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Abstract 31 

Metal-cyclen complexes have a number of important applications. However, the 32 

coordination chemistry between metal ions and cyclen-based macrocycles is much less well 33 

studied compared to their metal ion-crown ether analogues. This work, which makes a 34 

contribution to address this imbalance by studying complex ions of the type 35 

[M(Me4cyclen)(L)]+, was initiated by results of an experimental study which prepared some 36 

Group 1 metal cyclen  complexes, namely [Li(Me4cyclen)(H2O)][BArF] and 37 

[Na(Me4cyclen)(THF)][BArF] and obtained their X-ray crystal structures [Dalton Trans., 38 

2015, 44, 13853-13866].  39 

The lowest [M(Me4cyclen)(L)]+ minimum energy structures (M = Li, Na, K, and L = 40 

H2O, THF, DEE, MeOH, DCM) are studied using the BP86/6-311G(d,p) and B3LYP/6-41 

311G(d,p) methods. The geometry of the [M(Me4cyclen)(L)]+ structures and, in particular, 42 

the conformation of L are found to be mainly governed by steric hindrance which decreases 43 

as the size of the ionic radii increases from Li+ → Na+ → K+. Good correlation of computed 44 

geometrical parameters of [Li(Me4cyclen)(H2O)]+ and [Na(Me4cyclen)(THF)]+ and 45 

geometrical parameters derived from their corresponding crystal structures 46 

[Li(Me4cyclen)(H2O)]+[BArF]− and [Na(Me4cyclen)(THF)]+[BArF]− is obtained. Bonding 47 

analysis indicates that the stability of the [M(Me4cyclen)(L)]+ structures originates mainly 48 

from ionic interaction between the Me4cyclen/L ligands and the M+ centers. Accurate and 49 

consistent bond dissociation energies (BDEs) for the loss of L from [M(Me4cyclen)(L)]+ 50 

were obtained from single-point DF-LCCSD(T) and explicitly correlated DF-LCCSD(T)-51 

F12x calculations. The DCM ligand is the least strongly bound to the M+ centres in 52 

[M(Me4cyclen)(L)]+ compared to the O-donor solvent ligands studied as indicated by its 53 

lowest BDE values. The interaction between THF and [M(Me4cyclen)]+ is the strongest for 54 

M = Li and Na, with DEE competing with THF when M = K. The BDEs for the loss of L are 55 

lowest for the K+ complexes. Also, infrared spectra of the [M(Me4cyclen)(L)]+ ions for M = 56 

Li, Na, K and L = H2O, THF, DEE, MeOH, DCM have been computed. 57 

The results indicate that the number and type of ligands, play a key role in stabilising 58 

the [M(Me4cyclen)]+ complexes and it is hoped that this work will encourage 59 

experimentalists to prepare and characterise [M(Me4cyclen)(L)]+ complexes. 60 

Keywords 61 
DFT, alkali metal, Me4cyclen, bond dissociation energy, DF-LCCSD(T)-F12   62 



 
 

 

4 
 

1.0 Introduction  63 

Alkali metal ions (Li+, Na+, K+, Rb+, and Cs+) are prevalent in various aspects of life 64 

on earth, in the oceans, and within biological systems.1-3 Since the early work of Pederson in 65 

the 1960’s, the selective detection and uptake of alkali metal ions by O-donor macrocyclic 66 

hosts, such as crown ethers, are well established.4 Although the alkali metal-crown ether 67 

combination has innumerable applications, the quest for host-guest systems with novel or 68 

advanced properties and functions is on-going.5-8 1,4,7,10-Tetraazacyclododecane, cyclen 1a 69 

(Scheme 1), is one of the smallest N-donor analogues of crown ether, which can be easily 70 

derivatised by N-ligating sidearm groups.9 Its usefulness in molecular sensing, catalysis, 71 

chirality signaling, and biomedicine, has made cyclen derivatives attractive alternative hosts 72 

to crown ethers.10-14 However, the coordination chemistry between alkali metal ions and 73 

cyclen-based macrocycles10,15-23 is less well studied compared to their crown ether analogues. 74 

 75 

 76 

Scheme 1: Cyclen 1a and some N-functionalised analogues 1b-d.  77 

 78 

Recently, as part of a study of a group of aza-macrocycles of Group 1 metal cations, 79 

some of us22 reported the synthesis as well as the NMR and X-ray characterisation of the Li+ 80 

and Na+ complexes of 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclcododecane, Me4cyclen 1b 81 

(Scheme 1), namely [Li(Me4cyclen)(H2O)][BArF] and [Na(Me4cyclen)(THF)][BArF] (THF 82 

= tetrahydrofuran; BArF = tetrakis{3,5-bis(trifluoromethyl)phenyl}borate). The crystal 83 

structures show a five coordinate square pyramidal cation, consisting of four N-atoms from 84 

the tetradentate macrocycle and one apical O-donor ligand, where the auxiliary O-donor 85 

ligands H2O and THF occupy one of the exposed coordination sites of the metal centre above 86 

the macrocycle. However, attempts to synthesise the corresponding K+, Rb+, and Cs+ 87 

complexes failed and resulted in the formation of [Me4cyclenH][BArF]. This was an 88 
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unexpected outcome although K+ complexes of cyclen derivatives 1c and 1d (Scheme 1) 89 

have been synthesised.15,16  90 

We were intrigued by the successful syntheses of the Li+ and Na+ complexes of 91 

Me4cyclen22 but the unsuccessful synthesis of a K+-Me4cyclen complex, and this motivated 92 

us to look into possible factors which influence the formation and stability of alkali metal 93 

complexes of Me4cyclen. Further, recent literature highlights the point that successful 94 

preparation and isolation of metal complexes can be attributed to the presence of residual 95 

coordinating solvents which can impart significant stability to the structure.24 In this context, 96 

it is unclear how the nature of the ligand (L) coordinated above the metal in the 97 

[M(Me4cyclen)]+ cation contributes to the overall stability of the complex 98 

[M(Me4cyclen)(L)]+. In this work, the formation and stability of [M(Me4cyclen)(L)]+ is 99 

investigated using density functional theory (DFT) calculations, by studying the effect of 100 

coordinating commonly used O-donor solvents, namely H2O, THF, diethyl ether (DEE), and 101 

methanol (MeOH) to [M(Me4cyclen)]+ (M = Li, Na, K). The fact that weakly coordinating 102 

polar dichloromethane (DCM) was used as a solvent during the successful syntheses of Li+ 103 

and Na+ complexes,22 encouraged us to include L = DCM in this study.  104 

As part of this investigation, the dissociation energy of the ligand (L) from each 105 

[M(Me4cyclen)(L)]+ ion was computed using DFT calculations for M = Li, Na, K, and L = 106 

H2O, THF, DEE, MeOH, DCM. Then, improved dissociation energies were obtained using 107 

single-point DF-LCCSD(T)25 and explicitly correlated DF-LCCSD(T)-F1226 108 

calculations.23,27,28 Additionally, geometrical parameters and infrared (IR) spectra were 109 

computed. These should be useful in identifying [M(Me4cyclen)(L)]+ compounds, if in the 110 

future they are synthesised ideally in crystalline form. 111 

  112 
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2.0 Computational Details  113 

The DFT functionals BP8629 and B3LYP30 were used to perform geometry 114 

optimisations for all the chemical species investigated in this work.31,32 The 6-311G(d,p) 115 

basis set33 was employed for the atoms H, C, N, O, Cl, Li, Na, and K. The functionals were 116 

selected, with the 6-311G(d,p) basis set, based on results of our recent studies on alkali metal 117 

ion-macrocyclic complexes.22,23,34 Geometry optimisation was followed by analytic Hessian 118 

computation at the same levels of theory, and the absence of negative Hessian eigenvalues 119 

confirmed the stationary points as minima on the potential energy hypersurfaces. Bond 120 

dissociation energies (BDEs) were calculated for the process, [M(Me4cyclen)(L)]+ → 121 

