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C nomouwibio K6AHMOBO-XUMUYECKUX PACUEMO08 HPU UCHOIb306AHUU MemOOod (PYHKYUO-
Hana naomuocmu (2udpuonstii pynkyuonan B3LYP) uzyueno xkonghopmayuonnoe mmuozooopa-
3ue 1,3,5,7-mempaghenun-aza-BODIPY u 1,3,5,7-mempa(2-muogpenun)-aza-BODIPY. Beeoenue
6 cmpykmypy aza-BODIPY uemupipex zpynn-3amecmumesieil npugooum K noGOPOmMy U CORyHi-
cmeyruiemy 6b1x00y OAHHBIX ZPDYRN U3 NIOCKOCIU 2emePoyuKIa. Yenvt nosopoma henunvnoii u
MuUoQeHUuIbHOIL 2PYRN 8 PACCMOMPEHHBIX MOJIEKYaax cocmaenaom okono 30° u 17° coomeem-
cmeenno. C nomowpio Keanmogo-xumuueckux pacuemos B3LYP/6-31G* u B3LYP/cc-pNTZ
Haildeno uemolpe KoOHopmepa onsa enunzameuennozo aza-BODIPY u 30 konugopmepos ona
muogenunzamewiennozo aza-BODIPY. Omuocumenvhuvle IHepzUuu HEKOMOPHIX KOHPOpMepPos
00CMamouHo MAlbl, HOIMOMY UX 803MOMCHOE NPUCYMCHIGUE 8 nape HeoOX00UMO YUUmMbIEAnb
npu 00padomKe IKCNEPUMEHMATILHBIX INEKMPOHOZpaAPuuecKux oannvix. B nacmoswieii pabome
UCc1e006ana YyecmeumenabHOCHb Memooda 2a3o6oll 31eKmpoHozpaguu K CmpyKmypHoim uzme-
HEHUAM, 6bI36AHHBIM PA3IUYHBIM NOJI0ONHCEHUEM (PEHUNbHBIX U MUOPEHUTbHBIX 3aMecHumenell
OmHocumenvHo opyz opyza u omuocumensvno ocmoea aza-BODIPY. Conocmagnenvt meopemu-
yeckue (YHKYUU paouanbHozo pacnpeoenenun f(r) ona KoHpopmepos 08yX paccMompeHHbIX
MoneKkyn. MescvaoepHvie paccmoanus Mexcoy XumuueckKu C6A3AHHbIMU AMOMAMU MO2Yym Oblmb
HAO0EXCHO onpedenenvl U3 IKCNEPUMEHMAIbHBIX INeKmpOonozpauueckux oaunvix. O0naxo
onpeoeieHue 63aUMHBIX OPUEHMAUUIL COCCOHUX ZDYRN NO OMHOUIEHUIO OPY2 K OPY2y HAX0OUMCA
Ha npeodene 803MOMCHOCHEN Memoda 2a3080i Inekmponozpagpuu. Ha ocnoeanuu sxcnepumen-
MATbHBIX OAHHBIX MOMCHO paznudume Kongopmepwt 1,3,5,7-mempa(2-muoghenun)-aza-BODIPY
C OMAUYHBIMU OPYZ OM OPY2a 63AUMHBIMU PACHOSIONCEHUAMU amomoe cepbl. Hcnonb3osanue pe-
3YAbMAmo8 KeAHMOBO-XUMUUECKUX PACUEm 068, NOTAYYEHHBIX HPU UCHOIb308AHUN PA3TUYHBIX
Haobopos 6asucHbix pynxyuil (6-31G* u cc-pVTZ), nozeonsem noayuumo cXooHvle 0pyz ¢ 0pyzom
uzoopadicenusa QyHKyuii paouanvHo2o pacnpeoenenusn f(r), a 3nauum u 0OUHAKOGbHIE 6blEOObL O
803MONCHOCHU Memo0a 2a3060il INeKMPOHozpadhuu onpedenams KOHPHOPpMayUOHHbLIL COCMAE.

