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Abstract 

This work encompasses a comprehensive study of host···guest interactions between 

cyclic trimer metal-carborane [Au3(1,2-C2B10H10)3]3−, and several guest species as 

cations (H+, Li+, Be2+, Hg2+), anions (F−, H−, Cl−, Br−, I−, HCC−), and neutral molecules 

(H2, CO2, I2, HCCH, N2).  A computational study has been carried out in order to 

evaluate energetic profiles and determine the contribution for attractive or repulsive 

interactions between guest and host.  Several cases call our attention as a function of the 

energy minima.  For instance, all above cations form stable minima as guest complexes 

with the three gold atoms of the host.  Unexpectedly, pyramidal H− or F− species are 

obtained as energy minima, while other anions give completely repulsive interactions.  

Finally, the CO2 molecule is also trapped inside the trinuclear ring. 
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Introduction 

Molecular architectures containing transition metals play an important role in the 

design of new structures with desired properties.[1] Since gold is a good candidate to 

lead a wide variety of molecular constructs, the most stable Au(I) oxidation state can 

provide rich coordination environments.[2] 

The icosahedral 1,2-closo-C2B10H10 carborane exhibits large chemical, 

electrochemical and thermal stabilities, and is attractive for a wide range of direct and 

potential applications.[3,4] Upon deprotonation of the carbon atoms, highly nucleophilic 

carbanions are generated, and synthetic efforts have led in the last decades to a large 

variety of structures incoporating transition-metal atoms.[5] The combination of 

icosahedral carboranes and Au(I) with  Au–C bonds has been reported in the 

literature.[6] Ortho-carborane cages act as bridging ligands forming triangular cyclic 

structures [Au3Cage3]3− (Cage = 1,2-closo-C2B10H10, Figure 1), with non-bonded 

Au···Au distances of 3.78 Å.[7] Moreover, gold clusters may exhibit luminescence, and 

the combination with carborane cages provides highly emissive systems.[8] 

 

 

 

 

 

 

 

Figure 1.  Trinuclear cyclic structure for the [{Au3Cage3}]3− complex.  The centroid of the gold atoms is 
taken as reference (z = 0).  Hydrogen atoms are displayed in this figure, but removed in the following 
figures in order to ease visualization of the molecular structures. 

The triangular cyclic [Au3Cage3]3− structures present a cavity in the ring with a 

distance about 2.18 Å from gold to the centroid, where some species could be 

embedded.[7] Surprisingly, no such adduct has been reported to date despite the the void 

should allow binding of molecules. We have focused on the capability of the 

[Au3Cage3]3− host to form adducts with different guest systems: cations, anions or 

neutral molecules.  We have performed a computational study to estimate the relative 

stabilities and geometries of the final compounds. 
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Methodology 

Density Functional Therory computations were carried out using the Gaussian09 

package.[9] The hybrid DFT method known as B3LYP was applied, in which the Becke 

three parameters exchange functional and the Lee-Yang-Parr correlation functional 

were used.[10] Effective core potentials were used to represent the innermost electrons of 

the transition metal atoms (Au and Hg) and the associated basis set of valence double- 

quality known as LANL2DZ.[11] The basis set for the main elements was also of double-

 split-valence quality with polarization functions on non-hydrogen atoms (known as 6-

31G*),[12] while for iodine we used the effective core potentials.[13] 

In order to obtain the energetic profiles, the guest molecule (with frozen geometry) 

was inserted along the vertical axis z, as shown in Figure 1.  The centroid of gold 

triangle was taken as reference as z = 0 for single atoms, while relative position of the 

center of mass for polyatomic guests was considered.  After the energy profiles versus z 

were computed, we relaxed the host-guest geometry in order to obtain unconstrained 

stationary points, which were confirmed as energy minima by means of vibrational 

analysis. 

Results and Discussion 

(a) Cations:  Given the anionic nature of the trinuclear gold host, cations are considered 

as good candidates for stable host···guest complexes.[7] In this case, we have selected 

the following cations: H+, Li+, Be2+ and Hg2+.  The energetic profile for cations as a 

function of the distance to the centroid of the gold host is presented in Figure 2. 

 

 

 

 
 

 

 

 

Figure 2.  Energy profiles of host···guest interaction between [Au3Cage3]3− with different cations:  Be2+, 
H+, Li+, and Hg2+.  The electrostatic potential along z is represented  with a dashed line. 
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An attractive interaction with cations such as Be2+, Li+ and H+ can be found at z = 0 

from Figure 2.  The energy mínimum for Be2+ as a guest, [{Au3Cage3}(Be)]−, appears in 

the centroid of the gold triangle (z = 0) with Au-Be distances of 2.17 Å (Figure 3a), 

which fits within the size of the cavity.[7] Similarly, the mínimum for the H+ guest, 

[{Au3Cage3}(H)]2−, is also expected to be in the centroid, but the reoptimization of the 

molecular geometry at z = 0 gives an asymmetric structure with the proton moved from 

the centroid away from one gold atom (2.97 Å) formimg two Au-H bonds at 1.77 Å, 

with an angle Au-H-Au = 153º (Figure 3b).  Since Li+ presents a very smooth energy 

profile (less than 0.3 kcal/mol) from z = 0 up to 2 Å, the complex [{Au3Cage3}(Li)]2− 

has been reoptimized.  The new structure is minimized at z = 1.2 Å generating a C3v 

piramidal structure for Li+ (Figure 3c) with Au-Li distances of 2.52 Å. 

