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Abstract: A series of three discrete dichloride dihydrates [Cl2(H2O)2]2– 
have been isolated with different triaminocyclopropenium (TAC) 
cations and with different crystallographic symmetries. The cluster 
exhibits D2h symmetry with the tris(dimethylamino)cyclopropenium 
cation [C3(NMe2)3]+, C2h symmetry with the fluorinated cation 
[C3(N(CH2CF3)2)(NBu2)2]+ (containing two 2,2,2-trifluoroethyl 
substituents) and C2v symmetry with the more fluorinated 
[C3(N(CH2CF3)2)2(NBu2)]+ cation. The effect of symmetry on the 
infrared spectra of the dichloride ion-pair clusters, as well as 
deuterated analogues, has been investigated. Computational studies 
were carried out on a [Cl2(H2O)2]2– cluster with C2v symmetry to aid the 
infrared band assignments. 

Introduction 

Although there is good evidence for the formation of chloride-
chloride ion pairs in aqueous solution,[1–3] the number of isolated 
discrete dichloride hydrate species [Cl2(H2O)n]2– is very limited. 
We have recently reported examples of the monohydrate and 
tetrahydrate,[4,5] as well as having reported a hexahydrate several 
years ago.[6] There are a few examples of dihydrate clusters, and 
two of these might be described as discrete: Kleinman reported 
the first example of a discrete [Cl2(H2O)2]2– cluster in 1992 with a 
fluorinated oxo-benzoquinolizine[7] and Wang et al. isolated one 
in 2012, however, the authors state that it exhibits strong Cl––π 
and H2O–π interactions with electron-deficient regions of the 
triazine rings.[8] Basu et al. synthesized a dihydrate with an amide 
receptor in which the structure is stabilized by two NH---OH2 and 
two NH---Cl–hydrogen bonds.[9] Similarly, a dihydrate was 
reported by Szumna et al. as a co-crystal of a neutral octalactam 
receptor with tetrabutylammonium chloride in which the cluster 
lies in a monocyclic cavity held via four NH---OH2 and four NH---
Cl– hydrogen bonds.[10] Safin et al. claimed a discrete dichloride 
dihydrate, however, the cluster is in fact supported by four amino-

NH proton donor groups and in our opinion cannot be described 
as “discrete”.[11]  

Chloride-water clusters are fundamentally-important motifs 
for understanding a wide range of physicochemical processes in 
nature. For example, they play a vital role in biological and 
geological systems; particularly at water/membrane interfaces 
and in the mobility of ions through ion channels, as well as in 
electrical phenomena in the troposphere and ionosphere.[12] 
Indeed, there are extensive theoretical studies on monochloride 
hydrate [Cl(H2O)n]– clusters over the last several years.[13,14] The 
vibrational modes of a limited number of monochloride hydrates 
have been observed via Ar-tagging at low temperature in the gas 
phase.[14] On the other hand, there are only five reported ab initio 
studies on dichloride hydrates [Cl2(H2O)n]2–.[1,2,6,15]  

In our work, we have been using triaminocyclopropenium 
(TAC) cations to isolate discrete anion species. TAC cations have 
a high-lying HOMO and their interactions with anions are 
consequently remarkably weak.[16,17] Herein, we present three 
examples of discrete dichloride dihydrates that each display a 
different symmetry in the crystalline environment and so allow a 
useful comparison between their infrared absorption spectra. 
 
Results and Discussion 
 
Synthesis  

The tris(dimethylamino)cyclopropenium chloride salt 
[C3(NMe2)3]Cl (1) has been known for some time.[16] It is readily 
prepared by reaction of dimethylamine with either C3Cl4 or C3Cl5H, 
however, we now prepare it using an aqueous solution of 
dimethylamine which is significantly safer than using the dry gas. 
The anhydrous salt is highly hygroscopic and even the 
monohydrate is very hygroscopic. Salt 1.H2O can be crystallized 
from CH2Cl2/diethylether at low temperature in the presence of 
traces of water. To date, the anhydrous salt has not been 
successfully crystallized. During our studies on fluorinated 
cyclopropenium cations, we synthesized the new TAC cation 
[C3(N(CH2CF3)2)(NBu2)2]+ as the chloride salt 2 via the addition of 
a mixture of HN(CH2CF3)2 and NBu3 to tetrachlorocyclopropene  
followed by addition of NBu2H and NBu3 (Scheme 1). 
[C3(N(CH2CF3)2)2(NBu2)]Cl (3), with two bis(trifluoroethyl)amino 
groups and only one dibutylamino group is prepared by the 
addition of a mixture of HN(CH2CF3)2 and NBu3 to 
tetrachlorocyclopropene, without additional NBu2H. The salts 
were then crystallized as the monohydrates.  
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Scheme 1. Syntheses of [C3(NMe2)3]Cl, [C3(N(CH2CF3)2)2(NBu2)]Cl and 
[C3(N(CH2CF3)2)(NBu2)2]Cl. 

