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ABSTRACT

The rotational spectrum of the pyridine—formaldehyde adduct generated in a supersonic expansion
has been analyzed using Fourier transform microwave spectroscopy. The spectrum shows the
quadrupole coupling hyperfine structure due to the presence of “N. The spectra of the parent, '3C
and "N isotopologues have been observed to investigate its structure. The complex shows a Cs
symmetry with the plane of pyridine bisecting the ZHCH angle of formaldehyde and the N atom
located along the Biirgi-Dunitz trajectory of nucleophile addition to a carbonyl group (r(N-C)=
2.855(4) A, ZNC=0=102.8(6)°). From this structure and with the help of ab initio computations
and natural bond orbital analysis it is shown unambiguously that pyridine links to formaldehyde,
the smallest molecule bearing a carbonyl group, through an n—n* interaction together with a weak

C-H:---O bond.
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Non-covalent interactions are responsible for processes like solvation or molecular recognition
and modulate the structure, function and dynamics of biomolecules. While hydrogen bond (HB)
is probably the best known of such interactions'> much less attention has been paid to other types
of interactions like for example those involving a nucleophile and a carbonyl group.** In their
seminal works, Biirgi and Dunitz®>’ identified those interactions, observed from crystal structure
survey analysis, as the experimental basis for mapping the reaction coordinate for the addition of
oxygen or nitrogen nucleophiles to a carbonyl group (see Figure 1). They report that at large
distances the main interaction would occur between local dipoles of the nucleophile and the
carbonyl group. However, at short distances the carbonyl group appears to adopt a pyramidal shape
indicating that for close contacts orbital overlap becomes important.> Following this description,
nucleophile-carbonyl group interactions have been called orthogonal multipolar interactions®
when the structure of the carbonyl group does not evidence significant deformations. However, it
has been shown that even in those cases orbital overlap and electron density transfer should be
taken into account (see Figure 1).4%° In this way those nucleophile-carbonyl group contacts can
be considered to form part of the so called n— 7* interactions including nucleophile contacts with
different kind of acceptors.!® When the acceptor is a carbonyl group it involves the delocalization
of a lone pair (n) of the nucleophile donor group into the antibonding (7*) orbital of the carbonyl

group.*

Crystal structure analysis and database searches have led to the identification of many contacts
attending to this interaction picture for different kind of nucleophiles including C=0 itself, halogen
atoms and groups containing N, O, S or P.3 These contacts have been recognized to play an
important role in stabilizing the structure of biomolecules.>*!%1? Signatures of those counter-

intuitive N—7* interactions are: (i) a short contact between the donor atom and the acceptor



carbonyl carbon, allowing for orbital overlap; (ii) the location of the donor atom along the Biirgi-
Dunitz® trajectory which maximizes n-7* orbital overlap; (iii) pyramidalization of the acceptor
group.

Rotational spectroscopy studies have shown that n—7* interactions take place also in small

biomolecules and complexes. For example they contribute to stabilize the most stable conformers

Figure 1. a) Geometrical parameters associated to an n —7* interaction between a
nucleophile (N) and a carbonyl group. d1 is the N---C distance (d1 < rn+ rc, the sum of
van de Waals radii), 0 is the Z/N---C=0 angle (0 =107 + 5°). For di < 3.0 A the approach
path is predicted to lie in the plane bisecting the ZR’CR angle. A reflects the
displacement of the C atom from the carbonyl group plane towards the nucleophile. b)
Overlap of the n donor orbital with the C=0O 7* orbital.

of the neurotransmitter GABA'"® or 4(S)-hydroxyproline,'* and have been observed in B-alanine,'®
5-aminovaleric acid'® or aspirin.!”!® The n— 7* interactions between water and the carbonyl group
has been shown also to cooperate with medium and weak HBs to stabilize the microsolvated
adducts of B-propiolactone.!” Complexes stabilized by the so called lone pair---n-hole interaction

20.21 or aromatic compounds?? have also

between water or ammonia with fully halogenated alkenes
been detected by rotational spectroscopy. Theoretical and experimental studies of charge transfer
nN—7*, oc—>r*, 7—> 7* complexes have been described by Weinhold and Landis.”* However, up to

the present no microwave investigations have been reported on n—7z* adducts for which an

interaction between a nucleophile and a carbonyl compound is the main stabilization force. The



characterization of such adducts is the best way to investigate the nature of these counterintuitive
n—7* interactions since in most molecules one may wonder if those close contacts are the result
of the optimization of the arrangement of the different parts of the molecule.

