where R is the gas constant and F the Faraday constant.
The origin of the factor of 1/4 is the equation (b),

° \ (20
0. + 2em == Ofiirace of metal oxide (b)

N | —

from which it can be seen that one electron equates with
one quarter of an O, molecule.

Previous studies™®! of the thermoelectric power of the
stabilized 6-phase of Bi,O; in the system Y,O;- Bi,O; show
that the solid solutions are purely ionic, and plots of 8 ver-
sus Inpo, do indeed have the expected slope 1/4(R/F)
with @ itself being essentially temperature dependent. We
find that the thermoelectric power of the 3-phase of pure
Bi,O5 exhibits ionic behaviour for po,>2 x 107* atm, but
not so at lower pressures.

In the present study, samples of Nb,Os:Bi,O; (1:60)
were prepared as pressed pellets (ca. 1 mm thick, 13 mm
diameter) by mixing the pure component oxides and sin-
tering in air at 1023 K for prolonged periods. Gold foil
sheets (0.01 mm thick) were pressed onto the faces of a
sample and the sandwich so formed was placed between
the platinum electrodes of a conductivity cell. The temper-
ature at each face was determined by Pt-Pt/13% Rh ther-
mocouples spot welded to each electrode. The thermocou-
ple EMF at each electrode was monitored with a digital
voltmeter and the voltage across the sample was measured
with a high impedence electrometer.'™ The pressure of air
in the cell could be varied from 10~® to 1 atm. The sign
convention used is that @ is positive if the polarity of the
hotter electrode is positive. Initial experiments showed
that AV versus AT plots passed through the origin so that
rapid measurements of & could be determined from a sin-
gle value of AT. Additional measurements of conductivity
were taken using AC techniques. The sample was annealed
in the cell at 1000 K for ca. 12 h to ensure a good electrical
contact between it and the electrodes.

The conductivity measurements showed a transition at
900 K, decreasing by two orders of magnitude with de-
creasing temperature, which indicates the change from
high temperature 3-phase to low temperature f-phase. The
transition was very slow when the sample was held a few
degrees above or below 900 K and it took several hours for
the conductivity to reach a constant value.

The plot of 8 versus Inp,;, for a sample in the §-phase at
1033 K (Fig. 2) is very similar to that observed for pure
Bi,O; showing a slope of 1/4(R/F) at high p,;,, suggesting
predominantly ionic conduction. The plot reverses slope at

In
12 % 4 s

1.01
}
-9

fmvK 0.5

0.0

2

Inpaie

Fig. 2. The dependence of the thermoelectric power § on air pressure p [torr]
for Nb,Os:Bi,O3 (1:60). Empty squares: 8-phase at 1033 K; filled circles:
B-phase at 768 K.
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low p.;,. With the B-phase, however, the results were very
unusual. A typical plot for 8 versus in lnp,; is shown in
Figure 2 for a sample at 768 K. The slope is 4.7(R/F) and
the results were reversible and characterized by a rapid re-
sponse (the voltage settles after a few seconds on cycling
PDair)- Similar results were observed down to 573 K.

We do not know the origin of the observed dependence
of 8 on Inp,;, in the B-phase. The exponent of 4.7 is too
large to be explained on the basis of any simple reaction
involving gaseous O, and defects. The phenomenon is pre-
sumably associated with the generation of electronic car-
riers either within the sample or at the sample-electrode
interfaces.

Although the origin of the observations for the B-phase
is at present unclear, the magnitude, speed and reproduc-
ibility of the changes in thermoelectric power with varying
Pair POINts to potential application in oxygen monitoring.
The enhanced response of Nb,Os:Bi,O; solid solutions
make them attractive materials as oxygen sensors, and
worthy of future investigation.
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Investigation of the Tantomerism of
'>N-Labeled Hydroporphyrins
by Dynamic NMR Spectroscopy**

