine
is presentin an all-chair conformation in all the lithium
complexes, see Fig. 1a. The complex formation of lac-

tams and thiolactams derived from sparteine with the
Cu(ll) cation in ethanol was studied by theoretical, ki-
netic and MS methods [9]. Over a few decades, several
crystal structures of protonated sparteine and sparteine
metal complexes have been reported [6,7,10-17],
among others, those of (+)-lupanine perchlorate mono-
hydrate [16], 2-cyano-2-methylsparteine perchlorate
[17] and 2-methylsparteine perchlorate [18]. We have
now undertaken a research project aimed at character-
ising the spectral and photophysical properties of com-
plexes between (-)-sparteine (1), 2-methylsparteine
(2), 2-cyano-2-methylsparteine (3) and 2-oxosparteine
(4) (as supporting ligands) with lithium perchlorate
(LiClOy).

Results and Discussion

The results show that the complexes of (-)-
sparteine, 2-methylsparteine and 2-oxosparteine with
lithium perchlorate (LiClIO4) exhibit the 1:1 stoichio-
metry. An exception is the 2-cyano-2-methylsparteine-
(LiClOg4), complex, which exhibits the 1:2 stoi_chio-
metry.

In the electronic absorption spectra recorded in ace-
tonitrile, (-)-sparteine, and also 2-methylsparteine and
2-oxosparteine display a single intense transition in the
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Fig. 1. (-)-Sparteine, 2-methylsparteine and 2-cyano-2-methylsparteine and their conformation-configuration arrangement
(left part). 2-Oxosparteine and its conformation-configuration arrangement (right part).

UV region, tentatively assigned to a &, &* transition.
The corresponding maxima and molar extinction co-
efficients are presented in Table 1. The UV spectra of
the complexes have their maxima blue-shifted and with
lower molar extinction coefficients. We were inter-
ested in the feasibility of applying diffuse reflectance
spectroscopy to the analysis of the LiClIO4 complexes
with sparteine derivatives. A simple and successful ap-
proach quantitatively describing the interaction of light
with a diffusing sample was proposed by Kubelka and
Munk in 1931 [19]. In this formulation the remission
function, F(R), for an ideal diffuse scatterer, which is
optically thick at the wavelength of choice, and for a
homogeneous distribution of absorbers throughout the
sample, is given by the Kubelka-Munk function i.e.
F(R) = (1—-R)?/2R= K/Swhere Rrepresents the ob-
served diffuse reflectance from the surface of the sam-
ple, K and S being the absorption and scattering co-
efficients, respectively. The corresponding diffuse re-
flectance absorption spectra of sparteine derivatives on
KBr exhibit a single absorption band with the maxi-
mum at about 205 nm. For all the sparteine derivatives
examined in this study the complexation with LiClO4
caused the appearance of a broad, very low-intensity
band lying in the 230—380 nm range.

In the IR spectra, the single band derived from v¢_o
of the CIO, group is situated in its normal position at
1100 cm~1. Fig. 2 shows the region of the IR spec-
tra, containing the carbon-hydrogen vibrational bands
[11,20]. (-)-Sparteine and 2-methylsparteine have a

Table 1. UV spectral data of the LiCIO4 complexes studied,
band maximum (nm) and extinction (M~1cm™1).

Free ligand LiClO4 complex
Amax (€) Amax (€)
(-)-Sparteine 202 (9800) 197 (2500)
2-Methylsparteine 202 (7400) 196 (3500)
2-Oxosparteine 206 (9500) 205 (1900)

number of carbon-hydrogen vibrational bands in the
2800-3000 cm 1 region, and of the low-frequency C—
H stretching bands extending down to 2500 cm 1, the
so-called Bohlman “trans-band”. It is well known that
the nature of the “trans-band” depends on the confor-
mational and configurational arrangement of sparteine
and its derivatives [21]. The “trans-band” of the lig-
ands consists, above all, of two absorption maxima at
about 2794 and 2756 cm %, which result from the su-
perposition of the oscillations of trans-axial hydrogen
atoms at C-2, C-6, C-10 and C-11, C-15, C-17, respec-
tively, in relation to the lone pairs on the nitrogen atoms
at the N-1 and N-16 positions. The complexes between
(-)-sparteine and 2-methylsparteine with lithium per-
chlorate (LiClO4) only display bands in the 2800—
3000 cm~! region. Thus, the attachment of the metal
ion to the N atom results in the disappearance of the
“trans-band” [11, 12]. The absence of the “trans-band”
in the complex suggests that both of the nitrogen atoms
are coordinated. The absorption bands in the 400-
600 cm~! region have been assigned to N*—Li vibra-
tions. Some further features of the IR spectra were ob-
served in the region of ca. 1150 cm~! on the high-
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Fig. 2. IR spectra of (-)-sparteine and 2-methylsparteine
together with corresponding spectra of their LiClIO4 com-
plexes.

