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selected by crystallization

The solid state structure of N,N'-di(2-pyridyl)form-
amidine displays a four-hydrogen-bonded dimer. In solu-
tion, two isomers are observed, one of which is selected and
amplified either by crystallization or by adding protons.
Solution state analysis of N,N'-di(2-pyridyl)formamidines
reveals the presence of the uncommon Z formamidine
isomer, which equilibrates with the E-isomer with an activa-
tion energy of 90 kJ mol™~ ' in CDCl;.

N-containing heterocycles (e.g., pyridines, pyrimidines,
pyridazine)' and derivatives (e.g., hydrazones®) have re-
ceived much attention as building blocks for well-defined
secondary structures of artificial sequences (e.g., foldamers'%
and macrocycle precursors’). Most of the rationale behind
their use comes from their close resemblance to the 2,2'-
dipyridyl motif, which prefers a transoid conformation.*
Amidines are also nitrogen-containing functions that have
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SCHEME 1. Isomers and Conformers Relative to This Study
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been recently elegantly used to control the self-assembly of
complex architectures.” Combining both pyridine hetero-
cycles and an amidine function, we report herein the first
crystal structure of N,N'-di(2-pyridyl)formamidine (1) and,
for the first time, a detailed "H NMR solution study of 1 and
of N,N'-di(6-methyl-2-pyridyl)formamidine (2). In addition,
isomer distribution and amplification are reported in the
solid and solution states.

The stereochemistry of coordination complexes based on
pyridine-containing formamidines has been the subject of
many studies;® yet, to our knowledge, no crystal structure of
free 1 has been reported. Similarly, the solution behavior of
free 1 has never been thoroughly investigated. Structurally
speaking, 1 is a very rich substrate; many of its geometrical
isomers (cis and trans CN double bond) and rotational
isomers (pyridine N syn or anti to the formamidine hydrogen)
and tautomers (location of the C=N bond) may be selected
via coordination chemistry.® The conformational preference
of the 2-pyridylformamidine fragment is also of importance
for the synthesis of larger systems. While investigating for-
mamidine-based polymers, Bohme et al. realized that 2,6-
diaminopyridine condenses with triethylorthoformate to form
cyclic formamidine trimers as predominant products.” Those
were rationalized through weak interactions, where the basic
pyridyl nitrogen may hydrogen bond with the formamidine
hydrogen (1 Ess state; see Scheme 1 for nomenclature).
Furthermore, interesting tautomeric equilibria take place
within the trimeric macrocycle.” Cuccia et al. have then
extended the concept of hydrogen bond directed synthesis of
macrocycles to naphthyridine-based trimers of a very similar
nature, based on the rationale of a major 1 Ess species.®
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FIGURE 1. Left: Comparative '"H NMR spectra (aromatic portion, 300 MHz) of 2 in DMSO-ds, CsDg, CDCls, and CDCl; + 1.0 equiv of
acetic acid (from bottom to top); critical protons are highlighted in gray dotted lines. Right: Structure(s) present in each solution (“s-trans”

refers to the formamidine C(H)—N single bond).

However, the solid and solution state studies reported herein
reveal a much richer stereochemical and conformational
diversity of the N,N’-di(2-pyridyl)formamidine motif than
just the previously assumed 1 Ess isomer and conformer.

Solution Studies of 1 and 2. The conformation and stereo-
chemistry of 1 have been very poorly characterized in
solution. As a matter of fact, only '"H NMR in DMSO-d is
found in the literature,’ despite the fact that this molecule is
very soluble in many different solvents, and has been exten-
sively utilized in coordination studies. It seems as though the
complexity of the "H NMR spectra in solvents other than
DMSO-dg has long been ignored. As for 2, there is simply no
NMR data reported in the literature to our knowledge.

Figure 1 exemplifies the solution state NMR behavior of 2
(1 shows a similar behavior; 2 will only be discussed here as
the presence of the 6-methyl group facilitates the analysis; see
the Supporting Information for related data on 1). In
DMSO-d, (Figure 1 bottom), the simple spectrum shows a
symmetrical species, consistent with literature findings.”®
More specifically, the formamidine (H6) proton’s high che-
mical shift reflects the proximity of the pyridine lone pair
involved in weak hydrogen bonding. Its broad signal, how-
ever, is indicative of an exchange process that probably
involves the rotation of the N—C,, single bond on both sides
of the formamidine N=CH—N fragment (represented by
curved arrows in Figure 1), whereby the formamidine proton
experiences fairly polar (pyridine N) and less polar (pyridine
H4) environments.