[M(Me4cyclen)]+ + L, where M = Li, Na, K, and L = H2O, THF, DEE, MeOH, DCM, using 122 

these functionals with the 6-311G(d,p) basis set.35 Basis set superposition error (BSSE) 123 

correction, as implemented by the Boys-Bernardi counterpoise method,36 and zero-point 124 

energy (ZPE) correction were included in the BDEs. Reported relative energies are given at 125 

298.15 K and 1 atm. All density functional computations were performed using the Gaussian 126 

09 package.37 Natural bond orbital (NBO) analysis38,39 was also carried out using the NBO 127 

program as implemented in the Gaussian 09 package.40 Throughout this work, 128 

[M(Me4cyclen)(L)]+ structures optimised with the BP86 functional are denoted M-L-1a and 129 

those optimised with the B3LYP functional are denoted M-L-2a. 130 

High level ab initio methods were employed to assess the performance of the DFT 131 

calculations and to obtain more reliable BDEs.23,27,28 Single-point DF-LCCSD(T)25 and 132 

explicitly correlated DF-LCCSD(T)-F12x (x = a, b)26 calculations were performed at the 133 

BP86/6-311G(d,p) and B3LYP/6-311G(d,p) lowest minimum energy geometries of 134 

[M(Me4cyclen)(L)]+, [M(Me4cyclen)]+, and L in the above dissociation process using the 135 

MOLPRO 2015.1 program.41 All DF-LCCSD(T) and DF-LCCSD(T)-F12x calculations were 136 

preceded by a density fitted Hartree-Fock (HF) calculation.42 The local correlation methods 137 

together with the density fitting (DF) approximation allow the efficient treatment of larger 138 

molecules. The inclusion of explicitly correlated terms accounts for basis set incompleteness 139 

and domain approximation associated errors.25,26 The first step in the DF-LCCSD(T)-F12x 140 

calculations involves DF-LMP2-F12 calculations which were performed using the 3*A 141 

ansatz approximation as detailed in references 43 and 44. Two sets of ansatz options, namely 142 

(Loc,Fix) and (Fix,NoX) were used, the former being the default for DF-LCCSD(T)-F12x 143 
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calculations.43-45 The (Fix,NoX) ansatz option was used to avoid unreasonable BDE values 144 

obtained with the (Loc,Fix) option for calculations involving chlorine atoms (i.e. in 145 

calculations with L = DCM) (vide infra).  146 

In the DF-LCCSD(T) calculations, the aug-cc-pVDZ atomic orbital (AO) basis  147 

set46-48 was employed in conjunction with the aug-cc-pVDZ/MP2FIT49,50 and aug-cc-148 

pVDZ/JKFIT auxiliary basis sets (ABS)51,52 for the H, C, N, O, and Cl atoms. The 149 

corresponding DF-LCCSD(T)-F12x calculation uses cc-pVDZ-F12 as the AO basis set53 and 150 

cc-pVDZ-F12/OPTRI as the complementary auxiliary basis set (CABS).54 For Li/Na, the 151 

aug-cc-pwCVDZ55 and cc-pCVDZ-F1256 AO basis sets were used in the DF-LCCSD(T) and 152 

DF-LCCSD(T)-F12x calculations, respectively. The aug-cc-pwCVDZ/MP2FIT56 def2-153 

QZVPP/JKFIT57 and cc-pCVDZ-F12/OPTRI56 basis sets were chosen as the ABS and the 154 

CABS, respectively. The 1s orbital on Li+ and the 2s and 2p orbitals on Na+ were considered 155 

to be valence as in our previous work.23 The double-ζ quality basis sets used in the DF-156 

LCCSD(T) and DF-LCCSD(T)-F12x calculations are denoted in the text as DZ and DZ-F12, 157 

respectively.  158 

High level single-point calculations with the aug-cc-pVTZ basis set46-49,51,52 on the 159 

complexes studied, which consist of a maximum of 60 atoms, failed because the maximum 160 

CPU time allowed was exceeded. Thus, the def2-TZVPP basis set,58 which is slightly smaller 161 

(with respect to the aug-cc-p-VTZ basis set) but is a well-balanced triple-ζ AO basis set,59 162 

was used along with the associated default ABS (def2-TZVPP/MP2FIT60-62 and def2-163 

TZVPP/JKFIT)57 and/or the CABS (def2-TZVPP/OPTRI)63 for the H, C, N, O, and Cl atoms. 164 

Def2-TZVPP was employed as the triple-ζ AO basis set for Li and Na.58 In the DF-165 

LCCSD(T) calculation, the def2-TZVPP AO basis set was augmented with the following 166 

uncontracted functions, namely, two s (ζ = 5.0134, 1.6427), two p (ζ = 4.2222, 0.93), and 167 

one d (ζ = 0.85) for Li and two s (ζ = 4.2353, 0.6984), two p (ζ = 1.1907, 0.3846), two d (ζ 168 

= 3.4561, 0.7449), and one f (ζ = 3.227) for Na. In the DF-LCCSD(T)-F12x calculation, the 169 

def2-TZVPP AO basis set was augmented with a set of spd(f) functions, with exponents of 170 

ζs = 0.406129, ζp = 1.37526, and ζd = 4.518674 for Li and ζs = 3.764945, ζp = 3.0511, ζd = 171 

5.420585, and ζf = 4.557524 for Na. These additional uncontracted basis functions account 172 

for core-correlation and were obtained by analysing and comparing the range of the 173 

exponents of the corresponding cc-pVTZ55 (cc-pVTZ-F12)56 and aug-cc-pwCVTZ55 (cc-174 
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pCVTZ-F12)56 AO basis sets. Def2-QZVPP/MP2FIT50 and def2-QZVPP/JKFIT57 were 175 

selected as fitting basis sets and cc-pCVTZ-F12/OPTRI was selected as the CABS.56 The 176 

triple-ζ quality basis sets used in the DF-LCCSD(T) and DF-LCCSD(T)-F12x calculations 177 

are denoted in the text as TZ and TZ-F12, respectively. 178 

For K, the ECP10MDF effective core potential (ECP) was employed to account for 179 

the 1s, 2s, and 2p orbitals, where MDF indicates that the neutral atom is used in the derivation 180 

of the ECP which involves the use of the fully relativistic approach as described by the 181 

Stuttgart/Cologne group.64,65 The atomic basis set for the K+ 3s2 3p6 orbitals was designed to 182 

couple with the ECP10MDF ECP as follows:- An even-tempered (11s9p) set of functions 183 

were contracted to [1s1p] with the coefficients for the K+ 3s2 3p6 occupied atomic orbitals 184 

being obtained from a restricted Hartree-Fock (RHF) calculation on K+ using the 185 

ECP10MDF ECP and the (11s9p) basis set. Both the exponents of the 11s and 9p primitive 186 

functions were centered on ζ = 1.2 with a ratio of 2.0. Additional uncontracted functions, 187 

namely, three s (ζ = 1.125, 0.45, 0.18), two p (ζ = 0.8, 0.32), and two d (ζ = 0.6, 0.24), were 188 

added to give the ECP10MDF[4s3p2d] basis set which is of the same standard as the aug-189 

cc-pVDZ basis set. Four s (ζ = 2.8125, 1.125, 0.45, 0.18), two p (ζ = 1.1, 0.15), two d (ζ = 190 

