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The guanidinium salt-based ionic liquid N,N,N’,N’',N"-pentabutyl-N"-benzyl-guanidinium bro-
mide was synthesized and characterized by 'H and '3C NMR spectroscopy in solution and by single
crystal X-ray structure analysis. The MO computational hybrid method of Morokuma and coworkers
(ONIOM method) is applied to compare experimental and quantum chemical results. Four calcula-
tion models for two layer ONIOM calculations are defined based on differences of the area for the
high-level layer region. Optimized geometries, interaction energies between the cation and the an-
ion, and atomic charges are compared to data of full-QM calculations for the optimized geometry as
well as of an experimental X-ray structure determination. The results indicate that it is mandatory for
obtaining reasonable results that the parts of the substituent groups which are directly bound to the
amino nitrogen atoms are included into the high-level layer. This least required ONIOM model for
guanidinium-type ionic liquids can save computational cost of 90 % compared to the full-QM SCF

calculation.
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Introduction

Recently ionic liquids (ILs) have attracted consider-
able interest because of their potential broad range of
applications in various areas of natural and engineering
sciences [1]. The physical properties of ILs depend on
the substituent groups of the cations as well as on the
combination of cations and anions. The large variety
of combinations of ionic species and substitution pat-
terns allows the design of ILs with on-demand proper-
ties. Guanidinium-based salts are a relatively new class
of IL with six substitution sites available in the cation
(Fig. 1) which allow a particular broad variation for
tailoring the desired functions and properties.

Computational methods such as quantum mechan-
ical (QM) calculations are contemporary established
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Fig. 1. General formula of guanidinium-based salts.

tools widely used to aid in the design of pharma-
ceutical drugs and other materials. However, some-
times the system size tempers the applicability of QM
methods. For guanidinium ion-based ILs with vari-
ous multiple substituent groups screening studies with
QM calculations would be somewhat time-consuming,
thus faster but still accurate methods are desirable.
Recently, Morokuma et al. have developed a hybrid
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method (ONIOM method) [2] to treat large systems
using QM calculations. The molecular system is di-
vided into several layers, and a different calculation
level is used for each layer depending on the impor-
tance. For example, for an enzyme, the active sites are
treated with a high-level QM method, and remaining
residues are treated with lower-level calculation meth-
ods, such as semi-empirical methods or molecular me-
chanics. This hybrid method is considered to be ap-
plicable to computationally investigate substitution ef-
fects at reduced cost by using different calculation lev-
els for the main part and the substituent groups of the
compounds under investigation. Thus it can be envis-
aged that the ONIOM method is suitable for screening
investigations of guanidinium-based ILs.

In this study, the ONIOM method is applied to
a guanidinium-based ionic liquid and compared to
full QM calculations to confirm the usability of
this approach for the prediction of ILs properties.
N,N,N',N',N"-Pentabutyl-N"-benzylguanidinium bro-
mide has been synthesized and fully characterized and
was chosen as a prototype IL because experimental
structural data from single crystal X-ray crystallogra-
phy could be obtained.

ium bromide (étps = 0 ppm).

Synthesis

N,N,N'.N' ,N"-Pentabutyl-N"-benzylguanidinium
bromide was synthesized by reaction of N,N,N',N',N"'-
pentabutylguanidine with benzylbromide for 2 h at
60 °C (Eq. 1).

The purified salt was characterized by elemental
analysis, IR, and 'H and '3C NMR spectroscopy in
CDCls, and by single crystal X-ray structure determi-
nation (details see Experimental Section). The methy-
lene protons of the benzylic group at § = 4.36 and
4.57 ppm are magnetically non-equivalent and show a
geminal spin-spin coupling constant of 2JpLH =14 Hz
(Fig. 2).

Computational Details

The two-layered ONIOM (ONIOM?2) method [1]
is used to compare the accuracy of the defined lay-
ers for the molecule. Four types of ONIOM?2 models
(ONIOM-I-1V) are defined by relating increasing re-
gions of the molecule to the high-level layer, as shown
in Fig. 3. For comparison the whole molecule is inves-
tigated by a normal QM calculation, denoted as full-
QM. B3LYP/6-31G* is used for the high-level layer,
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and the molecular mechanics force field UFF [3] or
the semi-empirical method PM3 [4] are used for the
low-level layer calculations. The carbon atoms located
at the boundary of layers (link atoms) are treated as
hydrogen atoms for the high-level region. The geom-
etry optimization calculations are performed for the
four ONIOM?2 and the full-QM models, starting from
the structural data taken from the X-ray crystal struc-
ture study. Normal vibrational mode analyses are per-
formed for the optimized structures to confirm that
those are energy minimum structures for each model.
The structures optimized by ONIOM?2 model calcula-
tions are compared with the optimized structure ob-
tained by the full-QM calculation as well as with the
experimental data. The program PROFIT [5] is used
to obtain the root mean square deviation (RMSD)
of structural differences. The atomic charges are also
compared. In the charge calculations, only the atoms in
the high-level layer are used. The input for the model
structures used for the charge calculations are obtained

