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FT INFRARED SPECTRA OF BINUCLEAR COPPER(II)
IMIDAZOLE SACCHARINATO COMPLEX:
CORRELATION WITH THE STRUCTURE
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Institute of Chemistry, Faculty of Science, “Sv. Kiril i Metodij” University,
PO Box 162, 91001 Skopje, Macedonia; spance@iunona.pmf.ukim.edu.mk

ABSTRACT

The FT infrared spectra of the binuclear copper(Il) complex with imi-
dazole and saccharin and of its iminodeuterated analogue at room (RT) and
liquid nitrogen temperature (LNT) are recorded. The bands that are mainly
due to the NH, ND, CO, SO, and metal-ligand stretchings are assigned. The
spectral characteristics are correlated with the available structural data and
compared with the corresponding data for other saccharinates and imida-

zole complexes.
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While the spectral appearance in the NH, ND and SO, regions is in
agreement with the structural data, the carbonyl stretchings do not conform
the pronounced difference between the lengths of the two structurally non-

equivalent carbonyl groups found by earlier structural studies.

INTRGDUCTION

Mainly due to the effectiveness of the compounds of saccharin (syste-
matic name: 1,2-benzisothiazol-3(2H)-one 1,1-dioxide) in biological sys-
tems, an extensive research work has been done in this field during the last
several decades. The structural and spectroscopic properties of saccharin as
a ligand or an anion (or both) in the saccharinates of various metals are thus
well known. Because of suspected pathological effects, however, metal-
saccharinato compounds containing aromatic nitrogen bases as ligands have
received certain scientific attention lately. In this sense, we have undertaken
a systematic spectroscopic and structural research of saccharinato adducts
with various mono- or polymembered ring bases. In the present communica-
tion, the results of the infrared study of copper(Il) complex containing sac-
charin and imidazole are reported.

Up to now, the crystal structures of imidazole saccharinato complexes
of Co(II)l and Ni(II)2 of a general formula [M(HIm),(H,0),)(sac), as well
as the structures of the binuclear Cu(ll)* and Cd(I)* complexes of a general
formula [M,(HIm)4(sac)s] were reported (in what follows, the acronyms
Him, pv, bpy, Hsac and sac denote imidazole, pyridine, 2,2’-bipyridine,
saccharin and saccharinato ion or ligand, respectively). From the structural
point of view, the last two compounds are rather interesting, each featuring
two coordination modes (monodentate N-donating and bidentate bridging)

of saccharinato ligands in its structure.
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Except for the electronic absorption spectra®**

, no other spectroscopic
data about these compounds exist. In the present study, the RT and LNT
infrared spectra of the copper(ll) imidazole saccharinato complex in the
4000-500 cm’' region as well as its RT spectrum in the 400-200 cm’® region
are recorded. Considering the previous infrared studies and the spectra-
structural correlations in a series of saccharinates and imidazole complexes
of various metals, an assignment of the characteristic bands is made. The

spectral characteristics in the regions of NH, ND, CO, SO, and metal-ligand

stretchings are discussed in sense of the available structurai data.

EXPERIMENTAL

The compound was prepared by addition of warm aqueous solution of
saccharin and imidazole to an aqueous solution of copper(Il) acetate in stoi-
chiometric amounts, during continuous stirring of the reaction mixture, Blue
prismatic crystals were grown at RT after several days. No spectral change
was observed after recrystallization from water. The results from the ele-
mental (C, H, N) analysis corresponded to the given formula.’

