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Abstract: Due to the presence of the carbonyl and imide groups in the structure of 5,5-diphenylhydantoin (DPH), the possibility for this com-
pound to be involved in hydrogen bonding intermolecular interactions is obvious. Even though such interactions are presumably responsible
for the mechanism of action of this drug, however, to the best of our knowledge, the self-hydrogen bonding interactions between the DPH
monomers have not been addressed till now. Furthermore, studies reporting on the spectroscopic characteristics of this molecule are scarcely
reported in the literature.

Here we report on the possible dimers of DPH, investigated by quantum chemical calculations at B3LYP/6-31+G(2d,2p) level of theory.
Twelve unique DPH dimers were structurally optimized in gas-phase, as well as in ethanol and DMSO and then were used to compute the
population-averaged UV-Vis and NMR spectra using Boltzmann statistics. UV-Vis and NMR techniques were employed to assess experimentally
the spectroscopical response of this compound. DFT calculations are also used to investigate the structural transformations between the solid

and liquid phase, as well as for describing the electronic transitions and for the assignment of NMR spectra of DPH.

Keywords: 5,5-diphenylhydantoin, hydrogen-bonded dimers, electronic transition, NMR.

INTRODUCTION

P HENYTOIN (DPH), with the IUPAC name 5,5-diphenyl-
imidazolidine-2,4-dione (see Figure 1) and its general
chemical formula CisH12N;0,, is the oldest non-sedative
antiepileptic drug!! indicated for the treatment of epilep-
sy,[2l decreasing excitatory neurotransmission and enhan-
cing y-aminobutyric acid-mediated inhibition. However,
despite being extensively used as an active pharmaceutical
ingredient for antiepileptic drugs its "biological face"3! still
remains incompletely elucidated.

From a structural point of view, DPH crystallizes in
the orthorhombic space group Pn2;a (a =6.230, b =13.581,
c=15.532 A, Z=4)1, Even though the existence of a second
polymorph was presumed, 2! recent studies indicated how-
ever, that phenytoin crystals obtained from different sol-
vents and in different crystallization conditions do not
contain other polymorphs.[43! On the other hand, a surface-

induced polymorph with enhanced dissolution and ortho-
rhombic system (cell dimensions a = 6.10, b = 12.20, ¢ =
13.95 A) was obtained.l®! Phenytoin also forms binary
crystal compounds with copper complexes,[”) polyethylene
glycol,[8 pyridone and pyridyl.[%:10]

Being highly lipophilic it can be solubilized in alkali
and many organic solvents, but, as the free acid, it is poorly
soluble in water.[11]

Phenytoin acts on sodium channels on the neuronal
cell membrane, dampening the unwanted brain activity
seen in seizure, by reducing electrical conductance among
brain cells. Like for all the anticonvulsant drugs, the dis-
tance between the centre of the phenyl ring and carbonyl
oxygen is considered important, because both groups are
thought to bind to the receptor site on the sodium chan-
nel.['2 The modification of hydrogen bonding groups can
decrease or even stop the anticonvulsant activity.[!314 The
role of the hydrogen bonding groups is different, the amine
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Figure 1. B3LYP/6-31+G(2d,2p) optimized molecular
structure of the most stable conformer of phenytoin in gas-
phase and the atom numbering scheme

N3-H31 and carbonyl C4=07 groups seems to be responsi-
ble for its anticonvulsant activity, whereas the amine N1-
H30 and carbonyl C2=06 groups have mutagenic activity.[1!

Previously, UV-Vis measurements were used for de-
termining the phenytoin quantity alonelt617 or in the pres-
ence of other drugs.['81% Moreover, such data give
information about the solubility in different solvents.[20.21]
Also, NMR measurements were used to study DPH in solu-
tion[22-24] and its binding to model peptide corresponding
to a segment of sodium channel.[25]

All these findings prompted us to study the dimeri-
zation process of DPH through hydrogen bonding interac-
tions. Thus, a thorough conformational analysis of the
dimeric species following the Boltzmann's distribution law
is presented in this work. Moreover, combining the experi-
mental UV-Vis and NMR techniques with quantum chemi-
cal calculations we addressed the effect of such hydrogen
bonding interactions on the electronic transitions as well as
on the NMR chemical shifts of DPH.

Experimental Details

DPH of 99 % purity was purchased from a standard com-
mercial source (Alfa Aesar) and used without further purifi-
cation.

Optical absorbance spectra of DPH in ethanol were
recorded at room temperature using a Jasco V-670 UV-Vis-
NIR spectrophotometer with a slit width of 2 nm.

The H and 13C NMR spectra were recorded at room
temperature on a Bruker AVANCE NMR spectrometer
(400.13 MHz for H and 100.63 MHz for 13C, internal stand-
ard TMS). The samples were prepared by the dissolution of
DPH in DMSO (signal for 'H at 2.51 ppm and at 39.45 ppm
and for 13C). The spectra were recorded using a single exci-
tation pulse of 11 ps for H and 7.5 s for 13C.

ROATICA
ity
Computational Details
The optimization of DPH geometry and single point calcula-
tions were performed with the Gaussian 09, revision C.01
software packagel26! by using DFT approaches. The hybrid
B3LYP exchange-correlation functional27-30] was used in
conjunction with Pople’s split-valence 6-31+G(2d,2p) basis
set.[3132 Default criteria were used to define the conver-
gence of both the electronic density and molecular geome-
tries. Stationary points were characterized by analytical

frequency calculations.

Absorption spectra of DPH were calculated using the
time-dependent DFT (TD-DFT) methodology,33! imple-
mented in the Gaussian09 package, which describes the ex-
cited states in terms of all possible single excitations from
occupied to virtual orbital. These spectra have been calcu-
lated on DPH optimized structures at B3LYP /6-31+G(2d,2p)
level of theory. The nature of the excited states has been
analyzed using the Natural Transition Orbitals (NTO) for-
malism proposed by Martin.[34 This formalism offers com-
pact description of the electronic excitations with the
advantage that only one or two occupied/virtual pairs of
orbitals are enough for a clear interpretation of the physical
nature of the excited states involved in absorption and
emission processes.[35-39]

The calculation of NMR chemical shifts for DPH was
performed using the GIAO (Gauge-Including Atomic Or-
bital) method, %41l implemented in the Gaussian09 pack-
age, with the B3LYP exchange-correlation functional, in
conjunction with 6-31+G(2d,2p) basis set. In order to ex-
press the chemical shifts in terms of the total computed
NMR shielding tensors, TMS (tetramethylsilane) shielding
tensors were calculated at the same level of theory.

The solvent effects have been considered by using the im-
plicit Polarizable Continuum Model (PCM)[42 using the inte-
gral equation formalism (IEFPCM) variant.[43!

RESULTS AND DISCUSSION

Hydrogen Bonds

Two minimum energy structures are possible for the DPH
monomer, i.e., the structure shown in Figure 1 (denoted as
A conformer) and its mirror image (B conformer). Obvi-
ously, these two minima are equivalent from energetic and
spectroscopic point of view. However, both of them must
be considered when forming the possible dimers of DPH.
For conformer A, the left (C8-C9) ring is almost co-
planar with the C4-C5 bond of the hydantoin unit, while the
second phenyl ring (C14-C15) is approximately coplanar
with the C5-N1 bond. Due to the presence of the two NH
groups as hydrogen bond donors and two oxygens as
hydrogen bond acceptors, different hydrogen bonded di-
mers can be formed. We were interested only in these type
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Table 1 Dihedral angles and hydrogen bond lengths characterizing the DPH monomer and dimers in gas-phase, ethanol and
DMSO (first, second and third entry, respectively) at B3LYP/6-31+G(2d,2p). The dihedral angles @, and @, correspond to the
first monomer and @1 and @,’ correspond to the second monomer in the dimer. Experimental data for the known solid state

structure of DPH are included for comparison purposes.