frequency side of the broad ClO, band [8]. However,
the perturbations of the 2500—2800 cm ~? region are
quite evident. As has been shown by Boczoh and others
[21,22], 2-methylsparteine assumes an all-chair con-
formation with trans A-B and cis C-D in the solid
phase, which is also the case for complexes between
(-)-sparteine and 2-methylsparteine with lithium per-
chlorate.

As follows from X-ray and spectroscopic data,
the proton in crystalline (-)-sparteine-H™ and in 2-
methylsparteine-H™ is located exclusively on N-1 [18,
23]. In the case of (-)-sparteine-H™, it was proved
that the passage from solid to a solution (CD3CN) is
accompanied by prototropy, giving rise to tautomeric
equilibrium, in which the form with a proton located
on N-16 predominates. The change of the proton loca-
tion in the solution of (-)-sparteine—H ™ is manifested
by drastic changes in the “trans-band” region of the IR
spectrum, and by a hypsochromic shift of the vy, _H
band by about 20 cm—! (from 3030 cm~1 in the solid
to 3050 cm~1 in solution) [23]. In the spectrum of 2-

Wavenumber [cm™]

Fig. 3. IR spectra of 2-oxosparteine and 2-cyano-2-
methylsparteine together with corresponding spectra of
their LiClO4 complexes.

methylsparteine-H™ in solution, the “trans-band” has
only one maximum (near 2815 cm~1), and the spec-
trum differs significantly from that measured for the
solid compound [21]. Its similarity to the IR spectrum
of (-)-sparteine-H™ in solution allows one to assume
the existence of a tautomeric equilibrium between the
N-1-protonated and N-16-protonated forms in the so-
lution of 2-methylsparteine-H™. The vy, _pn absorp-
tion band in the IR spectrum of 2-methylsparteine-H *
in CD3CN solution, similarly as for sparteine-H™*, ap-
pears as a hump at about 3040 cm 1.

Similar to sparteine and 2-methylsparteine, 2-
oxosparteine (lupanine), the most common of the
sparteine lactams, occurs in two conformations, of
which the sofa/chair — boat/chair form (4a) is
favoured. The free electron pair on the N-1 nitro-
gen atom takes part in the lactim-lactam prototropy,
therefore, there is no strong nucleophilic centre in
the sofa/chair — chair/chair conformation of lupanine
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(4b), which is a characteristic feature of sparteine
and 2-methylsparteine in this conformation. Fig. 3
shows the region of the IR spectra, where the carbon-
hydrogen vibrational bands occur. The spectrum of the
2-oxosparteine-LiClO4 complex demonstrates disap-
pearance of the Bohlman “trans-band” in the vicin-
ity of the 2840—2600 cm~1, as was the case for
the sparteine and 2-methylsparteine complexes with
LiClO4. However, the reason for that is now en-
tirely clear. For the complexation of LiClO4 with 2-
oxosparteine at N-16 further information about the
conformation of the ligand may be obtained from se-
lected infrared bands. As a result, we suggest that the
complex between lupanine and LiClO4 can be formed
by complexation of the lupanine molecule in the un-
changed configuration, with the ring C remaining in
the boat conformation. These results are confirmed
by the analysis of the lupanine perchlorate monohy-
drate spectrum, showing that the N-16 protonation
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Fig. 4. (-)-Sparteine, 2-methylsparteine,
2-oxosparteine  and  2-cyano-2-me-
thylsparteine and their conformation-
configuration arrangement as free ligands
and LiClO4 complexes.

2Clo,

does not change the conformation of ring C, thus the
sofa/chair — boat/chair conformation with trans C-D
system exists in the solid state [16, 24].