Consistent with the exchange between rotamers around the
Cpy—N bond is the breadth of the pyridine H4 signal (around
6.8 ppm in DMSO-dg), as its local environment changes
from an electron-rich (imine-type N) to a less electron-rich
(proton H6) nature (note that the additional tautomeric equi-
librium itself does not lead to such broadening in most other N,
N'-bisarylformamidines). Overall, in DMSO-ds, N,N'-di(2-
pyridyl)formamidines 1 and 2 therefore exist as exchanging
conformers with an E configuration (first line in Scheme 1).
[Consistent with an exclusive E isomer in DMSO-d; is the
similarity of the chemical shifts of 1 and that of protons of the
related macrocycle in ref 7d, which is locked in an all-E
configuration (6(NH) = 10.7 ppm, 6(H4) = 6.6 ppm). As a
result, the presence of both the £ and Z isomers for 1 (and for 2)
in fast exchange in DMSO-dj is highly unlikely.]
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In CDCl; and C¢Dg, the same molecules show a different
behavior. In addition to the symmetrical signals reminiscent of
the DMSO-d, spectrum (black bars, Figure 1), a dissymme-
trical species is present (gray bars and boxes in Figure 1 for 2;
see the Supporting Information for similar signals for 1). These
additional signals have been assigned to the uncommon Z
formamidine C=N isomer (Figure 1 right, middle line, in gray)
based on 2D COSY and NOESY experiments (Support-
ing Information). Indeed, in C¢Dg where signals are best
resolved, through-bond coupling (COSY) allows the identifica-
tion of signals belonging to each pyridine ring.

Through-space couplings in those additional signals
(NOESY, C¢Dg, 25 °C) point to Zs and Za isomers coexist-
ing with the E isomers discussed above: in those additional
signals, (i) the methyl groups on C11 and NH are in proxi-
mity (H6 and HS are far enough apart that no NOE signal is
observed between them; this confirms a Z (cis) C=N species)
and (ii) H4 and H6 may be found close together (unhindered
rotation of the (H)N—C,, bond), consistent with an s-trans
(H)C—N species. The observed chemical shifts agree with
such an assignment (gray boxes, Figure 1): the relatively high
chemical shift of H8 reflects the proximity of the imine-type
electron-rich nitrogen, while the low chemical shift of H4
reflects that of a more “amine-like” environment.

So, overall, in non-hydrogen-bonding solvents, 2 and 1 exist
as two slowly exchanging geometrical isomers: E,s-trans (“s-
trans” referring to the formamidine C(H)—N single bond,
which encompasses conformers Esa, Eas, and Ess; in black,
Figure 1) and Z,s-trans (which encompasses conformers Zs and
Za; in gray, Figure 1). The percentage of Z-s-trans form for
2 (respectively 1) is 35% (respectively 38%) in CDCl; and
22% (respectively 20%) in C¢Dg at 40 mM. Such a stable
Zs-trans form has, to our knowledge, never been reported
among neutral N,N'-disubstituted formamidines.” The
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trisubstituted amidines and their isomerization to the stable E form are
reported in: (a) Hegarthy, A. F.; Chandler, A. J. Chem. Soc., Chem.
Commun. 1980, 131-132. (b) Hegarthy, A. F.; Chandler A. Tetrahedron
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Soc., Perkin Trans. IT 1986, 537-541.
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FIGURE 2. Methyl region of the variable temperature '"H NMR
spectra of 2 in CDCl; (400 MHz).

intramolecular pyridine N---H—N hydrogen bond indeed
stabilizes the otherwise unstable Z,s-trans state through
the formation of a six-membered hydrogen-bonded ring.
Evidence of such a hydrogen bond driven folding comes
from (i) the Z,s-trans NH broad doublet (6 13.2 ppm in
CDCl;, 13.4 ppm in C¢Dy; see the Supporting Information)
and (ii) its coupling to H6 (doublet at 8.94 ppm in C¢Dg,
8.57 ppm in CDCls; *J = 10.3 Hz). Such strong coupling
confirms the s-trans conformation and suggests that the
labile NH proton has a fairly long residence time within the
Z.s-trans form, compared to the more labile E,s-trans NH
(broad singlet for H6).

