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Raman data suggest that a crystallographically determined Cl3CD‚‚‚F2BF2
- interaction in the solid-state structure

of [Ru(CNBut)(CO)(η2-C6H4-2-CHO)(PPh3)2][BF4]‚2CDCl3 is an example of a blue-shifting bifurcated hydrogen bond.
The ν(C−D) band blue-shifts 5 cm-1 to 2269 cm-1 compared to 2264 cm-1 for CDCl3 in the gas phase and 20
cm-1 from frozen CDCl3 at 2249 cm-1. A conventional interpretation of these band shifts would suggest that the
CCl2 fragment of DCCl3 is a stronger hydrogen-bond acceptor than the BF2 fragment of a BF4

- group.

Introduction

The phenomenon of the hydrogen bond X-H‚‚‚Y, where
X-H is a proton donor and Y is a proton acceptor is well-
known.1 It is generally accepted that this interaction causes
the X-H bond to lengthen and lowers the energy of theν-
(C-H) band, giving rise to a “red shift” in the IR or Raman
spectrum. Recently, however, there has been much interest
in “improper blue-shifting hydrogen bonds”, which are
characterized by a shortening of the X-H bond and a high-
energy shift for theν(C-H) band.2 This area has seen
considerable theoretical activity,3 leading some to suggest
that blue-shifting hydrogen bonds are part of the same single
continuum as classical red-shifting hydrogen bonds.4 Ex-
perimental results supporting these theoretical studies are
generally carried out either by use of matrix isolation
techniques or from gas-phase studies.5 Blue- and red-shifting
hydrogen bonds have recently been described in organome-
tallic systems by Diana and Stanghellini6 for the cations
[CoCp2]+ and [FeCp2]+ that have either [PF6]- or [BF4]-

counteranions using IR and Raman spectroscopy. More
recently, they have shown that blue-shifting hydrogen bonds
are also present in benzene- and tropylium-containing metal

* To whom correspondence should be addressed. E-mail: k.r.flower@
manchester.ac.uk.
(1) (a) Pimentel, G. C.; McClelland, A. L.The Hydrogen Bond; Free-

man: San Francisco, CA, 1960. (b) Jeffrey, G. A.; Saenger, W.
Hydrogen Bonding in Biological Structures; Springer-Verlag: Berlin,
1991. (c) Desirajau, G. R.; Steiner, T.The Weak Hydrogen Bond in
Structural Chemistry and Biology; Oxford University Press; Oxford,
U.K., 1999. (d) Desiraju, G. R.Crystal Engineering: The Design of
Organic Solids; Elsevier: Amsterdam, The Netherlands, 1991. (e)
Theoretical Treatments of Hydrogen Bonding; Hadži, D., Ed.; Wiley:
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π complexes.7 To date, there are no examples of chloroform
that is involved in bifurcated hydrogen bonding with an
inorganic counteranion, which has been studied by both
X-ray crystallography and Raman spectroscopy. Herein we
describe the first Raman-confirmed example of a blue-shifted
bifurcated Cl3CD‚‚‚F2BF2

- hydrogen bond that has been
determined by X-ray crystallography.

Experimental Section

General Methods.All manipulations of air-sensitive materials
were carried out under a dinitrogen atmosphere using standard
Schlenk techniques. Toluene was distilled from sodium prior to
use, and all other solvents were HPLC-grade and were used as
received. NMR spectra were recorded on either a Bruker DPX 200-
MHz 1H and31P NMR or a Bruker DPX 400-MHz13C NMR and
DEPT 135 spectrometer.1H and 13C NMR were referenced to
residual solvent peaks;31P NMR data were referenced to 85%
phosphoric acid. Elemental analyses were carried out at The School
of Chemistry, The University of Manchester, Manchester, U.K.
Raman spectra were recorded on 2 mg of a compound in a sealed
capillary tube using a Nicolet 950 FT-Raman spectrometer.

