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ABSTRACT

The bis(trifluoromethanesulfonyl)amide anion ([Tf;N] ) has frequently been used as a
component of ionic liquids. To investigate the effect of this anion and alkyl substituents on
the thermal properties of macrocyclic metal complexes, cobalt(Ill) cyclam complexes
[Co(cyclam)CI,][Tf,N] and its monoalkyl derivatives were prepared (cyclam =
1,4,8,11-tetraazacyclotetradecane). The corresponding hexafluorophosphate salts were also
prepared and characterized. The salts with propyl and hexyl substituents melted at 171 °C and
153 °C, respectively, whereas other salts decomposed above 220 °C without melting. X-ray
crystallography revealed the formation of intermolecular hydrogen bonds involving the NH

hydrogens, which are responsible for the high melting points.

Keywords: Cyclam complex, Cobalt, Thermal analysis, Crystal structure, Hydrogen bond

"Corresponding author Tel/fax: +81-78-803-5679,

E-mail address: tmochida@platinum.kobe-u.ac.jp (T. Mochida)



1. Introduction

Cyclam (1,4,8,11-tetraazacyclotetradecane) is a macrocyclic ligand with a rich
coordination chemistry that has produced many versatile metal complexes [1-9]. Cyclam
complexes have attracted interest in diverse areas related to medicine [3-5], catalysts [6—8],
and ion sensors [9]. In this study, as part of our continuous study on the preparation of ionic
liquids from metal complexes, we focused on the thermal properties of cyclam complexes.
Ionic liquids are salts with melting points below 100 °C, and they have recently attracted
much attention for both pure and applied science [10-16]. Several ionic liquids from
metal-chelate complexes have been reported recently [17-21]. We prepared ionic liquids
comprising cationic metal-chelate complexes and the bis(trifluoromethanesulfonyl)amide
anion ([Tf;N]"), which exhibit vapochromism, thermochromism, and the spin-crossover
phenomenon [22, 23]. The melting points of these salts generally decrease upon using the
[TbN]  anion and upon introducing alkyl substituents to the cation. Indeed, these
modifications of Schiff base complexes [24] produced ionic liquids [22, 25]. There is also
interest in the thermal properties of [Tf,N] salts with chelate complexes [26]. In the present
study, to investigate the effects of the anion and substituents on the thermal properties of
cyclam complexes, we prepared the [Tf;N] and hexafluorophosphate ([PF¢] ) salts of the
cobalt cyclam complex and its N-monoalkyl derivatives [Co(R-cyclam)Cl,]X (R = H (1),
CsH7 (2), CeHis (3); X = [TfN], [PFe]; Fig. 1). Examination of their thermal properties
revealed that they exhibit very high melting points. However, the information obtained is

useful for the molecular design of ionic liquids.
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Fig. 1. Structural formula of [1]X~[3]X (R = H (1), C3Hs (1), C¢Hi3 (3); X = [TE:N], [PFe)).

Structural formula of the [Tf,N] anion is shown below.

2. Results and discussion
2.1. Preparation and thermal properties

[Co(R-cyclam)Cl,]Cl was obtained by reacting cyclam derivatives and CoCl,6H,0O under
air. The hexafluorophosphate and [Tf,N] salts were prepared by anion exchange from Cl salts
using NH4PF¢ and Li[Tf;N], respectively. All the salts were obtained in the form of green
solids.

The decomposition temperatures (7¢e) determined by thermogravimetric (TG) analysis
and melting points (7y,) of the [Tf,N] and hexafluorophosphate salts are summarized in Table
1. The TG traces are shown in Fig. S1 (supporting information). [2][Tf;N] and [3][Tf:N]
melted at 171 °C and 153 °C, respectively, while [1][Tf,N] exhibited only decomposition
without melting. Thus, elongation of the alkyl substituent decreased the melting points, but
the melting points prove to be very high despite using the [Tf;N] anion. The
hexafluorophosphate salts decomposed above 220 °C without melting (Fig. S2). The
decomposition temperatures of the [Tf,N] and hexafluorophosphate salts were in the range
220268 °C, and the thermal stability decreased in the order of [1]X > [3]X > [2]X (X =
[TEtN], [PFe]). The [Tf,N] salts exhibited greater thermal stability than the
hexafluorophosphate salts. All the salts exhibited continuous weight loss above the
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decomposition temperatures.