Solid state structures 

[C3(NMe2)3]Cl.H2O (1.H2O) crystallizes in the monoclinic space 
group I2/m (Table 1) in which the asymmetric unit consists of a 
half each of the cation, chloride ion and water solvate. The cations 
form weak staggered dimers of parallel planes with a centroid-
centroid distance of 3.1967(19) Å (Figure 1). Figure 2 shows the 
atomic labelling scheme. We have reported a number of TAC 
dimers previously with centroid-centroid distances varying from 
3.20 to 3.35 Å.[18,19] The cation-cation distance is short, compared 
to the distance between neutral planes of graphite at 3.35 Å, for 
example, and is due to strong dispersion forces that outweigh the 
(highly-delocalized) charge repulsion. In each case, the cation 
adopts an umbrella conformation with the substituents bent away 
from the dimer. In the double salt of [C3(NMe2)3]Cl and [NMe2H2]Cl, 
half of the TAC cations were found to form dimers with bent TAC 

cations while the other half form monomers with flat TAC 
cations.[19] In 1.H2O, a dichloride dihydrate lies between each 
cationic dimer. The [Cl2(H2O)2]2– cluster plane is at a slight angle 
to the TAC planes of 3.62(10)°, and the cluster centroid to TAC 
plane distances are 3.4222(15) Å. The centroid-centroid 
distances are 3.4876(9) Å, and they are offset by 0.672(6) Å. The 
cluster has crystallographic D2h symmetry, so the Cl---O distances 
are all 3.2095(9) Å and the waters are equivalent. All of the H 
atom positions were refined: O–H = 0.854(18) Å and the Cl–H-O 
angle is effectively linear at 179.2(17)° with Cl---H = 2.356(18) Å. 
The overall cluster shape is a parallelogram with the angles at Cl 
and O significantly different from 90°: Cl–O–Cl = 108.72(4)° and 
O–Cl–O = 71.28(4)°. 

 

Figure 1. The geometry of [C3(NMe2)3]Cl.H2O (1.H2O) to illustrate the TAC 
dimer and its relationship with the dichloride dihydrate cluster. 

 

Table 1. Structure refinement data for [C3(NMe2)3]Cl.H2O (1.H2O), [C3(N(CH2CF3)2)(NBu2)2]Cl.H2O (2.H2O) and 
[C3(N(CH2CF3)2)2(NBu2)]Cl.H2O (3.H2O) . 

 1.H2O 2.H2O 3.H2O 
formula C9H20ClN3O C23H42ClF6N3O C19H28ClF12N3O 
a [Å] 9.3304(2) 10.0561(7) 23.8578(4) 
b [Å] 13.6461(3) 11.0724(5) 10.9868(2) 
c [Å] 10.1199(3) 13.5008(7) 19.6128(4) 
α [°] 90 68.976(4) 90 
β [°] 111.478(3) 83.661(5) 94.668(2) 
γ [°] 90 84.001(5) 90 
V [Å3] 1199.03(6) 1391.18(14) 5123.87(16) 
Z 4 2 8 
ρcalc [g cm–3] 1.228 1.256 1.498 
crystal system monoclinic triclinic monoclinic 
space group I2/m P–1 I2/a 
shape/colour needle/light brown plate/colourless plate/colourless 
crystal size [mm] 0.201 × 0.143 × 0.126 0.214 × 0.063 × 0.034 0.155 × 0.129 × 0.059 
μ [mm–1] 2.631 1.746 2.305 
T [K] 120.0(2) 120.01(10) 120.0(2) 
F(000) 480 560 2368 
2θ range [°] 11.046 – 154.144 7.036 – 154.102 7.436 – 154.418 
index ranges –11 ≤ h ≤ 11  –12 ≤ h ≤ 10 –30 ≤ h ≤ 30 
 –17 ≤ k ≤ 17 –13 ≤ k ≤ 11 –13 ≤ k ≤ 13 
 –10 ≤ l ≤ 12 –16 ≤ l ≤ 17 –21 ≤ l ≤ 24 
reflections collected 12365 14525 24032 
independent reflns 1322 5769 5373 
R(int) 0.0266 0.0422 0.0284 
data/restraints/parameters 1322/0/109 5769/0/319 5373/0/438 
GoF on F2 1.087 1.028 1.063 
R1/wR2 [I>2σ(I)] 0.0262/0.0679 0.0397/0.0923 0.0377/0.0952 
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R1/wR2 (all data) 0.0266/0.0682 0.0586/0.0997 0.0416/0.0985 
Δρmax/min/e [Å–3] 0.218/–0.159 0.235/–0.378 0.439/–0.455 
CCDC number 2003399 2003397 2003398 

 
The structure has a number of weak CH–O and CH–Cl non-

classical hydrogen bonds. Each cluster has six H bonds to each 
cation above and below its plane and each Cl and O atom has 
two H bonds to cations in the cluster plane (see supplementary 
material). Four symmetry-equivalent CH–Cl hydrogen bonds, 
from methyl substituents on different NMe2 groups, are relatively 
short with Cl---H = 2.750(17) Å compared to the other 10 CH–Cl 
hydrogen bonds with Cl---H distances between 2.9 and 3.1 Å.  It 
appears to be these relatively short hydrogen bonds that cause 
the tilt of the cluster plane with respect to the TAC plane. Each 
water has two pairs of symmetry-related CH–O hydrogen bonds 
with similar H---O distances of 2.603(19) and 2.613(17) Å. 