Species ®1/° ®./° o7/ @)/ HBs lengths (NH ... 0) / A
12.7 731
Monomer 16.5 77.7 — - -
16.0 76.3
Dimers®
105 76.2 038 732 2.840, 2.903
(1A8) 14.1 77.2 12.9 77.3 2.850,2.943
NH31-06', 07-H30'N 14.4 77.0 13.1 77.4 2.850, 2.944
86 74.5 86 74.5 2.837
(2A8) 118 78.2 118 78.2 2.848
NH31-06', 06-H3T'N 119 78.3 119 78.3 2.848
8.4 73.8 126 74.0 2.844, 2.867
(388) 8.8 78.0 105 77.5 2.844, 2.883
NH31-06', 07-H3T'N 8.4 78.3 10.9 77.6 2.844,2.884
121 74.3 121 74.3 2.877
(aan) 108 77.9 108 77.9 2.888
NH31-07, O7-H3T'N 10.9 78.0 10.9 78.0 2.888
93 73.8 59 73.6 2.834, 2.869
(GAA) 135 767 13.1 76.4 2.842,2.901
NH31-06', 06-H30'N 13.1 76.6 13.8 76.7 2.842,2.901
77 72.9 77 72.9 2.872
(6AA) 13.7 76.4 13.7 76.4 2.902
NH30-06', 06-H30'N 14.3 76.3 14.3 76.3 2.903
123 76.2 7.8 777 2.841,2.910
(1AB) 132 76.8 -15.6 -76.8 2.851,2.941
NH31-06', 07-H30'N 13.2 769 154 ~77.0 2.852,2.941
128 72.1 ~1238 721 2.837
(2AB) 124 779 ~12.4 779 2.845
NH31-06', O6-H31'N 125 78.0 125 ~78.0 2.845
16.4 72.7 8.4 741 2.844, 2.868
(3AB) 14.5 78.1 —121 771 2.844, 2,885
NH31-06', O7-H31'N 14.4 783 123 771 2.844,2.885
13.8 73.6 -13.8 -736 2.877
(4AB) 122 773 -122 773 2.886
NH31-07, O7-H3T'N 12.1 77.5 -122 -775 2.886
12.4 71.9 8.4 -76.0 2.835, 2.869
(5AB) 137 76.8 -13.4 -76.2 2.844,2.898
NH31-06', O6-H3O'N 13.7 77.0 ~136 ~76.2 2.844,2.899
6.2 74.3 6.1 -74.3 2.873
(6AB) 121 77.0 —121 770 2.900
NH30-06', 06-H30'N 12.2 77.1 -12.1 —77.1 2.901
Experimental datal!l
DPH crystal®
07 ... (H30N)’ 2.844
(NH31) ... 06’ 1.9 69.3 1.9 69.3 2.784
06... (NH31) 2.784
(NH30) ... 07" 2.884

@ The type of the formed hydrogen bonds are given for each dimer
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Figure 2. B3LYP/6-31+G(2d,2p) optimized structures for the twelve dimers of 5,5-diphenylhydantoin in gas-phase.
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of dimers because they are significantly more stable than
other types of dimers, formed for instance by dispersion in-
teractions. Moreover, only the double hydrogen bonded di-
mers were considered because it is expected that the
geometry of single hydrogen bonded dimers will converge
to a double H bonded structure.

A total number of 12 double hydrogen bonded
unique dimers can be formed, of which 6 are of AA type and
6 of AB type. The BB and BA type dimers were not consid-
ered because they are mirror images of the AA and AB
types, respectively. The conformations of the 12 unique di-
mers are shown in Figure 2 and some of their selected
structural parameters are reported in Table 1 (see Table S2
in the Electronic Supplementary Information for Cartesian
coordinates of their optimized geometries).

The geometries of the dimers were fully optimized
and all of them correspond to minima on the potential en-
ergy surface. It is worth mentioning that the geometries of
the 2AA, 4AA and 6AA dimers have C, symmetry, while
those of the 2AB, 4AB and 6AB dimers are of C; symmetry.

We shall first briefly discuss the structural character-
istics of the monomer for which geometrical parameters
have been reported by Camerman et al.l!l and discussed
also by Tamir et al.[221 As seen in Table 1, for the gas-phase
molecule, the calculated angles which define the relative
orientation of the two phenyl rings with respect to the hy-
dantoin unit (®; = C4C5C8C9, @, = C4C5C14C19) are in
qualitative agreement with the experimental data, as al-
ready observed by Tamir et al.[22] Even a quantitative agree-
ment is observed for @, while @; is slightly worse
reproduced. These calculated angles do not change appre-
ciably in the two solvents, a very small increase (cca. 4 °)
being observed for both angles. Even though the dissolu-
tion of the compound is likely to be accompanied by a con-
formational change of the molecule, however, the present
results suggest only a minor modification of the @; angle
when going from solid to liquid state.

The angles between the planes defined by the phe-
nyl groups and the hydantoin unit are presented in Table 2.
The best agreement between the experimental and calcu-
lated data is again noted for the gas-phase molecule, par-
ticularly for the (Ph2,Hyd) dihedral angle. According to
quantum chemical calculations, in liquid phase, the angle
between the Phl and Hyd planes is only slightly changed
with respect to gas-phase. On the other hand, the dihedral
angle (Ph1,Ph2) decreases in solution, simultaneously with
a slight increase of the (Ph2,Hyd) angle.

An improved description for the solid state structure
could be achieved by using a cluster of molecules able to des-
cribe all the four hydrogen bonds involving at least one mono-
mer and also, by considering the dispersion interactions; such
an analysis is, however, beyond the scope of this study.

According to Carter et al.,!*4 the distance between
the centroids of the phenyl rings and the carbonyl oxygen
atoms seem to play a dominant role for the binding mech-
anism of DPH to the receptor in the sodium channel.

As seen in Table 2, these distances are not much af-
fected by the transition between the gas-phase and liquid
phase. With respect to the solid state structure,!!! in ethanol
and DMSO, the distances between the O7 atom and the two
centroids X1 and X2 increase very slightly. The same trend is
observed for the distances from 06 to the two centroids.

Regarding the dimers of DPH, the hydrogen bond
length reported in the last column of Table 1 is the distance
between the corresponding nitrogen and oxygen atoms.
First, as it comes out from Table 1, there is no qualitative
difference between the geometric al parameters that char-
acterize the relative orientation of the phenyl rings to the
hydantoin unit for the dimeric structures in gas-phase and
ethanol. Moreover, for ethanol and DMSO solutions, the @
angles and hydrogen bonding distances are almost identi-
cal. On the other hand, the hydrogen bond distances for the
gas-phase structures are constantly shorter than for corre-
sponding solvated dimers.

Table 2. Calculated angles between planes and distances between the ring centroids and oxygen atoms for DPH monomer in

gas-phase, ethanol and DMSO

Parameter® gas-phase ethanol DMSO X-ray dataly
Z(Ph1,Ph2)/° 81.59 76.03 77.57 89.56
Z(Ph1,Hyd)/° 73.32 73.87 73.73 65.67
Z(Ph2,Hyd) /° 66.98 70.86 69.87 65.95

d(x107) /A 4.263 4.250 4.253 4.226

d(x207) /A 4.012 4.002 4.003 3.968

d(x106) / A 5.473 5.531 5.528 5513

d(X206) /A 5.779 5.711 5.715 5.677

@ Ph1, Ph2 and Hyd are the planes defined by C8-C13 phenyl ring, C14-C19 phenyl ring and hydantoin ring, respectively; X1 and X2 are the centroids of the two

phenyl rings.
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Thus, the same geometry is predicted for the same
kind of dimers in the two solvents, which is slightly different
from that predicted for the gas-phase.

It is reasonable to assume that the strength of the HB
interactions will play a major role in the stability of the
dimers. This is indeed true for the solvated dimers in which
case the dimeric structures with the shortest (averaged) HB
distance (2AB dimer) are the most stable, the situation being
is mirrored for the gas-phase structures. For the latter ones,
the most stable, nearly isoenergetic dimers 2AA and 2AB
have an averaged HB distance of 2.837 A, significantly shorter
than the immediately higher in energy dimers 6AB and 5AB.

The intermolecular hydrogen bonding in the most
stable dimer 2AA lead to the increase of the N-H and C=0
bond lengths by about 0.021 and 0.014 A, respectively, with
respect to the monomer. For example, the N1-H30 bond is
lengthened from 1.009 A to 1.030 A and C2=06 bond from
1.210 Ato 1.224 A. The X-ray study!X! shows that in the crys-
tal lattice, the N1-H30 bond and N3-H31 bond is 0.93 A and
0.809 A respectively and C4=07 bond and C2=06 bond is
1.222 A and 1.209 A respectively. The differences appear
because DPH molecule is involved in two hydrogen bonds
in all the investigated dimers but in solid state each mono-
mer is connected to four neighbor molecules, making two
pairs of equivalent hydrogen bonds of 2.784 and 2.884 A
(see Figure S1 in ESI).

Relative Boltzmann populations are calculated using
the formula:

A,
kT

g€

i Z gle[f%j

P

where AE; are the relative energies corrected for zero-point
vibrational energies (AEzpve), ks is the Boltzmann constant,
T is the temperature (T = 298 K) and g; are the degeneracy
degrees for each conformer (g; = 2 for C; symmetry and
gi =1 for C; and C; symmetries).[45-47]

As shown in Table 3, our calculations predict a dra-
matic change in the pattern of relative energies of some di-
mers when going from gas-phase to liquid-phase. However,
the two 2AA and 2AB dimers are the most stable both, in
gas-phase and liquid phase. On the other hand, due to the
symmetry degeneracy, the largest relative Boltzmann pop-
ulations are predicted for the 5AB and 5AA dimers in gas
phase, but the largest contributions to the spectroscopic
properties in solution are predicted for the dimers of type
2, 3 and 5, either AA or AB. Particularly, the 2AB and 2AA
dimers, which are the most stable in liquid phase contrib-
ute together almost 30 % of the total population in solu-
tion. In ethanol and DMSO solvents, the dimers 2AB, 2AA,
3AA, 3AB, 5AA and 5AB are within a 0.59 kcal mol-1, which is
less than the room temperature energy. Even though signifi-
cantly higher in energy, due to the symmetry degeneracy,
the dimers 1AA and 1AB have appreciable relative popula-
tions higher, than 5 %. In such cases, the calculated spectra
must include the responses from all species, weighted by
their Boltzmann factors.!45-52] For this reason we calculated
the electronic absorption and NMR spectra of DPH consid-
ering the dimers with relative populations greater than 5 %.