KuaroueBsble ciioBa: ra3oBas 31eKTpoHOTrpadus, Teopus (pyHKIIMOHANA IUIOTHOCTH, KOH(POPMAIIHOHHBIH
ananms, a3a-BODIPY
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Conformational manifold of 1,3,5,7-tetraphenyl-aza-BODIPY and 1,3,5,7-tetra(2-
thiophenyl)-aza-BODIPY was studied by B3LYP calculations. The addition of four cyclic groups
to the aza-BODIPY core defines the non-planarity of the molecule and movement of the substitu-
ents from the heterocycle plane. The rotation angles of the phenyl and thiophenyl groups in the
molecules are about 30° and 17° respectively. For phenyl-substituted aza-BODIPY four con-
formers were found using quantum chemical calculations (B3LYP/6-31G* and B3LYP/cc-pVTZ),
for thiophenyl-substituted aza-BODIPY — 30 conformers. Relative energies of some conformers
are quite low, therefore they should be taken into account in the treatment of the gas electron dif-
fraction (GED) experimental data. In current work the sensitivity of the GED method to the
structural changes induced by different positions of phenyl and thiophenyl substituents relative to
the aza-BODIPY core and each other was examined. Model radial distribution curves f(r) for all
conformers were compared. It demonstrates that the bond distances can be reliably determined
from experimental data, while the refinement of mutual orientations of neighboring groups relat-
ing to each other is at the limit of the possibilities of the GED method. Based on experimental da-
ta, it is possible to distinguish 1,3,5,7-tetra(2-thiophenyl)-aza-BODIPY conformers, which differ
in the mutual arrangement of sulfur atoms. The use of the results of various quantum chemical
calculations leads to the same conclusions about the possibility of the gas electron diffraction
method to determine the conformational composition.
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emergence of new fields of practical application of
INTRODUCTION e :

_ _ BODIPY derivatives as parts of sensor devices and

~ One of the main problems of modern chemis-  solar cells, materials for nonlinear optics, medicine [1, 2],

try is the molecular design of chemical structures. The  etc. requires a fundamental study of the relationship
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between the structure, physicochemical properties,
and reactivity in various processes. BODIPY deriva-
tives are studied by almost all physicochemical meth-
ods: a variety of spectroscopies in the visible region,
including UV-Vis spectroscopy [3-5], transient ab-
sorption [6-8] and multiphoton absorption [9-12], as
well as IR spectroscopy [13-16], NMR spectroscopy
[17-20], EPR spectroscopy [21-23], differential scan-
ning calorimetry [24-26], cyclic voltammetry [27-29]
and X-ray diffraction (XRD) analysis [30-32]. More-
over, a large number of works [13,33,34] are devoted
to the quantum chemical (QC) calculations of BOD-
IPY's structures. At the same time, it is surprising that
there are no data on the structure of these molecules
in the gas phase. Structural information about free
molecules is of particular importance, since in the gas
phase there are no collective mteractlons that intro-
duce significant distortions
of the molecules, as is the
case in the condensed state.
By studying free molecules,
one can establish with the
greatest certainty the indi-
vidual properties of com-
pounds, describe the fine
details of their geometric
and electronic structure and
nuclear dynamics. The most
common experimental
method for determination of
gas-phase structures is gas
electron diffraction (GED)
[35, 36]. Molecular struc-
tures determined by GED
can be used for the development of the corresponding
subsections of stereochemistry and for the assessment
of the performance of various theoretical methods
[37, 38]. However, in the case of large molecules
structural refinement of GED data is usually a non-
trivial procedure [39-41]. The cyclic compounds with
various substituents can exhibit different types of
non-planar distortions and this circumstance brings
the additional difficulties in the structural analysis.
The sensitivity of the GED method to the de-
termination of the conformational composition of
compounds bearing ethyl and halogenophenyl sub-
stituents was examined [38, 42-44] on the example of
porphyrins. In order to assess the ability of the GED
method to distinguish between different confor-
mations of molecules, it is proposed to compare the
model curves of the radial distribution f(r) for appro-
priate conformations using the results of QC calcula-
tions. GED method did not allow solving the confor-
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mational problem of the ethyl and halogenophenyl
substituted porphyrins in a gas phase [38, 42-44], but
at the same time GED proved to be sensitive to the
situation regarding position of the ethyl groups rela-
tively to the macroheterocycle. For 5,10,15,20-
tetrakis(40-fluorophenyl)porphyrin, the results based
on this theoretical approach [38] were obtained in
good qualitative and even quantitative agreement
with the results described in subsequent experi-
mental GED work [44].

