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Abstract The synthesis and structure elucidation of two
new compounds, 2-(methylthio)-1,3-diazaspiro[4.4]non-2-
ene-4-one (1) and 2-(methylthio)-1,3-diazaspiro[4.4]non-2-
ene-4-thione (2), are presented. Both compounds crystal-
ized in monoclinic crystal system. Compound 1 formed
plate-like colorless crystals, while compound 2 gave yel-
low needles. The structural and spectral characteristics of
both compounds are studied by IR and NMR spectroscopy
and quantum chemistry. The optimized geometry, har-
monic vibrational frequencies, and NMR shielding are
calculated by DFT employing B3LYP functional using
6-3114+4G(d,p) basis set. Our results support the hydrogen
bonding pattern observed in reported crystalline structure.
Evidences are given indicating that the tautomeric form in
solution is different from that one in solid state. The sub-
stantial difference between positions of the characteristic
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C=N band in nonpolar solvent and crystalline phase for
both compounds suggests that in solid state a “conjugated
tautomeric form” exists, while in solution phase there is
“non-conjugated tautomeric form”. In polar solvents, both
tautomeric forms exist. It is suggested to call this phe-
nomenon desmokatatropy—from Greeks decudc (bond)
Kkotdotaon (state) and tpdmog (change).

Keywords Tautomerism - 2-methylthio-imidazolins -
Solid state - Solvent effect - DFT

Introduction

At the end of nineteenth century, it was known the dualistic
behavior of ethyl acetoacetate, discovered in 1863 by Geu-
ther [1], in chemical reactions. With some substances, it acts
as compound contained a hydroxyl group, while with other
ones as a ketonic compound. In 1882, Baeyer and Oekono-
mides [2] found out that isatin gives two isomeric N- and O-
methyl derivatives. Baeyer explained this fact with pseu-
domerie [3]—the possibility of one compound to have more
than one structure. In 1885 Laar [4] defined these systems as
triadic (HX-Y=Z and X=Y-ZH) and postulates that they
cannot be separated experimentally. He proposed to call this
phenomenon rautomerism (towté—identity, pépoc—ypart).
Two years later, in an attempt to improve the hypothesis
deduced by Laar, Jacobson [5] introduced the term desmo-
tropy (decpéc—bond, tpémoc—change). To differentiate
between tautomerism and desmotropy, Hantzsch and Her-
rmann [6] suggested that if a substance could be isolated in
two stable forms, it should be called desmotropic, while if it
could not be isolated, it should be termed tautomeric. In 1896
Claisen [7] isolated acetyldibenzoylmethane as two separate
solid-state forms—enol and keto forms, each with different
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melting point and chemical properties. The keto and enol
forms could be isolated from any mixtures which they
formed: both heated in a solvent such as alcohol, or fused in
the absence of solvents. In this way the existence of the
desmotropic forms has been proven to be correct.

According to early reviews [8, 9], tautomerism was
considered as an equilibrium between forms coexisting in
solution. Comparison between experimental data obtained
for mixture of tautomers and the alkyl derivatives of the
respective tautomeric forms, so-called fixed tautomers
[10, 11], was found to be helpful to study tautomerism. The
term desmotropy was defined as trautomerism in which both
tautomeric forms have been isolated [12], and its corre-
sponds to the solid state.

The observation of different tautomers in the solid state
is a rare phenomenon [13]. In 2011 Cruz-Cabeza and
Groom [14] carried out a survey of the Cambridge Struc-
tural Database (CSD) concerning the identification, clas-
sification, and relative stability of tautomers. They
identified 108 molecules that crystallize in two different
tautomeric forms which represents just 0.05 % of the
molecules in the CSD. The majority of observed pairs of
tautomers have small energy differences of less than
12 kI mol™' according to calculations at B3LYP/6-
3114++G(d,p) level, and Cruz-Cabeza and Groom made a
general rule that for two tautomers to be observed in the
solid state, their relative energy must not exceed that of a
strong hydrogen bond typical for organic crystals [14].

Pairs of tautomers also might coexist in a single crystal
[15-22]. Among the crystal structures containing two tau-
tomers can find ordered crystal structures with varying
stoichiometric ratios of tautomers [19-21] and structures
showing disorder between the two tautomeric forms [22].
A very rare case in which both tautomers quickly inter-
convert from one to another in crystal was observed by
Enchev et al. [23]. Unique cases displaying both desmo-
tropy and polymorphism were published recently [24-26].

Physical property measurements may be less accurate for
molecules that can tautomerize. The different tautomers of
the molecule usually have different properties [27].
According to Faller and Ertl [28] the main reason for inac-
curate calculation of hydrophobicity, log p, is the use of
incorrect tautomeric forms of structures in the calculations.
Because of tautomeric problem, some of drug-like structures
may exist in dozen of tautomeric forms, energetically quite
close. In some cases the form present in the solid state (and
therefore used for calculation of properties) does not corre-
spond to the form present in the solution. For example, there
is evidence indicating that in aqueous solution, the product
formed between diethyl aminomalonate and pyridoxal is the
Schiff base, and not the 1,4-dihydropyridine tautomer which
exists in the solid state [29].