The IR spectrum of 2-cyano-2-methylsparteine on
KBr is generally very similar to those of the other
sparteine derivatives, complemented by the vibrations
of the CN bond of the newly introduced nitrile group,
visible in the region of 2212 cm~1. There are differ-
ences in the spectra of free 2-cyano-2-methylsparteine
and its LiClO4 complex in the “trans-band” region. As
a result of the complexation of LiClO4 with 2-cyano-
2-methylsparteine at N-1 and at N-16 atoms the disap-
pearance of two bands from the trans region, namely
the bands at 2758 and 2682 cm ~ is observed. We sug-
gest that the product is formed by complexation of the
2-cyano-2-methylsparteine molecule in its unchanged
configuration, with the ring C remaining in the boat
conformation. Interestingly, previously reported re-
sults on the 2-cyano-2-methylsparteine-HCIO 4 system
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Fig. 5. 2-Oxosparteine and 2-cyano-2-methylsparteine and
their conformation-configuration arrangement as free lig-
ands and LiClO4 complexes obtained at the theoretical level
using density functional theory.

show the 1:1 complex in the all-chair form with the
trans-cis system, independent of the solvent used in
the synthesis [25]. The spectroscopic findings are also
confirmed by the X-ray analysis, showing that protona-
tion that takes place at the N-16 atom and subsequent
formation of an intramolecular N *-16-H-16---N-1 hy-
drogen bond is accompanied by inversion of the N-16
configuration compared with that in the free sparteine
[17]. This intramolecular hydrogen bond is signifi-
cantly weaker in 2-cyano-2-methylsparteine-HCIO 4 as
compared to 2-methylsparteine-HCIO 4.

Further evidence for the solution structure of the
complexes was derived from their NMR spectra. NMR
data of (-)-sparteine, 2-methylsparteine, 2-cyano-2-
methylsparteine and 2-oxosparteine complexes with
lithium perchlorate (LiClIO4) in CDCl3z or DMSO-dg
are presented in Table 2. The NMR analysis involved
a comparison of the complex spectrum with the corre-
sponding spectrum of the free base, which allowed cal-
culation of the complexation effect. The chemical shift
changes resulting from complexation were determined
by subtracting the chemical shifts of the individual car-
bon atoms of the free bases from those of the cor-
responding atoms of the complexes [26, 27]. Because
of the solubility problems, two different solvents were
used, CDCl3; and DMSO-dg (for the 2-oxosparteine-
LiClO4 and 2-cyano-2-methylsparteine-LiClIO4 com-
plexes). The signal attributed to the methyl group in

2-methylsparteine-LiClO4 occurring at 20.1 ppm, in-
dicates that this group is an equatorial substituent, the
same as in the free base [26]. The results presented in
Table 2 for 2-cyano-2-methylsparteine (in CDCl 3) and
its complex with LiCIO4 (in DMSO-dg) suggest that
the solvent effect on the chemical shifts is small.

When analysing the complexation effects, it is nec-
essary to account for the fact that for sparteine and
2-methylsparteine a change of the configurational-
conformational system occurs upon conversion from
the free base to the complex: from the trans C/D
boat/chair into the trans-cisall-chair configuration. In
the 13C NMR spectra of the complexes, the chemical
shifts of the carbon atoms are similar to those reported
for sparteine and 2-methylsparteine monoperchlorate
[28]. This means that in these compounds the reac-
tion with LiCIO4 happens in the same way as in the
reaction with acid and is accompanied by inversion at
N-16. Most indicative of the all-chair sparteine skele-
ton in the complexes are the large upfield shifts ob-
served on C-12, C-14 and C-17, in the range of 5.9 to
11.4 ppm. The values taken into account in the stere-
ochemical studies are those of the chemical shifts at
the carbon atoms mentioned, as well as that of the
H-7-H-178 coupling constant, large in the boat con-
formation and small in the chair conformation [29].
The difference is evident if we compare the H-7-H-173
coupling constant of less than 3 Hz in sparteine and
2-methylsparteine complexes with lithium perchlorate,
suggested to be in the all-chair conformation, to that
of 9.2 Hz in 2-oxosparteine with lithium perchlorate or
to that of 10.0 Hz for the 2-cyano-2-methylsparteine-
LiClO4 complex, suggested to be both in the boat con-
formation.