Table 1

Decomposition temperatures (74.c), melting points (7},) and glass transition temperature (7).

Toee CC) T (°C)° T, (°C)"

1[THEN] 268 - -

[

[2][TH:N] 234 171 27
[3][THEN] 263 153 26
[1][PF] 259 - -
[2][PF] 220 - -
[3][PFe] 228 - -

*Determined by TG measurements (—3 wt%, 5 K min ).

® Determined by DSC measurements (10 K min ).

2.2. Differential scanning calorimetry

The thermal properties of [1][Tf,N]-[3][Tf,N] were investigated by differential scanning
calorimetry (DSC). [1][Tf;N] exhibited no phase transitions between 123 K and 403 K. The
DSC trace of [2][Tf;N] is shown in Fig. 2. This salt exhibited successive endothermic and
exothermic peaks at around 80 °C only in the first heating cycle, independent of the scan rate
(2-20 K min'). They are probably transitions from an as-grown room-temperature phase
(Phase I, Fig. 2) to a metastable phase, and then to a stable phase (Phase II). The stable phase
exhibited no phase transition. Further heating led to melting at 171 °C (4H = 38.6 kJ mol ',
AS =87.0 J K" mol™"). After once melting, no crystallization occurred on cooling, and there
was only a glass transition at 27 °C. The salt [3][Tf;N] melted at 153 °C during the heating
process (4H = 40.8 kJ mol ', 45 =95.8 J K mol™"). After melting and being allowed to cool,
this liquid also exhibited only a glass transition at 26 °C. The DSC trace of this salt is shown
in Fig. S3 (supporting information). The ratios of 7,/Tr, for [2][TfoN] and [3][T:N] are 0.68
and 0.70, respectively. They are in accordance with the empirical relationship 7y/T;, = 2/3

[27], which generally holds for molecular liquids. The melting entropies of [2][Tf,N] and



[3][Tf,N] were comparable, although the conformational changes in the alkyl chains generally

provide an entropy change of ~10.3 J K 'mol' per methylene unit [28, 29].
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Fig. 2. DSC trace of [2][Tf;N] measured at 10 K min” .

2.3. Crystal structures

The crystal structures of [1][Tf;N], [1][PFs], and [3][Tf;N] were determined at room
temperature. These salts crystallized in space groups P-1, P2,2,2;, and P2,/c, respectively.
All the NH hydrogens of the ligands form hydrogen bonds with neighboring anions or cations,
forming network structures. The configurations of these complexes are regarded as trans-111
according to the classification in the literature [30]. The anions in [1][Tf;N] and [3][Tf;N]
exhibited the cis- and trans-conformation, respectively. In these salts, the nitrogen atoms in
the anion exhibited two-fold disorder and the CF; moieties exhibited rotational disorder. This
type of disorder has been often observed in salts with the [Tf,N] anion. The
hexafluorophosphate anion in [1][PFg] exhibited rotational disorder.

The packing diagrams and cation—cation arrangements of [1][Tf;N] and [1][PF¢] are
shown in Fig. 3a and 3b, respectively. They exhibit somewhat similar molecular arrangements,
where two of the four NH hydrogens form hydrogen bonds with the chloride ligands of
neighboring cations [N...CI distances: 3.196(5) A ([1][Tf;N]), 3.388(3) A and 3.376(3) A

([1][PF¢])], and the other two with neighboring anions [N...O distances: 3.359(2) A



([1][T£:N]); N...F distances: 3.074(8) A and 3.112(9) A ([1][PFs])]. The hydrogen bond
distances between the cation and anion were shorter by 0.4 A than the van der Waals contact
distance, probably strengthened by electrostatic interactions. The cations form
one-dimensional arrangements via double hydrogen bonds, which are further
hydrogen-bonded with the anions to form network structures.