@ Springer

In 1964 Lempert et al. [30] reported case of desmotropic
forms for S-methylated 2-thiohydantoin. They obtained
two tautomers of 2-methylthio-4,4/5,5/-diphenyl-2-imida-
zolin-5(4)-one whose structure assignments were based on
their IR spectra by using different procedures of recrys-
tallization. The “conjugated” form has been obtained on
recrystallization from ethanol or ethanol pyridine mixtures
while the “non-conjugated form”—either by recrystal-
lization from chloroform and light petroleum or by subli-
mation at reduced pressure. Final proof for the separate
existence of the two individual desmotropic forms has been
obtained by X-ray determination of the crystal and
molecular structure of these compounds [31]. The desmo-
tropic forms have been found to be completely stable in the
crystalline state, both being unchanged for periods of at
several years [31].

Here we present our results on the synthesis and struc-
ture of new compounds obtained by methylated of the
sulfur atom in cyclopentanespiro-5-(2-thiohydantoin) and
cyclopentanespiro-5-(2,4-dithiohydantoin) and relative
stability of the tautomers. Evidence is presented indicating
that the tautomeric form in solution is different from that
one in solid state.

Experimental and computational details
Synthesis of 2-methylthio-imidazolins

A mixture of cyclopentanespiro-5-(2-thiohydantoin) or
cyclopentanespiro-5-(2,4-dithiohydantoin) (10 mmol),
boron trifluoride dimethyl eterate (3.6 ml, 40 mmol), and
toluene (30 ml) is refluxed for 12 h. After cooling the
resulting crystalline product 2-(methylthio)-1,3-diaza-
spiro[4.4]non-2-ene-4-one (1) or 2-(methylthio)-1,3-diaza-
spiro[4.4]non-2-ene-4-thione (2) is filtered off and treated
with triethylamine (6 ml, 43 mmol) in dicholorometane
(20 ml). The solvent is evaporated in vacuum, and the
product obtained is recrystallized from acetonitrile.
2-(Methylthio)-1,3-diazaspiro[4.4]non-2-ene-4-one: yield
74.93 %, m.p. 172-173 °C; 2-(methylthio)-1,3-diazaspiro
[4.4]non-2-ene-4-thione: yield 91.30 %, m.p. 130-131 °C.

Infrared spectra

Solid-state IR spectra were recorded on FTIR spectrometer
Bruker Tensor 27 in the 3500-550 cm™' spectral region
with resolution of 2 cm™' using ATR appliance—Pike
Miracle with ZnSe crystal plate. The IR spectra of satu-
rated solutions of both compounds in CCl, and dry ethanol
(100 %) were measured in a 1 mm KBr liquid cell and
0.2 mm CaF liquid cell, respectively.
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Table 1 Crystal and refinement parameters for compounds 1 and 2

Parameters 1A 2A

Empirical formula CgH|,N,OS CgH|,N,S,

Formula weight 184.26 200.32

Temperature/K 100 (2) 100 (2)

Crystal system Monoclinic Monoclinic

Space group P2,/c P2,/c

alA 9.6084(4) 7.2041(3)

bIA 10.3444(4) 14.2278(5)

clA 9.7529(5) 9.7725(4)

of° 90.00 90.00

pre 114.205(3) 103.236(3)

y/° 90.00 90.00

Volume/A> 884.15(7) 975.06(7)

z 4 4

Peale mg/mm3 1.384 1.365

p/mm™! 2.871 4518

F(000) 392.0 424.0

Crystal size/mm’> 0.21 x 0.1 x 0.01 0.31 x 0.05 x 0.01

20 range for data collection 10.1°-133.14° 11.18°-136.22°

Index ranges —11<h<10,—-12<k<12,-9<I[<11 —8<h<8, —-16<k=<17,—-11<1<9
Reflections collected 10,191 12,590

Independent reflections 1567[R(int) = 0.0851] 1760[R(int) = 0.0598]
Data/restraints/parameters 1567/0/114 1760/0/114

Goodness of fit on F> 1.145 1.055

Final R indexes [/ > 20 (])] R; = 0.0368, wR, = 0.0823 Ry = 0.0394, wR, = 0.0955
Final R indexes (all data) R, = 0.0591, wR, = 0.1044 R, = 0.0485, wR, = 0.1008
Largest diff. peak/hole/e A3 0.42/-0.45 0.43/-0.32

R, = ZIF,| — IFI/ZIF,l, wRy = [Ew[(F,)* — (F)XEwW(F2A? for F2 > 26(F2), w = [6X(F,)* + (AP)> + BP]™' where P = [(F,)* + 2
(F.)*/3 and A, B coefficients for both compounds as follow: 14, A (B) = 0.0389 (0.8315); 24, A (B) = 0.0548 (0.7108)

