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Although chemists normally consider the formyl hydrogen
in aldehydes, formates, and formamides to be almost neutral or
slightly hydridic,1,2 recent crystallographic studies3,4of two DMF
complexes of carboxylic acids have highlighted the presence
of short contacts between the formyl hydrogen of DMF and
the carbonyl oxygen of the acid. After excluding formyl groups

“locked” with their hydrogens within van der Waals contact of
an oxygen acceptor, our own search of the Cambridge Structural
Database (CSD)5,6 revealed 48 formamide and 64 other formyl
C-H‚‚‚O contacts with H‚‚‚O distances less than 2.5 Å.7

Recent high-levelab initio calculations8 suggest that the
C-H‚‚‚O interaction contributes 2-3 kcal mol-1 toward the
stabilization energy of acid-formamide dimers, even when the
H‚‚‚O distance is as large as 2.43 Å. Nevertheless, the
preponderance of longer formyl C-H‚‚‚O contacts in many
structures suggest that observations of short formyl C-H‚‚‚O
contacts are often secondary consequences of stronger interac-
tions in the crystal. Here we show that this C-H‚‚‚O interaction
can be an important factor controlling the crystal structures of
simple bis-formamides, but we also present spectroscopic and
computational evidence that it should not be considered a
conventional H-bond.9,10

In our molecular recognition studies of formyl groups, we
noticed that bis-formamides of the formula HCO(NH)(CH2)n(NH)-
OCH (n ) 4-7) show a striking (35°C) melting point
alternation for odd and even chains (Figure 1).11 Structural

models suggest that this large alternation arises from the
complementary arrangement of amide N-H‚‚‚OdC H-bonds
in crystals of even-chain bis-formamides (Figure 2), and its
absence in the odd-chain crystals (which we have been unable
to grow for X-ray diffraction studies).12 Anomalous melting
points forn ) 2 and 8 suggested that at least three different
types of packing arrangements should be accessible in the even-
chain series, as confirmed by our structures of ethanediyldifor-
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Figure 1. Melting point vs methylene chain length for alkanediyldi-
formamides. The 35°C alternation forn ) 4-7 (dashed lines)
highlights the difference in H-bonding complementary for the even and
odd chains. Melting points (°C) are 2:105, 4:92.5, 5:64.5,11 6:106.5,
7:77.5,11 8:87 (forn: mp).

Figure 2. ORTEP packing diagrams showing (a) the 1h motif for
antiparallel ribbons that form a layer of ODDF ([001] vertical) and (b)
the 21 layer motif for BDDF ([010] vertical). Selected intra- and
intermolecular distances (Å) and angles (deg) for the formyl-formyl
interactions are given here: BDDF C-H 0.96(3), C‚‚‚O 3.378(5), H‚‚‚O
2.44(3), C-H‚‚‚O 166(3), C-O‚‚‚H 102.8(8); ODDF C-H 0.96(3),
C‚‚‚O 3.345(3), H‚‚‚O 2.60(3), C-H‚‚‚O 135(2), C-O‚‚‚H 101.1(6).
With normalized C-H bonds (1.083 Å), the H‚‚‚O distances would be
2.32 Å in BDDF, 2.34 Å in HDDF at (22°C), and 2.52 Å in ODDF.
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mamide (EDDF), butanediyldiformamide (BDDF),15 hex-
anediyldiformamide (HDDF),16 and octanediyldiformamide
(ODDF).17 Although the 3-D network structure of EDDF cannot
be compared readily with the others, the three higher homo-
logues pack in two classes of layered structures in which ribbons
of H-bonded amides are tethered by formyl groups. In ODDF,
formyl dimers adopt a centrosymmetric (1h) motif that holds the
ribbons within van der Waals contact (Figure 2a), whereas in
BDDF and HDDF the formyl groups show almost identical short
C-H‚‚‚O contacts along a 21 axis relating adjacent ribbons
(Figure 2b).18