ONIOM-II1

ONIOM-1V

full-QM

Fig. 3. Four ONIOM2 models (ONIOM-I-IV) and the full-QM model for N,N,N',N’,N"-pentabutyl-N"-benzylguanidinium
bromide. The circles confine the regions for four high-level layers in the ONIOM I-1V models and the full-QM model. The
ball & stick models and the stick models show the high-level and the low-level layers for the various models, respectively.

by replacing the link atoms spanning the QM and the
low-level region with hydrogen atoms, deleting the
atoms of the low-level layer, and optimizing only the
added hydrogen atoms with constraints for the remain-
ing part. The natural charge scheme is used for the
atomic charge calculations [6]. The quantum chemical
calculations were performed with the GAUSSIAN 03
program suite [7].

Results and Discussions

Optimized structures

The optimized structures obtained by ONIOM?2 and
full-QM calculations and the experimental molecu-
lar structure obtained by single-crystal X-ray diffrac-
tion are shown in Fig. 4. The differences of struc-
tural parameters and RMSDs are listed in Table 1
and Table 2. The differences between ONIOM?2 mod-
els and the full-QM model are reduced with increas-
ing circumference of the high-level layer defining the
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Table 1. Average differences of structural parameters and root mean square deviations (RMSD) of several ONIOM?2 calcula-

tions compared to the full-QM calculation.

ONIOM-I ONIOM-II ONIOM-IIT ONIOM-IV
High level: B3LYP/6-31G*; Low level: UFF
Bond length? 0.038(0.000/0.135) 0.044(0.000/0.894) 0.035(0.000/1.051) 0.020(0.000/0.116)
Bond angle? 1.235(0.011/7.075) 1.045(0.009/5.870) 0.917(0.001/4.015) 0.594(0.000/2.685)
Dihedral angle® 5.314(0.013/29.221) 6.377(0.002/43.988) 5.094(0.011/42.521) 1.730(0.003/10.897)
RMSDP 0.681 [0.678] 0.873 [0.838] 0.704 [0.634] 0.178 [0.172]

High level: B3LYP/6-31G*; Low level: PM3

Bond length? 0.016(0.000/0.283) 0.019(0.001/0.807) 0.008(0.000/0.102) 0.005(0.000/0.070)
Bond angle? 0.905(0.002/3.896) 0.858(0.003/4.145) 0.622(0.004/3.440) 0.400(0.004/2.872)
Dihedral angle? 5.684(0.015/32.701) 7.223(0.011/44.583) 5.944(0.001/26.807) 3.440(0.000/24.899)
RMSD 0.682 [0.683] 0.919 [0.878] 0.566 [0.557] 0.331[0.325]

* Average differences and minimum/maximum differences (values in parentheses) of bond lengths (A), bond angles (radian), and dihedral
angles (radian) are shown; P the RMSDs of the whole system and of the guanidinium cation only [values in brackets] are shown.
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Fig. 4. Comparison of optimized structures. (A) B3LYP/6-31G*:UFF, (B) B3LYP/6-31G*:PM3. The large ball & stick model
shows the molecular structure obtained by single-crystal X-ray diffraction, and the red, yellow, green, blue and black models
show the structures obtained by ONIOM-I, II, III, IV and full-QM model calculations, respectively (color online).