1.2, 0.4), and one f (ζ = 0.6) uncontracted functions were incorporated to yield the 191 

ECP10MDF[5s3p2d1f] basis set which is of approximately triple-ζ quality. For K, the def2-192 

QZVPP basis set was used as both the ABS and the CABS.50,57,63 193 

All computations were carried out with resources (CPU time and software) provided 194 

by the GridChem Science Gateway66-68 and the UK National Service for Computational 195 

Chemistry Software (NSCCS). 196 

  197 
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3.0 Results and Discussion 198 
3.1 Geometrical parameters 199 

3.1a Metal-cyclen 1b structures (see scheme 1) 200 

[M(Me4cyclen)]+ and [M(Me4cyclen)(L)]+ 201 

Initially, the alkali metal-Me4cyclen complexes, [M(Me4cyclen)]+ (M = Li, Na, and 202 

K), were optimised in the C4(++++) conformation using the DFT BP86/6-311G(d,p) and 203 

B3LYP/6-311G(d,p) methods. In C4(++++), C4 corresponds to the symmetry of the 204 

complexes and (++++) indicates that all four N-donor atoms of the Me4cyclen ring lie in the 205 

same plane and orient towards the M+ center. It should be noted that C4(++++) is the most 206 

frequently found conformation in X-ray structures and geometry optimisation calculations of 207 

[M(Me4cyclen)]+ complexes and their derivatives, with minor variations being observed in 208 

the symmetry of some complexes.10,15-23 The BP86 minimum energy structures in the 209 

C4(++++) conformation are shown in Figure 1. Very similar geometrical parameters were 210 

obtained with both the BP86 and B3LYP functionals (see Table S1). The [M(Me4cyclen)]+ 211 

structures obtained were then used as initial geometries in the full optimisation of the 212 

[M(Me4cyclen)(L)]+ structures. The exposed M+ centre of each [M(Me4cyclen)]+ optimised 213 

structure allows the possibility for additional ligand coordination. Thus, the O- or Cl-donor 214 

atoms of the H2O, THF, DEE, MeOH, and DCM ligands can interact with the M+ centres at 215 

the apical position of the [M(Me4cyclen)]+ backbone forming pseudo-square pyramidal 216 

[M(Me4cyclen)(L)]+ structures. The BP86 and B3LYP lowest [M(Me4cyclen)(L)]+ minimum 217 

energy structures are denoted as M-L-1a (Figure 2) and M-L-2a (Figure S1), respectively 218 

(M = Li, Na, K, and L = H2O, THF, DEE, MeOH, DCM). Several [M(Me4cyclen)(L)]+ low-219 

lying structures are provided in Figures S2-S7. The symmetries of the BP86 and B3LYP 220 

lowest minimum energy structures for each [M(Me4cyclen)(L)]+ complex are the same for 221 

each metal, except for Na-DCM-1a and Na-DCM-2a (C1 and C2, respectively) and K-DEE-222 

1a and K-DEE-2a (C2 and C1, respectively). The [M(Me4cyclen)(L)]+ structures obtained 223 

are slightly sensitive to the functionals employed with the main difference, notably between 224 

the M-L-1a (BP86) and M-L-2a (B3LYP) lowest minimum energy structures, lying in the 225 

spatial arrangement of L. For example, the dihedral angles, Ø(N1–M–O–H1) of the Na-H2O-226 

1a (Figure 2) and Na-H2O-2a (Figure S1) structures are 55.3° and 14.7°, respectively. 227 

However, it is noteworthy that rotation about the M–O (H2O, THF, DEE, MeOH) and M–Cl 228 

(DCM) axis entails negligible change in the relative energy of the resulting 229 
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[M(Me4cyclen)(L)]+ structures, suggesting a very flat rotational potential with a low 230 

rotational barrier [see Further Information in Supplementary Information (SI)]. 231 

 232 

 233 

Figure 1: Optimised lowest energy structures of [M(Me4cyclen)]+ obtained using the BP86/6-234 
311G(d,p) method. The symmetry of each structure is provided. All H atoms are omitted for 235 
clarity. 236 
 237 

Complexation of [M(Me4cyclen)]+ to L results in the M-L-1a (BP86) and the M-L-238 

2a (B3LYP) minimum energy structures having either a C2(++++) or a C1(++++) 239 

conformation. Selected geometrical parameters of the structures M-L-1a (M-L-2a) are 240 

provided in Tables 1(a), 1(b), S2, and S3 and these are compared with those of the 241 

[M(Me4cyclen)]+ optimised structures in Table S1. Upon complexation, the Li–N, Na–N, 242 

and K–N bond distances lengthen by 0.007-0.156 Å (BP86; B3LYP, 0.020-0.210 Å), 0.016-243 

0.075 Å (BP86; B3LYP, 0.026-0.068 Å), and 0.017-0.056 Å (BP86; B3LYP, 0.018-0.058 244 

Å), respectively. A decrease of less than 5° in the N–M–N bond angles is observed along 245 

with an increase of about 0.030-0.300 Å (BP86; B3LYP, 0.040-0.320 Å) in the distance 246 

between the plane of the four N-donor atoms of the Me4cyclen ring and the M+ ions. The 247 

cavity size of the Me4cyclen ring expands on addition of L to Me4cyclen by a maximum of 248 

0.231 A2 (BP86; B3LYP, 0.276 A2) for the Li+ complexes in the order of Li-DEE-1a (Li-249 

DEE-2a) > Li-THF-1a (Li-THF-2a) > Li-MeOH-1a (Li-MeOH-2a) > Li-H2O-1a (Li-250 

H2O-2a) > Li-DCM-1a (Li-DCM-2a). The change in the cavity size of the Me4cyclen ring 251 

for the Na+ and K+ lowest minimum energy structures is negligible (≤ 0.030 A2). In fact, as 252 

the size of the ionic radii of M+ increases from Li+ (0.92 Å) → Na+ (1.24 Å) → K+ (1.55 253 

Å),69 the geometrical parameters associated with the [M(Me4cyclen)]+ fragment in 254 

[M(Me4cyclen)(L)]+ become closer to those of their [M(Me4cyclen)]+ parent structure. 255 
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Complexation with the DCM ligand affects the geometrical parameters of [M(Me4cyclen)]+ 256 

backbone to a lesser extent than complexation with O-donor ligands. 257 

. 258 

 259 

Figure 2: Lowest [M(Me4cyclen)(L)]+ minimum energy structures obtained using the 260 

BP86/6-311G(d,p) method. The symmetry of each structure is provided. Selected H atoms 261 

are omitted for clarity. 262 

 263 
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The M–N bond distances, N–M–N bond angles, N–C–C–N dihedral angles, the 264 

cavity size of the Me4cyclen ring, and the distance between the plane formed by the four N-265 

donor atoms of the Me4cyclen ring and the M+ ions, for the M-L-1a (M-L-2a) structures 266 

follow similar trends as their [M(Me4cyclen)]+ counterparts as the size of the ionic radii of 267 

M+ increases from Li+ to Na+ to K+. 268 

The overall changes observed in the geometrical parameters upon complexation of 269 

[M(Me4cyclen)]+ to L indicate that (i) the effects of steric hindrance between Me4cyclen and 270 

L are maximum in Li-DEE-1a (Li-DEE-2a), (ii) DCM coordinates weakly to the 271 

[M(Me4cyclen)]+ unit as compared to its O-donor analogues, and (iii) as the size of the ionic 272 

radii of M+ increases from Li+ → Na+ → K+, steric hindrance between Me4cyclen and L in 273 