The present work continues the studies devot-
ed to determining the sensitivity of the GED method
to the determination of the conformational composi-
tion of cyclic compounds. The objects of the current
study are 1,3,5,7-tetraphenyl-aza-BODIPY (1) and
1,3,5,7-tetra(2-thiophenyl)-aza-BODIPY (2) (Fig. 1).

Fig. 1. Molecular structure and atom nambering in molecules 1
and 2
Puc. 1. MonekynspHas CTpyKTypa U HyMeparus aTOMOB AJIsI MO-
nekyn 1w 2

COMPUTATIONAL DETAILS

QC calculations of molecular geometries and
Hessians of the 1 and 2 were performed using the
Gaussian 09 program package [45] in the framework
of DFT method with the functional B3LYP. Calcula-
tions were carried out using following basis sets — 6-
31G* [46-49] and cc-pVTZ [50,51] for all atoms. The
basis sets were taken from the Basis Set Exchange
software [52-54]. The optimized structures from QC
calculations are given in the Supplementary materials.

Vibrational amplitudes and vibrational correc-
tions to nuclear distances were calculated on the base
of force field obtained from quantum chemical calcu-
lations with the use VibModule program [55] for the
temperature T = 430 K. In calculations for confor-
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mations (VI — for 1; Vaa, Vab, Vba, Vbb — for 2), the
imaginary vibration frequencies were taken as real (35
and 21 cm? (according to B3LYP/6-31G* and
B3LYP/cc-pVTZ calculations, respectively) — for 1; 58,
20, 60, 21 cm™ (according to B3LYP/6-31G* calcula-
tions) — for Vaa, Vab, Vba, Vhb of 2, respectively).
Calculations of the model radial distributions
curves f(r) were performed in the modified KCED-35
program, which is similar to the program described in
the paper [56]. The difference curves Af(r) were cal-
culated relative to the curve corresponding to con-
former with minimal energy: Af(r) = fij(r)—freference(r)).
The deviation of the j-th curve from the reference
curve was characterized by disagreement factor (Ry;)
between the theoretical molecular scattering intensi-
ties corresponding to different models:
§V=1(SM(Si)reference - SIV[(SL')modelj)2

Rf'] \/ Z?Izl(SM (Si)reference)z

where sM(Si)refrerence — theoretical molecular scattering
intensities for conformer with minimal energy: for 1 —
conformer 1V, for 2 — conformer laa; SM(Si)model j —
theoretical molecular scattering intensities for corre-
sponding conformer.

RESULTS AND DISCUSSION

-100%

Conformational multiformity of 1 and 2 is as-
sociated with the possible rotation of substituent
groups around the C-C bonds. Rotation barriers of
phenyl and thiophenyl are around 23 and 35 kJ-mol®,
respectively [34]. The molecules are non-planar due
to the movement of the substituents out of the hetero-
cycle plane. For 1 the torsional angles 1(C2-Cs-Ca7-
Cig) and 1(C2-C1-C11-C12) are about 34° and 28°, re-
spectively; for 2 — t(C2-Cs-Cas-S17) = 1(C2-C1-C11-S12)
~ 17°. Conformations of 1 differ by mutual orienta-
tions of neighboring phenyl groups relating to each
other (Fig. 2). According to the QC calculations,
structures I, 11, 1V and V (Fig. 2) of molecule 1 corre-
spond to minima on the potential energy surface
(PES). Conformation VI corresponds to the saddle
point on the PES with the imaginary frequencies de-
scribing rotation of phenyl groups in positions 1 and 7
(Fig. 2). It should be noted that the structure 111 trans-
forms to conformer | within geometry optimization.
Conformer 1V possesses the lowest energy (Table 1).
QC calculations with different basis sets give the
same qualitative picture of the relative energies of the
considered structures (Table 1).

