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Reactions of Enolic Biotin Models
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In order to delineate the mechanism of biotin-dependent carboxylation reactions, the following model
experiments have been carried out. In reactions of carbonate derivatives such as methyl chloroformate with
2-ethoxy-2-imidazoline (1), a putative enolic biotin model, or 2-imidazolidinone (2), the former showed a much
higher reactivity to provide the methoxycarbonylated 1 (3). Reactions of 3 with benzenethiolate, cyclohexylam-
ine and carbanions have also been investigated as a model of transcarboxylation from N-carboxybiotin to an
acceptor substrate. Only carbanions attack the carbonyl carbon of 3, leading to rupture of the C-O bond, but not
of the N-C bond. A net “carboxyl” transfer was effected with 1-methoxycarbonylimidazole (9) as a donor
substrate. Implications of these results in biotin catalysis are discussed.

Biotin is the coenzyme involved in the synthesis of
long-chain fatty acids in biological systems.}=® This
enzymatic carboxylation takes place in two discrete
steps as shown in Egs. laand 1b. Biotin-dependent car-

E-Biotin + HCO,™ + ATP —
E-Biotin-CO,~ + ADP + Pi (la)

E-Biotin-CO,~ + RH == E-Biotin + RCO,H (1b)

boxylation reactions are interesting from a synthetic
as well as a biochemical point of view. Despite efforts
it has been unsuccessful to duplicate biotin-mediated
carboxylation in nonenzymatic systems. One of the
major reasons for this lies in the poor reactivity of the
ureido nitrogen of biotin upon which carboxylation
occurs.? Enzymes appear to overcome this problem by
utilizing the free energy released upon hydrolysis of
ATP to activate one or more of the reactants (Eq. 1a).
Several hypotheses have been proposed to account in
chemical terms for the role of ATP in biotin carbox-
ylation. One of the attractive hypotheses claims that
ATP might phosphorylate the ureido oxygen of bio-
tin to generate an enolic structure (5).9 This mechanism
attracted considerable attention in recent years,5=®
though rigorous structural proof of the thermodynamical-
ly unstable 5 has not been provided. In this article we
attempted to assess the reactivity of a stable model
compound of putative 5 toward several carbonate
derivatives. Furthermore, model carboxyl-transfer re-
actions from a methoxycarbonylated biotin model to
an acceptor substrate have also been investigated.
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Results

Reactions of 1 and 2 with Carbonate Derivatives.

We have chosen 2-ethoxy-2-imidazoline (1) asa mod-
el for the enolic form of biotin and compared its re-
activity with that of the keto model compound (2) to-
ward several carbonate derivatives, methyl chloroform-
ate, methoxycarbonyl dimethyl phosphate (MDP), and
methyl p-nitrophenyl carbonate (MPNC). The reac-
tions were routinely followed by tH NMR or HPLC,
but the products were isolated, where necessary, for
identification by a comparison with the authentic
specimen. A reaction of 2 with methyl chloroformate
gives 4 (Scheme 1), but a large excess of reagent and
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refluxing (=60°C) of the reaction mixture for sever-
al hours are usually needed to drive the reaction to
completion. On the other hand, a mild condition (one
equiv of methyl chloroformate and room temperature)
is sufficient to methoxycarbonylate 1 with methyl
chloroformate, thus demonstrating that 1 is by far the
more reactive than 2 toward this reagent. Conversely,
treatment of 1 with methyl chloroformate under the
condition adopted for 2 (see above) gave 4 in quanti-
tative yield. It was later found that 4 was produced
via 3 as stated above and that because of its acid
lability 3 is transformed into 4 by the hydrochloric
acid generated in the preceeding reaction (Scheme 1).9

In addition to methyl chloroformate both MDP and
MPNC are able to methoxycarbonylate 1 under mild
conditions. Thus treatment of 1 with one equiv of MDP
or MPNC at room temperature yielded 3 in excellent
yield. MDP possesses potentially two sites for nucleo-
philic attack,!? but the reaction with 1 took place solely
on the carbon. No conversion of 3 into 4 was observed
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TABLE 1. REACTION OF 1 WITH CARBONATE DERIVATIVES
AT 25°C. THE EXTENT OF REACTION WAS EVALUATED BY
INTEGRATING THE !H NMR SIGNAL INTENSITIES,

