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Fla vins (from Latin flavus, "yel low") are or ganic com -
pounds based on pteridine, formed by the tricyclic
heteronuclear or ganic ring - isoalloxazine. The bio chem i -
cal source is ri bo fla vin (also known as vi ta min B2). Fla vins 
are bi o log i cally ac tive com pounds which are re spon si ble
for re dox pro cesses in many types of en zymes, mostly in
the form of flavin mononucleotide (FMN) or flavin adenin
dinucleotide (FAD) co-fac tors [1]. Be sides, syn thetic
flavin an a logues are sub ject of in ten sive re search as orga -
no catalysts of ox i da tions and re duc tions [2, 3]. The flavin
group is ca pa ble of un der go ing ox i da tion-re duc tion re ac -
tions, and can ac cept ei ther one elec tron in a two-step pro -
cess or two elec trons at once. Re duc tion is made with the
ad di tion of hy dro gen at oms to spe cific ni tro gen at oms on
the isoalloxazine ring sys tem:

Un til now, fla vins have been ap plied for photo -
oxidation of benzyl al co hols, benzyl amines or methyl -
benzenes to ben zal de hydes, benzyl methyl ethers to methyl 
benzoates for photooxidation of do pa mine, amino ac ids,
indols, un sat u rated lipids and fatty ac ids, glu cose, fenols as
well as for se lec tive photocatalytic re moval of benzylic
pro tect ing groups. The photooxidations men tioned above

are usu ally per formed in the pres ence of air which al lows
re gen er a tion of flavin cat a lyst (Fl) from its dihydro form
(Fl-H2). Be sides hy dro gen bond ing, fla vins are known to
in ter act with sev eral mol e cules by p-p stack ing, do nor p in -
ter ac tions and cat ion- or an ion- p in ter ac tions. These in ter -
ac tions were found to be es sen tial not only for bind ing
flavin co factors but also for mod u lat ing re dox prop er ties
and the re ac tiv ity of flavin moi eties in the bi o log i cal sys -
tems. How ever, intermolecular in ter ac tions can neg a tively
in flu ence the ef fi ciency of flavin photocatalytic sys tem de -
creas ing the sta bil ity of fla vins or do ing their re dox prop er -
ties more un prof it able. With the aim to min i mize a
readi ness of fla vins to ag gre gate, we pre pared se ries of de -
riv a tives with ortho-substituted phenyl ring in the position
10. 

Re sults of X-ray sin gle crys tal works of these de riv a -
tives will be pre sented. 
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In tro ducti on

Prop er ties of com pounds are de ter mined by their elec tronic 
struc ture. From the chem i cal point of view, the pre cise
knowl edge of the elec tronic struc ture  of mol e cules is cru -
cial to ex plain their pos si ble re ac tiv ity, chem i cal and trans -
port prop er ties in var i ous sur round ings. Thus the
ex per i men tal (such as ESR, voltammetry, elec tron spec -
tros copy, pre cise X-ray mea sure ments) and the o ret i cal
(high-level quan tum-chem i cal cal cu la tions) meth ods of the 
study of an ex act elec tron den sity dis tri bu tion in mol e cules
are of in creas ing im por tance in re cent stud ies in ad di tion to
com mon meth ods for de ter min ing their chem i cal struc ture
(such as X-ray dif frac tion, NMR and vi bra tional spec tros -
copy, mass spec trom e try). 

Stan dard X-ray crys tal log ra phy gives an in for ma tion
about the  geo met ri cal struc ture of the mol e cule un der
study. Over 500 000 crys tal struc tures of or ganic and
organometallic com pounds in Cam bridge Crys tal lo graphic 
Da ta base have been solved us ing the soft ware based on the
spher i cal model of the atomic elec tron den sity. In the real
com pounds it is not ad e quate and the spher i cal part is only
the ‘core’ of the atom. From the chem i cal point of view, the 
most in ter est ing part of the elec tron den sity is the asym met -
ric one which re flects the chang ing  elec tron den sity dis tri -

bu tion (EDD) due to the cre ation of chem i cal bonds. The
EDD and its sub se quent top o log i cal anal y sis is a pow er ful
tool for the ex per i men tal study of the elec tronic struc ture
(ES) of mol e cules in solid state [1].