In order to assess the ability of the GED
method to distinguish between conformations of mol-
ecule 1, the simulated radial distributions curves f(r)
were compared (Fig. 3, Fig. S1). Bond lengths and
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bond angles are almost the same values in all con-
formers of 1, thereby Af(r) for considered structures
differ only slightly. Considered models should equal-
ly describe the experimental data. Bond lengths and
bond angles can be refined with a typical accuracy of
GED method. Therefore, the geometry structures of
aza-BODIPY core and phenyl rings can be reliably
determined. It should be noted that the simulated f(r)
and Af(r) obtained using B3LYP/6-31G* and
B3LYP/cc-pVTZ calculations are in good agreement
with each other (Fig. 3, Fig. S1). Although it is worth
noting a noticeable increase in the Rs for conformer V
(for B3LYP/cc-pVTZ - Rs= 1.97%, for B3LYP/6-
31G* Ri= 4.59%). The reason is the overestimated
values of the vibrational corrections, since the fre-
quency values are underestimated in the QC calcula-
tions. In case of results from B3LYP/6-31G* calcula-
tions for conformer V, the vibrational frequency of
rotations of phenyls is 6.5 cm™. According to other
QC calculations of conformers of molecule 1, mini-
mal frequency is not lower than 14 cm™.

Table 1
Relative energies of conformers I, I1, 1V, 1l and V,
conformation VI of molecule 1
Tabnuya 1. OTHOCHTeIbHBIE JHEPIUH KOHGOPMepoB |,
I, 11, 1V, V u koudpopmanuu VI mosekyJsi 1

Structure | ] " | v VvV | VI
Symmetry C| C |G| C Cs | Cs
AE, kJ-mol?
B3LVP/6-31G* 0.60| 2.25 | - | 0.00 | 3.21 |7.36
AE, kJ-mol?
B3LYP/cc-pVTZ 0.741 242 | - | 0.00 | 2.55 |6.87

- cyclic group [7] - above [l - below the planc of the core

Fig. 2. Conformation models of aza-BODIPY derivatives substi-
tuted by cyclic groups in 1, 3, 5, 7-positions
Puc. 2. Moaenu koHpopManuii mpon3BoaHEIX aza-BODIPY ¢
LUKIUYECKUMU TpyINIIaMu-3aMecTuTensiMu B 1, 3, 5, 7-
MOJIOKEHUAX
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conformer 1V

conformer [

conformer I1

conformer V

conformation VI

2Af(r) L R=2.59%
I RE=538%

V, R:.=1.97%
VI R:=2.35%

0 1

L L L L L L L L L L e e
2 3 4 5 6 7 8 9 10 11 12 13 14 15
r,

Fig. 3. Comparison of theoretical radial distribution functions f(r)
of molecule 1. Differences functions Af(r) were calculated con-
cerning conformer 1V (Fig. 2). Molecular parameters were calcu-
lated at B3LYP/cc-pVTZ theory level
Puc. 3. CpaBHeHnue TeopeTriaeckux QYHKIUI paauanabHOTO pac-
npenenenus f(r) aas 1. Pasnoctaeie ¢yukuun Af(r) paccunranst
OoTHOCUTEIbHO KoHpopMepa IV (Puc. 2). MosekynsapHsie mapa-
MeTpHI paccuurtanbl B ipubmmkenud B3LYP/cc-pVTZ

