
COMMUNICATIONS

1974 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 1433-7851/99/3813-1974 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1999, 38, No. 13/14

Molecular Beside Ionic: Crystal Structures of a
1/1 and a 1/4 Adduct of Pyridine and Formic
Acid**
Dirk Wiechert and Dietrich Mootz*

Dedicated to Professor Heinz Dieter Lutz
on the occasion of his 65th birthday

In the context of longstanding work in this laboratory on
binary adducts composed of a neutral (uncharged) selected
Brùnsted base and acid, two such phases have recently been
identified in the system pyridine/formic acid and their crystal
structures determined. With rare reported precedence in
analogous systems, one is molecular and the other ionic. Phase
analysis of the system has been done by differential thermal
analysis (DTA) and differential scanning calorimetry (DSC)
as well as temperature-dependent X-ray powder diffraction.
The adducts have stoichiometries C5H5N ´ HCOOH and
C5H5N ´ 4 HCOOH and melt at 219 and 233 K, respectively.
The structures have been determined at 173 and 183 K.[1]

The results are visualized in Figure 1. In the 1/1 compound,
a neutral molecule of the base and one of the acid form an
OÿH ´´´ N hydrogen-bonded heterodimer. The 1/4 compound
is a pyridinium salt, [C5H5NH][HCOO(HCOOH)3]. In the
complex anion, reported here in a crystal for the first time, a
central formate ion is coordinated, through rather strong
OÿH ´´´ O hydrogen bonds, by the three extra molecules of
the acid. In these, the conformation of the carboxylic group is
twice synplanar and once antiplanar. A hydrogen bond

1H NMR (CDCl3): d� 2.80 (dd, J� 7.4, 5.0 Hz, 13-H), 4.92 (s, 21-H2), 1.27
(s, 23-H3), 1.35 (s, 26-H3); 13C NMR (CDCl3): d� 32.2 (C-11), 61.3 (C-12),
61.5 (C-13), 170.0 (C-20), 62.2 (C-21).
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Figure 1. Projections of the molecular 1/1 adduct (top) and ionic 1/4 adduct
(below) on the x,z planes of their unit cells; 25% ellipsoids for the non-
hydrogen atoms; symmetry code a and b for ÿx� 1, ÿy� 1, ÿz� 1 and
ÿx� 0.5, y, zÿ 0.5, respectively.

NÿH(´ ´´ O)2Ðthat is, of yet another type and bifurcatedÐ
links the pyridinium cation with two complex anions and vice
versa along a one-dimensional array parallel to the crystallo-
graphic z direction.

Some parameters of the covalent and hydrogen-bonding
geometry, with H atom positions not corrected for the
systematic errors of the X-ray method, are given in Tables 1
and 2. The above assignment of molecular or ionic to
structures and species is not only based on which of the
alternative positions for the proton in a hydrogen bond has
been found occupied in each case, but is substantiated by the
particular pattern of distances CÿO and angles C-N-C.

With angles of 9 to 518 between the (best) planes through
the two molecular or ionic species each involved in a

hydrogen bond, the heterodimer as well as the one-dimen-
sional array are not as close to planar as their projections in
Figure 1 may infer. In the 1/1 compound, very weak further
hydrogen bonding of the unconventional type CÿH ´´´ O[2]

leads to a heterodimeric cyclic pair around an inversion
center of the space group. Additional interactions of this type,
not detailed in this account, can be perceived in either
structure.

The few other proven cases, known to the authors, of an
adduct with a molecular and another one with an ionic crystal
structure in one and the same Brùnsted acid/base binary
system have all originated in this laboratory. One of them is
given by pyridine and hydrogen fluoride instead of formic
acid. The respective system contains again a molecular 1/1
and, among several others, an ionic 1/4 adduct, the latter with
a complex anion similar to that described above.[3] Formic acid
and hydrogen fluoride, on the other hand, combine in a 1/1
and a 1/3 cocrystal, of which the former was found molecular
and the latter at least argued to be ionic, with the proton
transfer from the inorganic to the organic acid.[4]

The remaining examples are those of acid hydrates beside
(hydrated) oxonium salts. Trifluoroacetic acid forms a molec-
ular mono- and an ionic tetrahydrate.[5] Furthermore, the
deuterated tetrahydrate is isotypic, that is also ionic, only up
to 230 K, whereas a here existing high-temperature form,
though in some ways structurally related, is again clearly
molecular.[6] For dichlorofluoroacetic acid, there is a hemi-
and a hexahydrate, and also in this case the lower is a true
hydrate and the higher an oxonium salt.[7] Finally, in both the
nondeuterated[8] and the deuterated[9] system water/hydrogen
fluoride there are three adducts, pairwise isotypic and all of
them ionic, whereas a singular further phase[9] of composition
2 D2O ´ 3 DF was found to be molecular.
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Table 1. Selected bond lengths [�] and bond angles [8].