atoms for QM calculations, except for the ONIOM-I
model (Table 1). The ONIOM-I model, with all sub-
stituent groups treated at low level, accidentally has
a better agreement with the full-QM structure than
the ONIOM-II or -III models. There is no signifi-
cant difference between UFF and PM3 for the low-
level layer calculations (Table 1). The differences be-
tween several models and the data of the X-ray struc-
ture determination (Table 2) are larger than between
ONIOM2 models and the full-QM model (Table 1).
Even the full-QM model of the optimized structure
exhibits some deviations from the experimental X-ray
structure data (Table 2). The C*---Br~ distance, the
C*t-NI---Br~ angle, and the N2-C*-N3.--Br~ dihe-
dral angle are 5.24 A, 155.1°, and —159.7°, respec-
tively, for the full-QM model, and 5.87 /&, 178.0°,

and —178.9°, respectively, for the X-ray data (see
Fig. 3 for the numbering of atoms). Thus basically the
Br™ anion is located close to the alkyl groups in both
the ONIOM2- and the full QM-models and in the ex-
perimental X-ray structure without significant differ-
ences. The position of the bromide ion is somewhat
different depending on the calculational model used
(Fig. 3). This in turn leads to conformational changes
for the alkyl groups close to the bromide anion. Con-
versely, if the conformations of alkyl groups change
to become more compact, the Br~ anion is in closer
distance to the C* carbon atom. The RMSDs for the
cations only are somewhat smaller than those for the
whole ion pair, which is in accord with different rel-
ative positions of the bromide anion and the guani-
dinium cation for the different calculation models. In
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Table 2. Average differences of structural parameters and root mean square deviations (RMSD) of several ONIOM2

calculations® and comparison with the X-ray structure data.

ONIOM-I ONIOM-II ONIOM-III ONIOM-1V
High level: B3LYP/6-31G*; Low level: UFF
Bond lengthb 0.077(0.001/0.529) 0.089(0.001/1.527) 0.099(0.001/1.684) 0.086(0.005/0.586)
Bond angleb 1.658(0.002/13.641) 1.695(0.005/13.636) 1.850(0.000/13.832) 1.765(0.060/14.373)
Dihedral angle® 9.258(0.011/84.978) 11.552(0.079/79.898) 12.305(0.014/81.269) 9.640(0.068/82.009)

RMSD*¢ 0.624 [0.624]

High level: B3LYP/6-31G*; Low level: PM3
Bond lengthb 0.116(0.010/0.916)
Bond angleb 1.962(0.023/13.210)
Dihedral angle® 10.644(0.079/88.589)
RMSD¢ 0.824 [0.804]

1.056 [0.977]

1.155[1.074]

0.119(0.006/1.441)
1.990(0.033/13.199)
11.723(0.023/77.213)

1.119 [1.024] 0.586 [0.579]

0.106(0.003/0.532)
1.954(0.074/13.558)
8.726(0.028/69.243)
0.476 [0.474]

0.105(0.006/0.563)
1.956(0.006/13.484)
9.368(0.083/78.783)
0.498 [0.494]

2 A comparison with full-QM calculation results of bond length®, bond angle®, dihedral angle®, and RMSDs¢ gives 0.103(0.000/0.633),
1.868(0.003/15.212), 10.217(0.009/84.158), and 0.637 [0.622], respectively; b average differences and minimum/maximum differences (val-
ues in parentheses) of bond lengths (A), bond angles (radian), and dihedral angles (radian) are shown; ¢ the RMSDs of the whole system and

of the guanidinium cation only [values in brackets] are shown.

ONIOM-I _ONIOM-I _ONIOM-I _ONIOM-IV _ fulllQM  Table 3. Comparison of interaction
B3LYP/6-31G*:UFF ~ —71.0 -79.3 -79.2 —82.9 energy (AE)? between the cation and
B3LYP/6-31G*:PM3  —80.9 ~782 ~79.8 _825 =825 the anion.

@ AE = E(complex) — E(cation) — E(anion) in kcal mol~! with the optimized structure of full-QM. The full-QM calculation is done by

B3LYP/6-31G*.

the crystal the ordering of cations and anions is gov-
erned by additional packing restraints, and thus it is
expected that the position of the anion in a single ion
pair is different from the position of the anion in the
crystal structure.

Interaction energy between the cation and the anion

Table 3 shows a comparison of the interaction en-
ergy between the guanidinium ion and the bromide ion
calculated with the ONIOM?2 and with the full-QM
models.

The interaction energy of —82.5 kcalmol~! ob-
tained by a full-QM calculation is reasonably repro-
duced by the ONIOM2 calculations within a devia-
tion of ~ 3 kcalmol !, except for the ONIOM-I model
with UFF. At least the -CH,- moiety of the alkyl sub-
stituents which is linked to the amino nitrogen atoms
of the parent guanidinium cation should be included in
the high-level layer (ONIOM-II) to obtain reasonable
energies compared with the full-QM calculation.