The packing diagrams and cation—cation arrangements of [3][Tf,N] are shown in Fig. 3c.
One of the three NH hydrogens in this salt forms a hydrogen bond with the chloride ligand of
a neighboring cation (N...CI distance: 3.339(2) A), while the others form hydrogen bonds
with the oxygen atoms of neighboring anions (N...O distance: 3.110(6) A). The cation forms
a dimer structure connected via the hydrogen bonds. The dimers form one-dimensional chains
through the hydrogen bond with the anion.

The complexes prepared in the study exhibited very high melting points, despite the use of
the [Tf;N] anion and the introduction of alkyl substituents. This is probably owing to the
hydrogen bond network. The melting points of [2][Tf,N] and [3][Tf;N] are due to the effect
of the alkyl chain and a smaller number of hydrogen bonds, compared with [1][Tf;N].
Therefore, it is expected that their melting points would decrease more by further alkylation
of the NH hydrogens. In the cyclam complexes reported to date, the four NH hydrogens are
also involved in hydrogen bonding. For example, [Cr(cyclam)Cl,]Br has cation—cation and
cation-anion hydrogen bonding similar to [1][PFs] (N...Cl distance: 3.314 A; N...Br
distance: 3.475 A) [31]. There are two salts of 1, whose crystal structure have been reported:
[1]Cl and [1]C1-4H,0-0.47HCI, while their hydrogen bonding structures are different from
those in the present salts. The chloride ion in the former salt, bridges four cations via
hydrogen bond, having no hydrogen bond between the cations. The latter salt has
cation—cation and cation—anion hydrogen bonds, and there are additional hydrogen bonds

between the anion and the water molecule.



Fig. 3. The crystal structures of (a) [1][Tf:N], (b) [1][PF¢], and (c) [3][Tf,N]. The upper

figures are packing diagrams and the lower figures cation—cation arrangements. Dotted lines
indicate cation—anion and cation—cation hydrogen bonding. The metal center and chloride

ligands are shaded in the packing diagrams.

3. Conclusions

Six new salts of cobalt(Ill) cyclam complexes with the [Tf;N] and hexafluorophosphate
anion were prepared. Most of the salts decomposed without melting, except for the [Tf,N]
salts of N-propyl and hexyl cyclam complexes. Although elongation of substituents decreased
the melting points of the [Tf;N] salts, the melting points of the cyclam complexes were
proven to be intrinsically high. All the NH hydrogens in these salts form hydrogen bonds with
neighboring cations and anions in the crystals; these bonds are probably responsible for the
high melting points. This result suggests that further alkylation of NH hydrogens to inhibit
hydrogen bonds may be effective for lowering the melting points of the designed ionic liquids.
Considering the versatility of cyclam complexes, their liquefaction may lead to a variety of

functional fluids. Investigation along this line is in progress in these laboratories.



4. Experimental
4.1. General

[Co(cyclam)Cl,]Cl was prepared according to a literature method [30]. Other reagents and
solvents were commercially available. 'H NMR spectra were recorded on a JEOL
JNM-ECL-400 spectrometer. Infrared spectra were recorded on a Thermo Nicolet iS5
spectrometer equipped with a diamond ATR unit. DSC measurements were performed using a
TA instruments Q100 differential scanning calorimeter at 10 K min ', and at 2-20 K min™'
when necessary. TG analysis was performed under nitrogen gas at a heating rate of 5 K min"'

on a Rigaku TG8120.

4.2. Synthesis of ligands
4.2.1. N-3-Propyl-1,4,8,11-tetraazacyclotetradecane (CsH-cyclam)

The ligand was prepared based on the method used to prepare similar compounds [32].
Bromopropane (92 mg, 0.75 mmol) was added to a solution of cyclam (600 mg, 3 mmol) and
trimethylamine (0.13 mL, 0.90 mmol) in chloroform (60 mL), and the solution was stirred at
45 °C under nitrogen gas for 3 d. The resulting mixture was washed ten times with 1 M
sodium hydroxide aqueous solution and then washed three times with water, dried over
MgSO;, and the solvent was evaporated at 50 °C to yield 150 mg of a yellow oil (80%, versus
bromopropane). Unreacted cyclam could be recovered from the water layer [33]. 'H NMR
(400 MHz, CDCl3, TMS): 6 = 0.87 (m, 3H), 1.47 (m, 2H), 1.71 (m, 3H), 2.36 (m, 3H), 2.49

(m, 4H), 2.60 (m, 4H), 2.67 (m, 3H), 2.73 (m, 7H).