1: X=0
2: X=S

SCH,

Fig. 1 Possible tautomers of 2-(methylthio)-1,3-diazaspiro[4.4]non-2-ene-4-one (1) and 2-(methylthio)-1,3-diazaspiro[4.4]non-2-ene-4-thione

)

Solid-state NMR

were spun at 10 kHz in a 4-mm ZrO, rotor (contact time of
2 ms, repetition time of 6 s), and 600 scans were accu-

The solid-state '*C cross-polarization (CP) magic angle  mulated. '*C chemical shifts were calibrated indirectly
spinning (MAS) spectra were recorded on a Bruker DRX-  (external reference) through the glycine CO signal recor-
400 spectrometer at 100.61 MHz. The powder samples  ded at 176.0 ppm relative to TMS. For '>N MAS spectra a
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Fig. 2 B3LYP/6-3114++G(d,p) optimized structures of tautomers A and B, and their rotamers A, and B, of 2-(methylthio)-1,3-
diazaspiro[4.4]non-2-ene-4-one (1) and 2-(methylthio)-1,3-diazaspiro[4.4]non-2-ene-4-thione (2)
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Table 2 B3LYP/6-311+-+G(d,p) calculated Gibbs free energy differences, AG,og (kcal rnolfl) and populations (in %) for the tautomers A—C of
the compounds shown on Fig. 1

Tautomer  Gas phase Solution
CCly CHCl, CH;COCH;,4 EtOH

Angg Popul. Angg Popul. Angg Popul. Angg Popul. Angg POplll.
1A 6.55 1.6 x 1073 2.62 1.13 0.41 30.39 0.00  55.35 0.00  62.08
1A o 311 052 1.89  3.87 1.17 843 0.77 15.15 0.95 13.29
1B 396 0.12 273 093 2.88 047 321 024 335 023
1B, 0.00  99.35 0.00  94.06 0.00  60.71 038  29.26 0.59  24.40
1C 1394  60x107° 1249 657 x 107 13.49 129 x 1078 14.09 26 x107° 1424 24 x107°
2A 777 2.0 x 107° 247 1.31 0.48 18.11 0.00  53.33 0.00  57.50
2A ot 435  0.06 138 826 0.18  31.92 022  36.79 032 33.50
2B 3.19 046 1.61  5.60 .15 5.11 192  2.09 1.89 237
2B,ot 0.00  99.48 0.00  84.82 0.00  44.85 .14  7.78 128  6.63
2C 956 97 x 107° 1045 218 x 107° 1072 4.0 x 1078 12.01 53 x 1078 1219 57 x 107®

For the rotamers see Fig. 2

contact time of 7 ms, repetition time of 8 ms, and spectral
width of 32 kHz were used, and ca. 8000 scans were
accumulated. The chemical shifts were calibrated on the
nitromethane scale through the glycine NH signal at
—347.6 ppm.

Single-crystal X-ray analysis

In order to prepare high-quality crystals suitable for single-
crystal X-ray data collection, few crystals of compounds 1
and 2 were dissolved in different vials in a minimum
amount of acetone. Both vials were capped with rubber
septa stuck with a needle and left undisturbed in the hood.
Compound 1 formed plate-like colorless crystals, while
compound 2 gave yellow needles.

Bruker Apex2 Duo diffractometer with CCD area
detector, four-circle goniometer, and InS Cu X-ray radia-
tion was used to collect the data at T = 100 K. Both
structures were processed with Apex2 v2010.9-1 software
package (SAINT v. 7.68A) and solved with direct method.
Olex2 software [32], was used for structures refinement
and final preparation for publication. Details of data col-
lection and refinement are given in Table 1.

Quantum chemical calculations

The optimization of the structure for the tautomers of
compounds 1 and 2 shown in Fig. 1 was carried out at
B3LYP/6-3114++4G(d,p) computational level using the
GAMESS package [33, 34]. The default gradient conver-
gence threshold (1 x 10~* hartree Bohrfl) was used.
Frequency calculations at the same level of theory were
carried out to confirm that the obtained structures

correspond to energy minima. To estimate the effect of the
medium (CCl,, CHCl;, CH;COCH3;, and C,HsOH) on the
relative stabilities of the tautomers of 1 and 2, all of the
stationary point geometries were fully optimized again in
the reaction field of the implicit solvent at the same com-
putational level. Solution-phase vibrational frequencies
were computed for each stationary point on the basis of
numerical Hessians. Solvent effect was accounted by using
the self-consisted reaction field (SCRF) method with the
conductor polarizable continuum model (C-PCM) formal-
ism [35]. In this model, the molecule is embedded in a
cavity surrounded by an infinite dielectric which approxi-
mates the solvent as a structureless polarizable continuum
characterized by its macroscopic dielectric permittivity.
We applied the conductor polarizable continuum model as
implemented in GAMESS [33, 34].