Consistent with the justification of an intramolecular
bond in the Z,s-trans isomer, the introduction of a disrup-
tive, hydrogen-bonding, solvent (e.g., CD;0D) to the CDCl;
and C¢Dg solutions leads to the disappearance of the Z,s-
trans form in favor of the E,s-trans isomer (proposed iso-
merization mechanisms in the Supporting Information).
Competition for hydrogen bonding to the acidic NH prob-
ably also explains the absence of the Z,s-trans isomer in
DMSO-d.

Similarly, the equilibrium between the Z,s-trans and the E,
s-trans isomers of 2 (and of 1) may be biased toward the E,s-
trans isomer by addition of a carboxylic acid partner
(Figure 1 top), leading to the exclusive formation of a
carboxylic acid/E,s-trans complex. Interestingly, the same
mixture may also be biased to form the E,s-cis isomer via
coordination to Mo,®® Cul%° Re,6d or Mn.%

As the Z isomer for neutral N,N'-disubstituted formami-
dine had not been reported previously, preliminary studies
on the activation energy of E/Z isomerization in this context
were undertaken by 'H NMR at variable temperatures.
Figure 2 illustrates the changes in line width for the methyl
protons of the exchanging species, as a function of tempera-
ture,'® in CDCl; (note that, in CDCl, one of the two methyl
groups of the Z form overlaps with the six methyl protons of
the E form; see the Supporting Information for full spectra).
Although no coalescence was observed up to 65 °C, line
broadening analysis'® of the methyl group signals was
used to estimate an activation energy of 90 4 2 kJ mol ™'

(10) Giinter, H., NMR Spectroscopy; Wiley: New York, 1998; Chapter 9.
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SCHEME 2. Imines and Amidines with Reported Activation Ener-
gies for the Z/E Isomerization of C=N Double Bonds (see ref 11b
for 3Z/3E, ref 11c for 4Z/4E, ref 11d for 5Z/5E with Y = Me or
Cl, and ref 11e for 6Z/6E)
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(21.5 4 0.5 kcal mol™'; see the Supporting Information for
the line broadening analysis).

Although there is no precedent to compare with among
N,N'-disubstituted formamidines, the kinetics of C=N iso-
merization of 2 may be compared with that of other C=N
containing functions (Scheme 2).

The activation energy for Z/E isomerization of 2 falls in the
range of activation energies for C=N isomerization of aldimi-
nes:''® it is larger than that of N-aryl aldimines such as 3
(61—79 kJ mol™!, 14.6—18.8 kcal mol ™!, in methanol and
acetonitrile)''® and smaller than that of N-alkyl aldimines such
as 4 (125 kJ mol ™", 30 kcal mol ™', in rert-butyl alcohol).'' In
the context of amidines, the value reported herein is signifi-
cantly higher than that for cyclic amidines where the N(=C) is
substituted with aryl groups bearing ortho and ortho’ substi-
tuents (63 kJ mol ™}, 15 keal mol™ %, in CDC13),lld and lower
than for N,N-dimethyl-N-phenylamidines (~110 kJ mol ™",
~26 kcal mol™!, in CDCl;).'"® Overall, the presence of the
pyridine substituents seems to have a significant effect stabiliz-
ing the unusual Z-isomer, but probably similarly stabilizes
the transition states in the course of isomerization (possible
mechanisms in the Supporting Information), resulting in no
dramatic effect on the activation energy of isomerization of the
N=C double bond (CDCl;).