M-L-1a (M-L-2a) decreases, and thus the effect on the geometry of the [M(Me4cyclen)]+ 274 

unit in [M(Me4cyclen)(L)]+ also decreases 275 

An analysis of the lowest minimum energy structures with O-donor ligands reveals 276 

that the M–O bond of M-L-1a (M-L-2a), for L = H2O, THF, and DEE, is essentially normal 277 

to the plane formed by the four N-donor atoms of Me4cyclen, with the dipole moment of each 278 

structure aligning along the M–O bond. The M–O bond of M-MeOH-1a (M-MeOH-2a) is 279 

tilted by ≈ 3-10° from the normal of the equatorial plane. In general, the M–O bond distances 280 

of M-H2O-1a (M-H2O-2a), M-THF-1a (M-THF-2a), M-DEE-1a (M-DEE-2a), and M-281 

MeOH-1a (M-MeOH-2a) are comparable (for M = Li and Na; see Tables 1 and S2). The 282 

K–O bond distance of K-DEE-1a (BP86, 2.805 Å; B3LYP, 2.788 Å) is significantly longer 283 

than the K–O bonds in K-H2O-1a (BP86, 2.718 Å; B3LYP, 2.711 Å), K-THF-1a (BP86, 284 

2.721 Å; B3LYP, 2.705 Å), and K-MeOH-1a (BP86, 2.729 Å; B3LYP, 2.713 Å). This 285 

observation can be correlated to the spatial arrangement of the DEE fragment in the 286 

complexes. The M-DEE-1a (M-DEE-2a) structures (for M = Li and Na) have their DEE 287 

fragment in a gauche-gauche (GG) conformation while for M = K, K-DEE-1a (K-DEE-2a) 288 

adopts a trans-trans (TT) conformation. The M–N and M–O bond distances of K-DEE-1a 289 

(K-DEE-2a) are longer than their Li+ and Na+ counterparts, thus its DEE framework is free 290 

to adopt a less sterically hindered conformation, a TT conformation. This is consistent with 291 

the known lowest energy structure of DEE in the gas-phase which is known to be TT70,71 and 292 

the results of DFT BP86 and B3LYP calculations on DEE summarised in Figures S8 and S9 293 

(Figure S9 shows a diagram of the TT, TG, and GG structures of DEE).  294 
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 295 

Table 1 (a): Selected geometrical parameters of the lowest [M(Me4cyclen)(L)]+ minimum 296 

energy structures obtained using the BP86/6-311G(d,p) method for M = Li, Na, and K with 297 

L = H2O and THF.  298 

  M-H2O-1a M-THF-1a 
Bond distances (Å)  Li Expt.a Na K Li Na Expt.a K 
M–N1 2.256 2.186(8) 2.502 2.842 2.253 2.521 2.463(4) 2.853 
M–N2 2.254 2.206(8) 2.505 2.835 2.330 2.522 2.461(3) 2.843 
M–N3 2.256 2.179(8) 2.502 2.842 2.253 2.521 2.453(4) 2.853 
M–N4 2.254 2.154(9) 2.505 2.835 2.330 2.522 2.444(4) 2.843 
M–O 2.009 1.98(1) 2.340 2.718 2.028 2.351 2.244(3) 2.721 
Bond angles (°)         
N1–M–N2 82.3 82.8(3) 75.9 66.9 80.9 75.3 75.4(1) 66.8 
N2–M–N3 82.4 82.1(3) 76.2 66.9 81.6 75.6 75.6(1) 66.7 
N3–M–N4 82.3 84.7(3) 75.9 66.9 80.9 75.3 76.0(1) 66.8 
N4–M–N1 82.4 82.6(3) 76.2 66.9 81.6 75.6 75.5(2) 66.7 
Torsion (°)         
N1–C5–C6–N2 -57.1 59.4(7) -61.9 -64.7 -56.1 -62.2 -64(1) -64.9 
N2–C7–C8–N3 -57.1 55.8(8) -62.6 -64.2 -59.9 -62.7 -61(1) -64.4 
N3–C9–C10–N4 -57.1 54.0(9) -61.9 -64.7 -56.1 -62.2 -59(1) -64.9 
N4–C11–C12–N1 -57.1 57.5(7) -62.6 -64.2 -59.9 -62.7 -65(1) -64.4 
         
N1–M–O–H1 11.7 ̶ 55.3 10.1 ̶ ̶ ̶ ̶ 
N1–M–O–C13 ̶ ̶ ̶ ̶ 69.1 70.0 59.6 -7.7 

a Corresponds to the [Li(Me4cyclen)(H2O)]+ and [Na(Me4cyclen)(THF)]+ crystal structures, respectively.22 299 

 300 

In order to provide further insight into the structure of L in the lowest 301 

[M(Me4cyclen)(L)]+ minimum energy structures, BP86 and B3LYP calculations were 302 

performed on the monosolvated alkali metal ion structures, [M+-L] (M = Li, Na, K, and L = 303 

H2O, THF, DEE, MeOH, DCM) (see Further Information in the SI). For L = DEE, all the 304 

lowest [M+-DEE] minimum energy structures have their DEE fragment in the TT 305 

conformation with the GG conformation being 15.8 (16.8), 14.2 (15.9), and 9.6 (11.3) kJ.mol-306 
1 higher in energy for M = Li, Na, and K, respectively (Figure S8) (BP86 values are quoted 307 

with B3LYP values in brackets). 308 

In the [M(Me4cyclen)(L)]+ complexes with L = DEE, for M = Li and Na, it appears 309 

that the close proximity between the Me4cyclen and DEE forces DEE to adopt a more 310 
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sterically hindered conformation in the M-DEE-1a (M-DEE-2a) structures than in the M = 311 

K case. Further, a significant decrease of ≈ 20° in the dihedral angles Ø1(C14–O–C13–C16) 312 

and Ø2(C13–O–C14–C15) is observed arising from steric hindrance on going from Na-DEE-313 

1a (Na-DEE-2a) to Li-DEE-1a (Li-DEE-2a) which is accompanied by a decrease in the 314 

corresponding M–N and M–O bond distances. In contrast, for the corresponding [M+-L] 315 

structures for M = Li and Na, the dihedral angles Ø1 and Ø2 of the least stable [Li+-DEE] 316 

(GG) structure [BP86, 84.6°; B3LYP, 85.3°] are comparable to that of [Na+-DEE] (GG) 317 

[BP86, 85.9°; B3LYP, 86.7°]. 318 

The M-DCM-1a (M-DCM-2a) [M(Me4cyclen)(L)]+ structures (M = Li, Na, K) differ 319 

significantly from each other. The small Li+ ion in M-DCM-1a (M-DCM-2a) interacts with 320 

DCM in a monodentate η1-Cl1 coordination mode with the Li–Cl2 distance (BP86, 4.344; 321 

B3LYP, 4.405 Å) being significantly greater than the sum of the van der Waals (vdW) radii 322 

of the Li (1.81 Å) and Cl (1.75 Å) atoms.72 On the other hand, Na+ and K+ ions interact with 323 

DCM in a bidentate η2-Cl1,Cl2 coordination mode with their M–Cl distances being within 324 

the sum of their respective vdW contact distances.72 Comparison of the [M+-DCM] (M = Li, 325 

Na, K) structures (Figure S8), where M+ coordinates to DCM in an η2-Cl,Cl fashion, 326 

highlights the presence of steric hindrance between Me4cyclen and DCM in Li-DCM-1a (Li-327 

DCM-2a). Further, the plane in DCM defined by Cl1–C13–Cl2 in Na-DCM-1a (Na-DCM-328 