Additional information about complexes formed be-
tween 2-oxosparteine and 2-cyano-2-methylsparteine
with lithium perchlorate (LiClO4) were obtained at the
theoretical level. The electronic structure of the com-
plexes has been studied by means of the density func-
tional theory (DFT). The DFT calculations were per-
formed using the hybrid method B3LYP [30] in con-
junction with the modest split-valence polarized basis
set 6-31Gx*x [31], employing the Gaussian 98 pack-
age of ab initio programs [32]. The results are pre-
sented in Fig. 5. The LiN distances were found to
be ~ 2.03 A, with the Li atom located in the direc-
tion of the nitrogen lone-pair and on the bisector of
the OCIO angle. The binding energy of LiCIO4 with
2-oxosparteine was calculated to be 27 kcal/mol. The
binding energy of two LiClIO4 molecules with 2-cyano-
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Carbon Sparteine 2-Methylsparteine 2-Cyano-2- 2-Oxosparteine  Table 2. NMR data of sparteine
atom methylsparteine (1), 2-methylsparteine (2),
x LiClO,4 x LiClO,4 x 2 LiClO4 x LiClO,4 in CDCl; and 2-cyano-2-
1-LiClOy4 2-LiClOy4 3-2LiClOy4 4-LiClOy methylsparteine (3) and 2-oxo-
S5 SH &c SH 8¢ SH S5 SH sparteine (4) complexes with
2 55.6 *2.14 60.1 2.26 58.0 - 170.8 - lithium salt in DMSO-ds; §
-04 *3.24 +2.1 - -04 - -06 - values in ppm are given. Num-
3 245 *1.72 33.8 *1.52 375 1.44 32.92 *2.24  bers given in italics represent
-11 *1.72 -15 *1.68 -09 1.84 -02 *2.24  the complexation effect?2
4 23.0 *1.92 229 *1.56 20.9 *1.40 19.4 *1.15
—-15 *1.98 -16 *1.64 —04 *1.62 -03 *1.30 2 Atom numbering is shown in Fig.
5 29.3 *1.60 30.0 *1.58 285 *1.32 26.9 “L10 1. + upfield shift, — downfield
+0.2 *1.60 —02 *1.58 —06 *1.32 +0.1 *132  shift; * &4 values extracted from
6 65.9 2.60 66.5 2.65 61.4 2.08 60.1 274 the HET-COR spectrum.
-0.4 +0.3 -0.3 -0.9
7 32.7 *1.88 32.9 1.98 325 1.88 315 1.55
-0.2 -0.9 -07 -0.9
8 26.6 *1.70 26.6 *1.70 26.7 *1.01 26.9 *1.88
-0.8 *2.14 -0.9 *2.10 —-0.2 *1.96 -0.6 *2.14
9 32.7 *1.88 33.2 1.93 35.3 1.52 34.2 1.32
-32 -3.2 -05 -0.7
10 60.9 2.70 57.4 2.55 53.3 2.02 46.2 231
-0.9 3.32 +0.1 3.64 -05 2.86 —-0.6 4.80
11 62.3 3.66 63.4 3.60 63.8 1.76 63.8 1.70
-19 -10 -0.9 -0.4
12 232 *1.84 233 *1.82 338 *1.52 32.12 ¥1.32
-11.3 *1.84 -11.4 *1.96 -0.8 *1.20 -14 *1.34
13 226 *1.46 22.8 *1.90 24.4 *1.20 24.1 ¥1.12
—-20 *1.56 -21 *2.00 -0.5 *1.64 -0.4 *1.54
14 18.0 *1.56 18.1 *1.65 25.4 *1.40 25.9 *1.42
-7.8 *1.56 -7.9 *1.65 —-0.4 *1.40 +0.7 *1.54
15 52.7 3.10 52.9 3.26 54.7 1.84 54.9 1.85
-25 3.50 —24 3.46 -0.8 2.70 -0.7 1.66
17 47.3 3.12 476 322 52.7 2.165 51.7 1.83
-6.1 3.60 -5.9 3.60 -0.8 2.62 -1.2 2.55
—CH3 - - 20.1 1.27 259 1.40 - -
-1.2 -0.8
—CN - - - - 119.3 - - -
-0.1

2-methylsparteine was calculated to be 49 kcal/mol,
being nearly twice larger than that of the LiCIO4 —
2-oxosparteine complex. These binding energies are
comparable to that predicted for the LiH — sparteine
complex by Wiberg and Bailey to be 24 kcal/mol [33].