 
 
Figure 2. The atomic labelling scheme for 1.H2O.  

 
[C3(N(CH2CF3)2)(NBu2)2]Cl.H2O (2.H2O) forms in the triclinic 

space group P–1 with one each of the cation, chloride and water 
in the asymmetric unit. The chloride and water form a dichloride 
dihydrate cluster that is sandwiched by two cations via non-
classical hydrogen bonds with the methylene groups of the 
trifluoroethyl substituents (Figure 3). Figure 4 shows the atomic 
labelling scheme. The cations have adopted a conformation in 
which the trifluoroethyl groups are on the same side of the TAC 
plane so as to maximize the hydrogen bonding with the dichloride 
hydrate cluster while the butyl groups alternate either side of the 
TAC plane. The dichloride hydrate cluster has crystallographic 
C2h symmetry so, although the water molecules are equivalent, 
the Cl---O distances for each molecule are different (3.2182(15) 
Å for O1---Cl1 and 3.2568(18) Å for O1---Cl1¹). The H atoms were 
refined (O1–H1A = 0.85(4) and O1–H1B = 0.83(3) Å; H-O-H = 
99(3)°) and the Cl–H-O angles found to be slightly bent (O1-H1A-
Cl11 = 176(3)° and O1-H1B-Cl1 = 170(3)°). Whereas the cluster 
in 1.H2O is a parallelogram, the cluster in 2.H2O is a slightly 
distorted square with very similar Cl---O distances and angles 
close to 90° (Cl–O–Cl = 90.26(4)°; O–Cl–O = 89.74(4)°). 

The cluster has four CH–Cl hydrogen bonds (H---Cl = 2.66–
3.03 Å) and one CH–O hydrogen bond (H---O = 2.5866(16) Å) to 
each cation above and below the plane and two CH–Cl hydrogen 
bonds (H---Cl = 2.83–3.04 Å) to each of two cations in the cluster 
plane. As expected, the hydrogen bonds to the trifluoroethyl 
methylene groups are noticeably shorter (stronger) than to the 
butyl groups. 

 

 
Figure 3. Two asymmetric units of [C3(N(CH2CF3)2)(NBu2)2]Cl.H2O (2.H2O) to 
illustrate the relationship of the dichloride dihydrate cluster with the two closest 
cations. 
 

 
Figure 4. The atomic labelling scheme for 2.H2O. 

 
[C3(N(CH2CF3)2)2(NBu2)]Cl.H2O (3.H2O) crystallizes in the 

monoclinic space group I2/a (Table 1) in which the asymmetric 
unit consists of one cation, a chloride ion and two half-water 
solvates (Figure 5). The waters sits on a crystallographic C2 axis 
so the dichloride dihydrate has crystallographic C2v symmetry with 
equivalent chlorides but different waters (each with equivalent O–
H bonds). Each cluster is sandwiched between two cations 
(Figure 5) with two additional cations that have very weak CH–O 
hydrogen bonds to one water.  Furthermore, there are two cations 
(not shown in Figure 5) each weakly attached via two CH–Cl 
hydrogen bonds (Shown in Figure 4S). The atomic labelling 
scheme is shown in Figure 6. 

 
Figure 5. Side view of [C3(N(CH2CF3)2)2(NBu2)]Cl.H2O (3.H2O) to show the 
main hydrogen-bonding interactions with the cluster. 

 



FULL PAPER    

 
 
 
 
 

 
The cations in 3.H2O each adopt a conformation in which all 

of the substituents are on the same side of the TAC cation plane 
except for one trifluoroethyl group. This arrangement appears to 
maximize the hydrogen bonding between the dichloride ion pair 
and the trifluoroethyl methylene groups which are hydrogen 
bonding exclusively to the chloride ions rather than the waters. 
There are eight CH---Cl hydrogen bonds in the range 2.85–2.90 
Å for the H---Cl distance and two shorter hydrogen bonds at 
2.72(2) Å. 

 
Figure 6. The atomic labelling scheme for 3.H2O. 

 
The dichloride hydrate cluster in 3.H2O has one water at a 

similar distance to the chlorides as in 1.H2O Cl---O = (3.2051(15) 
Å versus 3.2095(9) Å, respectively) whereas the other water has 
a much greater Cl---O distance (3.2975(15) Å) than in any of the 
other clusters. It is this second water (O2) that has very weak CH–
O hydrogen bonds to the alpha-methylene groups of the butyl 
substituents (H---O = 2.82(2) Å and 2.84(2) Å in 3.H2O compared 
to 2.5866(16) Å in 2.H2O and 2.603(19) Å and 2.613(17) Å in 
1.H2O). Again, the O-H–Cl angles are bent (175(2)° and 168(2)° 
for O1 and O2, respectively). 