UV-Vis Spectrum
The UV-Vis spectra of DPH in ethanol (see Figure 3) were
recorded at five concentrations, ranging from 10> M to 10~
4 M. A slight red-shift from 204 nm to 211 nm was observed
for Amax by increasing the concentration.

Table 3. Relative energies (ZPE corrected) and Boltzmann populations of the twelve DPH dimers in gas-phase (B3LYP/6-
31+G(2d,2p) level of theory) and in ethanol and DMSO (PCM-B3LYP/6-31+G(2d,2p) level of theory), at room temperature

Gas Ethanol DMSO

Dimer AEzpe / keal mol™ Population / % AEzpe / keal mol™ Population / % AEzpe / kcal mol™ Population / %
1AA 1.22 3.62 0.98 5.75 1.04 5.54
2AA 0.00 14.26 0.02 14.46 0.06 14.19
3AA 1.09 4.50 0.46 13.85 0.46 14.41
4AA 2.07 0.44 1.28 1.73 1.27 1.83
5AA 0.24 19.13 0.53 12.28 0.58 11.81
6AA 0.36 7.77 1.28 1.74 1.36 1.58
1AB 1.47 2.39 1.02 5.36 1.03 5.50
2AB 0.01 14.02 0.00 15.07 0.00 15.66
3AB 1.20 3.79 0.47 13.63 0.48 13.93
4AB 2.11 0.40 1.23 1.90 1.21 2.03
5AB 0.22 19.72 0.54 12.17 0.59 11.63
6AB 0.21 9.97 1.18 2.06 1.26 1.88
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The excitation energies of the DPH monomer in eth-
anol were calculated using the TD-DFT approach and they
are listed in Table 4. To better understand the properties of
the excited states of DPH we obtained the NTOs based on
the calculated dens ity m atrices. It is a common practice
to denote the occupied NTOs as "hole transition orbitals"
and the unoccupied NTOs as "particle transition orbit-
als".[3537.38,53,54] Figyre 4 illustrates the NTOs for the main
electronic transitions of DPH monomer in ethanol.

Thus, according to theoretical results, the most in-
tense electronic transitions of the DPH monomer are pre-
dicted in UV region, in very good agreement with the
experimental data. Quantum chemical calculations give a
clear picture of the emergence of electronic transitions.
Thus, as observed in Table 4, the main contribution to SO —
S1 transition is the HOMO-LUMO excitation. From Figure 4
itis seen that the hole is delocalized on the entire molecule,
while the particle NTO is much more localized onto the hy-
dantoin unit. Consequently, we assign this transition to the
intra-molecular charge transfer between the phenyl rings
and hydantoin group.

The next 7 allowed excited states with appreciable
oscillator strength are higher in energy but very close to
each other, spanning a wavelength interval as low as 14.7
nm. As seen in Figure 4, excepting the S13 and S14, all the
other excitations contain a major part of mut* transitions
with HOTO localized on one of the two phenyl rings and
LUTO on the other phenyl. On the other hand, S13 state ap-
pears as a result of a dominant excitation which involves a
transfer of the electronic density from the hydantoin to one
of the phenyl rings, while S14 involves a redistribution of
the electronic density between the two phenyls, as well as
the hydantoin unit.

The calculated oscillator strengths are proportional
to the strengths of the observed electronic transition and
consequently to the intensities of experimental absorption
bands!53.5556] (see Figure 3). The inset in the Figure 3 shows
the deconvolution of the experimental UV spectrum at
7.5-10"> M concentration, with peaks at 204 nm, 209 nm,
216 nm and 230 nm.

The first three deconvoluted peaks can be put in cor-
respondence with the first three simulated absorbance
bands. Only the last deconvoluted peak at 230 nm is shifted
appreciably to lower wavelengths compared to the simu-
lated absorbance band peak located at 247 nm.

Based on present calculations we assume that for con-
centrations lower than 510 M the dominant contributions
to the absorption spectrum is mos tly due to the monomers,
and the experimental peak is given by the absorption band
calculated for monomers at 201-208 nm (see Table 4). A clear
asymmetry of the absorption curves is observed for all concen-
trations. We find that they hide a shoulder near 230 nm that
can be recovered by deconvolution (see the inset in Figure 3).

211

Absorbance

00 210 220 230 240 250 260

T T T T y
200 210 220 230 240 250 260 270 280
Wavelength (nm)

Figure 3. Experimental (solid line) and simulated (dashed
line) UV-Vis spectra of DPH in ethanol at five concentrations.
Simulated spectra have been calculated for DPH monomer
and the eight most stable dimers in ethanol, whose
cumulated Boltzmann population is 92.6 % (see Tables 4 and
S1). Inthe inset isillustrated the deconvoluted experimental
curve recorded at 7.5-10 M.

The red-shift of Amax (from 205 nm to 211 nm), ob-
served as a result of increasing the concentration, can be
explained by the increase in dimer population, which is as-
sumed to occur when the concentration increases from
5-107>to 10*M. For this reason we simulated the absorp-
tion spectrum of DPH as the sum of absorbance contribu-
tions of the dimers in ethanol, whose populations were
greater than 5 %, weighted by their Boltzmann population
at room temperature, and using a full width at half maxi-
mum of 0.26 eV. For this purpose we considered the 2AB,
2AA, 3AA, 3AB, 5AA, 5AB, 1AA and 1AB dimers, with a total
relative population of 92.6 %.

According to the calculated relative free energies
given in Table 3, the DPH dimers 2AB and 2AA are the most
stable and most abundant in ethanol. UV spectrum of DPH
dimer 2AB has four absorption bands, at 207-212 nm
(f = 0.04-0.099), due to HOMO —LUMO+3, HOMO-1—
LUMO+n with n=2,7 and HOMO-11+n— LUMO+n with n =
0,1; at 216 (f=0.11), due to HOMO-2 — LUMO+2; at 224.5
(f = 0.069), due to HOMO—LUMO+3 and HOMO-
1—LUMO+2; and at 248 nm (f = 0.134) due to HOMO —
LUMO and HOMO-1— LUMO+1. Expectedly, the UV spec-
tra of the other seven dimers (listed in Table S1) have
similar electronic absorptions with those of 2AB dimer, in
the same wavelength regions. Based on monomer and dimer
model calculations we consider that the experimental peak
at A = 205 nm in Figure 3 indicates the absorption by 100 %
population of monomers; Also, the monomer population
is dominant for concentrations lower than 5-10=> M.
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Table 4. Theoretical UV-Vis absorption spectral data calculated for the DPH monomer and dimer 2AB in ethanol at B3LYP/6-

31+G(2d,2p) level of theory

Species Excited state A/nm fe@ transitions® Contributions / %)
Monomer S1 246.6 0.066 H-L 52
H-1-L 21
S9 216.1 0.054 H-1-L+1 31
H-1-L+2 21
S12 2114 0.040 H-1-L+3 31
H-3-L+2 17
S13 208.9 0.061 H-5-L 33
H-2-L+2 21
S14 207.7 0.113 H-Ll+4 31
S15 207.5 0.052 H-5-L 20
H-1-L+4 19
S16 205.0 0.065 H-3-L+2 25
H-4-1+1 25
S18 201.4 0.058 H-2-L+3 30
H-2oL+4 20
H-4-1+1 18
2AB dimer S1 2479 0.134 H-L 29
H-1-L+1 24
S15 224.5 0.069 H-L+3 27
H-1-L+2 26
S22 216.1 0.110 H-2-L+2 15
S27 212.1 0.040 H-1-L+2 18
H-L+3 17
S31 211.3 0.099 H-1-L+7 15
S42 207.1 0.051 H-10-L+1 17
H-11-L 16

@ only transitions with f > 0.04 are included
) H—-HOMO and L— LUMO
() only contributions > 15 % are included

The intermediate UV curve with the peak at A = 208 nm is
the result of absorption of a mixed population of 50 %
monomers and 50 % dimers. The experimental peak at A =
211 nm is due to a 100 % population of dimers.