Ex pe ri men tal

For study of ex per i men tal elec tron den sity dis tri bu tion
(EEDD) of some co or di na tion com pounds the GEMINI R
data at 100K will be used. The o ret i cal study will be per -
formed by a quan tum-chem i cal soft ware. The re sults of
top o log i cal anal y sis both ex per i men tal and the o ret i cal will
be dis cussed [2-4].
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In tro ducti on

Com par i son of ex per i men tal and the o ret i cal elec tronic
struc ture is very im por tant. In many cases the num ber of at -
oms of the stud ied sys tem make dif fi cul ties. In this work
tetrazole was care fully cho sen as the small est sin gle mol e -
cule in the unit cell. This work deals with the study of ex -
per i men tal elec tronic struc ture of tetrazole. 

Tetrazole and its de riv a tives have at tracted con sid er -
able at ten tion be cause of their characterful struc ture and
their ap pli ca tions as anti-al ler gic, antihypertensive, an ti bi -
otic and anticonvulsant agents. There fore it plays an im por -
tant role in me dic i nal chem is try. Tetrazoles, as quite
suit able lig ands, can serve as re place ment for carboxylic
acid also in supra mo lecu lar chem is try. More over,
tetrazoles are highly flex i ble lig ands and can eas ily adapt to 
dif fer ent bind ing modes [1-5]. 

Ex pe ri men tal

Tetrazole was pur chased from Sigma Aldrich as a so lu tion
for re ac tion. Af ter the sol vent was va por ized, the crys tals
were pre pared by slow crys tal li za tion from the mix ture of
eth a nol – isobutanol (6:1). 

A sin gle crys tal of tetrazole was se lected and mounted
in the cold ni tro gen stream. The data were col lected at
100.0 (1) K on an Ox ford Dif frac tion Kappa ge om e try
GEMINI R diffractometer equipped with Ruby CCD area

de tec tor us ing graph ite monochromated MoKa ra di a tion

(l = 0.71073 C) at 50 kV and 40 mA. Dis tance from crys tal 
to de tec tor was 53 mm. De tails of the X-ray dif frac tion ex -
per i ment con di tions and the crys tal lo graphic data for
tetrazole are given in Tab. 1. Crys tal struc ture was solved
and re fined by us ing SHELXS-97 and SHELXL-97. The
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mo lec u lar struc ture of tetrazole and its per spec tive view are 
shown in Fig. 1. 

Start ing pa ram e ters for mul ti ple re fine ment were taken
from a rou tine SHELXL re fine ment and all other re fine -
ments were car ried out on F us ing the XD suite of pro grams 
[6].  A com plete atom-cen tered multipole re fine ment was

car ried out with the nonspherical atomic elec tron den sity
given by the equation (1) [7]. 
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Fig ure 1. A per spec tive view of tetrazole (el lip soids are drawn in 50 % prob a bil ity fac tor). Con tact dis tances and hy dro gen
bonds are shown by dot ted lines.

Em pi ri cal for mu la C H2 N4 Crys tal size 0.264 ´ 0.162 ´ 0.058 mm

For mu la weight 70.07 q ran ge for data col lecti on 4.68° to 45.59°

Tem pe ra tu re, wa ve lenght 293 (2) K, 0.71073 C In dex ran ges -7 <= h <= 6

Crys tal sys tem, spa ce group tric li nic, P 1 -9 <= k <= 9

Unit cell di mensi ons a = 3.6064 (4) C -9 <= l <= 9

b = 4.7373 (6) C     Max. and min. transmis si on 0.994 and 0.977

c = 4.9287 (9) C Re flecti ons col lec ted 5398

a = 107.1 (1)° In de pen dent re flecti ons 1961 (R(int) = 0.0333)

b = 107.8 (2)° Com ple te ness to 2q = 25.00    100 %

g = 100.1 (1)° Data / re straints / pa ra me ters   1961 / 3 / 46

For mu la units per unit cell 1 Good ness-of-fit on F^2        1.041

Cal cu la ted densi ty 1.589  mg m-3 Fi nal R in di ces [I > s(I)] R1 = 0.0388, wR2 = 0.0984

Ab sorp ti on co ef fi ci ent 0.124 mm-1 R in di ces (all data)              R1 = 0.0434, wR2 = 0.1034