Synthesis. [RuCl(CO)(η2-C,O-C6H4-2-CHO)(PPh3)2]‚3.5CHCl3
(1). To [RuHCl(CO)(PPh3)2] (1 g, 1.1 mmol) suspended in toluene
(25 mL) was added [Hg(η2-C6H4-2-CHO)2] (0.465 g, 1.15 mmol),
and the solution was refluxed under a continuous stream of
dinitrogen for 6 h. After cooling to room temperature, the solution
was filtered through Celite to remove elemental mercury. The
solvent was removed under reduced pressure and the crude material
recrystallized from CH2Cl2/EtOH (0.68 g, 77%). Analytically pure
material was obtained on recrystallization from chloroform.
Color: orange. Elem anal. Found (calcd): C, 48.8 (49.0); H, 3.1
(3.3). IR: 1920sν(CtO) cm-1. 1H NMR (CDCl3): δ 8.80 (s, 1H,
CHO); 7.50-7.10 (m, 30H, PhH); 7.07 (d, 1H,JHH ) 7.8 Hz, PhH);
6.48 (t, 1H,JHH ) 7.8 Hz, PhH); 6.21 (t, 1H,JHH ) 7.8 Hz, PhH).
31P{1H} NMR (CDCl3): δ 35.5.13C{1H} NMR (CDCl3): δ 206.8a

(t, JCP ) 15.5 Hz, CtO); 201.1 (s, CdO); 200.7a (t, JCP ) 9.2 Hz,
RuCar); 143.9b; 140.3; 134.3 (t,JCP ) 5.8 Hz); 133.7; 131.9; 131.7b

(t, JCP ) 23.0 Hz); 129.4; 127.7 (t,JCP ) 4.8 Hz); 119.9.
[aQuaternary atoms identified using DEPT 135.bResonance partially
obscured.]

[Ru(CNBut)(CO)(η2-C,O-C6H4-2-CHO)(PPh3)2][BF4]‚2CH-
Cl3 (2). To 1 (0.08 g, 0.1 mmol) dissolved in acetone/CH2Cl2 (1:1;
10 mL) was added AgBF4 (0.020 g, 0.1 mmol), and the solution
was stirred for 40 min. The solution was then filtered through a
fluted filter paper, CNBut (0.3 mL) added, and the solution stirred
for 40 min. Removal of the solvent in vacuo gave a yellow solid.
Dissolution of this solid in CH2Cl2 (10 mL) and filtration through
Celite removed any remaining inorganic salts. Reduction of the
solvent volume (2 mL) and dropwise addition, with stirring, of Et2O
(10 mL) afforded2 (0.083 g, 93%). Analytically pure material was
obtained on recrystallization from chloroform. Color: pale yellow.
Elem anal. Found (calcd): C, 52.3 (52.5); H, 4.1 (4.0); N, 1.1 (1.2).
IR: 2179sν(CtN), 1978sν(CtO), 1585 mν(CdO), 1051bsν-
(B-F) cm-1. 1H NMR (CDCl3): δ 8.64 (s, 1H, CHO); 7.52-7.05
(m, 32H, PhH); 6.90 (m, 2H, PhH); 0.94 (s, 3H, CNCCH3). 31P-
{1H} NMR (CDCl3): δ 37.3. 13C{1H} NMR (CDCl3): δ 205.5a

(s, CdO); 203.5 (t,JCP ) 12.6 Hz, CtO); 198.6a (t, JCP ) 9.6 Hz,
RuCar); 145.1a; 139.4; 134.7; 134.3; 133.3(t,JCP ) 5.1 Hz); 130.9;
128.6 (t,JCP ) 4.5 Hz); 128.4a,b (t, JCP ) 23.1 Hz); 122.9; 58.4a;

29.2. [aQuaternary atoms identified using DEPT 135.bResonance
partially obscured.]