Table 2 compares the [Cl2(H2O)2]2– clusters described here 
with those reported earlier. Coincidentally, the other clusters all 

have crystallographic C2h symmetry. Nonetheless, the structure 
reported by Safin et al. is remarkably similar to that in 1 with Cl–
O distances within 0.03 Å and the angles at Cl and O within just 
1°. The structure reported by Basu has the shortest average Cl–
O distances. Choi and co-workers recently reported a calculated 
structure for the dichloride dihydrate at the CCSD(T)/aug-cc-
pVTZ//MP2/aug-ccpVTZ level: The calculated Cl---O and Cl---Cl 
distances (3.38 Å and 5.53 Å, respectively) are greater than is 
observed in any of the solid state structures.[1c] The O---O 
distance is in the middle of the experimental range at 3.89 Å; 
Interestingly, the O-Cl-O and Cl-O-Cl angles (70.2° and 109.8°, 
respectively) are very similar to that of 1.H2O and Safin’s structure. 
Our expectation would be that, of all the structures, 1.H2O would 
be the most discrete example due to the expected weaker 
hydrogen bonding to the surrounding cations. The calculated 
structure tends to support that: although the calculated Cl---O 
distances (attractive hydrogen bonding) and the Cl---Cl distance 
(electrostatic repulsion) are longer, it would be expected that the 
calculation “error” would be consistently short or long and so the 
resultant angles might be correct. 

 
Infrared spectroscopy 
 
Vibrational spectroscopy provides detailed information about the 
bonding within and around solvated ion complexes.[20] We have 
collected infrared spectra on the three salts described here as well 
as deuterated and partially-deuterated samples. The results are 
summarised in Tables 3 and 4. 
 Firstly, it should be noted that the average Cl---O distances 
in 1.H2O, 2.H2O and 3.H2O increases from 3.210 to 3.238 to 3.251 
Å, respectively, and therefore the O–H bond strengths and 
stretching frequencies should increase in that order. However, not 
all bands are IR active, depending on the symmetry. 
 
 
 

 

Table 2. Structural parameters for [Cl2(H2O)2]2– clusters. 

Parameter  Calculated[a] 1.H2O 2.H2O 3.H2O Basu[9] Wang[8] Szumna[10] Safin[11] Kleinman[7] 

O1---O2 [Å] 3.89 3.740(3) 4.568(3) 4.510(3) 4.286(5) 3.492(3) 4.410(15) 3.744(4) 4.191(7) 

Cl1---Cl2 [Å] 5.53 5.2166(8) 4.5888(9) 4.6830(8) 4.623(2) 5.326(2) 4.875(4) 5.1688(16) 4.790(3) 

Cl1---O1 [Å] 3.38 3.2095(9) 3.2568(18) 3.2051(15) 3.127(2) 3.123(2) 3.268(7) 3.180(2) 3.173(4) 

Cl2---O1 [Å] 3.38 3.2095(9) 3.2182(15) 3.2051(15) 3.177(2) 3.245(2) 3.306(9) 3.203(2) 3.192(4) 

Cl1---O2 [Å] 3.38 3.2095(9) 3.2182(15) 3.2975(15) 3.177(2) 3.245(2) 3.306(9) 3.203(2) 3.192(4) 

Cl2---O2 [Å] 3.38 3.2095(9) 3.2568(18) 3.2975(15) 3.127(2) 3.123(2) 3.268(7) 3.180(2) 3.173(4) 

Cl1–O1–Cl2 [°] 109.8 108.72(4) 90.26(4) 93.87(6) 94.33(7) 113.51(5) 95.7(2) 108.16(6) 97.64(10) 

Cl1–O2–Cl2 [°] 109.8 108.72(4) 90.26(4) 90.48(5) 94.33(7) 113.51(5) 95.7(2) 108.16(6) 97.64(10) 

O1–Cl1–O2 [°] 70.2 71.28(4) 89.74(4) 87.83(4) 85.67(7) 66.49(5) 84.3(2) 71.84(6) 82.36(10) 

O1–Cl2–O2 [°] 70.2 71.28(4) 89.74(4) 87.83(4) 85.67(7) 66.49(5) 84.3(2) 71.84(6) 82.36(10) 

[a]  CCSD(T)/aug-cc-pVTZ//MP2/aug-ccpVTZ level.[1c]  
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Table 3. Experimental and calculated vibrational frequencies (in cm–1) for 
[Cl2(H2O)2]2– clusters.  