In order to examine the effects of hydrogen bonding,
one dimer model of tautomer B and one trimer model of
tautomer A were constructed. The structures of dimers of
tautomer B (Fig. 1) were optimized in gas phase and in
CCly and C,HsOH solution phase, and the structures of
trimers of tautomer A were optimized in gas phase to
explain the changes in observed IR frequencies and XRD
data for compound 1 and 2. The interaction energies may
be affected by the basis set superposition error (BSSE)
which is usually corrected by the method of Boys and
Bernardi [36]. However, a moderately large basis sets,
6-311++4G(d,p), is used and the BSSE will not signifi-
cantly affect the results in our study.

The values of Gibbs free energies in gas phase and in
solution phase were calculated at temperature of 298.15 K.
The values of the populations (p;) were calculated by the

standard formula: p; = e AG/RT | 5™ e =AGI/RT
i

@ Springer



762 Struct Chem (2017) 28:757-772

The NMR chemical shieldings were calculated at <Z7
B3LYP/6-3114+-G(2df,p) level using the GIAO (gauge-in- 8'
cluding atomic orbitals) approach and B3LYP/6- 4
311++4G(d,p) optimized geometry. In order to compare +
with experiment, the calculated absolute shieldings were 8| T ? %
transformed to chemical shifts using as reference com- 8z Z %
ounds nitromethane for nitrogen atoms (—154.547) and = & s +
p g 5 + + +
tetramethylsilane for carbon atoms (183.133): 6 = Scaic £ ﬁ 52 ? ﬁ & ':-l\ &
en — — —
(reference) — Ocae. Both Jggc(reference) and J.n. were Z z 4z Zdzd
evaluated with the same method and basis set. The NMR < === =
calculations were carried out using Gaussian 09 [37].
ﬂ':_‘“
g
Results and discussion g
5 © 0 a o a
_ _ ol 5 2285 5 g
The newly synthesized compounds, 2-(methylthio)-1,3- g | = AU b= =1
diazaspiro[4.4]non-2-ene-4-one, 1, and 2-(methylthio)-1,3- :_:
diazaspiro[4.4]non-2-ene-4-thione, 2, described in “Syn- g - ~a o
. . . . . . . — ~ VN > ~ = = o —~
thesis of 2-methylthio-imidazolins™ section may theoreti- E E T 82838238
cally exist in three tautomeric forms, A—C, shown in £ B wwoze Saang
Fi iti 8, < I F L€ T 00T A
ig. 1. In addition each of the tautomers A and B may also £ - o= = = A = ==
exist in two rotamers presented in Fig. 2. 5
Gy
S ~
Tautomeric equilibrium in different solvents g o @ o= S oo
g S o I @ O o o
= ke I
I =z am © o o N o ©
After optimization at B3LYP/6-311++G(d,p) level of the -E % @ g N § SIS
. N = = N o~ = —
structures of all tautomers and possible rotamers of both ;‘
compounds, tautomer B., was found to be the most 5
stable in the gas phase. Its quantity, according to the cal- E 2282 ~233
culated relative stabilities, amounts to 99.35 % for 1 and § wn v e qQ SIS
99.48 % for 2 (Table 2). 8 Sle828 N
i ; ) o|l&s =X 83 2 S
The rotamer 1B., is also most stable in CCl; and o
. . . (5]
CHCI; solution. However, its fraction decreases to -
. . = -
94.06 % in CCly and 60.71 % in CHCls. The calculated < e e - =
populations of 1A and 1A, in CCly increase to 1.13 and (_?_ RS T3¢ =
3.87 %, respectively. In solvent CHCl; the populations + | Qg 0x e xR e £
. . . . - <|Sle vt o< s A=
were calculated to be 1B, 1A: 1A, = 60.71: 30.39: N — i s BT T i Il
8.43 %. The similar tendency is observed for 2-methylthio- E 2
5-cyclopentanespiro-2-imidazolin-4-thion, 2, in CCly = g
~ A~ ~ ~ ~ ~ ~ i
(Table 2). In CHCl3, however, the amount of 2A,, pre- 2 g g § g\g E g § § =
vails over 2A and the ratio is—2B,o¢: 2A: 2A,; = 44.85: = o2 o & = 3o 3 4
18.11: 31.92 % = SlEREZE 85 % 8|2
. . . . : — — — — — — 8
Going from nonpolar or weak-polar to polar solvents, % £
the energy difference between the tautomers and rotamers g 2
of A and B changes, and in acetone and ethanol the "i 5 & ssa gl
5 =~ & 0 O - & o — |1
structure A becomes the most stable (Table 2). = LI T T E
. . . = ] o = = © o oo |?
The population of tautomer 1A and its rotamer 1A in g olgegs TRYR|E
acetone solution is 55.35 and 15.15 %, respectively. The 3 Sl I Gl I
amount of 1B, decreases to 29.26 %. In ethanol this ‘;"3) kS
. . —_— Q
proportion is 1A: 1A, 1Boe = 62.08: 13.29: 24.40 %. 3| = cos ~ 2 a § £
For compound 2, the populations in acetone are 2A: N cesd 22T E(T <
. . . L - - =
2A 0t 2Bt = 53.33: 36.79: 7.78 %, while in ethanol this % % <E 225222 2223 o s
.. . . OB n T <€ O S T A=
ratio is 57.50: 33.50: 6.63 %. A minor fraction of the form FIOI=S10] 6 =~ —a & = = =1k«
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Fig. 3 B3LYP/6-
31144+G(d,p) optimized
structures of dimers of
tautomers 1B, and 2B