NMR Analysis

The optimized structure of DPH conformer in gas phase was
re-optimized in DMSO by considering the solvent effect us-
ing the polarized continuum model (PCM). Calculation of vi-
brational frequencies has confirmed that the unique
structure is a stationary point with no negative eigenvalue
observed in the force constant matrix. The theoretical
chemical shifts are derived from the total computed NMR
shielding tensors by using the TMS (tetramethylsilane)
shielding tensors as reference. The experimental and calcu-
lated (population averaged) chemical shifts, both for mon-
omer and the twelve investigated dimers of DPH in DMSO,
are listed in Table 5 (the mean absolute error (MAE) values

are also included). The computed chemical shifts for each
of the eight most stable dimers are given in Table 6 (their
cumulated Boltzmann population is 92.7 %). The experi-
mental 'H NMR spectrum of DPH in DMSO shows two peaks
(each of integral 1) located at 9.39 and 11.18 ppm which
are due to the H31 and H30 protons, respectively (see Fig-
ure 1 for atom numbering scheme).

The other two peaks at 7.35 ppm (integral: 2) and
7.41 ppm (integral: 8) can easily be assigned to the phenyl
protons, as shown in Table 5.

When the 3C NMR spectrum of the molecule is con-
sidered, it is seen that two downfield peaks due to the most
de-shielded carbon nuclei C4 and C2 are located at 174.81
ppm and 156.00 ppm, while the most shielded C5 nucleus
gives a peak at 70.22 ppm. In this spectrum, the peak due
to equivalent alkenal carbon atoms C8 and C14 (in the phe-
nyl rings) bonded to the carbon atom in hydantoin is lo-
cated at 139.90 ppm, while for the remaining carbon nuclei
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Excited state HOTO LUTO Coefficients

S1 0.97

S9 0.67
S12 0.56
S13 0.51
514 0.46
S15 0.46
S16 0.48
S18 0.66

Figure 4. B3LYP/6-31+G(2d,2p) calculated hole (HOTO) and particle (LUTO) natural transition orbitals (isovalue 0.04 a.u.), as
well as their coefficients, involved in the electronic transitions with appreciable oscillator strength for DPH monomer in ethanol.
Shown are only the HOTO-LUTO pairs which contribute the most to each particular excitation. The NTO coefficients represent
the extent to which the excitation can be written as a single configuration!3s],

DOI: 10.5562/cca2767 Croat. Chem. Acta 2015, 88(4), 511-522
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Table 5. Experimental and theoretical chemical shifts (in
ppm) for DPH in DMSO

Experimental Theoretical data®

Aroms data® Monomer Dimer
c4 174.81 174.73 174.40
Cc2 156.00 153.99 156.32
C8,C14 139.90 138.87 139.71
C10, C12, C16, C18 128.45 126.89 126.46
C11,C17 127.98 126.70 126.48
C9, C13, C15, C19 126.57 126.14 126.11
C5 70.22 77.70 76.96
H31 11.18 8.40 11.50
H30 9.39 6.67 5.64
H22, H27 7.35 7.99 7.75
WONILNBNG g g 7
MAE 1.86 1.49

@ The NMR 'H and 13C data of DPH in DMSO with respect to the TMS
reference values.

The chemical shifts calculated at B3LYP/6-31+G(2d,2p) level of theory with
respect to TMS reference values; dimer data were derived as a weighted
average of the chemical shifts calculated for the eight most stable dimers
of DPH in DMSO whose cumulated Boltzmann population is 92.7 % (see
Table 6).

(b

in the phenyl rings, the corresponding three peaks are
found between 126.57 and 128.45 ppm. As can be seen in
Table 5, the main differences between experimental values
and those calculated for monomer are noted for the C5 nu-
cleus as well as for the H30 and H31 protons. The hydrogen-

bonding interactions can affect the shielding of H30 and
H31 protons. This is indeed the case, and dimer calculations
show that these intermolecular interactions modify the
charge density of the hydantoin unit, having as a result the
significant change of the chemical shift of C2 and H31 nuclei
and to a smaller extent for the H30 nucleus. The value of
chemical shift for the C5 nucleus in dimer improves only
slightly compared to the monomer case. The reason must
be that the C5 nucleus is shielded by the phenyl rings more
strongly than predicted by the PCM continuum solvation
model. As seen in Table 6, the 5AB and 1AB dimers provide
an improved agreement between the experimental and cal-
culated chemical shift for H30 proton, at the expense of a
worse agreement for the H31 proton. Nevertheless, the
corresponding calculated values for the individual dimers,
as well as the weighted average are unacceptably away
from the experimental counterparts. This discrepancy can
be attributed to the non-inclusion of the specific solute-sol-
vent interactions in the computational model.

CONCLUSIONS

The geometrical structures of the monomer and twelve
unique dimers of 5,5-diphenylhydantoin have been investi-
gated by DFT approach at B3LYP/6-31+G(2d,2p) level of
theory. Calculated relative ZPE-corrected energies for the
DPH dimers show that the same two dimers (2AA and 2AB)
are most stable in gas-phase and in solution, as well, but an
important change in relative stabilities is noted for the re-
maining set of 10 dimers. Almost identical geometries are
predicted for the same kind of dimers in liquid phase,

Table 6. Experimental and theoretical chemical shifts (in ppm) for the most stable eight DPH dimers in DMSO

Atoms Experimental 2AB 3AA 2AA 3AB SAA 5AB 1AA 1AB Weighted
Data average
ca 174.81 17357 17581 17371 17472 173.07 17341 17898 1764 174.40
Q 156.00 15829 15425 1579 15559 156.14 1563 15436 1557 156.32
c8, Cl4 139.90 14013 13912 14022 1399 13915 139.66 13951 139.64 139.71
CCll% %112 128.45 12641 12623 12675 1265 12661 12637 12615 126.69 126.46
C11, C17 127.98 12698 12674 12612 12623 12638 12653 12611  126.33 126.48
gfé Céfé 126.57 12662 12591 12543 12603 12666 12608 1261 12553 126.11
cs 70.22 7753 7722 7689 7653 7636 7689 7741  77.09 76.96
H31 11.18 1165  11.88 1159 1169  12.15 96 1194 953 11.50
H30 9.39 5.48 5.24 5.47 5.29 5.3 7.47 531 73 5.64
H22, H27 7.41 7.73 7.72 7.69 7.72 7.69 771 761 7.66 7.70
H20, H21,
H23-H26, 735 7.71 7.73 7.78 7.77 7.75 7.75 7.75 7.71 7.75
H28, H29
Population / % - 1566 1441 1419 1393 1181 1163 554 5.50 -
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which, compared to the gas-phase structures show slightly
longer hydrogen-bond distances. For the DPH monomer,
the dihedral corresponding to the relative orientation of
the two phenyl rings in solution decreases appreciable with
respect to the solid state structure, concomitant with a
similar increase in the dihedrals between the phenyls and
hydantoin units. On the other hand, an almost quantitative
agreement is observed between the calculated distances
between the phenyl centroids and the two oxygens of the
molecule in liquid phase and solid state.

The experimental UV-Vis and NMR spectra of DPH
have been explained on the basis of the contributions due
to monomers as well as Boltzmann weighted contributions
of the dimers. DPH dissolved in ethanol show UV-Vis peaks
between 204-205 nm, when the concentration increases
from 107> M to 5-10-° M. The electronic transitions of DPH
have been assigned on the basis of natural transition orbit-
als. All the allowed electronic excitations are dominantly
driven by charge-transfer type transitions between the sub-
units of the molecule.

The H and 13C NMR chemical shifts of DPH in DMSO
were explained by considering the Boltzmann population
averaged DFT calculated data for the six dimers. The only
observed discrepancy between the experimental and com-
puted data are noted for the H30 proton but this deficiency
can be explained by the lack of describing the specific so-
lute —solvent interactions.

Tracking both the solid and liquid phases of DPH, the
present results could help for a better understanding of the
structural transformation of the molecule between the two
states and for designing better formulations of this com-
pound.
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Fig.S1 Intermolecular hydrogen bonding pattern in DPH single crystals (data from ref.
[1]). Hydrogen atoms have been removed for the sake of clarity.
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Table S1 Theoretical UV-Vis absorption spectral data calculated for DPH dimers in ethanol, with
populations greater than 5% (data for 2AB dimer are given in Table 4)