1.H2O 2.H2O 3.H2O Calc[a] Assignment 

3520 3560 3560  Combination band 

3427 3444 3475 3515 ν(asym,syn) 

  3426 3499 ν(asym,anti) 

  3373 3426 v(sym,syn) 

3368 3392 3373 3422 ν(sym,anti) 

  3281 3362[b] 2ν(bend,syn) 

3234 3270 3267 3326[b] 2ν(bend,anti) 

  – 1681 ν(bend,syn) 

1617 1645 1645 1663 ν(bend,anti) 

[a] B3LYP/6-31+G* for C2v symmetric complex, with empirical anharmonic 
scaling correction applied[21] 
[b] Bending overtones estimated as double the bending fundamentals 

 

 
Figure 7. Fundamental water stretching and bending modes for [Cl2(H2O2]2– 
clusters. 
 

The dichloride dihydrate of 1.H2O has the highest symmetry, 
D2h, and would be expected to have three fundamental IR-active 
bands in the water bending and stretching region (Figure 7). The 
stretching bands are labelled sym or asym for the symmetric and 
asymmetric water stretches, respectively, syn if there is a mirror 
plane through the Cl–Cl axis, and anti if there is no mirror plane. 
This is also the case for C2h-symmetric cluster in 2.H2O. These 
IR-active bands appear at 1617 cm–1 (bend,anti), 3368 cm–1 
(sym,anti) and 3427 cm–1 (asym,syn) for 1.H2O (Figure 8) and at 
slightly higher energy for 2.H2O (1645 cm–1, 3392 cm–1 and 3444 
cm–1, respectively), which is consistent with the longer Cl---O 
distances in 2.H2O. Bending overtones appear in the expected 
positions (3234 and 3270 cm–1 for 1.H2O and 2.H2O, respectively) 
and there is also a higher energy shoulder at 3520 cm–1 for 1.H2O 
which is likely due to a combination band of a stretching mode 
and a chloride-water librational mode. 

 

 
Figure 8. FT-IR spectra of 1.H2O, 2.H2O and 3.H2O. 

 
The IR spectrum of 3.H2O, which has a C2v-symmetric cluster, 

is more complex since all six of the vibrational modes shown in 
Figure 7 are now IR active. Although there is only one bending 
mode observed, bending modes typically do not vary greatly in 
energy compared to stretching modes. Nonetheless, the bending 
overtone is split into two bands of approximately equal intensity at 
3281 and 3267 cm–1. In the stretching region, we now see three 
strong bands, at 3475, 3426, and 3373 cm–1. There is also a weak 
high-energy combination band at 3560 cm–1.  

In order to assist our assignment of the IR bands, we 
calculated the structure and vibrational frequencies for a 
dichloride dihydrate with di- and tri-fluoromethane molecules in 
fixed positions to mimic the environment of the cluster in 3.H2O. 
This produced a C2v-symmetric cluster with a small difference 
between the Cl–water distances (see the supporting information). 
There are four distinct stretching vibrational modes and two 
bending modes (Table 3 and Figure 7). Although agreement with 
experiment is only qualitative due to both the level of ab initio 
theory employed, and the truncated nature of the model system, 
these results nonetheless allow the nature of the vibrations to be 
unambiguously assigned.  

Based upon the fact that the empirical anharmonicity 
correction scheme used is designed to systematically 
overestimate predicted fundamentals (i.e. provide an upper 
bound to the experimentally-observed values), and taking 
symmetry splitting patterns into account, the two highest energy 
stretching bands are assigned to the asymmetric modes 
ν(asym,anti) < ν(asym,syn) while the lowest energy band at 3373 
cm–1 is assigned to coincident symmetric modes ν(sym,anti) and 
ν(sym,syn) based on the smaller calculated difference and the 
greater intensity of the band. Geometrically, the change in dipole 
moment along the ν(sym,syn) mode will be small, and therefore 
this mode is expected to make only a small contribution to the 
intensity of this band. 
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Figure 9. FT-IR spectra of 2.H2O, 2.HDO and 2.D2O. 

 
For 2.H2O and 3.H2O, two sets of deuterated samples were 

prepared and their infrared spectra collected (Figures 9 and 10, 
respectively). In one set, denoted 2.D2O and 3.D2O, the samples 
were almost completely deuterated with only a small quantity of 
residual H present. In the other set (2.HDO and 3.HDO), the 
samples were formulated with equal quantities of D2O and H2O, 
which randomize to form a statistical mixture of H2O, D2O and 
HDO molecules. 

The dominant stretching bands in the 2.D2O and 3.D2O 
spectra can be straightforwardly assigned by analogy with the 
fully hydrogenated species, as listed in Table 4. However, for 
completeness, we also report computational predictions for these 
species. The weak bending overtone and combination bands are 
also present. 

The trace amount of H in the “fully deuterated” samples will 
be largely present as [Cl2(D2O)(HDO)]2– with only very small 
amounts of the dideuterated isomers [Cl2(D2O)(H2O)]2– and 

[Cl2(HDO)2]2–. Thus, the weak band at 3410 cm–1 in the spectrum 
of 2.D2O can be assigned to the O–H stretch of [Cl2(D2O)(HDO)]2– 

which, as expected, lies in energy between the symmetric and 
asymmetric bands for 2.H2O. 