Crystallography. Single crystals of2 were grown by slow
evaporation of a saturated CDCl3 solution at room temperature,
mounted in an inert oil, and transferred to the cold stream of the
diffractometer. Crystal data: C51H46B1Cl6F4N1O2P2Ru,M ) 1167.47,
space groupPnma(No. 62), orthorhombic,a ) 16.8395(3) Å,b )
23.0439(5) Å,c ) 13.4173(3) Å,U )5206.55(19) Å3, T ) 133 K,
Z ) 4, µ(Mo KR) ) 0.725 mm-1, 5514 reflections measured, 4047
unique (Rint ) 0.067), which were used in all calculations. The
structure was solved by direct methods using theSHELXL-97suite
of programs.8 The finalR(F 2) was 0.0575, andwR(F 2) for all data
was 0.1670.

Results and Discussion

Treatment of [RuHCl(CO)(PPh3)2] with Hg(η2-C6H4-2-
CHO)2 in toluene affords1. Subsequent treatment of1 with
AgBF4 in CH2Cl2/acetone followed by CNBut affords2 in
essentially quantitative yield. Recrystallization of2 from
CDCl3 gave analytically pure2‚2CDCl3, which has been
characterized by a single-crystal X-ray diffraction study. See
Figure 1 for an ORTEP representation of the cation.

Two symmetry-related CDCl3 molecules of crystallization
were located in the difference map and shown to interact in
a bifurcated fashion with the [BF4]- counteranion (Figure
2). The deuterium atom was constrained to a chemically
reasonable position during refinement, and the extent of the
Cl3CD‚‚‚F2BF2 structural motif can be seen in the ORTEP
representation of the unit cell, from which the organometallic
cation has been removed (Figure 3).

A search of the CCDC revealed the presence of 26 other
examples of X-ray crystallographically characterized bifur-
cated Cl3CH‚‚‚F2BF2

- interactions. [See the Supporting
Information for REF codes.] For each of these examples,
no vibrational spectroscopic information relating to the nature
of the hydrogen bond has been described. The only comment
offered on this hydrogen-bond interaction was given by

(7) Stanghellini, P. L.; Diana, E. E.; Arrais, A.; Rossin, A.; Kettle, S. F.
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Figure 1. ORTEP representation of2 showing the atomic numbering.
Selected bond lengths (Å) and angles (deg): Ru1-O1 2.157(4); Ru1-C1
2.087(6); Ru1-C8 1.870(7); Ru1-C9 2.049(5); Ru1-P1 2.3980(9); O1-
C7 1.274(8); O2-C8 1.119(9); N1-C9 1.145(7); O1-Ru1-P1 90.36(3);
O1-Ru1-C1 79.05(19); O1-Ru1-C8 167.1(2); O1-Ru1-C9 95.79(18).
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Gladiali et al.9 They normalized the C-H bond to the neutron
diffraction standard of 1.08 Å and stated that it was
comparable to the shortest CH‚‚‚F interactions for any
organometallic salt containing either a [BF4]- or [PF6]-

counteranion: no comment on whether the C-H band blue
or red shifts in this type if interaction has been described
before. The nature of organometallic complexes, such as2,
means that they contain a variety of different “C-H”-
containing ligands and therefore show several C-H bands
in their IR and Raman spectra. This makes observation of
small shifts in theν(C-H) bands quite a challenge. Deute-
rium exchange, however, shifts theν(C-D) band into a
“quiet” region of the spectrum and so, we reasoned, could
open up the possibility of gaining information on the strength
of this class interaction.

Therefore, to see if any detail about the strength of the
bifurcated hydrogen bond could be obtained, a solid-state
Raman spectrum of2‚2CDCl3 was recorded and compared
to the spectrum obtained for2 using a sample that had been
recrystallized in the absence of chloroform. The principle
differences between the spectra are as follows: For2‚
2CDCl3, bands attributable to CDCl3 are observed at 2269,

650, 368, and 260 cm-1. The gas-phase Raman band attrib-
utable to theν(C-D) band for CDCl3 is seen at 2264 cm-1.10

We were initially surprised that theν(C-D) band in 2‚
2CDCl3 blue-shifted by 5 cm-1 versus the gas-phase value;
however, the shift is comparable to that reported by Chung
and Hippler for the Cl3CD‚‚‚SO2 adduct in the gas phase.11

