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hydrogen bond donor 

Susanta K. Nayak,[a,b] Giancarlo Terraneo,[a] Quirino Piacevoli,[c] Federica Bertolotti,[a] Patrick 

Scilabra,[a] John T. Brown,[d] Sergiy Rosokha,*[d] Giuseppe Resnati*[a] 

Dedicated to Dr. Tullio Pilati on the occasion of his 73th birthday 

Abstract: While instrumental for optimizing their pharmacological 
activity, a molecular understanding of the interactions 
preferentially involving volatile anesthetics is quite poor. This 
paper confirms the ability of halothane to work as hydrogen bond 
(HB) donor and gives the first experimental proof that halothane 
also works as a halogen bond (HaB) donor in solid and in solution. 
A halothane/hexamethylphosphortriamide cocrystal is described 
and its single crystal X-ray structure shows short HaBs between 
bromine, or chlorine, and phosphoryl oxygen. New UV-Vis 
absorption bands appear on addition of diazabicyclooctane and 
tetra-n-butylammonium iodide to halothane solutions indicating 
that also nitrogen atoms and anions may mediate HaB driven 
binding processes involving halothane. The ability of halothane to 
work as bidentate/tridentate tecton by acting as HaB and HB 
donor, gives an atomic rational for the eudismic ratio shown by 
this agent. 

Inhalation anesthetics are a major subgroup of the compounds 
clinically used to induce general anesthesia, a crucial and 
instrumental conditions in many medical treatments. Halothane (2-
bromo-2-chloro-1,1,1-trifluoroethane) was one of the first volatile 
anesthetics introduced into common practice and it is included on 
the WHO’s List of Essential Medicines.[1] General anesthesia is 
associated with a reversible change of lipid membrane properties, 
this change being effected by the structural perturbation 
determined by the weak anesthetic-membranes interactions. It is 
well established that the potency of volatile anesthetics is 
correlated with their lipid solubility,[2] and in the last decades 
converging evidence emerged that inhalation anesthetics bind to 
proteins, especially membrane proteins. Ion channels (e.g., 
GABAA receptors, K+ channels, and N-methyl-D-aspartate 
receptors) may be primary targets of these agents.[3] Consistent 

with the time honored correlation between anesthetic potency and 
solubility in lipid environment,[4] thermodynamic data indicates 
that lipophilic regions of proteins may serve as targets for volatile 
anesthetics. But potential target proteins of halothane have 
multiple binding sites for this agent in the pharmacologically 
relevant range of concentrations, e.g., at least seven binding sites 
and far more than that in human serum albumin and the nicotinic 
acetylcholine receptor, respectively.[5] The specific forces driving 
the binding of volatile anesthetics to biomolecular targets thus 
remain largely unclear, and the same holds for the structural 
aspects of the binding.  

Molecular dynamic simulations of halothane,[6] its low 
boiling and melting points (50 and -118 °C, respectively), and the 
pattern of short contacts observed in its homocrystal[7] indicate that 
the compound has a poor tendency to form intermolecular 
interactions. In order to map the interactions landscape of 
halothane, we studied the formation of adducts with small and 
simple halogen bond (HaB) and hydrogen bond (HB) acceptors 
which can be regarded as models for binding moieties of the agent 
with biomolecules. Specifically, dimethylsulfoxide (DMSO) and 
hexamethylphosphortriamide (HMPA) were employed to study 
interactions in the liquid and in the solids and diazabicyclooctane 
(DABCO) and tetra-n-butylammonium iodide (TBAI) to study 
interactions in solutions. The reported results show that halothane 
can concomitantly function as HB and HaB donor both in solid 
and in solution. The ability of halothane to work as a polydentate 
tecton affords a molecular rational for its eudismic ratio[8] and the 
different catabolism of its enantiomers.[9] The obtained 
crystallographic evidence of HaB and HB between halothane and 
HMPA oxygen suggests that both interactions may mediate an 
active role of the P=O group of phospholipids, major components 
of cell membranes, in promoting the well-established high 
membrane affinity of halothane.  
 IR spectra indicate halothane acts as HB and/or HaB donor 
with DMSO and HMPA in the liquid. The X=O) stretchings (X=S 
and P) of sulfinyl and phosphoryl groups of the two compounds 
are typically red shifted on oxygen interaction with electron 
density acceptors (e.g. on HB or HaB formation and metal 
coordination).[10] Maximum absorbances are at 1102 and 1210  
cm-1 in pure gases of the two compounds (where HBs, if any, are 
minimized), at 1042 and 1202 cm-1 in their pure liquids (where 
weak HBs are present), and at 1026 and 1175 cm-1 in respective 
1:1 mixtures with halothane.  

