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The crystal structure of copper complex of Schiff base of
pyridoxal-5-phosphate and pyridoxamine-5-phosphate showed
the strikingly short intermolecular C--C contact of ~ 2.3 A.
Since this value corresponds just to a transition state for
cycloaddition reaction estimated by ab initio calculation, the
present result may be the first structural presentation of an
intermediate structure from the noncovalent -7 interaction to

the ¢-covalent bond formation

As far as intermolecular C---C contact is concerned, there is a
general agreement that 3.4 A, which corresponds to the sum of
van der Waals radii for aromatic carbon atom, is the minimum
separation distance,! and special force such as aromatic 77 or
C-H--1 interaction shortens the distance by 0.1 ~ 0.2 A at
most;2 the short contact shorter than 3.2 A has not been
observed because of the van der Waals atomic repulsion. In the
cyclic addition reaction between the unsaturated compounds,
such as Diels-Alder or 1,3-dipolar reaction, however, the
intermolecular C--C atoms must be located at distance less than
3.2 A to form the o—covalent bond. This means that any
specific interaction overcoming such van der Waals repulsion
must predominate in an initial step of the reaction. Although
such a reaction mechanism has been the subject of the most
heated and interestingly controversies in the field of theoretical
approach,3 experimental data on the transition structure are quite
lacking. Herein we report the x-ray crystal structure of the
copper complex of the Schiff base of pyridoxal-5-
phosphate(PLP) and pyridoxamine-5-phosphate (PMP) (1), in

Figure 1. Overlap between two centrosymmetrically-related
Cu(II) complexes of 1, together with the atomic numberings
used in this paper. The atoms labeled with small letters
represent the translation from the original ones by a center of
symmetry.  The thin lines represent the coordination bonds.
The electronic state of 1 is also illustrated, where the dotted lines
represent the resonance state, and the coordination bonds are
shown with broken lines.
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Table 1. Some structural parameters of 1
Intramolecular atomic pairs
C3 -03 1.302) A C13 -013 1.292) A
C4 —-C4 1.46(2) Cl4'-C14 1.46(2)
C4'— N4 1.35(2) N4 -C14' 1.32(2)
C4-C4'-N4 122.1(8)° C14-C14'-N4 122.3(7)°
C4'-N4-C14'  113(1)
Centrosymmetry-related intermolecular atomic pairs
C4 - cl4 (=Cl4 - c4) 322 A
C4 - cl4' (=C14' - c4) 3.02(2)
C4' - cl4 (=C14 - c4) 3.012)
C4' - cl4' (=C14' - c4") 2.29Q2)
C4'--nd (=N4 - c4) 2.69(2)
N4 - cl4' (=C14' - nd) 2.73(2)
N4 - n4 2.83(1)

which the short contact of ~2.3A observed in the intermolecular
C---C atomic pairs may correspond to an intermediate state
between the noncovalent n—r short contact and the ¢-covalent
bond.

The Cu(Il) complex structure4 of 1 is shown in Figure 1. Bond
lengths and angles indicate that 1 has the structure where the
phosphate oxygen is deprotonated and pyridine nitrogen
protonated. Characteristically, 1 is in an intermediate state
between the aldimine and ketimine structures’ of the Schiff base
by the deprotonation at the C4'-N4-C14' bonding moiety (Table
1), where the total charge of -le is distributed over the entire
C4'-N4-C14' moiety through the carbanion structure. On the
other hand, each of the two pyridine phenolic oxygens (O3 and
013) has a charge of -1/2¢, as judged from the partial double-
bond character.” This may be also interpreted as that two
structures, one with the O3 and C14' deprotonated and C4' and
013 nonprotonated state and the other with an opposite state,
coexist with equal population in the crystal. As a whole, the
electronic state of -2e of 1 is neutralized by the coordination of
Cu?+ jon in the complex crystal.

The Cu(Il) complex of 1 exists as a centrosymmetrically-
related dimer in the unit cell (Figure 2), in which the Cu(Il) ion
forms an approximately square-pyramidal coordination with N4,
03, 013 and O1W atoms in-plane (also see Figure 1) and with a
centrosymmetrically-translated O3P atom in apical position.
The most exciting and novel finding observed in the crystal is
the unusual intermolecular short contact [=2.29(2) A] of
C4'--c14' [=C14"---c4'] between the centrosymmetrically-related
dimers; it appears noteworthy that this distance agrees well with
the values (2.1~2.4 A) of transition structures calculated for
Diels-Alder or 1,3-dipolar cycloaddition reactions.3 The other
atomic pairs between the C4'-N4-C14' regions also show the
contacts shorter than the sum of respective van der Waals atomic
radii (Table 1). Since the two pyridine rings facing each other
deviate significantly from parallel alignment [dihedral
angle=30.8(4)°], probably due to van der Waals repulsion, it
could be supposed that a certain force operates in the C4'---c14'



(B)

Figure 2. (A) Stereoscopic view of dimer (upper and lower
pairs) and unusual short contact (central pair) formations.
Dimer formation of 1 is accomplished by the coordination of
O3P to the symmetry-related Cu(Il) ion. The short contacts of
C4'..c14' and C14'---c4" atomic pairs between the centered two
molecules with shaded ellipsoids are shown with dotted lines,
and the coordinations are shown with thin lines.

(B) Stereoscopic crystal packing of 1. Water molecules are
shown with open circles, and thin lines represent the
coordination bonds.

and C14'--c4' atomic pairs. The existence of such a special
force can also be supported from the infrared spectral
measurement of the complex crystal. The C=N stretching of 1
locates unequivalently at 1612 cm-! and 1592 cm-1, and these
peaks are significantly shifted to the low-frequency side,
compared with those of PLP-PMP (1640 cm-! and 1633 cm-1)
and-pyridoxal-pyridoxamine Schiff bases (1631cm-!). This
reflects the weakened C=N stretching force of the Schiff base of
1 in the present Cu(Il) complex, together with the =CH=N=CH=
double-bond character by deprotonation.

Since the direction of C4'---c14' [=C14'---c4'] close contact is
almost perpendicular to a bent trans zig-zag plane of C4-C4'—
N4-C14'-C14 moiety [angle=91°], it is obvious that m-orbitals
[=X2p; orbital] of the C4' and C14' atoms are responsible for this
short contact formation. It is important to note that since close
contact between the neighboring azomethine carbons has not
been observed in the -CH=N-CH2- chemical bonding,8 its
Cu(II)-mediated deprotonation [=CH=N=CH=] is indispensable
to achieve such closer contacts. The enrichment of electrons in
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both C4' and C14' m-orbitals, which is caused by deprotonation,
increases the resonance and overlap integrals

X cayzpz X (c142p2dT and [X(cay2pX(c142p2dT, Tespectively],
thus promoting the ¢-covalent bond formation.
The short contact, which is significantly less than the sum of

respective van der Waals radiji, has already been observed
between N and I atoms (=2.27A) in the trimethylamine—iodine

complex.? This could be interpreted as a typical n—¢ charge-
transfer interaction, where the lone-paired electrons of N atom
are transferred into the o* orbital of Ip molecule. In contrast,
the carbon atom usually does not possess such lone-paired
electrons.  Therefore, the present "o-bonding-like" n-m
interaction may be the first example that is not explicable with
the intermolecular interactions so far accepted.
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