The spectra were recorded with Perkin-Elmer System 2000 FT IR in-
terferometer (middle infrared, resolution of 4 cm'I; far infrared, resolution
of 2 em™). For the LNT spectra a Graseby Specac P/N 21525 variable
temperature cell with KBr windows was employed. Solid samples in KBr
pellets served to record the spectra in the 4000-500 cm™ region, while
Nujol mulled solid samples placed between polyethylene plates were used
for the 400-200 cm™ region. The program GRAMS/386° was used for band
fitting,

Partially deuterated analogue of the complex was easily obtained by
exposing a powdered protiated sample to D,O vapors in an evacuated desic-

cator for several days.
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RESULTS AND DISCUSSION
Spectral Data

The FT IR spectra of the copper(Il) imidazole saccharinato complex

recorded at RT and LNT in the 4000-500 cm™ region are shown in Fig. 1.
Structural Data

Details about the structure of the copper(ll) imidazole saccharinato
complex {the full name of the compound is bis[x-1,2-benzisothiazol-3(2H)-
one 1,1-dioxido-xN:kO]bis[ 1,2-benzisothiazol-3(2H)-one 1,1-dioxido-xN]-
tetrakis(imidazole)dicopper(ll)} can be found in the paper describing its
crystal structure.® Thus, only brief data which are relevant for discussion of
the spectra will be given below.

The structure of copper(Il) imidazole saccharinate features a dimeric
moiety, composed of two Cu(HIm),(sac), units connected to each other
by an inversion center. Both saccharinato ligands of the unit are coordinated
to the metal atom through their nitrogen atoms. One of them, however,
through its carbonyl oxygen, is also coordinated to the metal atom of the
other unit in an amidato-bridging manner. Thus an eight-membered nearly
planar ring is formed. Because of the symmetry center, only two structurally
different saccharinato ligands as well as two non-equivalent imidazoles
exist in the structure.

The characteristic coordination of the metal atom is a trigonal bipyra-
mide. Two saccharinato nitrogen atoms (one of the saccharinato ligands
being N-donating and the other one being bridging) and a carbonyl oxygen
atom (originating from the bridging saccharinato ligand coordinated also to
the neighboring Cu atom) form the equatorial plane. The apex positions are

occupied by nitrogen atoms of two imidazole molecules.
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FIG. 1. The RT (A) and LNT (B) FT Infrared Spectra of [Cuy(HIm)4(sac)y]
in the 4000-500 cm™ Region.

Spectra-Structure Correlations

N-H/D stretching regions
Due to the deprotonation, the split v(NH) band in the solid-state
spectrum of saccharin, except for one so far known example’, is absent in
the spectra of the metal-saccharinato compounds. On the other hand, the
series of overlapping v(NH) and v(CH) bands in the 3300-2100 cm’! region
of the solid-state spectrum of pure imidazole®’, besides the v(CH) bands, is
usually replaced by one or two fairly sharp and symmetric stretching bands
of the imino group in the spectra of its metal complexes.”'® The bands
appear in the broad spectral region from 3500 to 3100 cm™.
An asymmetric strong band at 3342 cm™, with two shoulders on its
high-frequency side (at about 3470 and 3370 cm™), is present in the NH
stretching region of the RT spectrum of the studied complex (Fig. 1). On
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FIG. 2. Behavior of the Bands in the NH Stretching Region on Lowering
the Temperature (the Temperature Lowers from the Uppermost to the
Lowest Curve) (A). The ND Stretching Region of the RT (Upper Curve)
and LNT (Lower Curve) in the Spectrum of Partially Deuterated
[Cuy(HIm)4(sac)s] (B).

lowering the temperature, however, as shown in Figs. 1 and 2A, the
shoulder at 3370 cm™ separates in a clearly visible band. So, in fact, two
rather strong and overlapped bands with maxima at 3383 and 3343 cm™
(LNT) are present in the region where the v(NH) modes are expected.

The appearance of the LNT spectrum in the v(NH) region corresponds
with the existence of two non-equivalent NH groups in the structure. Accor-
ding to the structural data®, the two crystallographically non-equivalent imi-
no groups differ in the strength of the hydrogen bonding. Namely, there are
two intermolecular three-centered hydrogen bonds between the imidazole
imino groups and saccharinato sulphonyl oxygen atoms. Considering the

noticeably larger shift to higher frequencies of the higher-frequency band on
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lowering the temperature (about 13 cm™) compared to the lower-frequency
band (1 ecm™) (Fig. 2A), it can be supposed that this band corresponds to the
imino group involved in highly-bent hydrogen bonding >"!