4.2.2 N-6-Hexyl-1,4,8,11-tetraazacyclotetradecane (CsH 3-cyclam)
This ligand was prepared as described for C3H7-cyclam, using bromohexane (41 mg, 0.25

mmol) as a starting material, except that the reaction temperature was set at 55 °C. The



product obtained was yellow oil, and the yield was 58 mg (81%; versus bromohexane). 'H
NMR (400 MHz, CDCl;, TMS): & = 0.87 (m, 3H), 1.27 (m, 8H), 1.44 (s, 2H), 1.71 (m, 3H),

2.4 (m, 3H), 2.48 (m, 4H), 2.61(m, 4H), 2.68 (m, 3H), 2.73 (m, 7H).

4.3. Synthesis of cyclam complexes
4.3.1 [Co(cyclam)CL] [PF¢] ([1][PF4])

A saturated aqueous solution of NH4PFs (40 mg, 0.25 mmol) was added to a saturated
aqueous solution of [Co(cyclam)CI,]Cl (30 mg, 0.082 mmol), and stirred for 1 h. The
resulting precipitate was collected by filtration and dried under vacuum. The product obtained
was a light green powder, the yield was 37 mg (95%). 'H NMR (400 MHz, (CD;),SO, TMS):
0=1.78 (q, 2H, J=13.1 Hz), 1.99 (d, 2H, J = 14.8 Hz), 2.33-2.76 (m, 16H), 6.40 (br s, 4H).
Anal. Calcd. for C¢H24CLL,CoF¢N4P: C, 25.28; H, 5.09; N, 11.79. Found: C, 25.41; H, 5.25; N,

11.75. IR (cm ') 555, 814, 834, 1028, 1061, 1102, 1135, 1295, 1320, 1430, 1465, 3210, 3250.

4.3.2 [Co(cyclam)CL][Tf>N] ([1][Tf>N])

A saturated aqueous solution of Li[Tf;N] (70 mg, 0.25 mmol) was added to a saturated
aqueous solution of [Co(cyclam)CL;]CI (30 mg, 0.082 mmol), and the solution was stirred for
1 h. The resulting precipitate was collected by filtration and dried under vacuum. The product
obtained was a light green powder, and the yield was 48 mg (95%). '"H NMR (400 MHz,
(CD3),SO, TMS): & = 1.78 (q, 2H, J = 13.5 Hz), 1.99 (d, 2H, J = 15.8 Hz), 2.33-2.76 (m,
16H), 6.40 (br s, 4H). Anal. Calcd. for Ci,H2404Cl,CoF¢NsS;: C, 23.62; H, 3.96; N, 11.48.
Found: C, 23.85; H, 3.85; N, 11.47. IR (ATR Diamond, Cmfl) 571, 614, 740, 764, 796, 890,

902, 1029, 1055, 1100, 1135, 1188, 1208, 1236, 1335, 1350, 1464, 3194, 3217, 3240.



4.4. Synthesis of C3;H7-cyclam complexes
4.4.1 [Co(C3H7-cyclam)CL] [PF] ([2][PFs])

[Co(C3H7-cyclam)CL]Cl was prepared as described for [Co(cyclam)CL;]Cl, using
CsHy-cyclam (55 mg, 0.22 mmol), except that a small amount of CHCI; was added as the
solvent to improve the solubility of the ligand. After adding water (1 mL) to the green powder
of [Co(C3H7-cyclam)CL]Cl, MeOH was added to the suspension to dissolve the powder. A
saturated aqueous solution of NH4PF¢ (113 mg, 0.69 mmol) was added to the solution and
stirred for 1 h. The resulting solution was concentrated under reduced pressure to remove
MeOH. The precipitate was collected by filtration, washed with water, and dried under
vacuum. The product obtained was a green solid, and the yield was 53 mg (44%). The product
was recrystallized by vapor diffusion of diethyl ether into an acetonitrile solution. "H NMR
(400 MHz, (CD3),SO, TMS): 6 = 0.83 (t, 3H, J = 7.7 Hz), 1.51 (m, 1H), 1.65-1.82 (m, 3H),
1.98 (m, 3H), 2.25-3.01 (m, 19H), 3.12 (t, 1H, J = 12.6 Hz). Anal. Calcd. for
C13H;30CLCoFgN4P: C, 30.19; H, 5.85; N, 10.83. Found: C, 30.36; H, 5.72; N, 11.04. IR