Dimer Excited state A(nm) i) transitions® Contributions (%)
S1 H-1->L 28
247.9 0.054 TRy >
S2 H-1=>L+1 22
™ 247.6 0.081 ST o8
S22 216.0 0.106 H-32>L+2 13
S40 207.6 0.295 H->L+9 11
S45 204.4 0.112 H->L+8 12
S46 204.2 0.062 H-52>L1L+7 20
51 247.9 0.057 Ll e
H->L 35
S2 H>L+1 32
247.8 0.065
H-2>L+1 18
S15 H->L+3 43
3AA 2243 0.047 H-12L+2 18
S24 H-2-2>L+3 22
215.6 0.055
H-2>L+5 17
S37 210.1 0.065 H-10>L 17
S41 207.7 0.197 H-22>L+5 15
S47 204.0 0.062 H-52>L1L+7 20
51 248.3 0.046 HoLA 23
H->L 20
S2 H-1->L 51
247.7 0.079
H>L+1 20
S24 216.0 0.048 H-22>L+3 25
3AB S34 211.1 0.047 H->L+4 18
S37 H-112>L 18
210.1 0.048 LI0SL T
S44 205.1 0.069 H-62>L1L+4 16
S46 204.7 0.049 H-9>L 44
S47 204.0 0.046 H-9>L 15
S1 H-1->L 30
248.4 0.071 TEY P 30
S2 H>L+1 28
247.6 0.058 H-1=>L+1 19
H-2->L+1 19
S15 H-7=>1L+1 27
224.6 0.040 H>L+2 26
H-1>L+2 17
SAA S23 H-22>L+2 25
216.2 0.048 TEEYEY 20
S24 H-32L+3 32
215.6 0.042 TREYP: T
S40 207.8 0.093 H-32>L+5 15
S41 207.7 0.200 H-2->L+4 14
S42 207.3 0.069 H-2-2>L+9 15
S45 205.3 0.074 H-62>L+5 25
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S46 204.8 0.072 H-7>L+4 19
H-4->L1L+2 17
S1 248.6 0.059 H->L 51
H-1>L+1 37
S2 247.5 0.071 RS T
H-2>L+2 24
S23 216.2 0.049 TEES ] 20
5AB H-3>L+3 32
S24 215.6 0.046 TRES I 18
H-2>L+3 34
S45 205.3 0.043
H-6>L+5 17
S46 204.9 0.042 H-4>L+2 39
S47 204.5 0.047 H-4>1L+2 25
H->L 32
S1 248.7 0.069 AL B
H-1S>L 44
S2 247.4 0.049
LAA H-12>L+1 17
S24 216.2 0.048 H-3>L+2 18
S29 2133 0.044 H-12>L+5 18
S37 210.3 0.099 H-10>L 20
S52 204.8 0.081 H-6>L+5 20
S1 249.1 0.068 oL 39
H>L+1 19
H-1->L 46
S2 247.6 0.047 TR 7
1AB
S25 216.0 0.054 H-2->L+2 12
S38 209.9 0.075 H-10>L 19
S41 208.1 0.059 L-4>H+5 10
S43 207.7 0.224 H>L+7 8
 only transitions with £> 0.04 are included
»H -~ HOMO and L -LUMO
9 only contributions >15% are included
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Table S2 Cartesian coordinates of the optimized structures of the monomer and the twelve dimers of 5,5-
diphenylhydantoin in gas-phase at B3LYP/6-31+G(2d,2p) level of theory

Monomer |

N -0.1212 1.4452 -1.085
-0.313 2.7205 -0.6213
-0.167 2.6438 0.7745
-0.0293 1.3597 1.2411
-0.0131 0.4391 -0.0189
-0.5525 3.7235 -1.2538
0.0664 1.0175 2.3945
-1.2211 -0.507 -0.0678

-2.3317 -0.3484 0.7667
-3.4475 -1.1751 0.6243
-3.4696 -2.1662 -0.3549
-2.3636 -2.3332 -1.1896

-1.2467 -1.5135 -1.0427
1.3259 -0.3107 -0.0471
2.3441 0.0428 -0.9355
3.5629 -0.6401 -0.9218
3.7781 -1.6734 -0.0128
2.767 -2.0223 0.8852

1.5489 -1.3481 0.868

-2.3308 0.4053 1.544

-4.2969 -1.0424 1.2846
-4.3369 -2.8074 -0.4634
-2.3654 -3.1062 -1.9498

T D DD DD DD DD T QOO0 00000000oo00z0

-0.3841 -1.666 -1.6821
2.1891 0.8529 -1.6368
4.3412 -0.3579 -1.6218
4.7243 -2.2023 -0.0011
2.9262 -2.8209 1.6008
0.772 -1.6218 1.5709
-0.472 1.2114 -2.001
H -0.2089 3.4595 1.367
Dimers
1AA 1AB
C -3.720 -1.143 -0.338 C -3.807 -1.156 -0.4248
C -2.939 -2.294 -0.479 C -3.122 -2.360 -0.6157
C -3.454 -3.426 -1.115 C -3.718 -3.410 -1.3162
C -4.756 -3.423 -1.612 C -5.006 -3.273 -1.8306
C -5.541 -2.277 -1.478 C -5.696 -2.074 -1.6458
C -5.025 -1.145 -0.851 C -5.098 -1.023 -0.9532
C -3.483 1.401 -0.331 C -3.396 1.361 -0.2524
C -4.046 2.517 0.294 C -3.878 2.468 0.4503
C -4.228 3.707 -0.413 C -3.984 3.712 -0.1757
C -3.839 3.797 -1.748 C -3.600 3.864 -1.5062
C -3.266 2.688 -2.374 C -3.108 2.762 -2.2099
C -3.090 1.498 -1.672 C -3.006 1.520 -1.5889
H -1.921 -2.316 -0.111 H -2.117 -2.486 -0.2341
H -2.833 -4.308 -1.219 H -3.170 -4.334 -1.4585
H -5.154 -4.303 -2.105 H -5.467 -4.090 -2.3741
H -6.553 -2.260 -1.867 H -6.696 -1.952 -2.0459
H -5.636 -0.253 -0.771 H -5.636 -0.089 -0.8335
H -4.341 2.456 1.334 H -4.170 2.359 1.4871
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H -4.672 4.562 0.085 H -4.365 4.560 0.3821
H -3.979 4.721  -2.297 H -3.683 4.829  -1.9925
H -2.957 2.748  -3.411 H -2.805 2.869  -3.2455
H -2.645 0.643  -2.165 H -2.624 0.672 -2.1426
C -2.903  -0.086 2.780 c -2.904  -0.384 2.744
c -1.729 0.017 0.803 c -1.734  -0.214 0.7683
0 -0.803 0.028 0.008 0 -0.812  -0.202  -0.0308
0 -3.109  -0.246 3.960 0 -3.115  -0.618 3.9097
N -3.827 0.106 1.780 N -3.815  -0.046  1.7714
H -4.774  -0.197 1.945 H -4.782  -0.292 1.923
N -1.642  -0.052 2.155 N -1.646  -0.395  2.1106
H -0.745  -0.095 2.661 H -0.753  -0.543  2.6028
C -3.239 0.092 0.436 C -3.238  -0.009 0.423
C 3.298  -1.330  -0.495 C 3.275 1.301  -0.1968
c 4.079  -2.449  -0.195 c 4.165 2.286  0.2354
C 4.059  -3.569  -1.030 C 4.143 3.559  -0.3416
C 3.259  -3.584  -2.169 C 3.234 3.860  -1.352
C 2.477  -2.468  -2.476 c 2.343 2.878  -1.7897
C 2.500  -1.350  -1.647 c 2.366 1.609 -1.2195
C 3.618 1.193  -0.346 C 3.636  -1.188  -0.6107
c 2.818 2.337  -0.307 c 2.910  -2.374 -0.7526
C 3.207 3.495  -0.985 C 3.325  -3.352  -1.6587
c 4.403 3.523  -1.697 c 4.473  -3.159  -2.4235
c 5.211 2.384  -1.731 c 5.206  -1.979 -2.2788
c 4.820 1.226  -1.064 c 4.790  -0.999  -1.3813
H 4.722  -2.452 0.676 H 4.891 2.068 1.0078
H 4.675  -4.426  -0.785 H 4.843 4.312 0.0046
H 3.245  -4.454  -2.817 H 3.218 4.849 -1.7968
H 1.852 -2.466  -3.362 H 1.630 3.098  -2.5762
H 1.895  -0.486  -1.902 H 1.672 0.855 -1.5745
H 1.888 2.331 0.247 H 2.020  -2.537 -0.1589
H 2.570 4.372  -0.951 H 2.748  -4.264 -1.7618
H 4.706 4.423  -2.221 H 4.796  -3.919  -3.1262
H 6.146 2.396  -2.280 H 6.103  -1.820 -2.8667
H 5.453 0.348  -1.095 H 5.364  -0.088 -1.2765
c 1.943  -0.111 2.385 c 1.933  -0.550  2.3334
c 4.139  -0.215 1.668 c 4.129  -0.257 1.6695
0 5.343  -0.296 1.701 0 5.332  -0.176  1.7256
0 1.008  -0.131 3.175 0 0.996  -0.722 3.1021
N 1.910 0.004 1.040 N 1.906  -0.367 0.996
H 1.018  -0.020 0.542 H 1.013  -0.257 0.5112
N 3.290 -0.208 2.750 N 3.277  -0.513  2.7193
H 3.591  -0.268 3.711 H 3.576  -0.660 3.6718
C 3.230  -0.087 0.408 c 3.223  -0.113 0.4073