The ionic nature of host and guest fragments induces an important electrostatic 

contribution in the stability of these species.  As an example, the larger interaction for 

Be2+ than Li+ or H+ is due to the charge of cationic guests (about 162, 123 and 97 

kcal/mol, respectively).  However, the electrostatical potential is also represented in 

Figure 2 as a dashed line, suggesting that these values can not be explained only by 

electrostatic interaction and hence other factors should contribute to the host···guest 

interactions.  The Au-Be and Au-Li distances are intermediate between the sum of 

covalent (2.32 and 2.64 Å)[14] and ionic radii (1.92 and 2.41 Å),[15] while Au-H distance 

is close to covalent interaction (1.67 Å). 
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 (a)  (b) 

 

(c) 

 
Figure 3.  Optimized geometries for the [{Au3Cage3}(G)]3− compounds, having G cations such as (a) 
Be2+, (b) H+, and (c) Li+, respectively. 

 

Due to the ease of formation for Au and Hg complexes with metallophilic 

interactions,[16] we also considered the Hg2+ cation.  The optimized stucture with Hg2+ 

in the centroid is unstable and dissociates (-98 kcal/mol).  However, a stationary point 

with a stable structure appears with Hg at z = 1.34 Å, and pyramidal C3v structure 

(Figure 4a, -156 kcal/mol), which is 58 kcal/mol lower with respect to the unbound 

system.  This host···guest complex has Au-Hg distances of 2.76 Å, close to both 

covalent and ionic bonds (2.68 and 2.67 Å, respectively).[14, 15] Since the Hg atom 

overhangs in this compound, we consider an additional host structure forming a new 

adduct with the formula [Hg{Au3Cage3}2]4− (Figure 4b), analogous to those found for 

other spacer groups bewteen gold atoms as imino,[17] pyrazol[18] or imidazol.[19] This 

sandwich-type compound should be stable with a pseudooctahedral environment for the 

mercury atom, and six Au-Hg distances of 3.17 Å, larger than those found in 

[{Au3Cage3}(Hg)]− as expected when increasing the number of chemical bonds. 
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 (a) (b) 
Figure 4.  Optimized geometry for (a) [Hg{Au3Cage3}]− and (b) [Hg{Au3Cage3}2]4−. 

 

(b) Anions:  Host···guest interactions are not only electrostatic. Therefore we have 

decided to insert some anions in the cavity of the gold triangle, following the example 

of experimental structures with neutral trinuclear complexes with halides[20] or 

halocomplexes.[21]  We have studied the inclusion of halides (F−, Cl−, Br− and I−); the 

further addition of hydride (H−) and acetylide (HCC−) is for comparative purposes.  The 

computed energy profiles for these anions as function of z is shown in Figure 5. 

 
Figure 5.  Energy profiles of host···guest interactions between [Au3Cage3]3− and different anions as 
function of z:  H−, F−, Cl−, HCC−, Br−, and I−. The electrostatic potential is represented with a dashed line. 

 

 

 

I− 

H− 

Br− 

Cl− 

F− HCC− 
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Unsurprisingly, all proposed adducts containing halides are repulsive and the most 

favoured structures do not have host···guest interactions.  The order for the dissociation 

is the following:  F− < Cl− < Br− < I− (about -80, -250, -302, and -430 kcal/mol, 

respectively), and can be related to the anion radii because the cavity has a reduced size 

for incorporating these anions.[15] However, the instability of anion adducts rule out the 

formation of sandwich compounds, in comparason with neutral {Hg3Cage3} systems,[22] 

indicating that charged nature of the host play an important in the host···guest 

interactions. 

A second mínimum is found for F− at z = 1.51 Å (Figure 6a), confirmed by a full 

optimization.  This geometry presents three Au-F distances of 2.65 Å, close to the sum 

of ionic radii (2.70 Å, in comparison to 1.93 Å for a covalent bond), indicating the 

nature of the chemical bond.  Moreover, fluoride has short contacts with three 

hydrogens of the carborane cage having F···H(B) distances of 2.81 Å, in contrast with 

negative-charged hydrogens for the expected polarity of hydrogen-boron bonds.  