In order to confirm the assignment of the v(NH) modes, the spectrum
of an iminodeuterated analogue of the complex was also recorded. Namely,
it has been shown that the imidazole imino groups undergo rapid H/D
exchange'®, although the complete and selective deuteration of imidazole is
known to be troublesome. The v(ND) region in the spectrum of the deute-
roimino analogue (deuteration of approximately 50 %) of the compound at
RT and LNT is given in Fig. 2B. It is clearly shown that rwo distinct v(ND)
bands (2522 and 2493 cm™) appear in the LNT spectrum. Their temperature
change behavior s simifar to that of the corresponding v(NH) bands
(Fig. 2A).

Carbonyl stretching region

The appearance of this spectral region of saccharinates is usually
complicated by presence of bands arising from the benzenoid stretching
modes of the saccharinato ligand as well as by water bending bands in the
case of solid hydrates."'14 Benzenoid stretching modes, however, are
known to appear as sharper and somewhat less intense bands compared to

the carbony! stretching modes at frequencies below 1600 cm™ '

, while the
structural data for the studied compound® reveal that it is anhydrous. Addi-
tional weak combination band originating from the imidazole ring is also
expected around 1665 cm™.® It is known, namely, that the bands belonging
to the heterocyclic basic ligands, besides eventual minor shifts and split-
tings, do not undergo drastic changes upon complexation.’’

A single, very strong and rather asymmetric band (with a maximum at

1674 cm™) appears in the carbonyl stretching region of the RT infrared



03:21 30 January 2011

Downl oaded At:

244 NAUMOV AND JOVANOVSKI

transmittance

| | | | | | I ] | I | [ I i

1700 1550 1400 1250 1100
wavenumber/cm!

FIG. 3. The 1750-1000 cm™ Region in the RT (A) and the LNT (B) Spectra
of [Cuy(HIm)4(sac)y]-

spectrum of the title compound, accompanied by at least two shoulders (at
around 1664 and 1648 cm™) (Fig. 3). In the LNT spectrum, however, the
shoulder at 1664 cm™ (RT) is less pronounced and the asymmetric shape of
the band is less preserved. Probably this shoulder originates from the above
mentioned weak combination band of imidazole.® The shoulder at 1648
cm’’, on the other hand, separates into a band at 1651 cm’! (Fig. 3). If it is
s0, two bands, at 1674 and 1651 cm™ (LNT), corresponding to the non-
bridging and the bridging carbonyl group, respectively, can be assigned as
v(CO) modes. As seen in Fig. 4, the complex band in the 1700-1630 cm’
region can be fitted well by three bands at 1675, 1665 and 1645 cm™, along
with the above discussion.

The appearance of fwo carbony! stretching bands in the LNT infrared

spectrum is in agreement with the existence of fwo non-equivalent carbonyl
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FIG. 4. The Original LNT (Full Line) and Reconstructed (Dashed Line)
Spectrum of [Cu,(HIm),(sac),] in the Carbonyl Stretching Region (a,b and ¢
are the Component Spectra).

groups in the structure.® The comparison of the spectroscopic and structural
data concerning the carbonyl groups in various metal saccharinates
(Table 1) is consistent with the v(CO) assignment made. Namely, the v(CO)
frequency in the studied complex, in accordance with the shorter average
C-O distance, is higher compared to the corresponding averaged v(CO)
frequencies of the saccharinates of Na and Mg that also feature coordination
through a saccharinato carbonyl group. Furthermore, the C-O distance of
the bridging CO group of the title compound seems quite normal being
similar to the corresponding averaged values in the saccharinates of Mg and
Na. The unexpectedly short C-O distance of the non-bridging CO group, on
the other hand, gives raise to noticeably higher frequency of the v(CO)

band, comparable to that found in mercury(II) saccharinate, which features
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TABLE 1

Basic Structural and Spectroscopic Data Concerning the Carbonyl
Groups in Some Metal Saccharinates