2AA 2AB
c 0.2537 4.8667 1.2538 c -4.8623  -1.3028 0.0724
c ~0.4587 4.5763  2.4209 c -4.5099  -2.3905 -0.7326
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C -0.2145 5.2929 3.5945 C -5.2164 -3.5915 -0.6476
c 0.7445 6.3032 3.6176 C -6.2794 -3.7222 0.244
C 1.4574 6.6015 2.455 C -6.6393 -2.6402 1.0486
C 1.2091 5.8921 1.2824 C -5.9392 -1.4389 0.9589
C -0.1168 4.9499 -1.2701 C -4.9498 1.2495 0.0483
C 0.6173 4.7612 -2.4437 C -4.8011 2.2866 0.9722
c 0.3873 5.5694 -3.5597 c -5.6136 3.4207 0.9006
c -0.5859 6.5651 -3.5164 c -6.5742 3.5331 -0.1017
C -1.33 6.7499 -2.3492 C -6.719 2.5036 -1.0345
c -1.0969 5.9504 -1.2334 c -5.9155 1.3691 -0.96
H -1.2205 3.8072 2.4213 H -3.6974 -2.3061 -1.4431
H -0.7807 5.0585 4.4888 H -4.9337 -4.4221 -1.2842
H 0.9315 6.8582 4.5298 H -6.8272 -4.6555 0.3077
H 2.2 7.3913 2.45717 H -7.4699 -2.7268 1.74
H 1.7514 6.1483 0.3784 H -6.2418 -0.5974 1.5724
H 1.3671 3.9817 -2.4909 H -4.0494 2.2138 1.748
H 0.9695 5.4137 -4.461 H -5.4889 4.2142 1.6288
H -0.7658 7.1911 -4.383 H -7.2037 4.4138 -0.1591
H -2.0939 7.5179 -2.3065 H -7.4589 2.5837 -1.8229
H -1.6818 6.097 -0.3341 H -6.0306 0.578 -1.6903
c 0.846 1.8195 -0.1001 c -1.8198 -0.0324 0.8484
c -1.0965 3.0409 0.0363 c -3.038 0.088 -1.0971
¢} -2.2679 3.3114 0.1331 0 -3.3062 0.1405 -2.2717
¢} 1.592 0.8497 -0.0788 ¢} -0.8506 -0.1516 1.5859
N 1.2154 3.1283 -0.1966 N -3.1294 0.0069 1.2255
H 2.164 3.3855 0.028 H -3.3867 -0.3498 2.1328
N -0.5412 1.785 -0.0355 N -1.7832 0.0952 -0.5344
H -1.0582 0.8947 -0.0299 H -0.8919 0.1379 -1.0482
c 0.0887 4.0572 -0.0399 c -4.0565 0.0035 0.0862
c -0.2537 -4.8667 1.2538 C 4.8623 1.3028 -0.0724
C 0.4587 -4.5763 2.4209 c 4.5099 2.3905 0.7326
C 0.2145 -5.2929 3.5945 C 5.2164 3.5915 0.6476
c -0.7445 -6.3032 3.6176 C 6.2794 3.7222 -0.244
C -1.4574 -6.6015 2.455 C 6.6393 2.6402 -1.0486
C -1.2091 -5.8921 1.2824 C 5.9392 1.4389 -0.9589
C 0.1168 -4.9499 -1.2701 C 4.9498 -1.2495 -0.0483
C -0.6173 -4.7612 -2.4437 C 4.8011 -2.2866 -0.9722
c -0.3873 -5.5694 -3.5597 c 5.6136 -3.4207 -0.9006
c 0.5859 -6.5651 -3.5164 c 6.5742 -3.5331 0.1017
C 1.33 -6.7499 -2.3492 C 6.719 -2.5036 1.0345
c 1.0969 -5.9504 -1.2334 c 5.9155 -1.3691 0.96
H 1.2205 -3.8072 2.4213 H 3.6974 2.3061 1.4431
H 0.7807 -5.0585 4.4888 H 4.9337 4.4221 1.2842
H -0.9315 -6.8582 4.5298 H 6.8272 4.6555 -0.3077
H -2.2 -7.3913 2.45717 H 7.4699 2.7268 -1.74
H -1.7514 -6.1483 0.3784 H 6.2418 0.5974 -1.5724
H -1.3671 -3.9817 -2.4909 H 4.0494 -2.2138 -1.748
H -0.9695 -5.4137 -4.461 H 5.4889 -4.2142 -1.6288
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H 0.7658 -7.1911 -4.383 H 7.2037 -4.4138 0.1591
H 2.0939 -7.5179 -2.3065 H 7.4589 -2.5837 1.8229
H 1.6818 -6.097 -0.3341 H 6.0306 -0.578 1.6903
c -0.846 -1.8195 -0.1001 c 1.8198 0.0324 -0.8484
c 1.0965 -3.0409 0.0363 c 3.038 -0.088 1.0971
o] 2.2679 -3.3114 0.1331 o] 3.3062 -0.1405 2.2717
o] -1.592 -0.8497 -0.0788 o] 0.8506 0.1516 -1.5859
N -1.2154 -3.1283 -0.1966 N 3.1294 -0.0069 -1.2255
H -2.164 -3.3855 0.028 H 3.3867 0.3498 -2.1328
N 0.5412 -1.785 -0.0355 N 1.7832 -0.0952 0.5344
H 1.0582 -0.8947 -0.0299 H 0.8919 -0.1379 1.0482
c -0.0887 -4.0572 -0.0399 c 4.0565 -0.0035 -0.0862
3AA 3AB
C -4.4534 -1.226 -0.1505 C -4.4352 -1.1957 -0.3299
C -3.7095 -2.3989 -0.3108 C -3.6895 -2.3519 -0.5817
C -4.3228 -3.571 -0.7569 C -4.2828 -3.4599 -1.1879
C -5.6864 -3.5874 -1.043 C -5.6295 -3.4294 -1.5458
C -6.436 -2.4207 -0.8865 C -6.3807 -2.2799 -1.2984
C -5.8226 -1.2488 -0.4488 C -5.7864 -1.1707 -0.6995
C -4.2426 1.30098 -0.3775 C -4.2607 1.3513 -0.1831
C -4.7388 2.4545 0.2507 C -4.8007 2.3739 0.6004
C -5.0685 3.586 -0.4993 C -5.1484 3.598 0.0239
C -4.8945 3.5873 -1.8813 C -4.9483 3.8148 -1.3374
C -4.388 2.449 -2.5124 C -4.3979 2.7992 -2.1226
C -4.0658 1.3177 -1.7674 C -4.0583 1.5758 -1.5514
H -2.6464 -2.4077 -0.106 H -2.6396 -2.3959 -0.3201
H -3.7287 -4.4691 -0.8818 H -3.6873 -4.3449 -1.3813
H -6.1605 -4.4984 -1.39 H -6.0886 -4.2905 -2.0178
H -7.4963 -2.419 -1.1124 H -7.4275 -2.2417 -1.5776
H -6.41 -0.3424 -0.3517 H -6.3746 -0.2758 -0.5302
H -4.866 2.4646 1.3258 H -4.9481 2.2171 1.6614
H -5.4582 4.4645 0.0027 H -5.5718 4.3796 0.6447
H -5.1492 4.4659 -2.4633 H -5.216 4.7655 -1.7845
H -4.2435 2.4407 -3.5868 H -4.232 2.9592 -3.1819
H -3.6707 0.4407 -2.2648 H -3.6291 0.7951 -2.1668
C -3.0766 0.0563 2.6724 C -3.0769 -0.321 2.6507
C -2.2958 0.0045 0.5074 C -2.2963 -0.0445 0.5025
¢} -1.535 -0.0513 -0.4445 ¢} -1.5351 0.0482 -0.4461
¢} -3.0553 -0.0155 3.8782 ¢} -3.054 -0.5696 3.8327
N -4.1729 0.1794 1.8522 N -4.1754 -0.0942 1.8558
H -5.07 -0.1062 2.2133 H -5.0674 -0.4456 2.1686
N -1.9555 0.0373 1.8209 N -1.956 -0.1991 1.8075
H -0.9798 0.0214 2.1467 H -0.9801 -0.2508 2.1289
C -3.8476 0.0619 0.4258 C -3.8492 0.0043 0.4283
C 4.4776 1.2334 0.0219 C 4.4701 -1.2782 -0.1222
C 4.042 2.3669 -0.6703 C 4.0241 -2.3266 -0.9321
C 4.7905 3.5456 -0.6377 C 4.7661 -3.5053 -1.0346