Conclusions

Complexes between (-)-sparteine, 2-methyl- and 2-
oxosparteine with LiClO4 have been synthesised. The
1:1 stoichiometry has been confirmed by elemental
analysis and the MS spectral results. The proposed
complex configuration, involving an all-chair trans A—
B and cis C-D conformation of the (-)-sparteine and
2-methylsparteine ligands has been confirmed by the
IR and NMR spectral data, being similar to that ob-
tained in other metal complexes with the same ligands.

A different, sofa/chair — boat/chair conformation, is
proposed for the 2-oxosparteine complex, where com-
plexation obviously does not affect the ligand config-
uration. 2-Cyano-2-methylsparteine-2LiCIO4 exhibits
a 1:2 stoichiometry, with the complexation preserv-
ing the conformational-configurational structure of the
free ligand, namely the chair/chair — boat/chair con-
formation with trans A-B and trans C-D systems.

Experimental Section

General techniques

Elemental analyses were carried out by means of a
Perkin-Elmer 2400 CHN automatic analyser. IR spectra were
recorded from KBr pellets with a Bruker FTIR 113v spec-
trometer. Low-resolution mass spectra were recorded us-
ing the fast atom bombardment (FAB) mode on an AMD-
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Intectra Gmbh Model (604) two-sector mass spectrome-
ter. Mass spectral data are reported in mass-to-charge units
(m/2). NMR measurements were carried out on a Varian 300
Gemini spectrometer at 300 MHz at ambient temperature,
using ~ 0.5 M solutions in CDCl3 or DMSO-dg (in the
case of the complexes 2-oxosparteine-LiClO4 and 2-cyano-
2-methylsparteine-LiClO4), TMS as internal reference, and
10 mm tubes. Ground-state absorption spectra were recorded
on a Cary 5E Varian spectrophotometer. Ground-state dif-
fuse reflectance absorption spectra were recorded on a Cary
5E Varian spectrophotometer equipped with an integrating
sphere.

(-)-Sparteine was derived from commercial sparteine sul-
phate, C15Ho6N2 xH2S04 x 5H,0, supplied by Aldrich. 2-
Methylsparteine was synthesised by addition of methyl-
lithium to the lactam carbonyl group of lupanine followed
by reduction with NaBH4 [21]. LiClIO4 was supplied by
Pierce Inorganics B. V. (Holland). 2-Oxosparteine (lupanine)
was isolated from Lupinus albus seeds according to meth-
ods described previously [34]. 2-Cyano-2-methylsparteine
was synthesised by addition of KCN to 2-methyl-2,3-
didehydrosparteine diperchlorate [25].

Complexes were prepared by mixing acetone solutions of
LiClO4 and the alkaloid ((-)-sparteine, 2-methylsparteine, 2-
oxosparteine, 2-cyano-2-methylsparteine) in stoichiometric

millimolar quantities. The solvent was evaporated from the
combined solution under reduced pressure to dryness and the
residue recrystallised from dry benzene, yielding white crys-
tals.

(-)-Sparteine-LiClO4: White crystals (92%), m.p. 165—
169 °C. — MS: m/z (%) = 241 (21) [M + Li], 235 (100) [M
+ H]". —C15H6N,LICIO4 (340): calcd. C 53.09, H 8.25,
N 8.25; found C 53.73, H 8.26, N 8.30.

2-Methylsparteine-LiClO4: White crystals (78%), m.p.
190-193 °C. — MS: mVz (%) = 255 (25) [M + Li], 249 (100)
[M+ H]+. —C16H2gN2 LiCIO4 xH,0 (372): caled. C 51.70,
H 8.08, N 7.54; found C 51.34, H 7.88, N, 6.95.

2-Oxosparteine-LiClO4: White crystals (60%), m.p. 190 —
195 °C. — MS: m/z (%) = 255 (22) [M + Li], 249 (100) [M
+ H]™. —C15H24N201 LiClO4 x Hy0 (372): caled. C 48.39,
H 6.99, N 7.52; found C 48.54, H 7.05, N 7.42.

2-Cyano-2-methylsparteine-(LiClO4),:  White crystals
(84%), m.p. 195-197 °C. — MS: m/z (%) = 287 (18) [M
+ 2Li], 274 (100) [M + H]+. —C17H27N3Li»Cl,0g xHo O
(503): calcd. C 40.50, H 5.80, N 8.33; found C 40.93,
H 5.05, N 8.16.
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