Solid State Structure of 1. The solid state structure of 1
reported herein shows the selection of only one specific
isomer with a defined conformation in the crystal state
(Figure 3). Only the E,s-trans form crystallizes; the limited
rotation around the single bonds is actually worth mention-
ing (see anti/syn discussion below). As expected from the
several structures available in the literature for formamidines
bearing simple hydrocarbon-based aromatic substituents,'?
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FIGURE 3. Pyridine orientations in 1 and dimers, with trans C=N
and s-trans C—N bonds (“D” and “A” are H-bond donors and
acceptors, respectively). Crystal structure of 1 selected bond dis-
tances (A): N4—H4 2.475(14), N3—H2 2.173(15), N1-H6
2.358(10). Dihedral angles (deg): C6—N3—C7—C8 38.79(15),
C6—N2—C5—NI1 2.64(16).

the formamidine function of 1 dimerizes through a double
H-bond between the N—H of one formamidine and the
imine-type N of the other. In addition to this common motif,
the presence of the nitrogen atom of the pyridine brings an
additional feature: the pyridine rings strengthen the dimer
through two additional hydrogen bonds involving the basic
nitrogen of one pyridine ring and the weakly acidic pyridine
proton H4 (Figure 3) of the other, although the pyridine N
and H—C bonds are not fully aligned due to the twist
generated by the H8/H6 steric repulsion. Two conformers
may form such a quadruply H-bonded assembly (1 Eas and 1
Esa, Figure 3), yet only the 1 Eas conformer is selected in the
solid state as it leads to more attractive secondary electro-
static interactions (four versus none; full arrows) and fewer
repulsive secondary electrostatic interactions (two versus
six; dotted lines), consistent with the model developed by
Jorgensen et al."?

In conclusion, N,N'-dipyridylformamidines derived from
2-aminopyridines show a rich stereochemical and conforma-
tional diversity, combined with selection features, in the solid
state as well as in solution. Although the N,N'-dipyridylfor-
mamidine motif has been extensively used in coordination
chemistry® (and, to a lesser extent, in macrocyclic synthesis’*®),
to the best of our knowledge, its solid state structure, stereo-
chemistry and conformations in non-hydrogen-bonding sol-
vents had never been reported previously.

Considering the recent interest in amidines as building
blocks in the self-assembly of complex systems,” the solved
crystal structure of 1 may be informative to design more
complex architectures to be used in crystal engineering.

(13) (a) Jorgensen, W. L.; Pranata, J. J. Am. Chem. Soc. 1990, 112, 2008—
2010. (b) Jorgensen, W. L.; Pranata, J. J. Am. Chem. Soc. 1991, 113, 2810—
2819.
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Indeed, the well-defined orientation of the pyridyl substitu-
ents may be used to construct porous materials for polar
substrates (see the Supporting Information for a view of the
crystal packing). In addition, although the pyridyl proton
based H-bonds observed in the solid state of 1 are too weak
to provide significant stabilization in dilute solutions (we did
not observed any significant concentration effects in CDCl;
and C¢Dg), extensions of the H-bonding capabilities along
the pyridines may be considered in order to enhance the
hydrogen-bonding strength with more than four D/A sites.
Finally, the observation of a stable Z isomer for N,N'-
dipyridylformamidines may be used to derive more elabo-
rate, trigger responsive, foldamers.

Experimental Section

Synthesis. 1 and 2 were synthesized according to a published
procedure;’? their identity was confirmed b(?/ melting tempera-
tures (measured mp (1) 105—106 °C, lit.”" mp 104—106 °C;
measured mp (2) 106—108 °C, lit."* mp 110.5—112.5 °C).

Crystal Data. 1 was crystallized by slow evaporation from an
acetone solution at room temperature. C; HgNy, M = 198.23,
monoclinic,a = 10.9881(19) A, b = 4.3351(7) A, c = 20.561(4) A,
U = 968.5(3) A°, T = 180(2) K, space group P2/n, Z = 4, 5802
reflections measured, 1191 unique (R, = 0.0399). The final
wR(F?) was 0.0893 (all data). Hydrogen atoms were refined freely.

NMR Analysis. Solutions in CDCl; were prepared by dissol-
ving a known amount of the compound of interest in CDCl; that
had been freshly filtered through a short column of activated
basic alumina in order to eliminate any trace of residual HCI/
DCI. Other solvents (DMSO-ds, CsDsg, (CD5),CO, CD3;0D)
were used as received. 2D spectra (COSY, NOESY) were
measured on a 500 MHz spectrometer. Mixing time for the
NOESY analysis of 2 was set to 1.4 s.
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