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Table 1. Specific activities of the enzymes of the F,,)H,:heterodisulfide oxido-

reductase and H,:heterodisulfide oxidoreductase systems.

Enzyme Electron Electron Spec. activityl
donor acceptor [U mg protein!]

Fy0H, dehydrogenase F0H, 12 0.20

F0H, dehydrogenase F0H, MP 0.15

membrane-bound hydrogenase H, 12 22

membrane-bound hydrogenase H, MP 32

heterodisulfide reductase
heterodisulfide reductase

dihydro-12  CoB-S-S-CoM 2.3
dihydro-MP CoB-S-S-CoM 2.6

[a] 1 U=1 pmol substrate converted per minute.

reductase uses the reduced form of methanophenazine
(dihydro MP) as an electron donor for the heterodisulfide
reduction. Therefore methanophenazine is able to mediate
the electron transport between the membrane-bound en-
zymes, so that the conversion by the proton-translocating
electron transport systems!® can be subdivided in two partial
reactions each (Scheme 1). In this way methanophenazine 1
was characterized as the first phenazine derivative involved in
the electron transport of biological systems. The experiments
reported here suggest that its role in the energy metabolism of
methanogens is similar to that of ubiquinone in mitochondria
and bacteria.

Experimental Section

The growth of Methanosarcina mazei G61 and the preparation of
cytoplasmic membranes was performed as previously described.l”! Photo-
metrical analysis to determine enzymatic activities were carried out at
room temperature in glass cuvettes (1.7 mL) that were gassed with N, or H,
and closed with rubber stoppers. The optical-enzymatic determination of
the Fy,H,-dependent reduction of MP and the dihydro-MP dependent
heterodisulfide reduction was performed under a nitrogen atmosphere. The
cuvette was flushed with hydrogen to determine the hydrogen-dependent
reduction of MP. The reactions were initiated by adding the respective
electron acceptors. Final concentrations of the reactants were: Fyy: 25 um;
12:25 um; MP: 24 pum (stock solution in dimethylformamide), and CoB-S-S-
CoM: 38 uM. Protein concentration was 7.5 ug membrane protein per mL
assay. Extinction coefficients: Fyy: ep0=40mm'cm~'; MP:
317mM'em ;12 gs=4.5mM 'ecm .
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Molecular recognition and reactions with signaling ability
are of potential use for the development of novel sensors.[!]
The detection of small, biorelevant molecules is of particular
interest because of their omnipresence in everyday life. Alky-
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0 cH, lated oxopurines such as caffeine (1),

HaC. N theophylline, or theobromine are among
)\)KJE ? the most frequently consumed alka-
o7 NT N loids.”! Natural compounds like cate-
CHa 1 chineP! or cyclodextrins are capable of

binding caffeine or theobromine rather
unspecifically through hydrophobic in-
teractions. The tailor-made receptor by Kelly et al. for the
recognition of structurally related uric acid employs only
hydrogen bonds for substrate binding.’! However, an exten-
sion of this two-dimensional recognition motif for the binding
of caffeine is rendered impossible due to the presence of the
methyl groups in 1.
Here, we present a new concept for the binding of alkylated
oxopurines. Our receptors 2 and 3 use the third dimension and
surround the substrate as a C;-symmetric cleft (Scheme 1).

CeHiz
N O
CeHis o 5 HN/C6H13 HN,C6H13
NH
o > - =0
O O% all-syn 8
2 3

Scheme 1. Functionalized triphenylene ketals: rigid receptor 2 and flexible
receptor 3.

The novel receptor is based on a scaffold of trifunctionalized
triphenylene ketals.[! The combination of preorganized func-
tional groups with a mutual distance of 11 A and an electron-
rich atomic surface in between allows C; or pseudo-Cs-
symmetric guests to complex. Electron-deficient guest mole-
cules are particularly suitable, because they offer the ability to
interact with the host by donor-acceptor interactions in
addition to the specific binding through hydrogen bonds.
While the methyl groups of the caffeine block interaction with
the Kelly-type receptors,”! they fit perfectly into the free
spaces between the urea anchors of our receptor.