2a) is perpendicular to the plane of the four N-donor atoms of the Me4cyclen ring while that 329 

of the K+ analogue deviates from perpendicular. This implies that the tilted DCM fragment 330 

in the K-DCM-1a (K-DCM-2a) structures is less sterically hindered by the methyl groups 331 

of the Me4cyclen macrocycle than in the Na+ case.  332 

The Li-H2O-1a (Li-H2O-2a) and Na-THF-1a (Na-THF-2a) computed geometrical 333 

parameters are compared with their corresponding [Li(Me4cyclen)(H2O)]+ and 334 

[Na(Me4cyclen)(THF)]+ geometrical parameters obtained from the crystal structures22 in 335 

Table 1(a). In general, the agreement between computed and exprimental parameters is good. 336 

The BP86 M–N bond lengths are all slightly higher and the BP86 N–M–N bond angles are 337 

all slightly lower than the experimental values. This is also true of the B3LYP computed 338 

geometrical parameters. In general, the computed and experimentally derived structures are 339 

comparable with differences of < 0.110 Å in M–N bond distances, < 2.5° in N–M–N bond 340 

angles, and < 3.5° in N–C–C–N dihedral angles [Table 1(a)]. 341 
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[Li(Me4cyclen)(H2O)]+ and [Na(Me4cyclen)(THF)]+ are the two [M(Me4cyclen)(L)]+ 342 

ions for which X-ray crystal structures have been obtained.22 [Li(Me4cyclen)(H2O)][BArF] 343 

was prepared by reaction of [Li(H2O)4][BArF] with Me4cyclen in DCM. Similarly, reaction 344 

of Me4cyclen with Na[BArF].2THF in DCM yielded [Na(Me4cyclen)(THF)][BArF]. Clearly, 345 

the presence of H2O or THF in the crystal structures arises from the [Li(H2O)4][BArF] and 346 

Na[BArF].2THF salts used, respectively. It is noteworthy that no evidence of coordination of 347 

DCM (or n-hexane, the other solvent used in these syntheses) to the [M(Me4cyclen)]+ ion 348 

was observed. Also, attempts to synthesise the [M(Me4cyclen)(L)][BArF] salts for M = K, 349 

Rb, and Cs were unsuccessful resulting only in isolation of [Me4cyclenH][BArF].22 350 

3.1b Metal-cyclen 1c,1d structures (see scheme 1) [M(Me4cyclen)(L)]+ 351 

Only two other related crystal structures are available in the literature and these are 352 

crystal structures of [K(cyclen)(L)]+ complexes.15,16 Both consist of an octa-coordinated K+ 353 

structure with four N-donor atoms from the cyclen backbone and four O-donor atoms derived 354 

(i) from four 2-hydroxyethyl groups (Scheme 1, 1c) and (ii) from four 4,4,5,5-355 

tetramethylimidazolin-1-oxyl-3-oxide-CH2 groups (Scheme 1, 1d) (see Figure S10). These 356 

structures are denoted K+-1c and K+-1d. DFT geometry optimisation calculations were also 357 

performed on these cations with the BP86 and B3LYP functionals. Good correlation of the 358 

computed geometrical parameters with the corresponding parameters obtained from the 359 

crystal structures was obtained (Table S6). The M–N bond distances as well as the distance 360 

between the basal plane of the four N-donor atoms and the K+ ion of both optimised structures 361 

are longer while their N–M–N bond angles are smaller than that of K-L-1a (K-L-2a). In K+-362 

1c and K+-1d, the M–O bond distances are shorter than the corresponding M–N distances. 363 

This was also observed for the K-L-1a (K-L-2a) structures, as well as for the other M-L-1a 364 

(M-L-2a) structures, where M = Li, Na, and L = H2O, THF, DEE, MeOH. This is consistent 365 

with the higher affinity of O-donor ligands towards alkali metal ions than the N-donor 366 

ligands. Also, a comparison of the computed geometrical parameters of K-L-1a (K-L-2a) 367 

and K+-1c/K+-1d with those of the parent [K(Me4cyclen)]+ complex shows that the effect of 368 

coordinating one instead of four O-donor ligands to the K+ centre is moderate but significant. 369 

For example, using BP86 computed values, the K–N bonds in K+-1c are ~ 0.08 Å longer and 370 

the K–N bonds in K+-1d are ~ 0.16 Å longer than the K-L-1a values. The K–O bonds in K+-371 

1c and K+-1d are also longer than the one K–O bond in each of the K-L-1a complexes by ~ 372 
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0.10 Å. Clearly, the number and type of O-donor ligands will play an important role in 373 

determining the stability of the K+ complexes of cyclen derivatives. 374 

 375 

Table 1(b): Selected geometrical parameters of the lowest [M(Me4cyclen)(L)]+ minimum 376 
energy structures obtained using the BP86/6-311G(d,p) method, for M = Li, Na, and K with 377 
L = DEE, MeOH, and DCM. 378 

  M-DEE-1a M-MeOH-1a M-DCM-1a 
Bond distances (Å)  Li Na K Li Na K Li Na K 
M–N1 2.329 2.529 2.851 2.266 2.500 2.842 2.260 2.504 2.831 
M–N2 2.271 2.515 2.862 2.269 2.509 2.840 2.190 2.484 2.824 
M–N3 2.329 2.533 2.851 2.258 2.511 2.843 2.228 2.506 2.822 
M–N4 2.271 2.512 2.862 2.257 2.511 2.844 2.180 2.474 2.823 
M–O 2.042 2.364 2.805 2.016 2.354 2.729 ̶ ̶ ̶ 
M–Cl1 ̶ ̶ ̶ ̶ ̶ ̶ 2.784 3.188 3.623 
M–Cl2 ̶ ̶ ̶ ̶ ̶ ̶ 4.344 3.369 3.626 
Bond angles (°)          
N1–M–N2 81.0 75.5 66.5 81.5 75.9 66.9 83.9 76.5 67.3 
N2–M–N3 81.1 75.4 66.6 82.4 76.0 66.8 83.9 76.4 67.3 
N3–M–N4 81.0 75.4 66.5 82.2 75.7 66.9 84.5 76.7 67.3 
N4–M–N1 81.1 75.4 66.6 82.4 76.0 66.9 83.8 76.6 67.3 
Torsion (°)          
N1–C5–C6–N2 -59.0 -63.0 -64.6 -56.6 -62.1 -64.8 -58.7 -62.9 -64.6 
N2–C7–C8–N3 -57.8 -62.0 -65.6 -57.7 -62.3 -64.8 -55.2 -61.7 -64.6 
N3–C9–C10–N4 -59.0 -63.0 -64.6 -57.2 -62.1 -64.7 -55.2 -63.1 -64.5 
N4–C11–C12–N1 -57.8 -61.5 -65.6 -57.7 -62.2 -65.0 -55.7 -61.6 -64.9 
          
N1–M–O–H1 ̶ ̶ ̶ 50.6 31.4 82.5 ̶ ̶ ̶ 
N1–M–O–C13 43.2 8.5 57.7 ̶ ̶ ̶ ̶ ̶ ̶ 
N1–M–C13–Cl1 ̶ ̶ ̶ ̶ ̶ ̶ 12.8 23.2 104.4 

  379 
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3.2 Bonding analysis  380 

A reasonable description of the electronic structures of the M-L-1a (M-L-2a) 381 

[M(Me4cyclen)(L)]+ ions can be obtained from NBO analysis and from inspection of the 382 

converged wavefunctions. The natural charges on selected centres of the optimised (a) free 383 

Me4cyclen and L ligands, (b) [M(Me4cyclen)]+, (c) [M+-L], and (d) M-L-1a (M-L-2a) 384 

structures are given in Tables S7-10. 385 

Coordination of L to M+ results in a slight drop of the positive charge on the cation 386 