Conformational multiformity of the molecule
2 is additionally complicated by the presence of a sul-
fur atom in the cyclic substituent group, i.e. by differ-
ent arrangement of sulfur atoms with respect to the
center of the molecule (Fig. 4). Given the presence of
four 2-thiophenyl groups, 10 models need to be con-
sidered (Fig. 5). By adding the factor of groups rota-
tion discussed earlier in example of 1 (Fig. 2), the
number of models to consider increases to 60 (models
NXX, where N = I/II/III/IVIVIVI (see Fig. 2), X =
= a/b/c (see Fig. 5)). According to the QC calcula-
tions, structures IXX, 1IXX and IVXX (Table 2) corre-
spond to minima on the PES. The structures Vaa,
Vab, Vba, Vbb of C, symmetry corresponds to the
saddle points on the PES (AE = 5.97, 8.55, 20.03 and
23.22 kJ-mol?, respectively) with the imaginary fre-
quencies describing rotation of phenyl groups in posi-
tions 1 and 7. Within geometry optimization other
models transform to the structures noted above. The
most energetically preferable conformer is laa.

As described above for molecule 1, various
variants of the mutual orientation of thiophenyl
groups located outside the plane of the aza-BODIPY
core (INN—IINN—IVNN, Fig. 2) do not lead to a
significant change in the f(r). According to the differ-
ence curves Af(r), such conformers will be indistin-
guishable in the GED experiment conditions (for ex-
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am-ple, laa, llaa, IVaa, see Fig. S2-4). Although some
conformers differing in the mutual arrangement of
sulfur atoms inside the molecule (Fig. 4) can be dis-
tinguished (Fig. 6). There are several reasons for this.
Foremost, there are significant changes in the distanc-
es between nonbonded atoms, primarily S-S, S-N
and S--F (Table S1). It is worth noting here that sul-
fur atoms have higher scattering ability as compared
to other atoms. In connection with it a change in dis-
tances should lead to bigger changes of radial distri-
bution curves. Secondly, rotation of the thiophenyl
groups can lead to some changes in the structure. Ac-
cording to the B3LYP/cc-pVTZ calculations, the tran-
sition Taa—Ibb is accompanied by an increase in dis-
tances re(Ca-Cis) by 0.006 A and by a decrease in
distances re(S17-Cis), re(S12-Ci1), re(Ba-Fig) by 0.009 A,
0.005 A, 0.003 A, respectively. It is worth noting a
slight difference in the f(r) obtained for the conformers
laa and lac (Ryc= 3.13%, Fig. 6). The GED method is
more sensitive to different arrangements of thiophenyl
fragments located in positions 3 and 5 than to differ-
ent arrangements of the groups located in positions 1
and 7 (Fig. 6).

Analysis of the sensitivity of the GED method
to the determination of the conformational composi-
tion using 6-31G* and cc-pVTZ basis sets confirms
that they give the same results. This fact can be used
in preparation for the GED investigation of objects
with many possible conformers in order to minimize
computational time.

=\ (@) /== = S(b)S = \e /s~

s/ \S\ /3/ —

<:> - aza-BODIPY core (\ S\ - 2-thiophenyl groups with atom S

Fig. 4. Conformation models of aza-BODIPY derivatives substi-
tuted by thiophenyl groups in 1, 3, 5, 7-positions: (a) sulfur atoms
in thiophenyl groups are oriented by “outer” direction with re-
spect to center of molecule; (b) sulfur atoms in thiophenyl groups
are directed by “inner” direction with respect to center of mole-
cule; (c) one sulfur atom in one thiophenyl group is directed by
“inner” direction, another sulfur atom in another group—by “outer”
Puc. 4. Monenu xoHpopmarmii npon3BoaHsx aza-BODIPY ¢
THO(GEHUITBHBIMH TPyNIAMU-3aMecTHTesIMU B 1, 3, 5, 7-
TIOJIO’KEHUSIX: (&) aTOMBI Cephl B THO(EHMITEHBIX IPYIIIaX OpHEeH-
THPOBAHBI «HAPYXKY» [0 OTHOILICHUIO K LIEHTPY MoJieKyJIbL; (b)
aTOMBbI CEPBI B THO(bCHHHbeIX rpynnax HalpaBJIE€HbI «BHYTPb»
M0 OTHOIIEHHIO K IIEHTPY MOJIEKYJIBI; (C) OIWH aTOM CEPHI B Of1-
HOM THO(EHMIEHO# IpyIIe HAMIPaBIICH «BHYTPbY, APYTOH aTOM
Cepsl B APYTOH IPyIIIe — KHAPYKY
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Fig. 5. Conformation models of 2. The first letter (a/b/c - see Fig. 4) indicates the arrangement of neighboring thiophenyl groups in posi-
tions 3, 5, the second letter indicates the arrangement of neighboring thiophenyl groups in positions 1, 7
Puc. 5. Mozenu koupopmanuii Mosiekyisi 2. [leprast 6yksa (a/b/c — cm. Puc.4) yka3biBaeT Ha BApUaHT PACIIOIOKEHHUS COCEIHUX THO-
Q)GHHHBHBIX (bpaFMeHTOB B ITOJIOKCHUAX 3, 5, BTOpas 6yKBa - Ha BapuaHT PacCIIOJIOKCHHUS COCCTHUX TI/IO(beHI/IJ'ILHLIX (l)paFMeHTOB B I1O-
JoxeHusx 1, 7