2B,

2B cannot be ruled out. The amount of this form in acetone
and ethanol solution is 2.09 and 2.37 %, respectively.
The results from vibrational energy distribution analyses
of the calculated frequencies for the optimized structures of
tautomers A and B for compounds 1 and 2 at the B3LYP/6-
311+4G(d,p) level are given in Tables 3 and 4. The
apparent difference in position of predicted C=O and C=N
stretching frequencies of tautomers A and B clearly shows
the distinction in bonds conjugation. In tautomer A (“con-
jugated” form) C=0 and C=N bonds are conjugated to
each other, whereas in tautomer B (“non-conjugated”
form) they are not (Fig. 1). Thus, the C=N frequency
change can be used as a reliable indication for observation
of these two tautomers. On the base of such analysis,

@ Springer

Lempert et al. [30] have shown that 2-methylthio-4,4/5,5/-
diphenyl-2-imidazolin-5(4)-one exist in solid state in two
different tautomeric forms .

The measured C=N stretching vibration at 1579 cm™" in
saturated CCly solution (Table 4) clearly shows that com-
pound 1 exists as “non-conjugated” tautomeric form B or
B, that is in agreement with the results from the quantum
chemical calculations listed in Table 2. Probably the tau-
tomeric form 1B,, is stabilized by a dimeric molecule
associate (Fig. 3) by means of intermolecular N-H...O
hydrogen bonds. This assumption is confirmed by the pres-
ence of two carbonyl frequencies at 1753 and 1723 cm ™' in
the IR spectrum measured in CCly (see Fig. 4; Table 3) and is
in agreement with calculated frequencies in CCl, solvent
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Fig. 4 Infrared spectra of 2-(methylthio)-1,3-diazaspiro[4.4]non-2-ene-4-one (1) in: a CCly and b crystalline powder

Table S B3LYP/6-

311++4+G(d,p) calculateod
interatomic distances (A) for
tautomer A as isolated molecule

(Fig. 1) and in trimer structure
(Fig. 8), and for tautomer B as
isolated molecule (Fig. 1) and
in dimer structure (Fig. 3) of

compounds 1 and 2

Bond Compound X-ray Bond Compound
1A 1A in trimer 1Bt 1B, in dimer
N1-C2 1.473 1.466 1.476(3) N1-C2 1.476 1.478
C2-C3 1.551 1.549 1.526(4) C2-C3 1.533 1.531
C3-N4 1.397 1.387 1.384(3) C3-N4 1.391 1.369
N4-C5 1.306 1.326 1.344(4) N4-C5 1.401 1.403
N1-C5 1.365 1.342 1.325(3) N1-C5 1.276 1.279
C3-0 1.208 1.215 1.215(3) C3-0 1.209 1.224
N1-H 1.008 1.019 0.931 NI1-H 1.008 1.029
C5-S6 1.755 1.749 1.730(3) C5-S6 1.770 1.761
S6-C12 1.828 1.828 1.793(3) S6-C12 1.829 1.825
2A 2A in trimer 2B 2B, in dimer

N1-C2 1.477 1.474 1.472(3) N1-C2 1.478 1.477
C2-C3 1.541 1.540 1.524(3) C2-C3 1.528 1.528
C3-N4 1.372 1.364 1.353(3) C3-N4 1.365 1.349
N4-C5 1.318 1.338 1.358(3) N4-C5 1.408 1.409
N1-C5 1.350 1.333 1.313(3) N1-C5 1.273 1.275
C3-S 1.649 1.657 1.658(2) C3-S 1.647 1.662
N1-H 1.007 1.021 N1-H 1.009 1.029
C5-S6 1.750 1.745 1.722(2) C5-S6 1.768 1.759
S6-C12 1.828 1.827 1.798(3) S6-C12 1.830 1.825

The X-ray data for 1 and 2 are given for comparison
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Fig. 5 Infrared spectra of 2-(methylthio)-1,3-diazaspiro[4.4]non-2-ene-4-thione (2) in: a CCl, and b crystalline powder