Frequency Data/cm™

No of co-
Com d R(C-0)/ R(C-0),,/,
ompoun ordinated (C-0ypm  R(C-O),, fpm v(CO) V(CO)qy
CO groups
118(2)
Hg(sac), 120(2) 121 1630
Ref. 13,32 0 122(2) 2 1705 1692
123(2)
HgCl(sac)
Ref. 13,33 0 123(2) 123 1694 1694
Hg(bpy)(sac); 121.7(6) 122 1615 1622
Ref. 34, 35 0 123.3(6) S 1630 6
Pb(sac), H;O 120.4(15) 1 1601
Ref. 36,37 0 125.5(15) 229 1610 1605
Mg(sac); - 7TH,0 124.03) 1627
Ref. 13,21 ! 12426 M jee0 1B
123.0(3)
Nas(sac); - 2H,0
;{ef. 133’ Y z 3 124.1(4) 123.6 1635 1635
123.7(3)
Cuy(HIm)(sac), 110.3(6) 1674
Structure: Ref. 3 1 122.3(5) 1163 1651 1662

Spectra: this work

* A discussion of this value is given in the text.

a fairly short C-O distance [118(2) pm] as well. The covalent character of
the metal-saccharinato bonds in the latter case, however, should also be
considered as one of the factors that increase the v(CO) frequency.”

The considerably smaller intensity of the v(CO) band corresponding to
the bridging CO group compared to that prescribed to the non-bridging CO
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group is another interesting feature. One of the reasons leading to this fact
could be related to the presence of two different types of coordination of
saccharinato ligand to the metal atom. It should be born in mind, however,
that the correlation of the number of crystallographically independent carbo-
nyl groups in the structure and the number of v(CO) bands in the infrared
spectrum is not always straightforward.13

Even so, it seems that the structural data concerning the carbonyl
groups in the studied compound need some more attention. It is to be
noticed that the lengths of the non-bridging and the bridging carbonyl group
are unexpectedly different from each other [110.3(6) and 122.3(5) pm, res-
pectively, as taken from the Table2 in the Ref.3). We could not find
a reasonable explanation of the abnormally small length of the shorter C-O
bond and neither wasthis discussed by the authors in the article reporting on
the structure.’ Namely, the lengths of the saccharinato carbonyl groups in
the structural studies of all so far studied saccharinato compounds were
estimated around (mostly longer than) 120 pm (for example, see the data
presented in Table 1 and in the Refs. 1, 2, 4, 13). On the other hand, taking
into account the frequency difference between the two bands assigned by
this study as carbony! stretching modes in the spectrum of the studied
compound, it is even more hopeful to expect that there should not be such a
drastic difference in the lengths of the two non-equivalent carbonyl groups.
Therefore, having in sight the earlier structural data about the metal saccha-
rinates as well as the spectral appearance of the carbonyl stretching region
of the studied complex, we consider that either the present case is somewhat
exceptional from what was previously found in a series of metal saccha-
rinato compounds or, eventually, the value given for the length of the non-

bridging carbonyl group [110.3(6) pm] might need further correction.
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TABLE 2

Some Structural and Spectroscopic Data Concerning the
Sulphony! Groups in Saccharin and Some Metal Saccharinates

SO, Frequency Data/cm’™ "

Compound R(S-O)/pm 2(0SO)/ v v A A A VY
as S 8 a
Saccharin
Ref. 14 1335 1180 155 0.884
142.72)
Ref. 38 142.802) 117.4(1)
14299 117701
Ref. 39 140.9(4) )
Saccharinates
144.3(2)
145.02) 112.9(1)
Na 144.6(2)
Refs. 145.6(2) 113.9(1) 1260 1150 110 75 30 0913
14, 18, 21 '
145.5(2)
144.52) 114401
Mg 144.92) 1265 1155 110 70 25 0913
Refs.
14,18,21 14222 114.4(1)
144.52)
Mn(II) 143.7(2)
Refs. 14452) 1161(1) 1288 1155 133 47 25 0.897
14,20
Studied
compound
[this work] 1288 1157 131 43 23 0.898
142.0(4)
143.8(4) 113.33)
Ref.3 143.9(4)
144.5(4) 115.4(3)