The other CDCl3 bands observed for2‚2CDCl3 at 650, 368,
and 260 cm-1 differ slightly from those observed in free
CDCl3 (650, 364, and 260 cm-1), implying that some addi-
tional molecular rearrangement has taken place within the
chloroform solvate4 and suggesting that the Cl3CD‚‚‚F2BF2

-

interaction seen in2‚2CDCl3 is real. This is the first example
of a bifurcated hydrogen bond that has been observed in the
solid state and shown by vibrational spectroscopy to be blue-
shifted, and to the best of our knowledge, there are no
examples of a red shift reported for this type of interaction
either. What, however, is equally intriguing relates to the
solid-state Raman spectrum of CDCl3, which was described
in 1973.12 The band attributed to theν(C-D) band was
reported at 2249 cm-1, red-shifted, versus the gas-phase
spectrum, by 15 cm-1. In the liquid phase, this band shifts
a little to 2251 cm-1. The crystal structure of CHCl3 was
reported in 1966,13 and although the data are not excellent
by modern standards, inspection of the molecular structure
suggests that in the solid state the C-H bond is involved in
a bifurcated hydrogen-bonding interaction with two chlorine
atoms of its nearest neighbor: C-H1 1.06(6) Å; C1-
H1‚‚‚Cl_1(1) 2.95(4)(5) Å; C-H-Cl_1(1) 141.9(8)°; C-H1
1.06(3) Å; C1-H1‚‚‚Cl_1(1b) 2.95(4) Å; C-H-Cl_1(1b)
141.9(8)°; Cl_1(1)-H1-Cl_1(1b) 59.8(6)°. See Figure 4
for a packing diagram. The blue shift observed for the
Cl3CD‚‚‚F2BF2

- interaction in2‚2CDCl3 is counterintuitive
and more so when theν(C-D) band in both liquid and frozen
Cl3CD are found to be red-shifted by 13 and 15 cm-1,
respectively, from the gas-phase value, because the conven-
tional interpretation of this would be that the bifurcated
Cl3CD‚‚‚F2BF2

- interaction is weaker than a bifurcated Cl3-
CD‚‚‚Cl2CClD interaction. It is possible that none, some, or
all of the related examples identified in the CCDC search
are examples of blue-shifting bifurcated hydrogen bonds.
Currently, however, the necessary data to confirm this one
way or another are not available.
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Figure 2. ORTEP representation of the Cl3CD‚‚‚F2BF2 interaction: C31-
D31 1.00(3) Å; C31-D31‚‚‚F1 2.37(4) Å; C31-D31-F1 137.0(5)°; C31-
D31‚‚‚F2 2.23(3) Å; C31-D31-F2 157.1(4)°; F1-D31-F2 58.9(5)°.

Figure 3. ORTEP representation of the unit cell of2‚2CDCl3 with the
organometallic cation removed.

Figure 4. ORTEP representation of the unit cell of CDCl3.

[Ru(CNBut)(CO)(η2-C6H4-2-CHO)(PPh3)2][BF 4]‚2CDCl3
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In conclusion, these data imply that when the C-D bond
of a deuterochloroform molecule engages in a bifurcated
hydrogen-bond interaction, either a red, as expected, or a
blue shift in theν(C-D) band versus theν(C-D) band in
the gas phase may be observed. Furthermore, it is quite
possible that blue-shifting hydrogen bonds are common in
inorganic and organometallic systems of this type. It may
be that the combination of X-ray crystallography, which can
draw one’s attention to the kind of interaction that can
subsequently be studied by vibrational spectroscopy, will
enable identification of a larger number of this class of
interaction. The use of deuterium labeling in other organo-
metallic systems is likely to bring, as for2, the band into a
region of the spectrum that enables easy identification and
make unequivocal classification of blue-shifted versus red-

shifted quite straightforward. The more examples of blue-
shifting and/or red-shifting hydrogen bonds that are identified
for this type of interaction can only aid in improving their
modeling and understanding of these interactions. Clearly,
by using this methodology in conjunction with CCDC
searches, additional information could be obtained on this
class of interaction.
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