However, the relative energy from the dissociated global mininum of +57 kcal/mol 

together an estimated barrier about 18 kcal/mol suggests experimental difficulty for 

isolation. We should emphasize that similar distances for F− ( z = 1.67 Å) were found in 

interactions with the macrocycle complex [Hg3(o-C6F4)3];[23] note that the intermetallic 

distances in the [Au3Cage3] and [Hg3(o-C6F4)3] are similar. We should also emphasize 

that [Hg3(o-C6F4)3] complexes with Cl− and Br− has macrocycle-anion distances of 2.3-

2.7 Å which are exactly in the range of inflection point of the curves shown in Figure 5. 

 

 (a) (b) 

Figure 6.  Optimized geometry for [{Cage3Au3}(G)]3−, with (a) G = F− and (b) G = H−. 
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Due to experimental data for late transition metal complexes interacting with 

borohydrides and polar boranes,[24] we also included in the studies the hydride anion H− 

as a guest.  Again, the hydride adduct is repulsive and the dissociation is favoured with 

similar values as compared to F− (~ -73 kcal/mol).  Nevertheless, the host···hydride 

interaction becomes more attractive below 4 Å with a minimum at z = 0.88 Å with C3v 

symmetry (Figure 6b) and Au-H = 2.29 Å.  However, it is less stable than the unbound 

fragments by 69 kcal/mol with a meaningful barrier, suggesting that it is probably an 

unavalaible compound.  Finally, the incorporation of acetylide along the z axis of the 

host should be rejected, given the repulsive barrier.  According to the size of the anions, 

the repulsive energy (~ -167 kcal/mol) is intermediate between F− and Cl− anions. 

(c) Neutral Molecules:  Following our previous results for ions, we ask now if neutral 

molecules can be inserted in the host.  As example, the neutral {Hg3Cage3} host system 

crystalizes with solvent molecules as acetonitrile[25] or water[26] in which weak 

interactions between solvent and mercury are present.  We are aware that interactions 

between the host and neutral guest can be very weak, and therefore a careful selection of 

molecules has been considered.  We have selected single molecules combining different 

size, bonding and polarity, such as H2, N2, I2, C2H2, CO and CO2. The computed energy 

profile along z is presented in Figure 7. 

 
Figure 7.  Energy profiles of host···guest interactions between [Au3Cage3]3− and different molecules:  H2, 
CO, CO2, HCCH, N2, and I2. Electrostatic potential is also represented (dashed line). 

 

HCCH 

H2 

I2 

CO 

N2 
CO2 

10.1002/ejic.201801094

A
cc

ep
te

d 
M

an
us

cr
ip

t

European Journal of Inorganic Chemistry

This article is protected by copyright. All rights reserved.



 9 

Inclusion complexes containing H2, N2, C2H2, and CO are not formed.  The small 

dihydrogen molecule is the less repulsive, according to size and poor electron density (-

39 kcal/mol).  From the second period, triple-bonded molecules as dinitrogen and 

acetylene increase stability for unbound fragments with similar behavior (-127 and -123 

kcal/mol, respectively).  Even polar carbon monoxide is also repulsive, although less 

unfavoured than isolelectronic dinitrogen (-72 kcal/mol).  Notice that these four 

molecules have the proper size, so that they could be inserted into the host void along z. 

As displayed in Figure 7, carbon dioxide and diiodine show different behaviour, as 

compared to previous neutral molecules.  Carbon dioxide is most favorable as unbound 

fragments (i.e. repulsive), but a second mimimum is obtained with z = 0 Å with an 

energy diference of 115 kcal/mol, hence suggesting that CO2 would form a stable 

adduct with carbon in the centroid of the gold host (Figure 8).  Nevertheless, with a 

meaningful barrier of only few kcal/mol suggesting some difficulty for isolation of the 

host···guest complex. 

 

Figure 8.  Optimized geometry of the adduct [{Au3Cage3}(CO2)]3−. 
 

Finally, the diiodine molecule appears to be a good candidate to be inserted in the 

centroid of the host, with an energy barrier about 103 kcal/mol, although unbound 

fragments are most stable again (~ 230 kcal/mol).  However, I2 reacts with the host 

resulting into a  I···I distance of 4.58 Å!  Since diiodine is now reduced to iodide, the 

host is two-electron oxidized given formally “[Au3Cage3]−”.  Nevertheless, the final 

product has lost two electrons from the carboranes keeping the Au(I) centers (Au-I = 

3.15 Å), with D3h symmetry.  Consequently, it should be rejected as a host···guest 

complex. 
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Conclusions 

Icosahedral carborane ligands turn out to combine with late transition metals (in 

this case Au to form stable metal complexes, whose voids can act as host structures for 

obtaining a variety of inclusion compounds with charged and neutral species.  Different 

cations, anions and neutral molecules have been studied as guests to provide a general 

approach of host···guest interactions in these species.  As example, electrostatic 

contribution is not only responsible of the formation, and adducts can be stabilized by 

covalent or weak non-bonding interations. As expected, cations as Hg2+, Be2+ or H+ are 

good candidates to obtain these adducts.  Specially relevant are the a priori unexpected 

stable compounds of the triply negative charged triangular gold structure with F− and 

H−.  Finally, adduct with neutral CO2 could be available. 
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