Atomic charges

Table 4 shows the atomic charges for the main atoms
in the guanidinium bromide, viz. the central carbon
(C), the three amino nitrogen (N), and the bromine (Br)
atoms, calculated using the ONIOM-I-IV models.
The atomic charges calculated for the ONIOM-I model

Table 4. Natural atomic charges for main atoms in each

model®.

Atom ONIOM-I ONIOM-II ONIOM-III ONIOM-1V full-QM
C 0.681 0.699 0.708 0.707 0.712
NI®  —0.792  —0.420 —0.423 —0.418 —0.409
N2°  —0.821 —0.459 —0.451 —0.458 —0.463
N3®  —0.827 —0.461 —0.468 —0.459 —0.460
Br —0.905 —0.895 —0.877 —0.872 —0.874

4 Atomic charges for all models are calculated on the B3LYP/6-31G*
level; ® N1: the amino group nearest to the anion; N2: the amino
group bearing the benzyl group; N3: the remaining amino group.

differ significantly from those obtained by the full-QM
model, in particular for the nitrogen atoms which show
almost twice the negative charge in ONIOM-I calcu-
lations. It is noteworthy that the atomic charges are
almost converged using the ONIOM-II model. Thus
the chain link moiety of the substituent groups directly
bonded to the amino nitrogen atoms play an important
role in describing the charge distribution in the main
part of the molecule. This trend is similar to that of the
interaction energy as mentioned above. Similar trends
are observed for the Mulliken charge definition (data
are not shown).

13C NMR chemical shifts

The ONIOM-I model gives completely different re-
sults compared to full-QM calculations for the central
carbon (N3C™), for which the chemical shift is almost
converged at ONIOM-III model. The calculated chem-
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Table 5. Comparison of 3C NMR chemical shifts from computational® and experimental data.

C

ONIOM-I ONIOM-II ONIOM-III ONIOM-1V full-QM exp.
CsH; (Bu) — - - - 14.20-16.07 (15.42) 13.30—-13.81
CyHy Bu) - - - 12.35-14.68 (13.88)®  20.36-23.32 (22.25) 19.99—-20.27
CgHy (Bu) - - 13.77-22.03 (16.71)° 21.60-29.22 (24.48)  29.53-37.21 (31.86) 29.48,29.54
CqHy (Bu) — 39.36-45.46 (41.74)®  43.27-49.80 (45.11) 48.65-54.00 (51.09)  48.05-52.33(50.11) 48.5-50.0
CqHy (Bn) — 41.24° 53.37 53.38 53.34 54.00
CH (Ph) - - 122.08-123.62 (122.87) 122.03-123.84 (122.83) 121.97-123.83 128.64, 129.24
Cq (Ph) - - 127.93 127.99 128.10 133.60
N;C* 113.19 158.99 157.37 157.33 156.92 163.76

@ § = §(TMS) — 8(Ccation): Reference §(TMS) = 189.78 ppm at B3LYP/6-31G*, Ty symmetry, average values are in parentheses; ® these
are linking atoms at the boundary of the QM-level area and are calculated as CH3 groups; ¢ 62.8 MHz in CDCl3.
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Table 6. Calculation time for QM calculations (High level:
HF/6-31G").

ONIOM- ONIOM- ONIOM- ONIOM- Full-

I i 1 v QM
1, sec® 12 556 3432 4988 5416
(1), secP 1 37 229 333 602
SCF cycle 13 15 15 15 9

2 Computation time for single point calculation; ® computation time
for one SCF cycle: (¢) = t/(number of SCF cycles).

ical shifts for the geometry calculated with the full-QM
method is in reasonably good agreement with experi-
mental data (Fig. 5 and Table 5).

It is noticeable that calculated chemical shifts are
lower than the experimental ones. In addition, carbon
atoms located near the bromide anion are less shielded
and resonate at relatively high field.

Computation times

The advantage of ONIOM methods in terms of com-
putation costs is shown in Table 6, where the compu-
tation times for single point calculations are compared
for ONIOM-I-1V models and full-QM calculations.
For our model system the computation time for the

L S I IS I I
70.0 600 50.0 40.0 30.0 200

ium bromide (étps = 0 ppm).

low-level calculation for all four ONIOM2 models is
negligible (< 1 sec for UFF, and ~ 2 sec for PM3).
Thus the gain of using the ONIOM method is due to
the reduction of the number of atoms which are treated
with high-level QM calculation. The ONIOM-II model
which is the least required model for this type of
molecules saves 90 % of the computation cost com-
pared to the full-QM calculation.

