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interface is impaired by the difficulty of placing above the water
phase both the hydrocarbon portion of the tails and the aromatic
“cap”. Hexapus and fatty acids are similar, on the other hand,
in that they aggregate in aqueous solutions as shown by light
scattering experiments.”” A plot of Rayleigh ratios for a 90°
scattering vs. hexapus concentration (4.1 X 10%-1.0 X 102 M
at pH 9.5) curves downward and corresponds (when coupled with
differential refractometry data) to an aggregation number of 9
= 1. Since there are 6 chains per hexapus, each aggregate contains
54 chains which equals, perhaps coincidentally, a typical aggre-
gation number for a single-chained surfactant. The Rayleigh plot
shows no break indicative of a CMC; thus if hexapus has a CMC,
it must be smaller than 4 X 10~ M. This point was investigated
further by using pinacyanol chioride as a spectrophotometric probe
for aggregation; the dye is known to change from pink to blue
in the presence of anionic mielles. We found that the absorbance
of 5.5 X 10 M dye at 610 nm remains essentially constant from
1.6 X 107 t0 1.0 X 102 M hexapus at pH 9.5. Below 1.0 X 107
M hexapus, where its concentration approximates that of the
probe, the absorbance decreases precipitously. It can be concluded
that the CMC of hexapus, if one exists, must be less than 1 X
10~ M (compared to 1 X 102 M for a 12-carbon surfactant).

Addition of 0.010 M hexapus to an aqueous solution of 4.2 X
1075 M phenol blue (pH 9.50) induces a 67% hyperchromic shift
in the visible spectrum as well as a peak narrowing. From
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absorptivity vs. [hexapus)] data plus the Ketelaar equation,'® we
calculated an association constant of 1.0 X 10* M™! between phenol
biue and hexapus. Since phenol blue has a solvent-sensitive A .,
(e.g., 575, 605, and 658 in benzene, ethanol, and water),'® we could
also assess the environment of the dye when fully bound to hexapus
(or hexapus aggregates). This environment is highly polar (Ap.,
= 657 mm in 0.010 M hexapus), suggesting that water is plentiful
at the host-guest binding sites.

An aqueous hexapus solution (0.011 M, pH 9.50) was sonicated
with excess naphthalene at 55 °C, cooled, filtered through UF
sintered glass, and spectrophotometrically assayed for naphthalene
(A = 312 nm, € 136). It was found that hexapus solubilizes 1
naphthalene for every 2.5 hexapus molecules. Almost 40% ethanol
is required to achieve an equivalent concentration of naphthaiene
in water without hexapus. A similar experiment showed that
hexapus binds p-nitroaniline with 1:1 stoichiometry. Hexapus
(0.010 M) also enhances the solubility of cholesterol in water
although to a relatively small extent (3 X 10™* M). Finally,
hexapus binds p-nitrophenyl butyrate and inhibits its base-cata-
lyzed hydrolysis. For example, the observed rate constant de-
creases from 20.1 X 1073 to 1.86 X 107 min™! when 0.0106 M
hexapus is added to a borate buffer (pH 9.50, 25.0 °C). Inclusion
of the ester among the carboxylate-terminated chains protects the
ester from hydroxide attack. Rate data from several hexapus
concentrations (treated by means a scheme commonly applied to
micellar kinetics of simple surfactants? ) yielded an association
constant of 9.9 X 10° M for the ester. This compares with, for
example, a Ko = 2.9 X 102 M7 for complexation of m-
chlorophenyl acetate with S-cyclodextrin?,

In summary, hexapus was found to be an effective new com-
plexing agent for a variety of organic molecules. The nonspecificity
no doubt relates to the flexible nature of the six chains. In the
future we plan to convert the terminal carboxylates into cata-
lytically active groups and thus create an enzyme simulant; the
anticipated universal binding will be both an advantage and
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disadvantage. Future work will aiso center on locating the binding
sites of hexapus. At present we do not know whether guests
associate near the carboxylates or near the aromatic cap; nor do
we know whether the binding takes place inside the hexapus cavity
or external to the cavity but within the aggregate. Nonetheless,
the hexapus system seems in concert with Lord Todd’s recent
dictum that “the organic chemist must turn his attention seriously
to the study of large molecules where conformations or, if you
will, tertiary structures can be adopted which permit the specific
inclusion of other smaller molecules which can then react with
one another” 2!
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Vitamin K (1), which is essential for blood coagulation,! is
converted into vitamin K 2,3-epoxide (3) by a coupled two-enzyme
system. NADPH dehydrogenase catalyzes the reduction of vi-
tamin K to its hydroquinone (2),2 and vitamin K epoxidase
catalyzes the monooxygenation of 2 to give 3.> The epoxide of
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vitamin K is not active in coagulation but is readily converted back
to vitamin K by the enzyme vitamin K epoxide reductase* in a
reaction which has been shown to require exogenous thiols in vitro.’
It has been found that NADPH cannot be substituted for thiol.’
Compounds that inhibit this reductase possess anticoagulant
activity.’ Recently I proposed’ a molecular mechanism for this
enzyme which is shown in Scheme I. Results of chemical model
studies supporting that mechanistic proposal are communicated
here.