F (000) 36
Lar gest diff. peak and hole

0.349 and -0.404 (eC-3)
0.349 and -0.404 (eC-3)

Ta ble 1. Crys tal data and ex per i men tal de tails for tetrazole.
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The H at oms were treated with one bond-di rected di -
pole (l = 1), other at oms were re fined up to octapoles. The
lo cal co or di nate sys tems to de fine multipoles were used as
fol lows. For non-hy dro gen at oms: x-axis - di rec tion to the
clos est atom, y-axis - per pen dic u lar to the x-axis and ori -
ented to wards the sec ond clos est atom; for hy dro gen at -
oms: z-axis - di rec tion to the bond ing car bon or ni tro gen

atom and x-axis - per pen dic u lar to the z-axis. The strat egy
for re fine ment was as de scribed pre vi ously [6]. The re sults
of refinement are summarized in Tab. 2.

As can be seen in Ta ble 2, the multipole re fine ment re -
sulted in a sig nif i cant im prove ment of the agree ment be -
tween the ex per i men tal and cal cu lated struc ture fac tors.
Re sid ual den sity maps were cal cu lated by a Fou rier syn the -
sis where the co ef fi cients are dif fer ences be tween the ob -
served and cal cu lated struc ture fac tors cor re spond ing to
the converged multipole model.

The max i mum and min i mum of the re sid ual den sity are
+0.108 e/C3 and -0.074 e/C3, re spec tively; the root- mean-
 square re sid ual den sity is 0.034 e/C3. At oms in ring are
bonded by co va lent bonds. In spec tion of the max i mum
charge con cen tra tions in the bond ing and nonbonding re -
gions in the va lence shell, the so-called va lence shell
charge con cen tra tions (VSCCs) shows that there are three
charge con cen tra tions (Fig. 2), which cor re spond to lone
elec tron pairs on ni tro gen at oms. On the other hand, the de -
ple tion of the charge in the re gions where the co va lent
bonds are formed by in ter ac tion with the lone pair on car -
bon and ni tro gen do nor at oms (C(1), N(1), N(2), N(3) and
N(4)) is clearly seen (Fig. 2).
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SHELXL

re fi ne ment

Mul ti po le

re fi ne ment

R(F)
 - 0.0188

R(F)†  - 0.0191

wR(F) †  - 0.0148

R(F2)
0.0388 0.0241

R(F2) † 0.0434 0.0242

wR(F2) † 0.1034 0.0300

S 1.041 1.4455

Ta ble 2. Sum mary of the SHELXLand multipole re fine ment of
tetrazole.

Fig ure 2. 3D plots of the Laplacian of the elec tron den sity in
tetrazole.
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Co or di na tion com pounds of tran si tion met als in the ox i da -
tion state M(III) are quite un usual. The se ries of sev eral
dithiolate com plexes of gen eral for mula R[M(bdt)2] with
ben zene-1,2-dithiol (bdt), M = Ni, Co and Cu as the cen tral
atom and var i ous am mo nium (phosphonium) de riv a tives R 
= Me4N

+, Et4N
+, Pr4N

+, Me3PhN+, MePh3P
+, Ph4P

+ , were
pre pared [1]. A wide range of tech ni cal ap pli ca tions (e.g.
su per con duc tors, res ins, po lar iza tion fil ters, vul ca ni za tion
ac cel er a tors) of the dithiolate com plexes, as well as their
bi o log i cal ac tiv ity (anticholinesterase ac tiv ity, pes ti cides)
makes them in ter est ing sub jects for the re search. Our pre -
vi ous at tempt to study the elec tronic struc ture of these com -
plexes from dif frac tion data was not suc cess ful due to large 
anisotropic dis place ment pa ram e ters (ADPs) [2]. In or der
to re duce the ther mal mo tion in the com plex, chloro-sub sti -
tuted ligand, 3,6-dichloro-1,2-benzenedithiol (bdtCl2) was
used for the syn the sis.