(from +1.0). Taking the computed charge densities on M in [M+-L] for M = Na as examples, 387 

values obtained were +0.99, +0.98, +0.97, +0.98, and +0.94 for L = H2O, THF, DEE, MeOH, 388 

and DCM (see Table S8). For the O-containing ligands, the charge on the O atom coordinated 389 

to the metal becomes more negative on forming [M+-L] in all cases. For example, in THF, 390 

the negative charge on the O atom increases from -0.57 in THF to -0.71 in [Na+-THF] (BP86 391 

charge densities are quoted above but the B3LYP values are very similar). Also, the negative 392 

charges on the carbon atoms of the THF show virtually no change but the positive charges 393 

on the hydrogen atoms increase on going from THF to  394 

[Na+-THF]. This is consistent with charge transfer taking place from the ligand O atom to 395 

the metal and then electron density being transferred to the O atom within the ligand via the  396 

σ O–C, σ C–C, and σ C–H bonding orbitals of THF. In the case of L = DCM, a similar 397 

picture holds with the charge on the carbon atom becoming less negative and the charge of 398 

the hydrogen atoms becoming more positive on forming [M+-L]. Again on forming [M+-L], 399 

charge transfer occurs from Cl to M+ accompanied by electron density transfer to the Cl 400 

atoms from within the ligand via the σ C–Cl and σ C–H bonding orbitals. For M = Na and 401 

K, where the metal is bonded to two chlorine atoms, the Cl atoms show a slight increase of 402 

negative charge whereas for M = Li, where the metal is bonded to one Cl atom, this Cl atom 403 

shows a slight decrease of negative charge on going from M+ + L to [M+-L]. 404 

Coordination of M+ to Me4cyclen to give [M(Me4cyclen)]+ shows similar trends. The 405 

positive charge on the metal drops from +1.0 to +0.69, +0.79, and +0.87 for Li+, Na+, and 406 

K+. Also the charge on the nitrogen atoms coordinated to the metal becomes more negative 407 

(see Table S7). Upon complexation of M+ to Me4cyclen, electron density is transferred from 408 

the N 2p non-bonding orbitals of the Me4cyclen ring to the metal, with electron density then 409 

being transferred to the N atoms from the σ C–N, σ C–C, and σ C–H bonding orbitals. The 410 
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negative charges on the carbon atoms in Me4cyclen show only small changes but the positive 411 

charges on the hydrogen atoms of the CH2 as well as the CH3 units in the macrocycle 412 

increase.  413 

Addition of a solvent, L, to [M(Me4cyclen)]+ to give [M(Me4cyclen)(L)]+ gives rise 414 

to further electron transfer to the metal and hence, a reduced metal positive charge. As 415 

observed for the M+ + L → [M+-L] process, the negative charge on the O atom (of the O-416 

containing solvents) increases, the negative charges on the carbon atoms of the solvent show 417 

only  small changes and the positive charges on the H atoms of the solvent increase. 418 

Electron transfer takes place from the O atom to the metal accompanied by electron transfer 419 

to the O atom from the σ O–C, σ C–C, and σ C–H bonding orbitals of the ligand. Similar 420 

trends are observed in the L = DCM case. 421 

A comparison of the O-containing [M+-L] complexes shows that the O atoms of [M+-422 

H2O] are the most negatively charged while its M+ centres are the most positively charged 423 

with natural charges in the order of [M+-H2O] > [M+-MeOH] > [M+-THF] > [M+-DEE]. A 424 

similar trend occurs for the corresponding M-L-1a (M-L-2a) structures, indicating less 425 

electron density being transferred from H2O to M+ with respect to the THF, DEE, and MeOH 426 

ligands, consistent with the known order of first adiabatic ligand ionisation energies of H2O 427 

> MeOH > THF > DEE.72 More electron density is transferred from the Cl atoms to the M+ 428 

centres in both the [M+-DCM] and M-DCM-1a (M-DCM-2a) structures than for the O-429 

containing solvents, as indicated by the lower positive charges on the M+ centres for L = 430 

DCM compared to that of the O-containing analogues. The lower electronegativity of the Cl 431 

atom with respect to the O atom74 is consistent with the higher transfer of electron density to 432 

the M+ centres. A similar observation has been made in a study of the bonding characters of 433 

[Ag+-DCM] and [Ag+-OSO], where the DCM and SO2 ligands interact with Ag+ via bidentate 434 

η2-Cl,Cl and monodentate η1-O coordination modes, respectively.75 435 

On considering the steps M+ + Me4cyclen → [M(Me4cyclen)]+ and [M(Me4cyclen)]+ 436 

+ L → [M(Me4cyclen)(L)]+, significantly more electron density is transferred to the metal in 437 

the first step than the second step. This implies that M+ is more tightly bound to Me4cyclen 438 

than L in the M-L-1a (M-L-2a) [M(Me4cyclen)(L)]+ complexes. Also, the M+ centres accept 439 

less electron density as the size of the radii of the M+ ions increases from Li+ → Na+ → K+ 440 

and the first ionisation energy of M decreases from Li → Na → K. In general, the NBO 441 
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analysis indicates that the metal-ligand bonding in the [M(Me4cyclen)]+, [M+-L], and M-L-442 

1a (M-L-2a) [M(Me4cyclen)(L)]+ complexes is mainly ionic in nature.  443 

 444 
3.3 Computed Infrared (IR) Spectra  445 

Computed harmonic IR spectra together with selected vibrational modes for the [M+-446 

L], [M(Me4cyclen)]+, and lowest [M(Me4cyclen)(L)]+ minimum energy structures, obtained 447 

using the BP86/6-311G(d,p) method, are provided in Figures S11-S13 and Tables S11-S13. 448 

The band positions in these computed IR spectra are approximations of the true band 449 

positions because of neglect of anharmonicity and approximate treatment of electron 450 

correlation in the DFT calculations. However, scaling factors for computed harmonic 451 

wavenumbers have been established for BP86 and B3LYP calculations with a basis set which 452 

is similar to the one used in this work. These are close to 1.00 (BP86, 1.0299; B3LYP, 453 

1.0004).76,77 Hence, the computed spectra are expected to be reasonably reliable 454 

representations of the experimental spectra. 455 

For a given ligand (L), comparison of the spectra for [M+-L], [M(Me4cyclen)]+, and 456 

[M(Me4cyclen)(L)]+ helps identify bands in [M(Me4cyclen)(L)]+ that arise from the [M+-L], 457 

and [M(Me4cyclen)]+ units. For example, the IR spectra of both [M(Me4cyclen)]+ and M-L-458 

1a [M(Me4cyclen)(L)]+ show an intense band (at ~ 2900 cm-1) and a broader group of weaker 459 

bands (within the range of 2950-3075 cm-1). The 2900 cm-1 band corresponds to C–H 460 

stretching absorptions of both the CH2 and CH3 units of the Me4cyclen ring. The broad band 461 

in the region 2950-3075 cm-1 consists of several components. The component at the highest 462 

wavenumber (~ 3050 cm-1) corresponds to the C–H stretching of the CH3 unit of the 463 

Me4cyclen ring and in the case of the M-L-1a structures (L = THF, DEE, DCM), this band 464 

is also associated with the C–H stretching of the CH2/CH3 units in THF/DEE/DCM. Bands 465 

within the range 2975-3025 cm-1 are attributed to C–H stretching of both the CH2 and CH3 466 

units of the Me4cyclen ring and in the case of the M-THF-1a (M = Li, Na, K) and M-DEE-467 

1a (M = Li, Na) structures, they also correspond to the C–H stretching vibrations of the 468 