In pyridine (PY, CsHsN), the N atom has the structure of an imine with enhanced stability due

o/

AE = 0.0 kJ/mol AE = = 4.1 kJ/mol AE = 5.3 kJimol
D.(BSSE) = 20.8 kJ/mol D.(BSSE) = 15.9 kJ/imol  D,(BSSE) = 16.1 kJ/mol

Figure 2. Shapes and energies of some stable forms of the adduct pyridine-formaldehyde calculated at
MP2/aug-cc-pVTZ level.

to aromaticity. The axis of the N lone pair, as conventionally envisaged, is in the plane of the ring.
Although rather unreactive due to aromaticity, PY or its derivatives can be used as a nucleophilic
catalyst in acylation reactions.?*?> Thus the structures of pre-reactive intermediates formed by PY
and different carbonyl compounds are expected to be located along the Biirgi-Dunitz trajectory,
showing the signatures of the formation of n—7* interactions. To test this hypothesis we have
studied the rotational spectrum of the complex formed in a supersonic expansion between PY and
the simplest carbonyl system, formaldehyde (CH20. FA). Both molecules are good HB acceptors
but weak HB donors. In this way, strong or moderate HB are avoided so a weak interaction such

as that n—>7" could be observed.



Before collecting the spectra, full geometry optimizations of plausible forms of the complex
have been done using ab initio calculations at different levels. We initially used BLYP-
D3/6311++G(d,p) level but given the role of dispersion forces in this system we have extended the
calculations using MP2 method with 6-311++G(2d,p) and aug-cc-pVTZ basis sets. In the final step
we test the use of CCDST/6-311++G(2d,p) method to calculate the structure of the most stable

conformer (see Table S1 and Figure S1 of the supplementary material). The initial geometries for
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Figure 3. The CP-FTMW spectrum of the pyridine-formaldehyde complex (upper trace) compared
to the predicted spectrum (lower trace). The spectrum was collected from three experiments
covering the ranges 2-4 GHz, 4-6 GHz and 6-8 GHz. The observed intensities reflect the fact that
the optimal operation frequency of the polarization amplifier used is 2-6 GHz. The predicted pla-
type spectrum is plotted in blue and the pb-type one in orange. The excerpts show the quadrupole
hfs (left) and the isotopologues in their natural abundance (right).



the six conformers found were considered following chemical intuition to test the different
interaction possibilities. The conformers were labelled as CI, being I a number indicating the order
of increasing energy. The three lowest energy conformers labelled C1-C3 are shown in Figure 2
together with their MP2/aug-cc-pVTZ relative (4E) and complexation energies De(BSSE),

calculated taking into account basis set superposition error (BSSE).%

These represent three
different forms of interaction between both subunits. In conformer C1 an n— z* interaction can be

envisaged, in form C2 the two subunits are stacked and in form C3 two weak C-H---N and C-

H---O take place.

The broadband FTMW spectrum of PY-FA with all known signals from formaldehyde or PY
deleted is shown in Figure 3. Three groups of pa—type R-branch transitions spaced by B+C
dominate the spectrum. Less intense p»—type lines can also be observed. The transitions show the
quadrupole coupling hyperfine structure (hfs) due to the presence in PY of "*N nucleus (see Figure
3). The spectroscopic constants, yup (o3 = a,b,c), which are related to the coupling of the N
nuclear quadrupole moment (I=1), eQ, with the electric field gradient, g, at N nucleus®’ are
practically a direct measure of the electric field gradient tensor elements at the nitrogen nuclei (yop
=eQ0qp). The analysis?® of the spectrum was done using a Hamiltonian including semirigid rotor®’
and quadrupole coupling?’ terms. The intensity of the pa.—type R-branch lines allows to observe
the spectra of *C and !N isotopologues in their natural abundance (see Figure 3). These were

analyzed in the same way as the parent species spectrum.



Table 1. Rotational parameters obtained from the analysis of the rotational spectra of pyridine-
formaldehyde adduct compared to the B3LYP-D3/6-311++G(d,p) (C1(1)), MP2/6-311++G(2d,p)
(C1(2)), MP2/aug-cc-pVTZ (C1(3)) and CCSDT/6-311++G(2d,p) (C1(4)) calculated constants
for the most stable form of the complex. A complete list of the observed parameters is given in
Table S2.