(Table 3). The C=N characteristic band at 1579 cm ™" is too
broad (Fig. 4). This broadening can be explained by the
presence of two closely lying frequency bands, vu(-
C=N) ~ 1616 cm™' and v((C=N) ~ 1612 cm™ ! are pre-
dicted. The first one is very intensive, while the second one
has low intensity (Table 4). Two N-H characteristic band for
the dimer are predicted at 3289 and 3256 cm™'. The first
band, v,s(N-H), should be very intensive, while the second
one, vs(N-H), is calculated to be very low intensive (Table 4)
and that is why only one N-H band at 3435 cm ™" is observed
(Fig. 4). As would be expected, there is a certain interaction
between v(C=N) and é(N-H) in-plane characteristic vibra-
tions for the secondary amides. However, we must note that
the amide I band is absent in the interval 1570—1530 cm ™' in
the spectrum of dimers of B or B, since this band is not
typical for “cis” configuration of carbonyl and NH bonds as
in the structures presented in [38]. This significantly simpli-
fies the spectral identification of the v(C=N) position in the
respective IR spectra.

The dimer structure of 1Bo—1B., is shown in Fig. 3,
and geometric parameters for 1B, and its dimer, calcu-
lated at B3LYP/6-311+4+G(d,p) level, are compared in
Table 5. When the dimer is formed, the C3—-N4 bonds are
shortened by 0.022 A while the C3=0 and N-H bonds
lengthen by 0.015 and 0.021 A, respectively. All rest bonds
almost do not change.

Similar IR spectral features can be observed for compound
2 at the above mentioned experimental conditions (see Fig. 5;
Table 4). We have to note that unlike the case of the compound
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1 wherein dimeric form predominates, the IR spectrum of 2 in
saturated CCl, solution indicates clearly that the supposed
dimeric form may coexist with the monomeric one (see Fig. 5;
Table 3). Similar to compound 1, in the dimer of compound 2
the C3—N4 bond is shorten by 0.016 Ain comparison with that
one in the isolated molecule, and the C3=S and N-H bonds are
longer by 0.015 and 0.020 A, respectively.

As can be seen in the IR spectrum of 1 in ethanol, the
band corresponding to the C=N stretch differs in the
position for tautomer A and B (Tables 3, 4). The measured
characteristic C=N stretching frequency for 1 is at 1581
and 1571 cm™" (Fig. 6). These frequencies turn out to be
very different from predicted values 1439 cm™' for A in
EtOH, 1462 cm™! for Aot (see Table 3) but in the same
time are close to those calculated for By (1611 cm™') and
1610 cm™" and 1605 cm™', for its dimer (see Table 4).
However, the predicted C=N frequencies for 1A tautomer
(62.08 % see Table 1) cannot be experimentally observed
due to the absorption of methylene group of ethanol.
Similar result is obtained for compound 2 (Table 4)—2A:
calculated, 1420 cm_l, and experimental. 1595 cm™ .

Quantum chemically calculated carbonyl frequencies of
1B, in ethanol at 1758 cm ™! for monomer and doubled at
1730 and 1721 cm™"' for its dimer (Table 4) are in good
agreement with the experimentally observed modes at 1752
and 1729 cm™! (Fig. 6). The last broad band contains more
than one component since it probably contains the C=0
bands of the rotamers 1A (1718 cm™') and 1A,
(1728 cm™ ) (Table 3).
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Solid-state structure

The two new compounds 1 and 2 were investigated in solid
state by single-crystal diffraction, solid-state IR spectra,
and solid-state NMR in terms to complete the data.

Both compounds crystallized in monoclinic P21/c space
group in similar cells with Z = 4 and volumes 884.15(7)
and 975.06(7) A, respectively. As it can be expected, the
volume of compound 2 is slightly bigger, because oxygen
atom is substituted with the bigger sulfur atom. All non-
hydrogen atoms are fully refined with G. Sheldrick
SHELXL software [39] by using Olex2 interface [32]. The
equivalent bond lengths and angles in both structures are
very similar to each other and show a good agreement with
the same type of bonds observed in Cambridge Structural
Database (CSD) for the same type of molecular structures.
All hydrogen atoms, except the hydrogen atom attached to
N1-atom, were automatically assigned by the HFIX com-
mand according to the appropriate hybridization. The

determination of the last hydrogen atom is very important
for current research. As it was discussed in the beginning,
three different tautomers can be observed (Fig. 1). Even
that the calculation of the position of hydrogen atoms
bound to nitrogen or oxygen is not easy in the case of low-
temperature data (in our case 100 K) and Cu X-ray radia-
tion, the hydrogen coordinates can be taken from the list of
residual density maxima. For both structures, residual
density maxima predicted that hydrogen atom is connected
to N1, which means that tautomer A was observed as
preferred for compounds 1 and 2 in solid state. In agree-
ment with that solution C3=011 and C3=S11 bond lengths
are 1.215(3) and 1.658(2) A, respectively, which shows
double bond behavior in both cases and completely
excludes tautomer C as possible in solid state. Careful
analysis of C-N bonds inside five-member rings (Table 5)
shows that N4-C5 and N4-C3 bonds are very similar to
each other, showing delocalized double bond behavior
probably stabilized by conjugation with C3=011(S11)
double bonds for both crystal structures. In addition, N1-
C2 bond lengths, 1.476(3) and 1.472(3) A for compound 1
and 2, respectively, are appropriate for single bond
between C(sp3) and N(sp2) atoms. The observed bond
lengths, 1.325(3) and 1.313(3) A, between C5(sp2) and
Nl1(sp2) atoms are slightly shorter than the expected
1.400 A for single bond between such atoms, but in rea-
sonable experimental range, which also can be explained
by the presence of intramolecular hydrogen bonds, dis-
cussed below.