Table 4. Experimental vibrational frequencies (in cm–1) for fully 
deuterated samples of 2 and 3 and calculated vibrational frequencies 
for a truncated model of 3. 

2.D2O 3.D2O Calc[a] Assignment 

2640 2650  Combination band 

2568 2588 2611 ν(asym,syn) 

 2520 2598 ν(asym,anti) 

 2474 2502 ν(sym,syn) 

2490 2474 2499 ν(sym,anti)  

2400 2400 2443[b] 2ν(DOD) 

[a] B3LYP/6-31+G* for C2v symmetric complex, with empirical 
anharmonic scaling correction applied[21] 
[b] Bending overtones estimated as double the bending fundamentals 

 

 
Figure 10. FT-IR spectra of 3.H2O, 3.HDO and 3.D2O. 

 
The samples of 2.HDO and 3.HDO contain a statistical 

mixture of five isotopomers in a 1:4:6:4:1 ratio, and some of these 
also have isomers, which complicates the interpretation of the 
corresponding spectra. To assist in assigning these spectra, we 
have computed IR band centres for the most abundant 
isotopomers of 3.HDO; [Cl2(D2O)(HDO)]2–, [Cl2(H2O)(HDO)]2–, 
[Cl2(HDO)2]2– and [Cl2(H2O)(D2O)]2–. Predicted and observed 
band centres are listed in Table 5. 

Table 5. Experimental vibrational frequencies (in cm–1) for partially-deuterated 
samples of 2 and 3 and calculated vibrational frequencies for isotopomers of 3, 
each with two possible isomers that give rise to very similar IR stretching 
fundamentals (see supplementary information for more details). 

Experimental Calculated[a] Assignment 

2.”HDO” 3.”HDO” (D2O) 
(HDO)[b] 

(H2O) 
(HDO)[b] 

(HDO)2[c] (H2O) 
(D2O)[d] 

 

 3460  3507  3507 H2O asym str 

3410  3467 3466 3462,3472  O-H stretch  

 3377  3424  3424 H2O sym str 

2557  2605   2605 D2O asym str 

2519 n.r.[e] 2551 2551 2548,2555  O-D stretch  

2492  2501   2501 D2O sym str 

[a] B3LYP/6-31+G* for C2v symmetric complex, with empirical anharmonic scaling 
correction applied[21] 

[b] Each complex forms 4 symmetry-distinct isotopomers, but symmetry splittings 
are very small. Therefore, averaged predicted band centres are reported. 
[c] Complex forms 2 symmetry-distinct isotopomers, each with two coupled 
modes, as illustrated in Figure 4. All 4 predicted band centres are reported. 
[d] Complex forms 2 symmetry-distinct isotopomers, but symmetry splittings are 
very small. Therefore, averaged predicted band centres are reported. 
[e] Band centre is not resolved (n.r.) 

For 2.HDO, two sharp, high intensity bands dominate the O-
H and O-D stretching regions of the spectrum. They lie 
intermediate in energy between the symmetric and asymmetric 
stretching bands of H2O and D2O, and so can be assigned to the 
O–H and O–D stretching modes that are statistically expected to 
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be highest in intensity. Band centres are predicted to occur within 
narrow ranges, even for the different isotopomers of [Cl2(HDO)2]2– 

illustrated in Figure 11. Three of the four modes are IR active for 
each of O–H and O–D. The mono- and tri-deuterated isotopomers 
[Cl2(H2O)(HDO)]2– and [Cl2(D2O)(HDO)]2– also contribute to the 
observed O-H and O-D stretching intensities.  

In the O–D region, shoulders on the high intensity O–D 
stretching band are observed. They are assigned to D2O 
symmetric and asymmetric stretching modes contributed by the 
dideuterated isotopomer [Cl2(D2O)(H2O)]2– and the tri-deuterated 
isotopomer [Cl2(D2O)(HDO)]2– in a 2:1 ratio.  

In the O–H region, the mono-deuterated isotopomer 
[Cl2(H2O)(HDO)]2– would contribute instead, but these shoulders 
cannot be clearly resolved because the sym/asym splitting is 
smaller in H2O than in D2O and so there is a greater degree of 
overlap between the H2O and O–H stretching bands.  

 

 
 

Figure 11. Coupled O-H stretching modes of [Cl2(HDO)2]2–. O-D modes are 
defined analogously. 