Parameters® Exp. Value CI1(1) C1(2) C1(3) Cl(4)
A/MHz 5128.23758(17)° 5147 5123 5138 5145
B/MHz 1041.53797(27) 1105 1086 1114 1039
C/MHz 871.41313(27) 915 902 921 870
1.5(y2a)/MHz -5.4503(12) -6.02 -5.56 -5.42 -5.79
0.25(yvb-yec) /MHz ~ -0.73351(48) -0.68 -0.74 -0.77 -0.77
ab /MHz 2.302(89) 2.31 2.28 2.17 243
n 249

o/’kHz 23

Derived Parameters

Pc /uA2 1.90934(54) 1.76 1.77 1.75 1.77
xz/MHz -4.686(67) -4.52 -4.72 -4.58 -4.94
xyy/MHz 1.402(67) 1.56 1.39 1.23 1.48
Jxx/MHz 3.2838(14) 3.35 3.34 3.35 3.48
Gz/® ¢ 24.57(55) 22.8 24.1 24.1 24.45

* A, B and C are rotational constants yaa, ybb, ee, yab are '*N nuclear quadrupole

coupling constants. n is the number of quadrupole hfs components fitted. ois the

rms deviations of the fit. Pc is a planar moments of inertia derived from the

moments of inertia lg as Pc=(latlb-1c)/2. yxx, yyyand yzz are the elements of the

quadrupole coupling tensor set up in its principal axis system (X, Y, z) ® Standard

errors are given in parentheses in units of the last digit. ¢ Angle between the a
principal inertial axis and the z principal quadrupole coupling axis of the

pyridine-formaldehyde adduct

quadrupole coupling tensor.

calculated from diagonalization of the



The measurements were completed on the narrowband MB-FTMW spectrometer that has higher
sensitivity and resolution. A summary of the results of the final fit for the parent species is given
in Table 1. The complete results and all the measured frequencies are given in Tables S2-S11. The
comparison of the experimental spectroscopic parameters (Table 1) with those calculated at

different theoretical levels (see Tables 1 and S1) lead to a first identification of the observed
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Figure 4. The structures of the pyridine-formaldehyde adduct. In the top, the ro non-
covalent bonding distances and angles are compared with those calculated at the
CCSDT/6-311++G(2d,p) level. In the bottom the rs positions of the C and N atoms
are superimposed to the ab initio (left) and ro structures (right). On the right lower
figure the principal inertial axes are shown together with the line connecting the
centers of mass of pyridine (cmp), formaldehyde (cmr) and the adduct (cmp-r) which
coincides with the a principal inertial axis.

conformer as conformer C1, the calculated global minimum. While the frequently used DFT or

MP2 methods are useful for spectrum assignment, the best agreement between experimental and



calculated rotational constants is obtained for CCSDT/6-311++G(2d,p). Despite this, the amount
and quality of our experimental data allow us to determine unambiguously the structure of the
complex and reduces in this case the importance of having highly accurate quantum-chemical

calculations.

The planar moment of inertia P giving the mass extension out of the ab inertial plane takes a
nearly constant value of around 1.91 uA? for all the isotopologues (Tables S2-S3). This allows us
to conclude that the C and the N atoms of PY and the C atom of FA are in the ab inertial plane.
Given the planarity of PY (Pc=-0.019 uA?),** the comparison of this value with that of ~1.82 uA?
for the planar moment Py of FA®!' (see Table S12) indicates that the ab plane of the adduct is
coincident with the ab plane of PY and the ac plane of FA. This means that the oxygen atom of
FA is also in the ab inertial plane of the complex with only the FA hydrogen atoms out of this
plane. The small difference of 0.09 uA? can be attributed to out-of-plane intermolecular vibrational
contributions. Other combinations of inertial or planar moments (see Table S12) show that FA is

located not far from the a axis or the ac plane of PY.