Electronic Supplementary Information

c 5.9781  3.6071  0.0878 c 5.9576  -3.6527  -0.3279
c 6.4223  2.4774  0.7773 c 6.4114 -2.6088  0.4802
c 5.6804  1.2993  0.7389 c 5.6759 -1.4299  0.5766
c 4.4857 -1.3043  -0.2435 c 4.4939  1.2735 -0.1017
c 4.4787  -2.4362 0.575 c 4.4901  2.3094  0.8355
c 5.2268 -3.5643  0.2295 c 5.2427  3.4654 0.615
c 5.9787 -3.5753  -0.943 c 5.9957  3.6011  -0.549
c 5.979 -2.4504  -1.7706 c 5.9931  2.5729  -1.4942
c 5.2403 -1.3223  -1.4239 c 5.2502  1.4166 -1.2724
H 3.1311  2.3367 -1.2544 H 3.1103 -2.2273  -1.5037
H 4.4404  4.4135 -1.1848 H 4.4087 -4.3054 -1.6728
H 6.5568  4.5234  0.1117 H 6.5315 -4.5686 -0.4097
H 7.3496 2.51  1.3381 H 7.3411  -2.7077  1.0289
H 6.0472  0.4206  1.2586 H 6.0502 -0.6159  1.1883
H 3.8883 -2.4417  1.4826 H 3.8976  2.2187  1.7372
H 5.2154 -4.4322  0.8791 H 5.2335  4.2579  1.3549
H 6.5584  -4.4509 -1.2123 H 6.5784  4.4989  -0.7211
H 6.556 -2.45 -2.6885 H 6.5711  2.6705 -2.4061
H 5.2436  -0.4561 -2.0737 H 5.2509  0.6258  -2.012
c 1.6371  -0.0722  1.3277 c 1.6371 -0.1061  1.3229
c 2.4041  -0.0279  -0.8409 c 2.4048  0.0857 -0.8374
0 2.4101  0.0153 -2.0462 0 2.4109 0.173  -2.0403
0 0.8534  -0.0162  2.2647 0 0.8526 -0.2627  2.2478
N 2.995  -0.161  1.4039 N 2.9956 -0.0386  1.4079
H 3.454  0.0979  2.2634 H 3.452  -0.3947  2.2333
N 1.3004 -0.0659 -0.0213 N 1.3011  0.0431 -0.0181
H 0.3211  -0.0562  -0.3313 H 0.322  0.0741  -0.3271
c 3.6547 -0.0605  0.0955 c 3.6553  0.0043  0.0965

4AA 4AB
- o o 20087 1090s c T1.2586  1.2326  -0.0102
. 0 sars s 613 o oa1oc c -3.5902  2.3472  0.5057
. o 5266 -4 4v0s 3 5508 c ~4.3049  3.4707  0.9241
. o s06s -5 g1ea - c -5.6948  3.497 0.8281
. 0 0098 6. azs o oss c -6.3697 2.3883  0.3153
. 0 9805 -5 coss 1 o180 c -5.6569 1.2637  -0.0955
. T e c ~4.1199 -1.3178 -0.1129
. o il 4 aas o ase c ~4.4154 -2.3372 -1.021
. o 1987 4 8165 -3 6011 c ~4.9421 -3.5515 -0.5739
. L oave 5 0571 3 cass c -5.1671 -3.7612  0.7848
. S 0018 4 800 5 5198 c ~4.8636 -2.7484  1.6973
. . c -4.3459  -1.5347 1.2529
H 0.3684 -2.5987  2.4589 i “2.9l16 2. 340 0.6003
H 0.8495 -3.9285  4.4654 i -3 77 4.3227 1.3279
. o elas 6 4013 44011 H -6.2482  4.3699  1.1547
H -0.1076 -7.5271  2.3244 i -7.4513 2,394 0.2421
H ~0.5737 -6.1978  0.3031 i “6.193 0.3998 - -0.4726
. 85T 4 1979 o 4140 H ~4.2327 -2.1858 -2.0772
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H ~0.7437 -5.0073 -4.4733 i To.l7ie -4.3308 0 ~1.2918
H 1.7027  -5.4379  -4.5483 i To.9736 m4.7043 L. 132]
H 3.0908 -4.9803 -2.5366 i 7o.0294 —2.9028 0 2.7574
H 2.0445  -4.1203 -0.4774 i s4.11o4 20,7565 1968
. o wora o 117s o 07s c ~2.1211  0.3046  -2.4777
c ~0.1911  -2.0029  0.0801 ¢ ~2.0029 0.0165  -0.1946
. 0 om 1ses 0o1ses 0 ~1.5501 -0.0968  0.9314
0 -3.6372 -1.7458  0.1785 o sL.7486 0.542 36023
. 0301 34005 0001 N -3.4076  0.1172  -2.0337
H -2.6316  -4.1625  0.1808 i cd4.1626 0.dBaS  —2.5921
. e 1 oea1 00890 N ~1.296  0.1554  -1.3465
H -1.3793  -0.2684  0.1187 i s0.270L 0 0.1725  ~1.3748
c ~0.5684 -3.5086 -0.0144 ¢ sdesbis 0.015L =0.5731
. o e 4oesr 1oms c 4.2586  -1.2326  0.0102
c ~0.2475  3.6739  2.4196 ¢ 3.9902 m2.3472 =0.5057
c ~0.5266  4.4294  3.5598 ¢ 4.3049 =3.4707 ~0.9241
c ~0.3964  5.8164 3.535 ¢ 0.6948  =3.497 -0.8281
. o 0008 cuss o asas c 6.3697  -2.3883  -0.3153
c 0.2809  5.6949  1.2182 ¢ 0-6569  ~1.2637 0.0999
c ~0.0524  4.0779 -1.2991 c 4.1199 13178 0.1129
c 0.7211  4.3234  -2.436 ¢ foalod o 2.3372 0 L.02d
c 0.1287  4.8165 -3.6011 ¢ f.942L 0 3.5915 0 0.5739
c -1.2426  5.0571 -3.6435 ¢ o.lerlos.velz o —0.7848
c -2.0218  4.8022 -2.5128 ¢ 4.8636 2.7484 ~1.6973
. s asive 1 sass c 4.3459  1.5347  -1.2529
H -0.3684  2.5987  2.4589 i 2.91t6 m2.346 0 20.6003
H ~0.8495  3.9285  4.4654 i 377 s4.3227 m1.3279
H -0.6148 6.4013 4.4211 i 6.2482 ~4.3699 ~l.1547
H 0.1076 7.5271 2.3244 i 74513 2394 02421
H 0.5737  6.1978  0.3031 i 6.193 0.3998  0.4726
H 1.7857  4.1279  -2.4142 i 4.2327 2.lEs8 20772
H 0.7437  5.0073 -4.4733 i o-l7Le4.3308 0 1.2918
H ~1.7027  5.4379  -4.5483 i 0073647043 —1. 1321
H ~3.0908  4.9803 -2.5366 i 0.02942.9028  —2.7574
H -2.0445  4.1203 -0.4774 i 4.1104 0 0.7565  ~1.968
. B, o 07s c 2.1211  -0.3046  2.4777
c 0.1911  2.0029  0.0801 ¢ 2.0029 -0.0165  0.1946
5 o om Lo 0 o1oes 0 1.5501  0.0968  -0.9314
0 3.6372  1.7458  0.1785 o L.7age o m0.9420 0 3.6023
. S 0501 54005 -0 091 N 3.4076  -0.1172  2.0337
H 2.6316  4.1625  0.1808 i 4.16260 0 -0.4845  2.5921
. s 1 ses 0.0s9n N 1.296 ~0.1554  1.3465
H 1.3793  0.2684  0.1187 i 0.270L  -0.1725  1.3748
c 0.5684  3.5086 -0.0144 ¢ J.oids o -0.0151 0 0.5731
5AA 5AB
c -4.3168 1.316  -0.2802 c -4.2245  1.2912 -0.1974
-4.197  2.4366  0.5469 -3.9706 2.362  0.6653
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T DD oD D = =D Q Q Q o o o000 @Dn 2 @& =2 O o0 0 Q@D @m @D @D D@D o@D @D @D =D QO

-4.8815
-5.6884
-5.8158
-5.1393
-4.4053
-4.0502
-4.8592
-6.0235
-6.3764
-5.5758
-3.5894
-4.7829
-6.2192
-6.4481
-5.2651
-3.1403
-4.5719
-6.6502

=7.2717
-5.8551

-1.177
-2.7675
-3.2709
-0.0769
-2.3822
-2.4485
-1.4236
-0.6581
-3.5226
.9674
.7654
.9439
.3288
.5318
.3566
L2662
.4924
.0387

g os W s W W s s s W

.3647
6.144
5.5986
5.2666
5.5686
4.4688

3.049
2.7405
2.4619
3.4227

.6154
.6905
.5746
.3962
.2287
.3385
L4773
.5214
.4187
L2798
.3951
L4725
.6065
.6174
.5273
.3188

-4.328

-4.406

-2.
-0.
0.

4448
4318
0358

0.028

.0452
L1139
.0397
L2477
.0023
.0011
.0241
.3109
.3667
.5019
.5945
.5404
.4075
.2118

2.362

3.
3.
2.
1.