Mixtures of halothane and DMSO or HMPA remain liquid at 
room temperature in examined molar ratios (from 0.5:2.0 to 
2.0:0.5). Differential scanning calorimetry (DSC) analyses 
revealed sharp peaks different from crystallization/melting of 
starting compounds only when HMPA was used, consistent with 
its greater ability to work as a HaB and HB acceptor.[10] When a 
halothane/HMPA 1:1 mixture was cooled down to -160 °C, then 
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slowly heated, an exothermic peak was observed at -67 °C 
(crystallization of the initially formed glass) followed by an 
endothermic peak at -23 °C (melting of the cocrystal). No signals 
of starting components were present, suggesting that a 1:1 
halothane/HMPA mixture forms a well-defined species.  

A single crystal was grown from a 1:1 halothane/HMPA 
mixture by using the in situ cryocrystallization technique (ESI). X-
ray analyses (Table S1) of this single crystal revealed that a cyclic 
tetramer containing two halothane and two HMPA units bound via 
HaBs and HBs is a well-defined repeating motif in the packing 
(Fig. 1). Halothane adopts the staggered conformation, which is 
the preferred arrangement in the gas phase[11] and in the pure 
crystal.[7] Molecules present some positional disorder as bromine 
and chlorine atoms reside in the same atomic sites with occupancy 
factors of 84:16. A similar disorder occurs also in pure halothane 
with occupancy factors of 50:50. This partial ordering is consistent 
with the presence, in the cocrystal, of specific interaction(s) 
pinning the heavier halogens preferentially in a given position. 
Each halothane molecule is bonded to a nearby HMPA molecule 
through a HB where the C–H···O separation is 213.8 pm and the 
C–H···O angles is 172.6°. These values correspond to a quite 
short and directional interaction (the normalized contact[12] Nc is 
0.80). This is consistent with the non-minor Brønsted[13] and 
Lewis[14] acidity of halothane hydrogen. Halothane has been 
reported to form similar HBs with a variety of electron density 
donors, including alkenes, alkynes, and aromatics,[15] water, 
alcohols, and ethers,[16] ketones, esters, and other carbonyl 
derivatives,[17] ammonia, amines as well as sulfur and phosphorus 
sites.[18] Experimental complexation enthalpies of halothane with 
ammonia[18c] and acetone[17c] are ~20 and ~9 kJ mol-1, respectively. 
These values are quite close to calculated enthalpies for respective 
C–H···N/O interactions, suggesting that HB gives a major 
contribution to the interactional landscape of halothane. This role 
is also suggested by our calculations of HB energies when HMPA, 
DABCO, or I ̄ is the nucleophile (ESI, Table S2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Left: Ball and stick representation of the tetrameric motif formed by 
halothane and HMPA in the solid under control of HaBs and HBs (ocher and 
grey dashed lines). While the halogen bonded site is occupied by both 
bromine and chlorine (the occupancy factor is 84:16) bromine only is 
represented at the site. NCs values are also reported. Right: Hirshfeld surface 
of halothane picturing HaBs and HBs with HMPA: Contacts below/above van 
der Waals radii are in red/blue colors. 