(cm™) 556, 590, 749, 829, 1035, 1066, 1089, 1103, 1293, 1385, 1428, 1460, 2978, 3210.

4.4.2 [Co(C3H7-cyclam)CL][Tf>N] ([2][Tf>N])

A saturated solution of Li[ Tf,N] (81 mg, 0.28 mmol) in MeOH was added to a solution of
[2][PFs] (49.1 mg, 0.095 mmol) in MeOH-acetone and stirred for 1 h. The resulting solution
was concentrated under reduced pressure, to which a small amount of CHCl; was added, and
the solution was washed three times with water. The organic layer was dried over anhydrous
magnesium sulfate. After removing the solvent by evaporation, the residue was dissolved in
CHCI; and filtered. Addition of diethyl ether to the filtrate precipitated the product, which
was dried under vacuum. The product obtained was a green solid, and the yield was 25 mg

(40%)."H NMR (400 MHz, (CD;),SO, TMS): & = 0.83 (t, 3H, J = 7.7 Hz), 1.51 (m, 1H),
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1.65-1.82 (m, 3H), 1.98 (m, 3H), 2.25-3.01 (m, 19H), 3.12 (t, 1H, J = 12.6 Hz). Anal. Calcd.
for C;5sH3004CLCoF¢NsS»: C, 27.62; H, 4.63; N, 10.73. Found: C, 27.93; H, 4.90; N, 10.62.
IR (cm') 569, 613, 652, 739, 761, 788, 825, 876, 898, 954, 972, 1022, 1035, 1048, 1100,

1135, 1177, 1354, 1349, 1428, 2360, 2941, 3224, 5892.

4.5. Synthesis of CsH 3-cyclam complexes
4.5.1 [Co(CsH 3-cyclam)CLy] [PFg] ([3][PFs])

[Co(CeH3-cyclam)Cl,]Cl was prepared as described for [Co(Cs;H7-cyclam)CL]Cl, using
CesHis-cyclam (74 mg, 0.26 mmol). A saturated MeOH solution of Li[Tf;N] (132 mg, 0.81
mmol) was added to a solution of [Co(CsH;3-cyclam)Cl,]Cl in a mixture of water and MeOH,
and the solution was stirred for 1 h. The resulting solution was evaporated under reduced
pressure to remove the MeOH. The precipitate was collected by filtration, washed with water,
and dried under vacuum. The product was recrystallized by vapor diffusion of diethyl ether
into an acetonitrile solution. The product obtained was a green solid, and the yield was 77 mg
(53%). '"HNMR (400 MHz, (CDs),SO, TMS): & = 0.87 (m, 3H), 1.29 (m, 8H), 1.44 (m, 1H),
1.56-1.84 (m, 2H), 1.88-2.07 (m, 2H), 2.2-2.80 (m, 17H), 2.89 (m, 2H), 3.11 (m, 1H). Anal.
Calcd. for C¢H36CLL,CoF¢N4P: C, 34.36; H, 6.49; N, 10.02. Found: C, 33.97; H, 6.77; N, 9.83.

IR (cm ') 556, 588, 828, 1039, 1052, 1066, 1101, 1422, 1461, 2926, 3243.