The rigid receptor with its bicyclic spiroketal moieties has
been prepared from the easily accessible precursor 4
(Scheme 2).I"" The products of the standard transformations
can be separated by crystallization. Consequently, they can be
synthesized by a rather simple procedure and are accessible
on a large scale. The key step is the oxidative trimerization of
the catechol ketals with molybdenum pentachloride.l®! Due to
the rigid molecular structure, the separation of the isomers is
nonproblematic, although a final chromatographic purifica-
tion of 7 and 2 is recommended.®? The more flexible
receptor 3 has been analogously prepared.

First, we studied the host — guest interaction of receptor and
caffeine in dichloromethane solution. NMR titrations confirm
a 1:1 stoichiometry of both components and show a complex
formation constant of 35600M~!. From this constant, a binding
energy of approximately 6 kcal mol~! can be estimated.!'") For
fitting the titration data, dimerization of the receptor mole-
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Scheme 2. Synthesis of rigid receptor 2: a) 4 (as a mixture of the double
bond isomers), catechol, TsOH, Dean—Stark trap, toluene, 86 %; b) H,,
Pd/C, 100%; c)MoCls, CH,Cl,, then separation of isomers, 18%;
d) 1BuOK, THF, H,O; e¢) (PhO),P(O)N;, NEt;, DMF, then benzylalcohol,
49% from 6; f) H,, Pd(OH),, THF; g) hexyl isocyanate, CH,Cl,, 65%
from 7. Cbz = benzyloxycarbonyl, Ts = tosyl = toluene-4-sulfonyl.

o,0 =
N :Z

cules has been taken into account with dimerization constants
determined from dilution experiments.!'!]

During the 'H NMR titration of 2 with caffeine, the signals
for the proximal and distal (to the triphenylene plane) N—H
protons shift downfield differently (Figure 1). While the signal
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Figure 1. 'H NMR titration of 2 with caffeine (N—H region). n(1) = num-

ber of equivalents of caffeine (1).

for the proximal urea protons experiences only a minor effect
(+0.6 ppm), the distal counterpart shifts considerably more
(+1.5 ppm). This points to stronger hydrogen bridges be-
tween the guest and the distal urea protons, while the
proximal N—H atoms contribute less significantly to caffeine
binding. After addition of one equivalent of caffeine, the
titration curves bend rather sharply and the signals remain
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more or less at a constant position in the spectrum, if more
caffeine is added. Consequently, receptor 2 forms a 1:1
complex with caffeine in which the guest molecule is located
between the urea functions instead of binding to the open side
through m—m stacking, m-donor —m-acceptor, or hydrophobic
interactions."%

The comparison of receptors 2, 3, and 7 clearly shows the
rigid receptor 2 has a much better performance in caffeine
binding (Table 1). Urea anchors, which are well preorganized

Table 1. Binding constants K.

Entry Receptor Substrate K[m]

1 2 1 35600 2000
2 3 1 170 £50

3 7 1 <10+£5

4 2 8 9240 £220
5 2 9 _la]

6 2 10 1240 £115
7 2 1 420+70

8 2 12 130 £50

[a] Not measurable due to the insolubility of 9 in CD,Cl,.

for hydrogen bonding, increase the binding constant by a
factor of more than 200 relative to the flexible molecule 3.
Host 7 hardly interacts with caffeine at all, which again points
to a stronger substrate binding by the distal N—H protons than
the proximal ones. This result is in agreement with the crossed
titration curves for both urea protons discussed above. In
addition to these NMR experiments, the mass spectrometric
observation of the intact caffeine —receptor complex and IR
spectroscopic evidence for hydrogen bonding support com-
plex formation.

