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The bisphenanthrolinium ion, Hphen,*, was first reported some
40 years ago;! the following studies established the high ther-
modynamic stability of this species.? However, all attempts to
determine its X-ray crystal structure were unsuccessful so that
the intimate nature of this complex remained controversial ranging
from that of a discrete molecular species with a naked proton
encapsulated by the four nitrogens of two phenanthrolines?®? to
that of self-stacking association of various phenanthroline mole-
cules.*

We have finally succeeded in determining the X-ray crystal
structure of (Hphen,)(ClO,).* The two phenanthrolines are linked
together by three hydrogen bonds which involve the two nitrogens
and one ortho hydrogen of each phenanthroline. This particular
arrangement is essential for the stability of the molecular edifice.

Phenanthroline is sparingly soluble in water; in the presence
of acid twice as many moles of base dissolve giving a clear solution
(HCl, 0.5 X 1073 phen, 1073 mol; H,0, 3-4 cm®). By addition
of ClO,~ white small crystals of (Hphen,)(ClO,) precipitate im-
mediately.

Crystals are triclinic, space group P1, with eight phenanthrolines
and four ClO, per unit cell. Each couple of phenanthrolines
shares an acidic proton forming a total of four complex cations
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Figure 2. Projections of the asymmetric unit on the (010) (upper view)
and (001) planes (lower view); the letters a and b listing the two inde-
pendent complex cations follow the atom number. Alternative positions
for the disordered oxygens are not shown.

(Figure 1); there are two crystallographically independent cations
in the asymmetric unit (a and b in Figure 2).56

The acidic proton is clearly distinguishable on the Fourier
difference map, and it is accurately located at a N(1)-H distance
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of 0.96 (3) and 1.05 (3) A in a and b, respectively. These values
are in agreement with those found for covalent N-H bonds in
similar compounds.” An efficient hydrogen bond is set up with
one nitrogen atom of the opposite ligand [N(1)-N(15) distance
of 3.00 (3) and 3.01 (3) A, N(1)-H-N(15) angle of 166 (1) and
158 (1)° in a and b, respectively].? Two more interactions take
place between the two phenanthrolines of each complex. One ortho
hydrogen of each phenanthroline (that adjacent to the nitrogen
atom interacting with the acidic proton) comes close to the free
nitrogen atom of the counter ligand giving rise to the formation
of a hydrogen bond [C(2)-~N(24), 3.07 (2) and 3.07 (3) A;
C(2)-H:+N(24), 122 (1) and 118 (1)°; C(16)-+N(10), 3.13 (3)
and 3.19 (2) A: C(16)-H-+N(10) 118 (1) and 119 (1)° in a and
b, respectively].»!® The resulting dihedral angle between the two
phenanthrolines is 41°, and one phenanthroline is translated with
respect to the other of ca. 2.4 X

The key role of the additional C-H«-N hydrogen bonds in
stabilizing the Hphen,* complex is supported by the observation
that analogous species are not formed in the case of phenan-
throlines in which both ortho hydrogens have been substituted
by alky! or aryl groups. If a self-stacking association was operating
in the Hphen,* species,* one would expect this to be favored by
the presence of hydrophobic substituents.!! However, 2,9-di-
methyl-1,10-phenanthroline dissolves in water only in the presence
of at least 1 equiv of acid, and partial neutralization of this solution
causes the immediate precipitation of the free base. Moreover
in a recent study it has been shown that the catenand, formed by
two interlocked 2,9-dipheny!-1,10-phenanthroline moieties, gives
the monoprotonated species in which the two phenyl substituents
of one link are located one on either side of the phenanthroline
plane of the other link and the resulting internal stacking was
estimated to increase the basicity by several orders of magnitude.?
The 2,9-bis(p-methoxyphenyl)-1,10-phenanthroline would be able
to give the same molecular arrangement found in the proton
catenate, but it does not appear to form the two to one adduct.?
Finally, since the formation of Hphen,* species appears to occur
only in the case of phenanthrolines bearing ortho hydrogens, the
pK 4 evaluation of protonated phenanthrolines, which does not take
into account the presence of dimeric cations, leads to correct values
only in the case of 2,9-disubstituted phenanthrolines.!?

The NMR spectra of phen, (Hphen,)I, and (Hphen)I were
recorded.!* All C-H protons experience a downfield shift going
from left to right in the above series; however, only for the ortho
protons is this shift smaller going from phen to Hphen,* (0.20
ppm) than going from Hphen,* to Hphen* (0.35 ppm). The acidic
protons exchange very rapidly even with moisture present in the
solvent. In our experimental conditions they fell at 16.0 and 14.7
ppm downfield from TMS, for Hphen, and Hphen*, respectively,
and are in very good agreement with those found for the mono-
and bis-protonated catenand.®?
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Stevenson and co-workers! recently measured values of isotopic
exchange equilibrium constants K, involving a neutral organic
molecule A and its anion radical A~

A*+ A =A%+ A 1)

Here, * refers to substitution by heavier isotope (D/H, 13C/!*C,
I5N/!4N). Some of the systems studied are indicated in Table
1. The focus of the study was the large C and N isotope effects
(ie’s) in the condensed phase (large deviations of K| from unity).
Stevenson and co-workers suggested that these K’s be used as
the basis of isotope separation processes economically more feasible
than those presently employed. We point out here that the re-
ported magnitudes of the carbon and nitrogen ie’s are at variance
with conclusions based on the statistical mechanical theory of
equilibrium ie’s.

The theory of equilibrium ie’s is well understood.? Usually
the Born—Oppenheimer approximation is employed, with the
additional assumption of the harmonic oscillator-rigid rotor ap-
proximation. Quantitative theory requires corrections for these
assumptions; however, semiquantitative arguments of the type used
here are valid without these corrections.> Much work has dem-
onstrated that the heavier isotope in eq 1 will concentrate in that
species in which the force constants (fc's) at the position of isotopic
substitution are larger and that the magnitude of the ie reflects
the difference in the fc’s at this position between the species A~
and A. Thus, K; > 1 if the fc's in A~ are larger.

Table II gives theoretically calculated values of K with ni-
trobenzene or fluorenone the neutral molecule. The calculations
were made by using the well-tested cut-off procedure—only
portions of the molecules were included which are no more than
two bonds removed from the position of isotopic substitution.* The
fc’s for A were estimated from compilations of fc’s.®  Specific
solvation or ion pairing effects were not taken into account for
A. The column headings I, 11, ... in Table II refer to different
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