By Martin Schlabach, Helmut Rumpel, and
Hans-Heinrich Limbach*

The problem of the mechanism of the thermal- and
light-induced tautomerism of porphyrin, P (Fig. 1, top left)
and its derivatives is of current interest.!"'® Information
about the different reaction pathways shown in Figure 1
(top left) has mainly been obtained from dynamic NMR
studies of kinetic HH/HD/DD isotope effects** and of
solid state effects,'® as well as from theoretical studies.!'”
Unfortunately, it has not yet been possible so far to signifi-
cantly increase or decrease the reaction barrier by varia-
tion of the chemical structure,>>" a technique which
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Fig. 1. Proton transfer pathways in the parent compounds porphyrin (formerly porphine [27]) (top left), chlorin (top right), bacteriochlorin (bottom left), and
isobacteriochlorin (bottom right). The different pyrrole rings are labeled clockwise with the capital letters A to D. The nitrogen atoms in these rings are labeled as
N-21, N-22, N-23 and N-24. The various tautomers are represented here, in a way similar to that proposed in [18], by the pairs XY, with X, Y = A-D. X refers to
the pyrrole ring on which the inner proton H, is located and Y characterizes the location of H,. All tautomers XY and YX are degenerate with exception of the
case where one proton is substituted by deuterium. Tautomeric structures which have been spectroscopically assigned are boldfaced. The dashed lines indicate, as
usual, “aromatic” 18 n electron delocalization pathways [3, 7). Only one zwitterionic structure is shown for the tautomers BD and DB and for AB and BA in

Figures Ic and 1d.

usually provides interesting insights into reaction mecha-
nisms. We show here that this goal can be achieved by spe-
cific hydrogenation of the pyrrole rings of porphyrins,
which leads to the biologically important hydroporphyrins
chlorin, C (Fig. 1, top right), bacteriochlorin, Be (Fig. 1,
bottom left) and isobacteriochlorin, iBc (Fig. 1, bottom
right).""-??1 Although some evidence for tautomerism!'¥
and phototautomerism'?"! of chlorins, and for phototau-
tomerism of isobacteriochlorins'?? has been reported, the
proton transfer processes occurring in these compounds
have not yet been characterized. The different reaction dy-
namics of hydroporphyrins observed here can be ex-
plained by the gain or loss of aromatic resonance energy
during the different reaction steps shown in Figures 1.
In particular, we have performed 'H NMR line shape
analyses of the 'N-labeled hydroporphyrins TPC,?*
TPBc,* and TPiBc?>¥ dissolved in organic solvents.
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The '"H NMR spectra of TPC in C,D,Cl, contain only
one signal at §=~ — 1.5 ppm for the two inner protons H,
and H,. This &-value signifies that TPC experiences an
aromatic, porphyrin-type ring current.”® As shown in Fig-
ure 2, the signal is split at room temperature into a 'H-
N doublet. These results are consistent only with the
presence of the two degenerate tautomers AC and CA
which exchange slowly at room temperature within the
NMR timescale. For the case of fast exchange, the signal
should exhibit a triplet structure as found for other
NH---""N=a ®N-.-H"N proton transfer systems.!*?"
In fact, a doublet—triplet interconversion is observed at
elevated temperatures (Fig. 2, top).’” The rate constants
were obtained by line shape analysis [Eq. (a)].*"

kac—.ca = 10" exp(—61.3 kJ mol~'/RT) (a)

Thus, the energy of activation of the tautomerism in-
creases to about 20 kJ mol ~! upon hydrogenation of one
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Fig. 2. Superposed experimental and simulated 90.02 MHz 'H NMR spectra
of 95% *N-enriched TPC [23], dissolved in C,D,Cly, as a function of temper-
ature 7. 4 us n/2 pulses, 2 kHz spectral width, 2.1s repetition time, 2000
scans on average.

pyrrole ring of porphyrin, an effect which can be ex-
plained by the loss of the aromatic resonance energy dur-
ing the course of the reaction AC—CA.

The 'H-"N doublet of the inner protons of TPBc dis-
solved in [Dgltoluene appears at 6~ — 1.25 ppm. Thus, this
compound also experiences a porphyrin-type ring current.
This finding confirms the model of the aromatic electron
delocalization pathways™ 7 indicated in Figure 1 by dashed
lines. In contrast to TPC, however, the TPBc 'H-"N doub-
let does not show any sign of conversion into a triplet even
at 140°C. Thus, the process AC—CA must be much slower
in TPBc than in TPC. This is understandable because not
only is aromatic resonance energy lost during the intercon-
version AC—CA (Fig. 1, bottom left), there is also the ad-
ditional energy required for charge separation, when the
formally zwitterionic intermediates BD and DB are
formed.