Variation of the substrates for receptor 2 allows a study of
the geometric and electronic fit of the substrate. The binding
constant of 8-methoxycaffeine (8)!'”! is already smaller,
because the methoxy group disturbes hydrogen bonding to
the urea arms of the receptor. 1,3,7-trimethyl uric acid (9)['2
binds strongly to 2; unfortunately, the quantification of the
binding constant is impossible due to the insolubility of free 9
in CD,Cl,. Addition of approximately one equivalent of 2 to a
suspension of 9 in dichloromethane leads spontaneously to a
clear solution, which indicates substrate binding to the
receptor. N,N',N"-triallylcyanuric acid (10) is less strongly

CHa CHg
H3C\N N HSC\N N
A M )—ocHs J M=o
0Py N oy N
CHs CHs
8 9
\L O J/ [e) O
NJ\N H3C\NJ\N,CH3 EU\N,CH3
O)\N/&O OMO I}I/go
CHs
|
10 11 12
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bound due to its localized amide bonds and decreased planar
systems offering mw—m interactions. The binding constant
further decreases, if one of the nitrogen atoms is replaced
by a methylene group (as in 11) which interferes with the
coplanar orientation of substrate and receptor. Finally, N,N'-
dimethyl uracil (12) bears only two acceptor groups. This
substrate is incongruent with the symmetry of the receptor—
the affinity to the host decreases.

Variable-temperature 'H NMR experiments give a more
profound insight into the nature of caffeine binding in
solution. Upon cooling to 196 K, the '"H NMR spectrum of a
mixture of receptor 2 and two equivalents of caffeine contains
separate sets of signals for free and bound caffeine. Complex-
ation of the guest breaks the receptor’s threefold symmetry
and leads to different signals for all six urea protons. The
aromatic protons of the triphenylene scaffold also split into a
complex pattern.

From a solution of caffeine and receptor 2 in methanol,
crystals were obtained, which were appropriate for a single-
crystal X-ray structure analysis (Figure 2).%l The crystal

Figure 2. X-ray crystal structure of the host—guest complex of 2 with
caffeine. Side and top views (above and below, respectively); caffeine and
anchoring groups are emphasized as ball and stick models.

structure exhibits a binding pattern analogous to that observed
by spectroscopic methods in solution. The three distal urea
protons form hydrogen bonds to the caffeine guest. The
crystal structure further demonstrates caffeine to be slightly
too small for the receptor and, therefore, the spiro ketals are
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bent towards the triphenylene by approximately 11-15°. Asa
consequence, the proximal NH protons are directed towards
the aromatic plane rather than the caffeine molecule and
interact only weakly. The distance between the coplanar
aromatic surfaces is 3.42 A which is optimal for a donor—
acceptor interaction. It turned out to be impossible to
accomplish the crystallization of this receptor with sidechains
shorter than n-hexyl. The hexyl groups must be packed in the
crystal and, indeed, two of them save space by folding in,
while the third alkyl chain breaks the symmetry and produces
a preferred directionality. Disordered caffeine was not
observed. We were even able to localize the hydrogen atoms
involved in hydrogen bonding.'"¥! The values found are in the
typical ranges.

In conclusion, rigid functionalized triketals of hexahydroxy-
triphenylene open up the opportunity to generate novel re-
ceptors for the selective recognition of alkylated oxopurines.
For caffeine, the bonding interaction can be observed directly.
Together with the results from X-ray crystallography, a consis-
tent picture of the receptor’s guest binding features evolves.
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Acid**
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Methane and ethane have exerted a profound economic
and sociologic influence on the world at large because of their
enormous reserves.!! However, the use of methane in the
direct synthesis of functionalized products is limited by the
low reactivity of methane and poor product selectivity.”) The
search for new routes of methane transformation constituted
an important field of research over the last two decades.P!
Carboxylation of methane with CO to afford acetic acid is an
important functionalization process that is not industrially
feasible at present. In 1992 we reported the Pd-catalyzed
carboxylation of methane with CO in the presence of K,S,04
and CF;COOH (TFA).™ Recently we found that systems
using a Yb(OAc);/Mn(OAc),/NaCIO/H,O catalystP and Mg/
K,S,04/TFA promoter! cause the carboxylation of methane
to give acetic acid. Magic-acid-induced” and RhCl;-cata-
lyzed® reactions of methane with CO were also developed.
However, these processes have several practical drawbacks,
such as low yield, cost of catalyst, and product selectivity.
Herein we report almost quantitative carboxylation of
methane with CO to afford acetic acid (1) with one of the
cheapest chemicals, namely, CaCl,, as catalyst.
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