CH2/CH3 units of THF/DEE.  469 

The computed IR spectra of the lowest [M(Me4cyclen)]+ minimum energy structures 470 

in the C–H stretching region are very similar to those of the [M(Me4cyclen)(L)]+ structures, 471 

except for the presence of additional band(s) due to L in the case of M-L-1a structures (L = 472 
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THF, DEE, MeOH). An additional band at around 2940 cm-1 due to C–H stretching in THF 473 

is observed in the IR spectra of the M-THF-1a structures. Further, two additional weak bands 474 

due to C–H stretching in CH2 (~ 2960 cm-1) and CH3 (~ 2970 cm-1) units in DEE are observed 475 

in the IR spectra of the M-DEE-1a structures (M = Li, Na). On the other hand, for the K-476 

DEE-1a structure, where DEE adopts a TT configuration, the C–H stretching of CH2 (~ 2910 477 

and 2945 cm-1) and CH3 (~ 2960 cm-1) units of DEE are associated with three additional 478 

bands. In the case of the M-MeOH-1a structures, two additional bands due to C–H stretching 479 

of the CH3 unit in MeOH are observed at around 2950 and 3060 cm-1.  480 

Other new bands are seen in the [M(Me4cyclen)(L)]+ spectra which are not present in 481 

the [M+-L], and [M(Me4cyclen)]+ units and these occur in the low wavenumber region below 482 

500 cm-1. For example, for [M(Me4cyclen)(L)]+ with L = THF, metal-oxygen (M–O) 483 

stretching modes are computed at 413, 219, and 176 cm-1 and for L = MeOH, these modes 484 

occur at 452, 244, and 183 cm-1. 485 

These spectra should be valuable to help confirm the presence and establish the 486 

structure of the [M(Me4cyclen)(L)]+ complex ions when they are made experimentally. More 487 

details of the computed spectra are given in the SI. 488 

 489 

3.4 Bond Dissociation Energies (BDEs)  490 

BDEs for the process [M(Me4cyclen)(L)]+ → [M(Me4cyclen)]+ + L were calculated 491 

using the DFT method with the BP86 and B3LYP functionals and the 6-311G(d,p) basis set. 492 

More reliable values were obtained using high level single-point DF-LCCSD(T) and DF-493 

LCCSD(T)-F12x calculations at the BP86 and B3LYP optimised geometries. The calculated 494 

BP86 and the corresponding DF-LCCSD(T) and DF-LCCSD(T)-F12x BDEs for BP86 M-495 

L-1a minimum energy structures are presented in Table 2 while BDEs derived for the 496 

B3LYP M-L-2a minimum energy structures are shown in Table S14. The BDE values 497 

obtained will provide insight into the choice of appropriate solvent/s to be used for the 498 

synthesis of the M-L-1a (M-L-2a) complexes and may further aid in controlling the product 499 

composition (via removal/addition of appropriate solvents which are Lewis bases).24 As can 500 

be seen in Tables 2 and S14, the BP86 and B3LYP BDEs are consistent, with the B3LYP 501 

BDEs being always slightly higher than the BP86 values. The single-point higher level 502 

calculations provide more reliable BDEs than the DFT values. The DF-LCCSD(T) and DF-503 
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LCCSD(T)-F12x BDEs, obtained using both the double and triple-ζ quality basis sets, are 504 

comparable to each other. However, they are significantly higher than the BSSE corrected 505 

DFT BDE values, with differences in the region of 6-40 kJ.mol-1 being observed. 506 

 507 

Table 2: Calculated bond dissociation energies (kJ.mol-1) of the lowest M-L-1a minimum 508 

energy structures. 509 

 BP86/6-311G(d,p)  DF-LCCSD(T)/nZ 
//BP86/6-311G(d,p)  DF-LCCSD(T)-F12xa/nZ-F12 

//BP86/6-311G(d,p) 
 

ΔEZPE ΔEZPE+BSSE 
 

n = D n = T 
 n = D  n = T 

   x = a x = b  x = a x = b 
Li-H2O-1a 64.3 39.7  56.6 59.1  59.3 59.5  60.1 60.3 
Li-THF-1a 56.3 43.1  71.6 74.3  76.8 77.3  77.2 77.4 
Li-DEE-1a 34.3 21.6  67.3 57.9  59.7 60.2  61.7 61.9 
Li-MeOH-1a 58.0 40.1  60.0 64.0  64.8 65.1  65.6 65.8 
Li-DCM-1a 12.6 6.6  32.6 32.1  33.6 33.9  34.2 34.4 
            

Na-H2O-1a 67.2 45.3  51.1 57.5  55.5 55.7  57.5 57.6 
Na-THF-1a 63.9 52.1  64.6 67.0  70.6 70.8  70.6 70.7 
Na-DEE-1a 46.4 35.1  50.0 52.7  56.4 56.7  55.7 55.8 
Na-MeOH-1a 62.2 46.5  56.5 60.2  60.0 60.1  59.6 59.5 
Na-DCM-1a 21.7 15.8  38.2 39.5  40.2 40.5  39.3 39.3 
            

K-H2O-1a 55.0 39.0  42.1 43.0  43.7 43.8  45.3 45.5 
K-THF-1a 52.8 44.2  53.3 50.0  51.2 51.1  51.1 51.3 
K-DEE-1a 39.7 31.1  54.4 51.4  51.1 51.1  53.4 53.5 
K-MeOH-1a 49.9 38.4  45.3 45.5  45.3 45.2  46.9 47.0 
K-DCM-1a 19.4 15.5  32.6 32.8  31.5 31.5  33.2 33.3 

a The 3*A ansatz in conjunction with the (Fix,NoX) options was used; the MOLPRO default 510 
option is (Loc,Fix). 511 
 512 

The M-DCM-1a (M-DCM-2a) structures have lower BDEs than their O-containing 513 

analogues. These lower BDEs are representative of the weak interaction between DCM and 514 

[M(Me4cyclen)]+ and this correlates with the M–Cl bond distances in the DCM complexes 515 

being much longer than the M–O bond distances in the O-donor ligand complexes (Table 1). 516 

This is also consistent with the fact that DCM was used during the synthesis of the alkali 517 

metal-Me4cyclen complexes, [Li(Me4cyclen)(H2O)][BArF] and 518 

[Na(Me4cyclen)(THF)][BArF], but was not incorporated as a ligand into the product crystals 519 
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obtained. For M = Li and Na, the M-L-1a (M-L-2a) structures have DF-LCCSD(T) and DF-520 

LCCSD(T)-F12x BDEs in the order of L = THF > MeOH > DEE ≈ H2O, with the strongest 521 

interaction being between THF and [M(Me4cyclen)]+. The BSSE uncorrected DFT BDEs do 522 

not follow the same trend, although the BSSE corrected values do, and this indicates the 523 

importance of BSSE correction in calculating DFT BDEs. Higher level calculations based 524 

on the BP86 lowest minimum energy structures show that the BDEs of K-THF-1a and K-525 

DEE-1a are comparable, while those based on the B3LYP lowest minimum energy structures 526 

show that the BDE for K-DEE-2a is marginally greater than that of K-THF-2a. The trend 527 

in the DFT BDEs for the loss of O-donor ligands from K-L-1a (K-L-2a) is not consistent 528 

with that obtained from the higher level calculations which are in the order of THF ≈ DEE > 529 

MeOH > H2O. The DFT BDEs for the loss of L from the [M+-L] structures follow a similar 530 

trend (L = THF > DEE > MeOH > H2O > DCM; see Table S5) as that for the K-L-1a (K-L-531 

2a) structures. The BDE values, obtained using the higher level calculations, decrease on 532 

going from Li+ → Na+ → K+ for M-L-1a (M-L-2a) for a given L, where L = H2O, THF, 533 