 
The IR spectrum of 3.HDO is more complex. Its interpretation 

further complicated by the fact that all bands are now IR active 
due to the lower symmetry of the complex, in addition to 
contributions from multiple isotopomers and multiple isomers. The 
O–D region is complex and there no obvious bands that can be 
resolved and assigned. In the O–H region, on the other hand, the 
clearest change lies in the appearance of a strong new band at 
3460 cm–1, close to the centre of the v(asym,syn) and 
v(asym,anti) bands from the 3.H2O spectrum, while the symmetric 
H2O stretching band at 3377 cm–1 remains unchanged. We note 
that this band cannot be resolved into symmetry-split components, 
even in the undeuterated system, 3.H2O. We therefore assign the 
OH bands to the asymmetric and symmetric stretches of H2O 
while multiple separate O-H stretching bands originating from the 
HDO fragment cannot be clearly resolved.  

Finally, it is worth noting that symmetry-splitting effects arising 
from the lower symmetry of complex 3 are much smaller than the 
effects of isotopic substitution. Therefore, the differences between 
the 2.HDO and 3.H2O spectra are not due to the difference in 

symmetry between the two species, but rather the difference in 
isotopomer contributions. 

Conclusions 

We have isolated and characterized three new “discrete” 
dichloride dihydrate clusters, each with different 
crystallographically-imposed symmetry and different weak non-
classical hydrogen bonding interactions with the cations that lead 
to subtle structural differences and dramatic spectroscopic 
differences. Most notably, the C2v-symmetric cluster in 3.H2O 
exhibits three stretching bands rather than two, and the bending 
overtone is split. Separate syn and anti bands (and overtone 
splitting) are observed due to coupling between the vibrational 
modes of the symmetry inequivalent water molecules. With 
symmetry-equivalent waters one of these bands is IR inactive. 
Computational results were used to guide band assignments and 
differentiate between symmetry-splitting and isotope substitution 
effects. 

Experimental Section 

All the experimental work and sample preparation were carried out under 
dried nitrogen atmosphere using standard Schlenk techniques unless 
otherwise noted. CH2Cl2, CHCl3, diethylether, ethanol, petroleum ether, 
D2O, tributylamine, dibutylamine and bis(2,2,2-trifluoroethyl)amine were 
obtained commercially. [C3(NMe2)3]Cl was prepared by a literature 
method.[22] Solvents were dried using an in-house solvent purification 
system.  

1H-, 13C{1H}- and 19F-NMR spectra were collected on an JEOL ECZ400S 
spectrometer operating at 400, 100 and 376 MHz, respectively, in CD3OD 
or CDCl3 referenced to residual solvent peaks. The instrument was 
equipped with a ROYAL HFX probe. Electrospray mass spectrometry was 
carried out on a Micromass LCT, with samples dissolved in acetonitrile. 
Mid-IR data were collected at room temperature by using an Alpha-Bruker 
IR spectrometer, operating with a Platinum ATR unit with a diamond crystal. 
A resolution of 4 cm–1 and 16–40 scans were taken. Microanalyses were 
performed by Campbell Microanalytical Laboratory, University of Otago, 
Dunedin. 

Bis(2,2,2-trifluoroethyl)aminobis(dibutylamino)cyclopropenium 
chloride hydrate, [C3(NBu2)2(NC2H4F6)]Cl.H2O. NBu3 (6.27 g, 33.5 
mmol) and NH(CH2CF3)2 (16.020 g, 84.54 mmol) were dissolved in CH2Cl2 
(20 mL) and added slowly to C3Cl4 (4.190 g, 23.55 mmol) which was 
dissolved in CH2Cl2 (60 mL) at 0 °C. Stirring continued at 0 °C for 4 h and 
then at ambient temperature overnight. A mixture of NHBu2 (3.038 g, 23.31 
mmol) and NBu3 (3.130 g, 16.71 mmol) in CH2Cl2 (5 mL) was added to the 
mixture at 0 °C and stirring continued at 0 °C for 4 h and then at RT for 48 
h. CH2Cl2 was removed in vacuo and the residue was dissolved in 
deionized water (100 mL) and the product extracted with diethylether (5 × 
75 mL). Diethylether was removed in vacuo. The product was dissolved in 
CHCl3 and washed with deionized water (6 × 50 mL). CHCl3 was removed 
in vacuo. The resultant mixture was dissolved in diethylether (50 mL) and 
extracted with water (5 × 30 mL). Removal of water yielded a light-brown 
solid (4.2 g, 35%). Crystals suitable for X-ray diffraction were grown by 
slow evaporation of an undried ethanol-petroleum ether solution. 1H NMR 
(CDCl3, 400 MHz): 4.37 (q, 3JHF = 8.4 Hz, 4H, NCH2CF3), 3.32 (t, 3JHH = 
8.2 Hz, 6H, NCH2), 1.64 (m, 6H, NCH2CH2), 1.32 (m, 6H, NCH2CH2CH2), 
0.95 (t, 3JHH = 7.3 Hz, 12H, CH3). 13C NMR (CDCl3, 100 MHz): 123.36 (q, 
1JCF = 280.3 Hz, NCH2CF3), 120.33 (C3-NCH2CF3), 116.10 (C3-NBu2), 
57.18 (q, 2JCF = 34.7 Hz, NCH2CF3), 52.80 (NCH2), 30.31 (NCH2CH2), 
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19.79 (NCH2CH2CH2), 13.68 (CH3). 19F NMR (CD3OD, 376 MHz): –72.61 
(t, 6F, 3JHF = 8.2 Hz, NCH2CF3), ES+ m/z 430.2653 (100%, M+); calculated 
for C19H26 F12N3+ 430.2651. Melting point 102 °C. Microanalysis: Found: C, 
52.25; H, 8.03; N, 7.50%. Calc. for C23H34N3F6Cl.H2O: C, 52.51; H, 8.05; 
N, 7.99%. 