 

 Hydrogen bonded dimers pair into cyclic tetramers via two 
HaBs. At the HaB acceptor and donor sites there are the oxygen of 
HMPA and bromine, or chlorine, atoms of halothane (with 
occupancy factors of 84 and 16, respectively). These HaBs account 
for the decreased positional disorder of halothane in the cocrystal 
with respect to the homo-crystal. Bromine being a better HaB 
donor atom than chlorine, the halogen bonded site is preferentially 
occupied by the former halogen. The C–Cl/Br···O angle is 165.7° 
and the Cl/Br···O distance is 291.2 pm. This separation is well 
below the sum of van der Waals radii of involved atoms, but it is 
averaged over the Br···O and Cl···O separations that are different. 
We were wondering if both chlorine and bromine were actually at 
a distance from oxygen shorter than the sum of van der Waals radii. 
Bromine and chlorine atoms at the halogen bonded site were too 
close to each other for their respective positions to be refined 
separately. We determined the geometric features in a cocrystal 
with no positional disorder by assuming, as restrains, that C–Cl 
and C–Br bond lengths are the mean values of structurally similar 
compounds in the Cambridge Structural Database (CSD) (ESI). 
Resulting Nc values of Br···O and Cl···O interactions are 0.86 and 
0.92. These values are consistent with the relative HaB donor 
ability of the two elements and Ncs from calculations (M06-
2X/DEF-2TZVPP) in acetonitrile solution (0.86 and 0.91; ESI, 
Table S2). 
 Literature reports have described the use of a variety of 
different techniques (e.g., NMR, IR and Raman, vapour-liquid 
equilibria, calculations) to study halothane adducts in solutions, 
cryosolutions, and in the gas phases.[19] These literature data 
demonstrated the presence of HB adducts in all cases studied via 
experimental techniques. In contrast, the presence of HaB adducts 
had been identified in silico only. The structure of 
halothane/HMPA cocrystal reported here is the first experimental 
confirmation that the HaB donor ability of bromine and chlorine 
can actually affect and drive aggregation phenomena involving 
halothane in the condensed phase. 

To identify HaBs formed by halothane in solutions, we 
turned to NMR and UV-Vis studies of systems containing iodide 
anions and DABCO, two well-known HaB acceptors.[20] In general, 
formations of HB and HaB complexes result in distinct NMR and 
UV-Vis spectral changes.[21] For example, formation of HaB or 
HB between trihalomethanes and anions leads, in NMR spectra, to 
the opposite shift of proton signals and, in UV-Vis spectra, to the 
appearance of new absorption bands or shift of the absorption 
bands of reactants, respectively.[21,22] 

Addition of DABCO or iodide (from TBAI) to a solution of 
halothane in acetonitrile resulted in a shifts of NMR signal of its 
proton to higher ppm values. The magnitude of this shift increases 
with the rise of concentration of nucleophile, and its direction 
indicates that halothane’s proton is deshielded due to involvement 
in HB (ESI, Figure S13).  
 The UV-Vis measurements of the similar solutions containing 
halothane and iodide or DABCO showed increased absorption in 
the 250 – 280 nm range in comparison to the spectra of individual 
reactants. Subtraction of the absorptions of components revealed 
that this increase of absorption is related to appearance of new 
bands (Figure 2; ESI, Figures S14 and S15). Their intensities  
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Figure 2. Differential spectra (obtained by subtraction of absorption of the 
components from spectra of the mixtures) of the solutions with constant 
concentrations of iodide (2 mM) and variable concentrations of halothane 
(from 0.08 to 1.5M, from the bottom to the top). Insert: Mulliken correlation 
between the energies of the absorption bands of HaB complexes of iodide 
with R-Br electrophiles and energies of their LUMOs. R-Br = Halothane (1), 
C3Br2F6 (2), CHBr3 (3), CBrCl3 (4), CBr3COOH (5) CBr3F (6), CBr3CN (7) and 
CBr4 (8)).[23] 

increase with the increase of concentration of iodide or DABCO in 
the solution with constant concentration of halothane and vice 
versa. 
The dependencies of the intensities of the new bands on the 
fractions of components in the solutions with the constant sum of 
concentrations of reactants (Jobs plots) showed maxima at 1:1 
molar ratios of halothane to nucleophile (ESI, Figure S16). This 
indicates 1:1 stoichiometry of the complexes formed in these 
solutions. 