The rs substitution method of Kraitchman®? is a purely experimental approach that allows to
locate directly the substituted atoms of a molecule or adduct leading to the eventual unambiguous
identification of a given complex. It gives the absolute values of the substituted atom coordinates
in the principal inertial axis system of the parent molecular system. The signs of the coordinates
can be taken from a resonable molecular structure. However the rs method poses limitations for
light atoms or for atoms located near the principal axes. An alternative way to using multi-isotopic
information is to get the bond distances and angles from a least squares fit of all of the available
rotational parameters®® to determine an effective ground state, ro, structure. The results of the

application of both rs and ro methods are given in Tables S13-S16 where they are compared with
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the ab initio structure for conformer C1. These results are summarized in Figure 4. With the
exception of the CCSDT, which nicely reproduces the experimental structure, theoretical methods

predict shorter PY-FA distances than those found experimentally

A second source of structural data, independent of the rotational constants is the '“N quadrupole
coupling tensor. The complete tensor in the principal inertial axis representation (@, b, ¢) has been
determined (see Table 1). It has only a non-zero off-diagonal element, yab. The C inertial axis is
parallel to one of the principal quadrupole coupling axis, let’s say X, sO yecc = pyxx. The
diagonalization to transform the tensor into the principal quadrupole coupling axis (X, Y, 2)
representation is achieved by the rotation of an angle 6.,=24.57(55)° around the c axis (see Tables
1 and S17). This is the angle between the a and z axes. In bare PY, the orientations of the principal
quadrupole coupling and inertial axes coincide. Labelling the inertial axes of PY as a’, b’ and ¢’,
the identification a’=z, b’=y and ¢’=x is immediate. Assuming that the quadrupole coupling axes
do not change upon complexation the diagonalization angle 6. should be coincident with that
between the a axis of the adduct and the a’ axis of bare PY. This angle, as determined from the ro
structure is G’ = 24.16(1)° (see Figure 4). The close coincidence of these two angles further

confirms the observed structure.

The intermolecular stretching motion, which leads to dissociation along the Biirgi-Dunitz
trajectory, appears to be almost parallel to the a-axis of the complex. The stretching force constant
has been estimated to be ks=7.14 N m™! from the experimental value of the Ay centrifugal distortion
constant within the pseudo diatomic approximation** on the assumption that such a motion is
separated from the other molecular vibrations. Assuming that the intermolecular separation for this

kind of complex can be described by a Lennard—Jones type potential approximation, the
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dissociation energy has been estimated® as Ep=10.9 kJ/mol, a value lower than those predicted

theoretically (see Table S1 and Figure 2).

Ab initio computations predict the existence of other conformers of the PY-FA complex (see
Table S1). Conformers C2 and C3 have energies (see Figure 2) not very far from that of C1. A
plausible reason for the non-observation of C2 or C3 is the existence of conformational relaxation
from these conformers to C1 in the supersonic jet. This phenomenon depends on the nature of the
carrier gas and is favored for heavy gases. For PY-FA, we have used either Ar, Ne or He with the
same result, only C1 has been observed. Conformational relaxation also requires the existence of
a low interconversion barrier in the path for relaxation.>® The possible interconversion paths for
PY-FA have been explored at the MP2/6-311++G(2d,p) level (see figures S2-S5). The predicted
barrier for the conversion of C3 into C1 through rotation of formaldehyde around its local C:
symmetry axis (Figure S3) is of only 1 kJ/mol. The path for interconversion of C2 into C1 (Figure
S5) shows a barrier of less than 3 kJ/mol. That calculated at B3LYP-D3/6-311++G(d,p) level
results to be of 0.37 kJ/mol. This discrepancy between DFT and MP2 methods, found also in the
calculated relative energies of C2 form (see Table S1), could indicate that dispersion forces, not
equally described by these methods, are important for this conformer. Despite the discrepancies,
it can be concluded that the potential barriers in the path from C2 or C3 to C1 are low enough to

quench the observation of conformer C2 and C3.

The different conformers have been further investigated using natural bond orbital (NBO)?*-*’
calculations at RHF/aug-cc-pVTZ level to investigate the donor—acceptor intermolecular
interactions present in those forms. The results of second-order perturbation theory analysis of the
Fock matrix in the NBO basis are given in Table S18. The stabilization energies calculated by

deletion-type NBO re-optimizations are also given for selected interactions. By far, the strongest
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intermolecular delocalization occurs from donation of the lone pair (n) of the nitrogen atom to the
7* orbital of the carbonyl group in the global minimum conformation (C1). This n—n"
delocalization (E® = 28.15 kJ/mol) can be considered the dominant interaction for C1 if it is
compared to the small n—c* (E® < 2 kJ/mol) interactions or to the n—>c(C-H)" (E® = 1 kJ/mol)
interaction associated to the weak C-H---O HB. Weak intermolecular n—>o(C-H)" HB interactions
are found also in other forms. In C3 this interaction is present for the C-H---N (E® = 6.9 kJ/mol)
and C-H---O (E® = 3.5 kJ/mol) HBs. In C2 some weak n—c* (E® < 3 kJ/mol) intermolecular
interactions between the m aromatic orbitals of pyridine and the o*(C=0) bond are predicted
reinforcing the role that dispersion/electrostatic forces may play in this form. A comparison of the
NBO calculations done at B3LYP/6-311++G(d,p) and RHF/6-311G++(2d,p) are given in Table

S19 for the n—>n" interaction found in the global minimum.