* The values in the last column are dimensionless. The symbols denote:
A= Hvyg) - AWvy); A= Ave(Hsac)] - Ava(M-sac)l; A7 = Avy(Hsac)] - fviM-sac)].
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The frequency of the carbonyl stretching band can be used to make
certain predictions on the type of the metal-saccharin bonding.n"3 As
expected, the v(CO) frequencies in the spectrum of the title compound are
lower than the corresponding frequency in the spectrum of saccharin itself
(1725 em™).M The lowering of the v(CO) mode frequency in the metal
saccharinates compared to the corresponding mode in saccharin is found to
be more pronounced in the ionic saccharinates than in the saccharinates
where the metal-saccharin bonding is mainly of covalent type. The observed
v(CO) frequencies in the spectrum of the copper(ll) imidazole saccharinato
complex are lower compared to the frequency of the corresponding mode in
the covalently bonded saccharinates of Hg(Il) and ClHg(II), but higher than
in the ionic saccharinates of Na, Mg and Pb(II) as well as in 2,2’-bipyridine
saccharinato complex of Hg(II) (Table 1). According to this, it is to suppose
that the character of the metal-saccharin bonding in the studied compound is

of an intermediate type.

Sulphonyl stretching region

The assignment of the bands arising from the v(S0O,) modes is usually
complicated by the presence of other bands in this region.ls Namely,
according to the ab initio calculations for the saccharinato nitranion"® as
well as the results of normal coordinate treatment of phtalimide and the

1316 at least five to

potassium salts of phtalimide and tetrachlorophtalimide
six bands originating from the saccharinato ligand are expected in the
1345-1100 cm’™* region. Five bands are found in this region in the infrared
spectrum of imidazole, although only fwo bands are expected from the NCT
results.®

The structural data for the studied complex® reveal that the sulphonyl

groups participate in intermolecular hydrogen bonding, which could further
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complicate the spectral appearance. The sulphony! stretching bands are
usually characterized by strong intensity and thus can be sometimes distin-
guished from the sharp benzenoid bands, as well as from the bands arising
from the imidazole ring. The benzenoid bands, on the other hand, are found
to be just slightly sensitive to temperature changes, which can be helpful in
empirical assignments.

At least fen bands with appreciable intensity can be seen in the
1345-1100 cm™ region of the LNT spectrum of the title compound (Fig. 3).
The strongest one among them, with a maximum at 1288 cm'l, could un-
doubtedly be assigned as antisymmetric stretching mode of the sulphonyl
groups.

The assignment of the symmetric stretching mode, however, seems
more complicated. Among several bands in the 1200-1100 cm™ region,
where the v4(SO,) modes are expected, the most prominent bands at 1170
and 1157 cm™ seem promising for this assignment (Fig. 3). Since both
bands show similar temperature-change behavior, the empirical assignment
of the band arising from the v{(SO;) mode would be somewhat tentative.
However, considering the earlier spectra-structure correlations in metal
saccharinates'® as well as the structural data for the Cu(Il) imidazole
saccharinato complex3, it seems that the band at 1157 cm™ would be a better
choice to be assigned as v{(SO;) mode. Namely, as shown in Table 2,
the SO, structural parameters in copper(ll) imidazole saccharinate are simi-
lar to the SO, parameters in the saccharinates of Mn(II), Na and Mg. It is to
be noticed that the parameters of one of the SO, groups in the studied
complex are similar to those of the SO, group in Mn(II) saccharinate.”” At
the same time, the frequencies of the v(80,) modes in the spectra of both
compounds are almost the same, which additionally confirms the assign-

ment made.
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In the saccharinate of sodium the three O-S-O angles differ slightly
from each other (the maximum difference is 1,1 O).21 Besides the presence of
three structurally different O-S-O angles in the structure, only one pair of
bands attributable to the sulphonyl stretchings is found in its spectrum.
The difference between the values of the fwo structurally non-equivalent O-
S-O angles in the studied complex (2,1°) is close to the corresponding one
found in sodium saccharinate. This implies that, in spite of the expectation
of two pairs of SO, bands corresponding to the two structurally different
sulphony! groups, only one pair of bands might be, in fact, observed.