Bis(bis(2,2,2-trifluoroethyl)amino)dibutylaminocyclopropenium 
chloride hydrate, [C3(NBu2)(NC2H4F6)2]Cl.H2O. NBu3 (1.571 g, 8.39 
mmol) and NH(CH2CF3)2 (4.002 g, 20.98 mmol) were dissolved in CH2Cl2 
(5 mL) and added slowly to C3Cl4 (1.045 g, 5.87 mmol) which was 
dissolved in CH2Cl2 (15 mL) at 0 °C with stirring. The stirring was continued 
at ambient temperature for 48 h. CH2Cl2 was removed in vacuo and the 
residue was dissolved in deionized water (150 mL) and extracted with 
diethylether (4 × 50 mL). Diethylether was removed using a rotary 
evaporator. The product was then dissolved in CHCl3 and extracted with 
deionized water (6 × 50 mL). Water was removed using rotary evaporator. 
The residue was dissolved in CH2Cl2 and a white precipitate was filtered 
off. Removal of CH2Cl2 gave an off-white product (1.0 g, 41%). Crystals 
suitable for X-ray diffraction were grown by slow evaporation of an undried 
CH2Cl2/diethylether solution. 1H NMR (CD3OD, 400 MHz): 4.46 (q, 3JHF = 
8.5 Hz, 8H, NCH2CF3), 3.52 (t, 3JHH = 7.8 Hz, 4H, NCH2), 1.68 (m, 4H, 
NCH2CH2), 1.37 (m, 4H, NCH2CH2CH2), 0.99 (t, 3JHH = 7.3 Hz, 6H, CH3). 
13C NMR (CDCl3, 100 MHz): 124.61 (C3-NCH2CH3), 123.29  (q, 1JCF = 
278.9 Hz, NCH2CF3),  120.31 (C3-NCH2CF3), 56.49 (q, 2JCF = 36.1 Hz, 
NCH2CF3), 53.04 (NCH2), 29.68 (NCH2CH2), 19.61 (NCH2CH2CH2), 13.57 
(CH3). 19F NMR (CD3OD, 376 MHz): –72.76 (t, 6F, 3JHF = 8.5 Hz, NCH2CF3), 
ES+ m/z 524.1969 (100%, M+); calculated for C19H26 F12N3+ 524.1930. 
Microanalysis: Found: C, 39.94; H, 4.74; N, 6.89%. Calc. for 
C19H28N3ClF12O: C, 39.49; H, 4.88; N, 7.27%. 

Synthesis of deuterated and partially-deuterated samples. A few 
drops of D2O or 1:1 H2O/D2O were added to 2.H2O or 3.H2O (1 g) in CH2Cl2 
(10 mL) and stirred for 10 min.  The solvent was then removed in vacuo 
and the procedure repeated until the desired product was obtained, as 
determined by IR spectroscopy. 

Crystal data 

A suitable crystal was mounted on a SuperNova, Dual, Cu at home/near, 
Atlas diffractometer. Using Olex2,[23] the structure was solved with the XS 
structure solution program[24] using Direct Methods and refined with the XL 
refinement package[24] using Least Squares minimisation with anisotropic 
thermal parameters for all non-hydrogen atoms. For 2.H2O, hydrogen 
atoms on the methylene groups were refined isotropically at their 
calculated positions and methyl groups were refined as rotating groups; 
the water protons were located from the density difference maps and 
refined isotropically. For 1.H2O and 3.H2O, all hydrogen atoms were 
located from the density difference maps and refined isotropically. CCDC-
2003399, 2003397 and 2003398 contain the crystallographic data 1.H2O, 
2.H2O and 3.H2O, respectively. This data can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

Computational 

Constrained geometry optimizations and harmonic vibrational frequency 
calculations were performed on gas-phase [Cl2(H2O)2]2–.2CHF3.2CH2F2 
clusters at B3LYP/6-31+G* and MP2/aug-cc-pVDZ. Initial atomic positions 
were derived from the crystal structure. An iterative optimization process 
was performed, keeping the carbon atom positions fixed throughout and 
alternately optimizing the fluorocarbons and then the dichloride dihydrate. 
Upon convergence, a partial hessian calculation was carried out on the 
dichloride dihydrate. An empirical quadratic correction model was applied 
to obtain predicted anharmonic vibrational frequencies.[21]  
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