The crystal structure of investigated compounds is pre-
sented in Fig. 7. The molecular packing in 1 and 2 is
governed by the hydrogen bonding properties of the imi-
dazoline moiety. In both structures the molecules are
arranged in long chains in which imidazoline moieties are
linked through N-H...N hydrogen bonds (Fig. 7).

We have to note that regardless of the type of solvent
(CCly, CHCl5, CH3COCH3;, or C,HsOH) the compounds 1
and 2 are crystallized in solid state forming only a tautomer
A. Similar result is also obtained by means of a
sublimation.

The substantial difference between positions of the
characteristic C=N bands in CCl, solution and crystalline
phase for both compounds (see Figs. 4, 5) suggests that
different tautomers exist in solution and in solid state.
Unlike the situation in saturated CCl, solution, the C=N
stretching frequency is shifted to 1492 cm ™" in solid state
for compound 1 (Fig. 4) and to 1432 cm™" in solid com-
pound 2 (Fig. 5), indicating that tautomer A (“conjugated”
form) exists in crystalline phase (see Table 3).

Most probably the formation of H-bonding chain
between molecules of both compounds in crystalline phase
leads to stabilization of the tautomer A. This is revealed by
a low-frequency shift of carbonyl (1703 cm™'), N-H
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Fig. 7 Cell packing and crystal structure of: A 2-(methylthio)-1,3-diazaspiro[4.4]non-2-ene-4-one (1) and B 2-(methylthio)-1,3-diaza-
spiro[4.4]non-2-ene-4-thione (2). All thermal ellipsoids are presented with 50 % probability

(3396 cm™ ') and C=N (1492 cm™ ) stretching frequency
in the IR solid-state spectra (Fig. 4). Additionally, solid-
state spectra become very complex because of the
appearance of new spectral bands in C-O-C and C=S
frequency regions (see Fig.5) due to the coupling of
vibrational modes in crystalline phase. This is also con-
firmed by the vibrational mode contribution analysis for the
calculated frequencies of compounds 1 and 2 showing that
the stretching vibrations of the carbonyl groups and thio-
carbonyl group (Table 3) are strongly coupled with the
stretching and deformational vibrations of the C—N bonds.

In Table 5 are listed the bond lengths for compounds 1
and 2 derived from the refined crystal structures and
compared with those taken from isolated molecule and
trimer model (Fig. 8). The quantum chemical calculations
are performed at the B3LYP/6-3114++G(d,p) computa-
tional level. In isolated molecule the calculated C3=0
(1.208 A) and N4=C5 (1.306 A) bond length are shorter,
whereas C5-N1 bond (1.365 A) is longer as compared to
those in the X-ray structure (Table 5). The difference
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between the calculated and experimental values may be
attributed to the intermolecular hydrogen bonding which
led to electronic redistribution in the imidazoline ring. That
is why trimer models of both compounds were constructed
from the crystal structure. The optimized molecular struc-
tures of the trimers are shown in Fig. 8, and the bond
lengths presented in Table 5 for the trimer are taken from
the molecule in the middle.

The bond lengths for the trimer are closer to the experi-
mental values as compared to those for the isolated molecule.
It can be seen from Table 5 that significant changes are
observed in the bond lengths between the atoms involved in
intermolecular interactions. The N4=C5 and N1-H bonds
are elongated by 0.020 and 0.011 A, respectively, while the
N1-C5 bond is shortened by 0.023 A due to N-H...N
intermolecular hydrogen bonding in imidazoline moieties of
1. The B3LYP/6-3114++4+G(d,p) calculated N-H...N dis-
tance is 2.111 A and it differs from that of crystal data. It is
due to the crystal forces that give rise to a more packed
structure than in our simulation.



Struct Chem (2017) 28:757-772

769

Fig. 8 B3LYP/6-
3114+4+G(d,p) optimized
structures of trimers of
tautomers 1A and 2A

Similar results are obtained for compound 2. In the tri-
mer the N4=C5 and N1-H bonds are elongated by 0.020
and 0.014 A, respectively, and the N1-C5 bond is shorter
by 0.017 A, in comparison with the isolated molecule. In
this way, taking into account the intermolecular hydrogen
bonding, the calculated bond lengths in imidazoline moiety
are closer to the X-ray data.