The Biirgi-Dunitz’ trajectory along the di (r(Ni---Ci2), coordinate has been explored at MP2/6-
311++G(2d,p) level for C1 to test some of the main characteristics of the n— z* interaction in this
complex including raw and BSSE complexation energy profiles. The results are summarized in
Figure 5 and Table S19. As shown in figure 5, the stabilization energy due to this n—z*
delocalization is predicted to be highly dependent on d1, being this interaction stronger for shorter
distances. It has significant values for di < 3.5 A and for the ro structure (di=2.855 A), the
calculated stabilization energy is 10.4 kJ/mol. This is comparable for example to that obtained for

GABAD" with a similar value of the d; distance.
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The experimental data do not provide direct evidence of other n— 7* interaction signatures like
pyramidalization of FA. The ab initio calculations on the dependence of the deformation parameter
A (see Figure 5) with di predict some degree of pyramidalization of the carbonyl group for short
distances r(Ni---C12) (d1 <3 A), to some extent comparable to the dependence predicted according
to the Biirgi-Dunitz model).’ For the ro distance (di=2.855 A), A is predicted to be only 0.004 A

while from the Biirgi-Dunitz model takes a slightly higher value, A = 0.009 A (see Table S19).
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Figure 5. Results of the analysis of the Biirgi-Dunitz trajectory along the di coordinate (see Figure
1). Curve 1 shows the variation of the calculated electronic energy relative to the configuration
with d1 > 40 A; curve 2 shows the BSSE corrected energy profile; curve 3 shows the dependence
of the NBO stabilization energy due to n—n* interaction.; curve 4 gives the predicted ab initio
dependence of the parameter A related to CH20 pyramidal deformation; curve 5, shows the
dependence of A4 according to the Biirgi-Dunitz model
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The n— 7* interaction coexists with a weak C-H:--O HB. This is not surprising since it has been
reported that such interactions are often complemented by additional weak interactions to vicinal
C-H bonds.>!" The geometry of the HB, distance r(H7---O13) = 2.53 A and angles ZC12013H7 =
94.7°, ZC3H7013= 128° and ZH14C12013H7 = 90° indicate, according to general considerations,*®
that this is a very weak HB. As discussed previously, the NBO results corroborate this conclusion.
The C-H---N and C-H---O HBs in C3 conformer are, according to NBO calculations, stronger to
C-H---O HBs in C1, due to a more favorable geometry. However the n—7* interaction in C1 is
predicted to be stronger than both C-H---N and C-H---O HBs of conformer C3. Thus, PY-FA

adduct formation seems to be clearly dominated by the n—7* interaction.

To summarize, the experimental structure of PY-FA is consistent with its formation through an
n— 7* interaction. Two of the signatures (i) and (ii) of the n—7* interactions* are apparent from
this structure. The N atom is in the plane bisecting the HCH angle (Cs symmetry). The distance
r(N---C) is 2.844(6) A, shorter than the sum of van der Waals radii, 3.25 A. The Burgi-Dunitz
angle ZN---C=0 is 102.8(6)°, within the predicted range of 107£10°. Theoretical calculations
predict that the n—7* is by far the strongest donor—acceptor intermolecular interaction existing
in any possible conformer of this adduct. A small deformation of the carbonyl group is also
predicted. The subtle changes in the *N quadrupole coupling tensor of PY>? (see Table S17)
associated to the formation of the adduct might be a probe for the effects of the n—7z* electron
density delocalization affecting to the electronic environment of the N atom. However, the errors

quoted for the principal elements are still too high to draw any firm conclusion about this.

In conclusion, the investigation of the rotational spectra of PY—FA and of its isotopologues lead

to the irrefutable conclusion that it can be considered as an n—n* charge transfer complex. This
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is, to our knowledge, the first time that this kind of n—>n* interaction, first described in the
pioneering papers of Biirgi and Dunitz,>” is observed and described through the rotational study

of a molecular complex.
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