The mechanism shown in Scheme I depicts simultaneous acid
and base catalysis. While such a process is reasonable for an
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Scheme I, Proposed Mechanism of Action of Vitamin K Epoxide
Reductase (R = Phytyl)
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enzyme system, concurrent acid and base catalysis is generally
not feasible in model studies. Consequently, these catalytic re-
actions were studied separately. As a model for vitamin K 2,3-
epoxide (2-methyl-3-phytyl-1,4-naphthoquinone 2,3-epoxide; 3),
2,3-dimethyi-1,4-naphthoquinone 2,3-epoxide (7) was prepared.®
Treatment of 7 at room temperature for 35 min with 2 equiv of
ethanethiol in trifluoroacetic acid (a model for the conversion 3
— § in Scheme I) gave 2,3-dimethyl-2-(ethylthio)-3-hydroxy-
2,3-dihydro-1,4-naphthoquinone (8)? in a 66% yield after prep-
arative layer silica gel chromatography. Compound 8, which is
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analogous to § in the proposed enzymatic scheme, was identified
by its elemental analysis,®proton!! and decoupled carbon!? NMR
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Scheme II, Possible Routes for the Conversion of 8 or 10 to 9
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spectra, and IR!? spectrum. The stereochemistry drawn for 8 was
derived from the known reaction of thiols with epoxides to yield
exclusive anti-B-hydroxy sulfides!* (and from the isolation of the
same compound with base catalysis as described below). When
the reaction was allowed to proceed for 6 h, a 52% yield of 8 and
a 40% yield of 2,3-dimethyi-1,4-naphthoquinone (9), identified
by comparison of its NMR and IR spectra with those of an
authentic sample of 9,1 were isolated. No reaction was observed
after 16 h when CH;COOH was substitued for CF;COOH as
expected from the weak basicity of epoxides.!® The reaction of
8 at room temperature for 26 h with ethanethiol in trifluoroacetic
acid (a model for the conversion of § — vitamin K, Scheme I)
produced naphthoquinone 9 in a 79% yield. Again, no reaction
occurred at room temperature in 26 h when CH,;COOH was
substituted for CF;COOH. These experiments support the pro-
posed mechanism and demonstrate the rate enhancement sug-
gested as a result of proton donation to the epoxide in the first
step of the mechanism (3 — 4) and to the hydroxyl group in the
third step (§ — 6).

Similar results were obtained under basic conditions. Treatment
of 7 with ethanethiol and triethylamine (a model for the reaction
of reduced vitamin K epoxide reductase with 3) in acetonitrile
for 4 h!7 gave 8 in a quantitative yield. Treatment of 8 with
additional ethanethiol and triethylamine in acetonitrile at room
temperature gave no reaction after 17 h; however, 8 rapidly reacted
with sodium ethylthiolate in ethanol. After 15 min at room
temperature, 73% of the starting material had been consumed and
two new aromatic compounds were isolated by preparative layer
silica gel chromatography. The major product (60%) was iden-
tified as 2,3-dimethyl-1,4-naphthoquinone (9). This reaction is
analogous to the formation of vitamin K by the proposed reductive
elimination of 6 (6 — vitamin K, Scheme I). The elemental
analysis,!® proton'® and decoupled carbon?® NMR spectra, and
IR spectrum suggest that the minor product (40%) is the erythro
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isomer of 8 (10). None of 10 was observed in the acid-catalyzed
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reactions either in the presence or absence of ethanethiol. Another
product in the reaction was identified by gas chromatography as
diethyl disulfide and represents a model for the formation of the
oxidized enzyme (6 — vitamin K) in Scheme I. When compound
10 was treated with sodium ethylthiolate in ethanol for 15 min,
71% of the starting material reacted, and two new aromatic
compounds were isolated. These two compounds were identified
as 9 (62%) and 8 (38%) by comparison of their IR spectra with
those of the authentic compounds. This indicates that the two
isomers, 8 and 10, are interconvertible under basic conditions,?
and both produce naphthoquinone 9. The mechanism for the
interconversion of 8 and 10 was determined? to involve a retro-
aldol-aldol condensation via 11 (pathway b, Scheme II) rather
than thiol reduction to 12 (pathway a, Scheme II) followed by
attack of 12 on the newly formed disuifide. However, the con-
version of 8 or 10 to 9 under basic conditions could proceed either
directly to 12 or via 11. OKki et al.?* have shown that 8-keto sulfides
(such as 6 or 11) are reduced by thiols to ketones, presumably
via the corresponding enolate. Since 8 also is converted to 9 in
trifluoroacetic acid (vide supra) and no 10 is produced,? both
routes (via 11 or directly to 12) may be feasible depending upon
conditions. Although Scheme I depicts direct sulfide reduction
and elimination (6 — vitamin K), the pathway which seems to
be favored in acid, the ring cleavage pathway via 11, which is
favored in base,? also is a possibility. If this is the case, rather
than enzyme-catalyzed proton donation to the hydroxyl group (5
- 6) an enzyme-catalyzed deprotonation of the hydroxyl would
be required. The interconversion of 8 and 10 is probably not
relevant to the enzyme model since the sulfide linkage formed
would be to the enzyme and isomerization would be sterically
difficuit.