C5H5N ´ HCOOH, molecular:
C2-N-C6 117.7(2)
C1ÿO1 1.198(3) C1ÿO2 1.315(3) O2ÿH 0.98(4)

C5H5N ´ 4 HCOOH, ionic:
C2-N-C6 123.0(2)
C1ÿO1 1.239(3) C1ÿO2 1.266(3) NÿH 0.88(4)
C11ÿO11 1.194(3) C11ÿO12 1.296(4) O12ÿH12 0.84(4)
C21ÿO21 1.214(3) C21ÿO22 1.290(3) O22ÿH22 0.96(5)
C31ÿO31 1.197(5) C31ÿO32 1.314(4) O32ÿH32 0.84(4)

Table 2. Distances [�] and angles [8] of hydrogen bonds.

DÿH ´´´ A DÿA HÿA D-H-A

1/1 adduct:
O2ÿH ´´´ N 2.664(3) 1.69(4) 173(4)
C3ÿH3 ´´ ´ O1a 3.308(3) 2.37(3) 160(2)

1/4 adduct:
NÿH ´´´ O11b 3.020(4) 2.38(4) 130(4)
NÿH ´´´ O21 2.871(3) 2.14(4) 141(4)
O12ÿH12 ´´ ´ O2 2.557(3) 1.74(4) 167(4)
O22ÿH22 ´´ ´ O2 2.542(3) 1.59(5) 170(5)
O32ÿH32 ´´ ´ O1 2.590(3) 1.76(4) 167(4)
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The glycopeptide antibiotic vancomycin was isolated in the
mid 1950s,[1] and its structure was conclusively determined
with spectroscopic methods and by means of crystal structure
analysis.[2] As a drug of last resort, vancomycin is the most
important agent after penicillin against Gram-positive bac-
teria, such as methicillin-resistant staphylococci (MRS).[3] It is
employed in enantiomer analytics as a chiral selector.[4] The
total synthesis of vancomycin is especially challenging owing
to the synthetically demanding biphenyl ether and biphenyl
bridges.[5] Although vancomycin has been known for more
than 40 years, little is known about the biosynthesis and the
intermediates of the aglycon.

Recently the DNA sequence of a gene cluster of the
chloroeremomycin producer was described[6] which is as-
sumed to encode enzymes for glycopeptide biosynthesis.
Functional proof by means of expression studies or mutant
analysis has so far not been reported. However, an under-
standing of the biosynthesis on a genetic and on a structural
level is important for the development of novel glycopeptide
analogs by combinatorial biosynthesis.

Amycolatopsis mediterranei, the producer of balhimycin
(Scheme 1),[7] a glycopeptide antibiotic identical with vanco-

Scheme 1. Structure of balhimycin, an antibiotic of the vancomycin type.
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[1] Crystal growth by miniature zone-melting[10] with the samples of
stoichiometric composition in glass capillaries of 0.3 mm inner
diameter. C5H5N ´ HCOOH: monoclinic, space group P21/n, a�
10.954(6), b� 3.817(3), c� 15.842(7) �, b� 104.96(5)8, V�
639.9(7) �3, Z� 4, 1calcd� 1.30 gcmÿ3, m� 0.10 mmÿ1; 2qmax� 508,
1120 independent reflections with F 2

o >ÿ 3sF 2, 986 of them with
jFo j> 4sF observed; direct methods, 111 variables refined on F 2,
R(F)(obsd)� 0.047, wR(F 2)(all)� 0.167, residual electron density
between ÿ0.22 and �0.16 e �ÿ3. C5H5N ´ 4 HCOOH: orthorhombic,
Pca21, a� 16.35(1), b� 3.702(3), c� 20.23(1) �, V� 1225(1) �3, Z�
4, 1calcd� 1.43 gcmÿ3, m� 0.13 mmÿ1; 2qmax� 608, 1835 independent
reflections with F 2

o >ÿ 3sF 2, 1551 of them with jFo j> 4sF observed;
direct methods, 216 variables refined on F 2, R(F)(obsd)� 0.041,
wR(F 2)(all)� 0.114, residual electron density between ÿ0.24 and
�0.22 e�ÿ3. Siemens Stoe AED 2 diffractometer adapted for low-
temperature work, graphite-monochromated MoKa radiation (l�
0.71073 �); computer programs SHELXS-86, SHELXL-93 and
SHELXTL PLUS.[11] Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication nos. CCDC-112269 and CCDC-112270. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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