Solid-state NMR spectra

Chemical shifts for '*C and '°N (Fig. 9) were assigned on a
base of calculated shielding constants (Table 6). For both
compounds the number of resonances in the spectra does
not exceed the number of carbon atoms in the molecule,
which suggests that there is one molecule in the asym-
metric unit cell, in agreement with the crystallographic
data. For compound 2 the resonances of C9 and C10 are
overlapped giving a broadened signal at 25.8 ppm. Anal-
ysis of C3 chemical shift showed that carbonyl group
(compound 1) and thioamide group (compound 2) are

present in molecular structure, what suggests that tautomer
C is not observed in the crystals. Theoretical '*C NMR
chemical shifts are in good agreement with measured ones,
although systematic error is observed and thus all theo-
retical values are overestimated. In >N NMR spectra there
are two signals arising from N1 and N4 nitrogen atoms.
The separation between them is about 65 ppm for com-
pound 1 and 82 ppm for compound 2. Theoretical calcu-
lations of >N NMR chemical shifts performed for isolated
molecules of tautomer 1 revealed large discrepancy
between theoretical and measured values. The calculated
shift for N1 was underestimated of ca. 50 ppm and for N4
of ca. 20 ppm. These differences indicate that both nitro-
gen atoms are engaged in intermolecular hydrogen bonds
which can have a great impact on '>N' NMR chemical shift.
Including the network of intermolecular hydrogen bonds
into calculations done for trimer significantly improved the
theoretical values. The error for N4 atoms was less than
4 ppm, but N1 was still underestimated by about 20 ppm.
It can be due to the differences between calculated
hydrogen bond geometry and that present in the crystal.
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Fig. 9 '3C CPMAS and >N CPMAS NMR spectra of compounds 1 and 2

Additionally, the nitrogen atom is especially sensitive [40]

to surroundings [41], and it is no surprise that it deviates
from experimental values.
The above discussion showed that for both compounds
(see Figs. 4, 5) different tautomeric forms A and B (Fig. 1)
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exist at the change of physical state—from solution phase
(saturated CCl, solution) to the crystalline phase. We
suggest to call this phenomenon desmokatatropy—from
Greeks deopdg (bond) katdotacn (state) and tpdmog

(change).
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;g]lil\ilf/ 6311??- (;S(l;dir;)(; / /I i Nuclei Tautomer 1A Tautomer 2A
B3LYP/6- Calc. Experimental Calc. Experimental
311++4G(d,p) calculated
chemical shifts & (ppm) for Isolated In trimer Isolated In trimer
tautomer A of compounds 1 and
2 shown on Fig. 1 N1 —273.07 —248.09 —228.16 —262.797 —233.15 —210.94
C2 79.54 77.00 74.89 92.31 91.82 88.52
C3 192.91 198.53 189.96 236.75 243.07 225.61
N4 —140.78 —167.14 —163.13 —108.628 —126.88 —128.24
C5 192.43 192.23 181.67 187.80 188.89 179.70
C7 41.87 42.25 34.41 47.92 47.77 40.73
C8 42.20 44.52 40.24 47.05 50.09 45.73
C9 26.39 32.11 24.39 27.68 31.99 25.85
C10 28.01 32.70 26.43 26.66 33.14 25.85
Cl12 17.56 18.89 12.95 18.25 19.50 15.63

The atom numbering is shown on Fig. 2

Conclusions

Two new compounds—2-(methylthio)-1,3-diazaspiro[4.4]
non-2-ene-4-one, 1, and 2-(methyl-thio)-1,3-diazaspiro[4.4]
non-2-ene-4-thione 2, are synthesized. The substantial dif-
ference between maximum positions of the characteristic
C=N band in the IR spectra for both compounds in nonpolar
solvent and crystalline phase suggests that in solid state a
“conjugated tautomeric form” A exists, while in nonpolar
solution phase there is “non-conjugated tautomeric form”
B. The tautomeric equilibria of compounds 1 and 2 are
strongly solvent dependent. The compounds exist as a mixture
of tautomers 1A, 1A, and 1B, in weakly polar (CHCl3)
and polar (acetone and ethanol) solvents.

At change of physical state, from nonpolar solution
phase to the crystalline phase, different tautomeric forms
exist. It is suggested to call this phenomenon
desmokatatropy.

Supporting information

Supporting information (SI) is available and it contains:
Tables of absolute energies of the tautomers and rotamers
of 1 and 2 (Tables 1S-3S) and their atom coordinates.
Full details of the crystal structure determination in CIF
format are available. The crystal structures of 2-(methyl-
thio)-1,3-diazaspiro[4.4]non-2-ene-4-one (@) and
2-(methylthio)-1,3-diazaspiro[4.4]non-2-ene-4-thione  (2)
have been deposited in CCDC (CCDC 1495035-1495036).
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