4.5.2 [Co(CsH 13-cyclam) CL [T>N] ([3] [Tf2N])

The salt was prepared as described for [2][Tf;N], using [3][PFs] (71 mg, 0.13 mmol). The
green oil obtained was dissolved in ethanol, and vapor diffusion of hexane into this solution
resulted in green crystals of the desired product. The yield was 33 mg (37%). 'H NMR (400
MHz, CDCl;, TMS): & = 0.90 (m, 3H), 1.30 (m, 8H), 1.93-2.21 (m, 6H), 2.43-2.56 (m, 2H),

2.64-3.19 (m, 17H). IR (ATR Diamond, cm ') 570, 615, 652, 740, 762, 788, 892, 1031, 1050,
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1100, 1135, 1181, 1351, 1458, 1463, 2360, 2934, 3240. Anal. Calcd. for
CisH3604C1LCoF¢NsS,: C,31.13; H, 5.22; N, 10.08, S, 9.23. Found: C, 31.18; H, 5.06; N,

10.24, S, 9.47.

4.6. X-ray crystallography

X-ray diffraction data for [1][Tf;N], [1][PFs], and [3][Tf,N] were collected on a Bruker
APEX 1I Ultra CCD diffractometer using MoKa. radiation (4 = 0.71073 A) at room
temperature. Single crystals of [1][Tf,N] and [1][PFs] were obtained by vapor diffusion of
diethyl ether into acetonitrile solutions, while those of [3][Tf,N] were obtained by vapor
diffusion of hexane into an ethanol solution. The crystallographic parameters are listed in
Table 2. The structures were determined by direct methods using SHELX-97 [34], and

ORTEP-3 [35] was used to generate the molecular graphics.

Appendix A. Supplementary data

Supplementary material associated with this article can be found at doi:
10.1016/j.poly XXXXXX. CCDC 1061375 ([1][Tf:N]), 1061376 ([1][PFs]), and 1061374
([3][Tf,N]) contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:

(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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Table 2

Crystallographic parameters for [1][Tf;N], [1][PF¢], and [3][Tf;N]

[1][T£N]

[1][PFe]

[3][THN]

Empirical formula
Formula weight
Crystal system

Space group

a(A)

b(A)

c(A)

o ()

B

7 (®)

Volume (A%)

V4

deatcea. (g cm )

A (A)

s (mm™)

T (K)

F(000)

Reflections collected
Independent reflections
Completeness to 6 (%)
Parameters
Goodness-of-fit on F2
R, wR,” (1> 20a(1))
R®, wR,” (all data)
Largest diff. peak and
hole (e A”%)

C12H24CL,CoF¢N50,4S,
610.31

Triclinic

P-1

6.388(2)
9.115(3)
11.206(4)
104.395(4)
98.367(4)
110.387(4)
572.8(4)

1

1.769

0.71073

1.243

296

310

2881

2173 (Rine = 1.69%)
96.7

197

1.027

0.0294, 0.0786
0.0315, 0.0812
0.458 and —0.439

C1oH,4ClL,CoF¢N,P
475.13
Orthorhombic
P2,2,2,
6.4084(7)
13.2962(15)
21.037(2)

90

90

90

1792.5(3)

4

1.761

0.71073

1.404

292

968

10294

4080 (Riye = 4.83%)
99.9

270

0.805

0.0366, 0.1028
0.0384, 0.1051
0.484 and —0.799

Ci5H36CLCoFsNsO4S,
694.47
Monoclinic
P2,/c
13.4725(15)
11.9853(13)
18.375(2)

90

100.8690(10)

90

2913.9(6)

4

1.583

0.71073

0.988

296(2)

1432

15634

6159 (R = 2.24%)
99.6

438

1.023
0.0333,0.0931
0.0397, 0.0981
0.557 and —0.475

TR =ZIF —IFN/ZIF), " WRy = [ Z w (Fy=F2)? /= w (FH)1"?
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Synopsis

Salts comprising cationic cobalt(III)-cyclam complexes and the
bis(trifluoromethanesulfonyl)amide anion ([Tf,N]) were prepared, and their thermal
properties and crystal structures investigated. They exhibited very high melting points despite
the introduction of alkyl substituents, which was ascribed to the presence of intermolecular

hydrogen bonds in the crystals.
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Fig. S3. DSC trace of [3][Tf;N] measured at 10 K min .
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