The greatest surprise is, however, provided by the tem-
perature dependent signals of the inner protons of TPiBc,
shown in Figure 3. At —100°C, two exchange broadened

Kac-pals™
Kac-pofs™ TiK
ca. 108 328
8x10°
4x10° A \/, 296
350

—i

100Hz
9:;1(;)‘ 272

1x10% 224
ca.0 .

%0 167
MMMW

i 1 L

4

-—6

Fig. 3. Superposed experimental and simulated 400.12MHz 'H NMR spectra
of 95% '“N-enriched TPiBc [25], dissolved in [Dsltoluene, as a function of
temperature T. 3 us n/2 pulses, 7 kHz spectral width, 2.1 s repetition time,
8000 scans on average.
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'H-">N doublets® of equal intensity are observed at
6=4.6 and 6.1. This low-field shift of the inner proton sig-
nals indicates that the porphyrin-type ring current is
largely suppressed in TPiBc.?® The observation that H,
and H, are inequivalent® can only be explained by the
presence of the degenerate non-aromatic trans-forms AC,
DB, CA and BD (Fig. 1, bottom left). As the temperature is
raised, however, coalescence of the H, and H, doublets
into a single exchange-broadened triplet is observed (Fig.
3, middle). These signal changes are expected for the proc-
esses AC—DB (and CA-BD). The processes AC—BD
(and CA— DB) would not render H, and H,, equivalent but
would lead to two 'H-"°N triplets at §=4.6 and 6.1. It is,
however, surprising that the latter processes are not com-
pletely suppressed but lead at higher temperatures to a
triplet—quintet interconversion of the 'H-'°N signal (Fig.
3, top). The rate constants were obtained by line shape
analysis [Egs. (b) and (c)l.P¥

Kac—.pp=10""%exp(~27kI mol~'/RT) ®
kac—pp=10"""exp(~49.2kJ mol ~!/RT) ()

'"H NMR spectra of deuterated and partly deuterated
TPiBc¢ showed that both processes are affected by major
kinetic HH/HD/DD isotope effects. In addition, prelimi-
nary experiments using the "N CP/MAS NMR tech-
nique®-7 indicate that the process AC—DB also takes
place in the solid state. These results establish TPiBc as the
first intramolecular proton transfer system characterized
by two symmetric double minimum potentials of unequal
height.

The finding that in TPiBc the process AC— DB is much
faster than the process AC—BD could perhaps be ex-
plained in terms of weak hydrogen bonds between the
rings A and D and between C and B although there is no
evidence at present for such phenomena in this class of
compounds.!'>'>'® The assumption of a step-wise rather
than a concerted reaction mechanism provides, however, a
more plausible explanation of the experimental results.
According to Figure 1 (bottom right), one expects the proc-
ess AC—~DC in TPiBc to be assisted by a considerable gain
of resonance energy in the two transition states separating
the aromatic cis-intermediate DC from the non-aromatic
trans-tautomers AC and DB. Such a stabilization is neither
expected for pathway AC—BD nor for the concerted
proton transfer steps. Further experimental and theoretical
studies are, however, necessary in order to confirm the first
experimental indications for a stepwise reaction mecha-
nism for the tautomerism of porphyrins obtained in this
work.
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Selective Molecular Recognition of
Trihydroxybenzenes**

By Frank Ebmeyer and Fritz Vigtie*

The complexation of organic molecules in nonaqueous
media is currently being intensively investigated.!! We re-
port here on the syntihesis and complexation properties of
the macrobicyclic compounds 2-4,/? which exhibit a re-
markable selectivity for phenolic substrates, in particular
trihydroxybenzenes. Although the bipyridine ligand 1,
synthesized in 1986, strongly complexes small metal cat-
ions,®! it does not bind organic molecules. The successive
expansion of the host cavity with the Cs-symmetric spacers
introduced by us™ leads to the new complex-forming mol-
ecules 2-4 having larger cavities.
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