DEE, and MeOH, consistent with the lengthening of the M–O bond. However, the DFT 534 

BDEs do not follow the same trend. At all levels of theory, the BDEs of Na-DCM-1a (Na-535 

DCM-2a) are higher than that of the Li+ analogues. The bidentate η2-Cl,Cl coordination 536 

mode between DCM and [Na(Me4cyclen)]+ in Na-DCM-1a (Na-DCM-2a) corresponds to a 537 

stronger interaction compared to the monodentate η1-Cl coordination mode between DCM 538 

and [Li(Me4cyclen)]+ in Li-DCM-1a (Li-DCM-2a). The BDEs of K-DCM-1a (K-DCM-539 

2a) are lower than their Li+ and Na+ counterparts at the DF-LCCSD(T) and DF-LCCSD(T)-540 

F12x methods, though with marginal differences between the BDE values of M-DCM-1a 541 

(M-DCM-2a), for M = Li and K. In contrast, the DFT BDEs for the dissociation process, 542 

[M+-DCM] → M+ + DCM, decrease systematically on going from Li+ → Na+ → K+ (Table 543 

S5).  544 

As already has been mentioned, the default (Loc,Fix) ansatz option in MOLPRO 545 

yields reasonable BDEs for all [M(Me4cyclen)(L)]+ complexes, for M = Li, Na, and K, except 546 

for L = DCM. The problem is associated with the way Cl atoms are treated with this ansatz 547 

option. The (Fix,NoX) ansatz option does not suffer from this problem. The (Fix,NoX) option 548 

is therefore recommended and it was employed in all the DF-LCCSD(T)-F12x/nZ-F12x 549 

calculations for the purposes of investigating basis set effects. The dependence of the 550 
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calculated BDEs on the methods and basis sets used in this work are depicted in Figures S15 551 

and S16 (with relevant BDE values provided in Tables 2 and S14). The ansatz options to be 552 

used for the DF-LCCSD(T)-F12x calculations and the basis set effects on the DF-LCCSD(T) 553 

and DF-LCCSD(T)-F12x calculations are discussed further in the SI.  554 

The main conclusions of this section are:- 555 

(i) The geometry effects on the BDEs from the two functionals used are negligibly 556 

small.  557 

(ii) In DF-LCCSD(T)-F12x calculations with MOLPRO, the (Fix,NoX) ansatz option 558 

is necessary, as the default (Loc,Fix) option gives rise to errors in relative energies 559 

for chlorine-containing molecules. 560 

(iii) Calculations with the DF-LCCSD(T) method with a DZ basis set are inadequate, 561 

but DF-LCCSD(T)-F12x calculations with a DZ-F12 basis set are expected to be 562 

reliable and give accurate relative energies. This latter method is recommended 563 

for calculations of BDEs for the type of complexes considered in this work. 564 

In summary, for lower level geometry optimisation calculations, some commonly 565 

used functionals, such as BP86 or B3LYP, used in the present study, appear to be adequate, 566 

while for improved relative electronic energies, the DF-LCCSD(T)-F12x method with basis 567 

sets of at least DZ-F12 quality is required, though it is noted that the (Fix,NoX) ansatz option 568 

should be employed in the DF-LCCSD(T)-F12x calculations instead of the default (Loc,Fix) 569 

option.  570 

Table 2 clearly shows (e.g. for the DF-LCCSD(T)-F12x/DZ-F12//BP86/6-311G(d,p) 571 

values) for the M-L-1a complexes (BP86 geometries) that for a given metal, M = Li, Na, or 572 

K, the BDE is lowest when L = DCM. Also, for a given ligand, the BDE is lowest when M 573 

= K. The same trends are observed in Table S14 for M-L-2a complexes (B3LYP geometries). 574 

 575 
4.0 Conclusions  576 

This work, to study the structure and bonding in [M(Me4cyclen)(L)]+ complexes, was 577 

initiated by results of an experimental study which prepared some Group 1 metal cyclen 578 

complexes, namely [Li(Me4cyclen)(H2O)][BArF] and [Na(Me4cyclen)(THF)][BArF] and 579 

obtained their X-ray crystal structures.22 This experimental work was notable in that although 580 

reactions were carried out in DCM as the solvent (in presence of some H2O or THF), no 581 

DCM was incorporated into the [M(Me4cyclen)(L)]+ product ions in the crystals obtained. 582 
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Also, attempts to synthesise the corresponding K+ (and Rb+ and Cs+ ) complexes failed and 583 

resulted in the formation of the [Me4cyclenH][BArF]. 584 

To investigate this and to understand the role of commonly used solvents, L, the DFT 585 

method was employed to study the [M(Me4cyclen)(L)]+ complexes, where M = Li, Na, K, 586 

and L = H2O, THF, DEE, MeOH, DCM. Coordination of L to the [M(Me4cyclen)]+ fragment 587 

entails small though systematic changes in their respective optimised geometries. H2O, THF, 588 

DEE, and MeOH bind to the M+ centre (for Li, Na, and K) in a monodentate η1-O 589 

coordination mode while DCM interacts in both monodentate η1-Cl (for Li) and bidentate 590 

η2-Cl,Cl (for Na and K) coordination modes. Computed geometrical parameters for 591 

[Li(Me4cyclen)(H2O)]+ and [Na(Me4cyclen)(THF)]+ are compared with those derived from 592 

available crystal structures22 and good agreement was obtained. Bonding analysis shows that 593 

the complexes are stabilised via mostly ionic interaction with electron density transfer from 594 

the L and Me4cyclen ligands to mainly the vacant 2s, 3s, and 4s orbitals of Li+, Na+, and K+, 595 

respectively. Single-point DF-LCCSD(T) and the explicitly correlated DF-LCCSD(T)-F12x 596 

calculations were employed to obtain accurate bond dissociation energy (BDE) for the loss 597 

of the L from [M(Me4cyclen)(L)]+. The DF-LCCSD(T)-F12x calculations were performed 598 

(using MOLPRO) with the 3*A ansatz in conjunction with two different options, namely 599 

(Fix,NoX) and (Loc,Fix). The ansatz option (Loc,Fix) performs poorly for Cl-containing 600 

species. BDEs derived from both sets of ansatz options for the loss of O-donor ligands are 601 

consistent not only with each other but also with the results obtained using the DF-602 

LCCSD(T) method. The DCM molecule is weakly bound to the [M(Me4cyclen)]+ fragment 603 

compared to the O-donor analogues. This is consistent with the available experimental 604 

evidence that even when DCM is used as a solvent, in the presence of THF or H2O, in the 605 

preparation of [M(Me4cyclen)(L)]+ complexes, DCM is not present in the 606 

[M(Me4cyclen)(L)]+ ion obtained in the crystalline product. The [M(Me4cyclen)(L)]+ 607 

complexes (M = Li, Na) have BDEs in the order of THF > MeOH > DEE ≈ H2O, while those 608 

of their K+ analogues are in the order of THF ≈ DEE > MeOH > H2O, with the strongest 609 

interaction being between THF and [M(Me4cyclen)]+. The BDE associated with the loss of 610 

L is lowest for the K+ complexes and this is consistent with the unsuccessful syntheses of 611 

[M(Me4cyclen)(L)]+ complexes containing potassium. In short, for M = K the ionic bonding 612 

in [M(Me4cyclen)(L)]+ is not sufficiently large to favour formation of [K(Me4cyclen)(L)]+ 613 
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over formation of [Me4cyclenH]+. Further, coordinating ligands L (such as acetonitrile, 614 

benzene, pentane, chloroform, 2-propanol, and pyridine) in [M(Me4cyclen)(L)]+ are 615 

currently being investigated. 616 
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