Conclusions

The ONIOM2 method has been applied to a
guanidinium-based ionic liquid. It is shown that a QM
treatment of the first chain link which is bonded to the
nitrogen atoms is required to obtain results for the in-
teraction energy, geometry and atomic charges which
are comparable to full-QM calculations. No obvious
difference between UFF and PM3 treatment of the low-
level layer was found in this system. The application of
our ONIOM-II model is a significant advantage for fur-
ther screening studies for the design of guanidinium-
based ionic liquids which requires the treatment of
larger ensembles of ion pair cluster systems.



M. Tanaka et al. - An ONIOM Study of a Guanidinium Salt Ionic Liquid 771

Table 7. Crystal data and parameters related to the structure

determination.

Empirical formula CygHsy BrN3
M, 510.64

T,K 293(2)
Radiation; wavelength, A MoKy, 0.71073
Crystal size, mm? 1.0x0.7x0.7
Crystal system, space group triclinic, P1

a, A 10.577(3)

b, A 11.099(3)

¢ A 14.143(4)

o, deg 101.28(2)

B, deg 95.81(2)

Y, deg 102.16(2)

v, A3 1574.0(8)

zZ 2

Peale» Mgm ™3 1.077
U(MoKg), cm™! 13.23

F(000), e 552

6 range for data collection, deg 1.48-23.00

Limiting indices hkl

0<h<11,-12<k <11,
-15<I<15

Measured/independent reflections 4655/4375
Restrained data 196

Refined parameters 344
R1/wR2[I >2 o(])] 0.0820/0.2013
R1/wR2 (all data) 0.1730/0.2396
Goodness-of-fit on F2 1.030

ApPsn (max/min), e A—3 0.34/—0.23

Experimental Section

Synthesis of N,N,N',N',N"-pentabutyl-N"-benzylguanidin-
ium bromide

2.52 mL (21.1 mmol) benzylbromide is slowly added
to a stirred solution of 7.17 g (21.1 mmol) N,N,N' . N’/ N"-
pentabutylguanidine in 25 mL n-pentane and subsequently
heated to 60 °C for 2 h. The colorless solid product is sep-
arated by filtration and dried in vacuo at 10~ Torr. Fur-
ther purification is achieved by dissolving the raw product

in acetone and recrystallization at 8 °C. The colorless crys-
tals are dried in vacuo at 10~2 Torr. The first precipitation
yields 4.6 g (8.99 mmol; 42.6 %) of pure N.N,N',N'.N"-
pentabutyl-N"-benzylguanidinium bromide; m.p. 116 °C.
A strict definition of an IL adopts an upper limit for the
melting point below 100 °C, the boiling point of water. —
IR (ATR): v = 2956, 2930, 2869, 1530, 1451, 1434, 1375,
1316, 1231, 1168, 1108, 1086, 940, 892, 883, 737, 703,
574 cm~!'. = 'H NMR (250 MHz, CDCl3): § = 0.96 (m,
CH3), 1.38 (m, CHp), 1.8 (m, CHy), 2.96, 3.17, 3.42 (3
m, CHy), 4.36 (d, benzyl-CH,, ZJH,H = 14.2 Hz), 4.57 (d,
benzyl-CH,, 2Jy j = 14.1 Hz), 7.23, 7.40, 7.42 (m, benzyl). -
13C NMR (62.6 MHz, CDCl3): 8 = 13.68, 13.3, 13.76, 13.81
(CH3), 19.99, 20.03, 20.08, 20.18, 20.27 (CH3), 29.48, 29.54
(CHp), 128.64, 129.24, 133.68 (benzyl), 163.76 (N,C*-
N).—CygHs5,BrN3 (510.64): caled. C 65.86, H 10.26, N 8.23,
Br 15.65; found C 65.82, H 10.19, N 8.15, Br 15.64.

X-Ray structure determination

A suitable single crystal was obtained by recrystallization
from acetone. Diffractometer: Nicolet P3. Structure solution
by Direct Methods (SHELXS-97 [8]) and refinement by full-
matrix least-squares methods on F' 2 (SHELXL-97 [9]). Crys-
tal data and parameters related to the structure determination
are summarized in Table 7.

CCDC 7336312 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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