The observation that 8 does not undergo reaction at room
temperature with ethanethiol and triethylamine in acetonitrile but
rapidly reacts with sodium ethylthiolate in ethanol to give 9 can
be rationalized on the basis of a difference in the nucleophilicity
(and basicity?) of the anions®® and as a solvent effect.?” In
accordance with the enhanced nucleophile (base) rationalization,
when 8 was treated with ethanethiol and triethylamine in ethanol
at room temperature, no reaction took place in 5.5 h. Since 8
and 10 are rapidly converted to naphthoquinone 9 by sodium
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ethylthiolate in ethanol, the sodium salt must be a more powerful
nucleophile than the triethylammonium sait.?® Furthermore, the
reaction of 8 or 10 with sodium ethylthiolate in acetonitrile leads
to no reductive desulfuration?’ unlike the rapid reaction to give
9 in ethanol. Formation of enolate 12 and elimination of hydroxide
apparently is favored in the hydroxylic solvent.?’

A second reasonable enzymatic mechanism can be excluded
on the basis of the results described here. Suifhydryl attack could
occur at one of the vitamin K epoxide carbonyl groups to give a
hemithioketal. Attack of this a-hydroxy sulfide by thiolate with
concomitant epoxide ring opening followed by enol tautomerization
and hydroxide elimination also would give the naphthoquinone.
However, the intermediate that was isolated contains two carbonyl
groups;'>!? only one carbonyl would be observed if hemithioketal
formation were important. The model studies in this commu-
nication therefore provide chemical support for the mechanism
of vitamin K epoxide reductase in Scheme I.
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Coordinated carbon monoxide may be activated with respect
to alkyl/aryl migration (i.e., nucleophilic addition) and probably
with respect to hydrogenation (methanation and “Fischer-
Tropsch-type” synthesis) by formation of an adduct between a
Lewis acid and a carbonyl oxygen in L,M(R) (CO) and/or by
stabilization of the acyl product L,M(RCO—A) (e.g., A = Li*,
AlBr;, or Cp,Zr*).Y” We now report that preferential cation
binding by the product molecule can be utilized to activate co-
ordinated carbon monoxide toward nucleophilic additions.

The series of complexes cis-(M(CO),[Ph,P-
(OCH,CH,),,OPPh,]) (complexes 1; M = Cr, Mo, W;n =2, 3,
4, 5) have been prepared in 20-70% yield from the reaction of
the appropriate bis(diphenylphosphinite) ligand with M(CO),-
(norbornadiene) by using high dilution techniques. Complexes
1, which have been fully characterized,® have structures suggesting
potential crown ether reactivity. We have used '*C NMR
spectroscopy as a probe of crown-ether-type interactions between
1 (M = Mo) and the alkali metal cations.»'® These studies show
that 1 (n = 5) will complex Li* and Na*, 1 (n = 4) will complex
Li* only (see Figure 1), and the *C chemical shifts of 1 (n = 3
or 2) are unaffected by the presence of group 1A cations (i.e.,
no or only weak complexation).

It is well-known that the carbonyl complexes LM(CO); (L =
CO, PR;) will react with strong nucleophiles, such as MeLi, to
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