Because the packing efficiencies of BDDF, HDDF, and
ODDF are so similar19 and the energetics of these short
C-H‚‚‚O contacts so poorly understood, it is currently not
possible to pinpoint the forces responsible for the switch from
21 to 1h packing arrangements upon homologation. To assess
both intra- and interlayer interactions reliably, lattice energy
calculations utilizing accurate electrostatic multipoles are re-
quired, but the layered formamide crystals diffract poorly at
high angle, so the use of electron density difference maps is
infeasible. In order to better understand the nature of the
C-H‚‚‚O interactions in the 21 and 1h packing arrangements,
and to find out specifically if the short C-H‚‚‚O contacts in
the 21 motif constitute H-bonds, we turned to infrared spec-
troscopy. In principle, the infrared stretching frequencies of
the formyl C-H group should be indicative of H-bonding, but
this spectral region is complicated by a nearby C-H bending
overtone20 and by intermolecular vibrational coupling (Davydov
coupling). (The latter is a widespread (but poorly recognized)
phenomenon that complicates the interpretation of solid state
IR spectral shifts in terms of specific interactions.) Spectra of
crystalline bis-formamides in KBr show a multitude of bands
in the formyl C-H stretching region and actually show more
similarities between ODDF and HDDF than between BDDF
and HDDF (Figure 3a-c)!21 To circumvent problems from
vibrational coupling, we grew bis-formamide crystals incorpo-
rating small amounts (3-20%) of formyl-deuterated guests in
unlabeled hosts. (Dilution of the C-D chromophore is required
to break up the perturbations from resonant coupling between
nearest neighbors). At modest isotopic dilutions (10-20 % D),
bands arising from vibrational coupling C-D stretches with
nearest neighbors appear 90-116 cm-1 higher than the unper-
turbed fundamental,22,23but at higher dilution (3%), peaks due
to coupling disappear as the fundamental from isolated formyl
C-D groups appears as a single peak in the spectrum for each

compound (Figure 3d-f). The small shifts (3-4 cm-1) to
higher frequencies for dilute C-D stretches in BDDF and
HDDF are reliable and show that the short C-H‚‚‚O contacts
stiffen the C-H bond.
If one accepts the criterion that an H-bond is accompanied

by a red shift in the X-H stretching band,10,24 this interaction
cannot be considered a conventional H-bond that is stabilized
by electrostatic interactions between the acceptor and a proton
bound to an electronegative atom. Because the hydrogen is
either neutral or slightly hydridic in isolated formyl groups,1,2

the short C-H‚‚‚O contact might arise primarily from electro-
static interactions between the carbonyl carbon and the carbonyl
oxygen. To the extent that H-bonding is involved, the hydrogen
should be polarized,25 but our periodicab initio calculations
using CRYSTAL92 (6-31G**)26 reveal that the difference in
Mulliken populations of formyl hydrogens in 21 and 1h motifs
is less than 0.3%, even though the normalized H‚‚‚O distances
differ by 0.2 Å. Since the C-H bond lengths are not known,
this is a crude measure of polarization, but this difference seems
too small for the 21 interaction to be considered a conventional
H-bond. Our difference density studies of strongly diffracting
crystals of EDDF (which also shows short C-H‚‚‚O contacts)
should provide a clearer picture of the electrostatic properties
of this interaction.
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Figure 3. Infrared absorbance spectra (KBr pellets, 2 cm-1 resolution)
of C-H stretching regions of (a) ODDF, (b) HDDF, and (c) BDDF
and C-D stretching regions of (d) 3% ODDF-d2 in ODDF, (e) 3%
HDDF-d2 in HDDF, and (f) 3% BDDF-d2 in BDDF. Isolated C-D
stretching frequencies (cm-1) in d-f are 2071 (ODDF), 2074 (HDDF),
and 2075 (BDDF).
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