4972
4966
3514
2157

.3083
L3111
L4762
.5979
.5944
.3766
.3795

0.243
-0.8903
-1.7192
-1.4127
-0.1074
-0.8778

-0.894
-0.1307
0.6502
0.6611
1.4418
0.8994
-1.1232
-2.5988
-2.0498
-1.4641
-1.5017
-0.1407
1.2532
1.2736
-0.3338
1.3249
2.4205
-0.8656
-0.9663
-1.9303
1.0326
1.7237
-0.0435
-0.3628
0.0839
-0.7119
-1.9575

-2.41
-1.6211
-0.2129
-0.3849

-0.988
-1.4144
-1.2375
-0.6451

1.041
-0.3507
-2.5724
-3.3789
-1.9892
-0.0536

-1.121

T oD oD oD D = =D Q Q Q o o000 @Dn 2 @& =2 O o0 0 Q@D @m @D @D @D o@D o@D @D @D =D QO Qa0

-4.5661
-5.4177
-5.6784
-5.0899
-4.4872
-4.2328
-5.1217

-6.266
-6.5185

-5.638
-3.3249
-4.3635
-5.8798
-6.3459
-5.3174
-3.3394
-4.9124
-6.9547
-7.4027
-5.8385
-1.1801

-2.765
-3.2645
-0.0788
-2.3893
-2.4404
-1.4249

-0.659
-3.5217

3.9467
L7738
.9405
.2853
.4598

w W s s s

.2955
4.272
.5268
.0835
.3926
L1437
.5875
.3053
.5871
. 4157

N oy O W

.9452
2.655
2.5097
3.4892

.6051

3
3.7955
2.7309
1.4881
-1.2484
-2.3056
-3.3795
-3.4119
-2.363
-1.288
2.2333
4.4218
4.7614
2.8639
0.6619
-2.2961
-4.1895
-4.2464
-2.3813
-0.4815
-0.1662
-0.1974
-0.2269
-0.1079
-0.144¢6
0.2181
-0.2748
-0.3544
-0.066
1.3016
2.2821
3.5109
3.7719
2.7936
1.5682
-1.2189
-2.3709
-3.42
-3.3325
-2.1864
-1.1357
2.0935
4.2601
4.7258
2.9828
0.8176
-2.4524
-4.304

0
-0
-1

L4442
. 6421
.5063
1.282
.1907
.0676
.1585
.3651
.5217
.6079
.5248
L1277
.8112
.3502
.9467
.6792
.8481
.4334
.1488
1.302
.3527
.3108
.4079
.8844
.9834
.9229
1.01
.6961
.0506
.1988
.3542
L2913
.4916
.0505
L4116
.3683
.6318
.3664
.8346
.5664
.8417
L2776
.1515
.9899
.9857
.8616
L2701
.5687
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H 5.7889  4.3785  -1.8811 H 5.8251 -4.1477 -2.4036
H 7.1779  2.3406 -1.5634 H 7.1644 -2.1083 -1.9234
H 6.2096  0.3318  -0.5123 H 6.1777 -0.2509  -0.6396
c 1.9963 -0.0042  2.0952 c 1.9935 -0.3274  2.0738
c 4.2966 -0.1376  1.9077 c 4.292  -0.1462  1.9041
0 5.46  -0.2152  2.2205 0 5.4552  -0.1001  2.2236
0 0.9038  0.0083 2.65 0 0.9019  -0.426  2.6218
N 2.2745  0.0709  0.7777 N 2.2708  -0.2325  0.7574
H 1.5166  0.0574  0.0897 H 1.5118 -0.1433  0.0762
N 3.2215 -0.1015  2.7645 N 3.2183  -0.2975  2.7503
H 3.2929  -0.1364  3.7702 H 3.2912  -0.3921 3.752
c 3.7019  -0.044  0.4691 c 3.6962  -0.0635  0.4652

6AA 6AB
- o 0t s 14 1 o80s C =3.7584  -1.3196  0.0043
c 0.6478 -4.3649  2.2895 ¢ s4.dler o -2.2848 0 -0.7648
c 0.0109 -4.7454  3.4743 ¢ ~4.8268  =3.4873  -0.1844
c ~1.3424  -4.4799  3.6645 ¢ “4.5914 23,7375 1. 1647
. o 0ess 3810 5 5o c ~3.9396  -2.7746  1.9387
c -1.4323  -3.4558 1.477 ¢ -3.5306 ~1.575 1,364
c ~0.0023  -3.999  -1.2455 ¢ s3.0643 1.2y 0.098
c -0.4799  -3.3251 -2.3721 ¢ T3.295 2.313 0556
c ~0.9775 -4.0392 -3.4645 ¢ s3.9336 3.4061 0 1.0994
. 0 995 5 4318 -3 4454 c -5.3258  3.4189  1.1401
. 0 5085 -6 1095 o 04 c ~6.0389  2.3289  0.6365
c ~0.0215 -5.3996 -1.2301 ¢ To.364z1.2343 01026
H 1.6966 -4.5951  2.1557 i s4.6208 0 —2.1041 0 —1.8112
H 0.5812 -5.2513  4.2453 i T9.3358  —4.2245 0 ~0.7951
H -1.8337 -4.7753 4.5846 i s4.9L3l 46Tl Llelad
H ~3.1181  -3.6204  2.7932 i S3.75lk4 22,9556 2.9908
. 007 o o575 0 7041 H ~3.0301 -0.8353 1.9791
H ~0.4721  -2.2431 -2.4012 i ce.72e2.3ler 05269
H ~1.3524  -3.5009  -4.3277 i T3.368L 4.2451 0 1.4889
. 9 s o 4 sos H -5.8524  4.2681  1.5606
H ~0.5138 -7.1933 -2.2989 i Slelz2n 20329 0.6611
H 0.3501 -5.9336 -0.3648 i To.9254 0.3934 0 ~0.2849
c 1.6315 -1.1425 -0.1721 ¢ chetasto0.1376 0 —1.6262
c 2.1213  -3.3982  -0.037 ¢ s3.4020 0 0.0950 —2 1192
5 b 606 4 o1 0 011 0 ~4.4258  0.1073  -2.7585
5 L aar 00636 09193 0 0.0637  0.1551  -1.8409
N 0.4484 -1.7884 -0.1673 N -L.78s70.0925 0.4432
H ~0.4313  -1.2637 -0.1378 i sl.2664 -0.0378 0.4289
N 2.6293 -2.1221 -0.1141 N c2.lzaz0.lede —2.624
H 3.6135 -1.9028  -0.142 i SL.904 0.2407 0 =3.6054
c 0.5702  -3.2427  -0.0369 ¢ s3.2469  0.0128 0 =0.5703
. o 0es R, c 3.7584  1.3196  -0.0043
c ~0.6478  4.3649  2.2895 ¢ 4.4lz72.2848 0 0.7648
c ~0.0109  4.7454  3.4743 ¢ 4.8208  3.4873  0.1844
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Q - zZ T Z2Z O O QO Q @&mD @D @D @D @D oD o@D o E D o@D QO Qa0

L3424
.0633
.4323
.0023
.4799

o o o = N

L9775
0.992
0.5089
0.0215
-1.6966
-0.5812
1.8337
3.1181
2.007
0.4721
1.3524
1.377
0.5138
-0.3501
-1.6315
-2.1213
-2.7606
-1.847
-0.4484
0.4313
-2.6293
-3.6135
-0.5702

4.4799
3.8317
3.4558
3.999
.3251
.0392
.4318
.1095
.3996
.5951
L2513
L7753
.6204
L9572
L2431
.5009
.9859
.1933
.9336
L1425
.3982

w =g W NN W Uy O W

4.421

-0.0636
1.7884
1.2637
2.1221
1.9028
3.

2427

3.6645
2.659
1.477

-1.2455
-2.3721
-3.4645
-3.4454

-2.324
-1.2301

2.1557
4.2453
4.5846
2.7932
0.7041
-2.4012
-4.32717

-4.294
-2.2989
-0.3648
-0.1721

-0.037

0.011
-0.2193
-0.1673
-0.1378
-0.1141

-0.142

-0.0369

Q &-m 2 @=-m zZ O O O QO @& @D @&om @D D @D D @B =D & QO o

Sw RN W W oy U W W

-0.0637

e

.5914
.9396
.5306
.9643
.255

.9336
.3258
.0389
.3642
.6208
.3358
L9131
L7514
.0301
L1729
.3681
.8524
L1227
.9254
L1431
.402

.4258

.7887
.2664
.1242
.904

.2469

3.7375

2.7746

1.575

-1.
-2.
-3.
-3.

2173
313

4061
4189

.3289
.2343

.1041

.2245

.9556

2
4
4.6711
2
0

.8353

-0.
-0.
-0.

.3167
.2451
.2681
.329

.3934
.1376
.0951

1073
1551
0925

0.0378

-0.
-0.
-0.

1646
2407
0128

-1.
-1.
-1.
-0.
-0.
-1.
-1.
-0.
-0.

1.
0.
-1
-2

-1.
-0.
-1.
-1.
-0.

o P N N = O

-0
2.
3.
0.

1647
9387
364

058

556

0994
1401
6365
1026
8112

7951

.6121
.9908
9791
5269
4889
5606
6611

.2849
.6262
L1192
.7585
.8409
.4432

.4289
624
6054
5703
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