Table 2
Relative energies of conformers of molecule 2
Tabauya 2. OTHOCUTEIbHBbIE JHEPTHH KOH()OPMEPOB MOJIEKYJIbI 2
model | Naa | Nab | Nac Nba Nbb Nbc Nca Ncb Ncl:c Ncc-2
Symmetry NXX Cy Cy Cy Cy Cy Cy C Cy C Cy
AE, kJmol?
6.31G* IXX | 0.00 | 6.05 | 1.40 | 1463 | 21.19 | 16.30 | 6.99 | 1331 | 8.70 | 8.35
-1
Ai_gi/”]roZ' IXX | 0.00 | 518 | 1.33 | 14.81 | 20.49 | 16.40 | 7.13 | 1256 | 8.73 8.40
1
AS IO | ixx | 033 | 620 | 165 | 1511 | 21.64 | 1672 | 7.43 | 1367 | 910 | 867
1
AS IO | tvxx | 143 | 7.41 | 261 | 1546 | 2202 | 1722 | 8.03 | 1430 | 956 | 9.48

According to the data of the present study, the
structural parameters in the considered molecules
change slightly upon rotations of phenyl and thio-
phenyl groups. The refinement of mutual orientations
of neighboring groups relating to each other (models
I-VI1) is at the limit of the abilities of the GED meth-
od. In the case of molecule 2, it is quite possible to
distinguish from each other conformers with differ-
ent mutual arrangement of sulfur atoms in relation
to each other (models aa-cc). The changes in the
non-bonded distances with sulfur atoms influence
the model molecular intensities sM(s) and therefore
an attempt can be made to distinguish between the
conformers based on the experimental GED data.
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At the same time, in both cases, bond lengths and
bond angles can be refined with a typical accuracy
of GED method.

SUPPLEMENTARY MATERIALS

The following are available online: Fig. S1.
Comparison of theoretical radial distribution func-
tions f(r) of molecule 1. Fig. S2-S5. Comparison of
theoretical radial distribution functions f(r) of con-
formers and conformations of molecule 2. Table S1.
Comparison of internuclear distances (A) for con-
formers laa, lab, Ibb of molecule 2 from B3LYP/cc-
pVTZ calculations. Additionally, optimized structures
from B3LYP/6-31G* and B3LYP/cc-pVTZ calcula-
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tions are given in Supplementary materials. Supple-
mentary materials to this article can be found online
at http://journals.isuct.ru/ctj/.
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Fig. 6. Comparison of theoretical radial distribution functions f(r)

of molecule 2. Differences functions Af(r) were calculated con-

cerning conformer laa (Fig. 2, 5). Molecular parameters were
calculated at B3LYP/cc-pVTZ theory level

Puc. 6. CpaBHeHnue TeopeTrdeckux QYHKIUI paauaabHOTO pac-

npenenenust f(r) as 2. Pasnocrasie dyukiun Af(r) paccuuranst

OTHOCUTENBHO KoHpopMepa laa (Puc. 2, 5). MonekymnspHble ma-
pameTpsl paccunTansl B ipubmmskennn B3LYP/cc-pVTZ
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