Prep a ra tion of (Me(Ph)3P)[Cu(bdtCl2)2]: So lu tion
of  Na (0.08 g, 3.3 mmol) in MeOH (10 cm3) was added to
3,6-dichloro-1,2-benzenedithiole (bdtCl2, 95%) (0.34 g,
1.6 mmol). To this mix ture, CuCl2·2H2O (98%) (0.13g,
0.76 mmol) in MeOH (10 cm3) was added. Fi nally, Methyl -
triphenylphosphonium bro mide (Me(Ph)3PBr, 99%) (0.57
g, 1.6 mmol) in MeOH (10 cm3) was added. The re sult ing
so lu tion was stirred for 24 hours. The com plex was pre cip i -
tated by the slow ad di tion of wa ter, with vig or ous stir ring.
The green crys tal line pow der was fil tered off, washed with
di ethyl ether, and then recrystallized from ac e tone/meth a -
nol so lu tion (40:5) (yield 99%). Crude prod uct was pu ri -
fied by col umn chro ma tog ra phy us ing eluent mix ture
to lu ene/meth a nol (10:1). The same pro ce dure was used for
prep a ra tion of com plexes (Me(Ph)3P)[Ni(bdtCl2)2];
NiCl2·6H2O (98%) (0.18g, 0.76 mmol) and (Me(Ph)3P)
[Co(bdtCl2)2]; CoCl2·6H2O (98%) (0.18g, 0.76 mmol). Af -
ter crys tal li za tion a sin gle crys tal suit able for X-ray anal y -
sis was se lected. All sol vents were prod ucts of LACHEMA 
Brno and mikroCHEM.The chem i cals of an a lyt i cal grade
were pur chased from Sigma-Aldrich. 

X-ray data col lec tion for (Me(Ph)3P)[Cu(bdtCl2)2];
(Me(Ph)3P)[Ni(bdtCl2)2] and (Me(Ph)3P)[Co(bdtCl2)2]
were per formed on an Ox ford Dif frac tion Gem ini R four
cir cle k-axis diffractometer equipped with a Ruby CCD de -

tec tor and a graph ite mono chro ma tor, us ing Mo-Ka ra di a -
tion at 293(2) K and 100(2) K. CrysAlis pro gram pack age
(Ox ford Dif frac tion, 2011) was used for data re duc tion [3]. 
The struc ture was solved by di rect meth ods us ing SHELX
[4, 5] and re fined anisotropically for all non-hy dro gen at -
oms by full-ma trix least-squares. All hy dro gen at oms were
found from the Fou rier map and were re fined isotropically.
DIAMOND was used for draw ing [6]. 

The three pre pared com plexes are found to be
isostructural, crys tal liz ing in the space group P21/c. The
struc tures con sist of two com plex an ions and one mo lec u -
lar cat ion. The cen tral atom is co or di nated by two
dithiolates lig ands. The X-ray struc ture anal y sis of
(MePPh3)[Ni(bdtCl2)2], (MePPh3)[Co(bdtCl2)2] and
(MePPh3)[Cu(bdtCl2)2] con firmed a square-pla nar ge om e -

try of S2MS2 chromo phore. The M-S bond lengths are for
Ni: 2.1390(6)-2.1508(6) C, for Co: 2.1570(6)-2.1640(6) C
and for Cu: 2.1720(6)-2.1761(5) C, which are sig nif i cantly 
shorter then the usual pub lished val ues for metal(II) com -
plexes (Ni: 2.17-2.18 C [7], Co: 2.28 C [8] and Cu: 2.27 C
[9]); this fact also sup ports the as sump tion of a metal(III)
ox i da tion state in these com pounds. The ap pro pri ate bond
an gles around cen tral at oms (Ch1,Ch2°)-(Ch1,Ch2°) are
(87.33(2), 87.74(2)°)-(92.67(2), 92.26(2)°)  for NiS4,
(87.66(2), 88.14(2)°)-(92.34(2), 91.86(2)°) for CoS4 and
(87.10(2), 87.57(2)°)-(92.90(2), 92.43(2)°) for CuS4

chromo phore. The struc tures of these com plexes are sta bi -
lized by in ter ac tion of  H27A-Cl1 (dist.: 2.905 C) for Ni
com plex, (dist.: 2.896 C) for Co com plex and (dist.: 2.912
C) for Cu com plex. The ba sic idea of this work was to ob -
tain suit able M(III) com pounds for study of elec tronic
struc ture. The chloro-sub sti tuted ligand was used to elim i -
nate dis or der (Figure1). The elim i na tion of dis or der was
suc cess ful. Af ter pu ri fi ca tion the high qual ity crys tals were 
pre pared for the study of elec tronic struc tures.
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