Otherwise, as it was found in the case of all previously studied saccha-
rinates'®, due to the electron redistribution within the five-membered ring of
the saccharinato ligand upon the deprotonation of the saccharin molecule,
the frequencies of the sulphonyl stretching modes in the studied compound
arc lower compared to the corresponding frequencies in the spectrum of

saccharin itself (Table 2).

Far infrared region

According to the NCT results, bands originating from the internal
vibrational modes of imidazole are not expected in the 390-190 cm™ regi.
on.® As our recent far-infrared study on a series of saccharinato compounds
has shown??, however, no bands originating from the internal modes of the
saccharinate are expected to appear below 390 cm™.

The assignment of the stretching Cu-N(HIm) bands in the far infrared
region was made considering the previous data for the metal-ligand
stretching frequencies in a series of copper(II) complexes with various hete-
rocyclic bases.""" According to the metal isotope substitution results®,
the fairly strong band at 286 cm™ in the spectrum of the distorted octahedral

complex Cu(HIm),Cl; has been assigned to the v[Cu-N(HIm)] mode, while
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in the spectrum of polymeric octahedral Cu(HIm),Cl,, the band at 306 cm’!
has been attributed to the corresponding mode. The bands at 307 and
286 cm’! in the case of [Cu(HIm)4(ClOy),] have been assigned as antisym-
metric and symmetric Cu-N(HIm) stretching, respectively, but only one
such band (at 290 cm'l) was found for [Cu(HIm)4(N03)2].24 Some earlier
studies’” have shown that the v(Cu-N) mode in the copper(Il) complexes
with nitrogen bases should appear as a strong band around 254 cm™. It is
also known that this mode can sometimes be characterized by splitting due
to the crystal field effect.”

Considering the above discussion, the strong band at 259 cm™ in the
RT spectrum of the title compound (Fig. 5) seems to be a good candidate to
be assigned to the v[Cu-N(HIm)] mode. One of the factors leading to the
complex structure of the band might be the existence of different, albeit
very similar Cu-N(HIm) distances [194.8(4) and 195.8(4) pm] in the
structure. Because of its relatively high frequency, it seems unlikely for this
band to be the result of lattice vibrational modes.

As it was already mentioned, the coordination polyhedron around the
Cu atom can be described as a somewhat distorted trigonal bipyramide.® Na-
mely, the equatorial Cu-N(sac) bonds [211.3(4) and 206.9(4) pm for the
bridging and the non-bridging saccharinato ligand, respectively], as well as
the Cu-O(sac) bond [226.6(3) pm], are noticeably longer than the
Cu-N(HIm) bonds [194.8(4) and 195.8(4) pm], the latter being orientated
towards the apexes of the coordination polyhedron. The difference in the
basicity of the saccharinato ligand as compared to imidazole is surely one of

17,24 that

the reasons leading to this fact. This might be taken as indication
the bands originating from the v{Cu-N(sac)] modes are to be expected at

lower frequencies compared to the bandsresulting fromthe Cu-N(HIm) stret-
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FIG. 5. The Far Infrared Region in the RT Spectrum of [Cuy(HIm),(sac),].

ching modes. Our detailed literature survey has shown, however, that data
on v[metal-N(sac)| assignments are rather scarce. It should be mentioned
here that the v[Zn-N(sac)] bands in [Zn(py).(sac),] were expected lower
than 224 cm™ %

According to the above description, it can be supposed that the asym-
metric band around 240 cm™ (Fig. 5) is in connection with the Cu-N(sac)
stretching modes.

The v(Cu-O) modes are expected to result in weaker bands and to
appear at higher frequencies than the v(Cu-N) modes®, in regions where
bands from the internal ligand modes are also expected. Although some of

the bands around 330 cm™ 3!

in the spectrum of the title compound (Fig. 5)
might include some v[Cu-O(sac)] character, it is to be mentioned that all of
the assignments in the far-infrared are tentative and a further study is needed

in order to obtain more reliable results.
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