In accordance with the earlier studies, the appearance of such 
absorption bands is symptomatic of formation of HaB complexes. 
This suggestion is supported by the UV-Vis changes resulting 
from the addition of the other HaB or HB donors to the solutions 
containing the same (DABCO or iodide) nucleophiles. In 
particular, addition of 1,2-dibromohexafluoropropane (which is 
exclusively an HaB donor with characteristics similar to that of 
halothane) to the solutions of DABCO or iodide resulted in 
appearance of a new absorption band in the UV-Vis spectra (ESI, 
Figure S17). The maximum of this absorption band was close to 
that observed in the solutions with halothane. Most importantly, 
the energy of the absorption bands of the complex of halothane 
with iodide followed the same Mulliken correlations (insert in 
Figure 2) as the HaB complexes of these nucleophiles with the 
other bromo-substituted nucleophiles, such as CBr4, CBr3F, etc. On 
the other hand, analogous addition of the solely HB donor, 
methanol, to the solutions of DABCO or iodide in acetonitrile 
resulted in hypsochromic (blue) shift of the absorption bands of 
these nucleophiles. Subtraction of the absorption of components 
resulted (in contrast to the similar solutions with halothane) in a 
dip in the differential absorbance in the 240 – 270 nm range (ESI, 
Figure S18). 

Thus, while the NMR measurements indicated the presence of 
the HB complexes in the acetonitrile solutions of halothane and 
DABCO or iodide, the UV-Vis measurements pointed out the 
formation of HaB associates in the same systems. Simultaneous 
fitting of the NMR and UV-Vis spectral data measured in the 
solutions with constant concentration of halothane and variable 
concentrations of iodide led to formation constants of HaB and HB 
complexes of about 0.2 M-1 and 0.5 M-1

, respectively (ESI, Figure 
S13).[22] Similar treatment of the data obtained in solutions of 
halothane with DABCO led to formation constants of about 0.2 
and 0.4 M-1 

 for their Hab and HB complexes, respectively. Such 
observations are consistent with the results of the quantum-
mechanical computations which produced both HaB and HB 
complexes between halothane and these nucleophiles with a 
greater strengths for the latter interaction (ESI, Table S2).  

In conclusion, our results demonstrate that HaB complements 
and/or competes with HB in the interactional landscape of 
halothane in the solid and in solutions. The halothane/HMPA 
cocrystal shows that the HaB donor ability of bromine and 
chlorine affects and drives aggregation phenomena involving 
halothane. The appearance of new UV-Vis absorption bands on 
addition of DABCO and TBAI to halothane solutions indicates 
that not only oxygen, but also nitrogen and anions may mediate 
halothane recognition and binding processes via HaB. This 
interaction can thus play a role in the binding of this agent to 
specific moieties in biomolecules, e.g., to basic nitrogen sites in 
proteins or to P=O groups in phospholipids (a major component of 
cell membranes). X-ray structures of halothane bound to 
apoferritin[24] and human serum albumin[25] show the possible 
presence of HaB with Leu-24 oxygen and Cys-438 sulfur. The 
small Nc values obtained for the Br···O and Cl···O interactions in 
the halothane/HMPA cocrystal suggest that the HaBs observed in 
the protein adducts mentioned above are not induced by the 
binding, but play an active role in inducing, or driving, the binding. 
This is consistent with the emerging evidences on the general 
relevance of specific interactions involving halogen atoms in 
securing ligand-protein binding.[26] Finally, the proven ability of 
hydrogen, bromine and chlorine atoms of halothane to act as 
electrophilic sites, namely the possibility for the agent to form two 
or three interactions, affords an atomic rational for the different 
pharmacological activity[8] and catabolism of its enantiomers.[9] 
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