Reagent® [Reagent] Solvent Conversion/%
1] 6 min 32min
CICO:CH3 1.0 CDClIs 100 —
MDP 1.1 CDCls 7515 100
MPNC 1.0 DMSO-ds 40%5 8015
a) MDP, methoxycarbonyl dimethyl phosphate;

MNPC, methyl p-nitrophenyl carbonate.

when the reaction mixture of 1 and MDP or MPNC
was refluxed in chloroform for 30 min, because the
acids liberated in these reactions, dimethyl hydrogen-
phosphate and p-nitrophenol, are not acidic enough
to bring about such a transformation.? The rates of
methoxycarbonylation of 1 by these reagents are com-
pared in Table 1. No reaction took place between 2
and MDP or MPNC even after 2d in refluxing chloro-
form. This indicates that these two reagents are not
electrophilic enough to methoxycarbonylate 2 and
that there is a sharp difference between 1 and 2 in the
reactivity toward carbonate carbonyls. The difference
is too large to allow comparison of the reactivity of
both compounds directly on the same scale.

Reactions of 3 and 4 with Nucleophiles. Reactions
of 3, 4, and related compounds with sulfur and nitro-
gen bases as well as carbanions have been studied as a
model of carboxyl transfer reactions (Eq. 1b). Similar
reactions of 3 and 4 with hydroxide ions in water have
already been reported.!? A sample of 3 or 4 was allow-
ed to react with 2 equiv of sodium benzenethiolate
in DMSO-ds and the progress of reaction was follow-
ed by 3C NMR. Ashas been reported previously,? com-
pound 4 reacts with benzenethiolate at room temper-
ature (=~20°C) to provide methyl phenyl sulfide and 2.
The half time of the reaction was estimated as 30 min.
By reference to the similar reaction of hydroxide ions
in water,!? the reaction was presumed to follow the
sequence given in Scheme 2.12 Unlike in the saponi-

OCoHs
Ph-SNa -
—oma -
3 s U o <o !
6
X
Ph-SNa -
4 Thhs-chy TN N-CO; oo, 2
7
Scheme 2.

fication in water, however, compound 7 has never
been detected by BCNMR during the reaction in
the present system, indicating that decarboxylation
of 7 is fast compared to the demethylation step. The
reaction of 3 follows the identical pathway, albeit
at a decreased rate. The half time was estimated to
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be =25min at 66°C. The nucleophilic attack of ben-
zenethiolate on the methyl carbon of 3 is the rate-
determining step and the reaction products obtain-
ed were exclusively methyl phenyl sulfide and 1. The
lability of the intermediates (6 and 7) hampered com-
parison of the rates of their decarboxylation.

A reaction of 3 with cyclohexylamine afforded 1-me-
thoxycarbonyl-2-cyclohexylaminoimidazolidine quan-
titatively (isolated yield 75%). In contrast, the attack
of secondary or tertiary amines on the compound carry-
ing an extra methyl group on 3-N of 3 takes place on
the ethyl carbon, not on the 2-position.” The presence
of a positive charge on the 3-N in the latter substrate
appears to be responsible for this difference. Because of
the charge the molecule is rendered electron-deficient,
thus making the ethyl migration to a nucleophile
possible. Compound 4 followed a similar pathway to
that for 3 in the reaction with primary amines; initial
nucleophilic attack on the ureido carbonyl provided a
ring-opened product of substrate.1?

A reaction of 3 with 3 molar equiv of phenylmag-
nesium bromide was carried out in THF at 0°C for
10h. The reaction mixture was worked up as usual.
Inspection of the products by ITHNMR in CCls with
CH2Cl; as the internal standard revealed that follow-
ing compounds had been obtained: 1-benzoyl-2-
ethoxy-2-imidazoline (8) 52%, benzophenone 6%, triphen-
ylmethanol 11%, and unreacted 3 14%. This mode of
product distribution is consistent with a sequence of
reactions shown in Scheme 3. Initial attack of the
Grignard reagent on the carbonyl carbon of 3 is fol-
lowed by scission of the C-O bond, but not of the
N-C bond. The product (8) undergoes further reac-
tions with phenylmagnesium bromide to give benzo-
phenone and triphenylmethanol. The possibility of an
alternative pathway by way of methyl benzoate is ruled
out, because the ester, if produced, could have survived
under the present reaction conditions (see below).
Analogous results were obtained for the reaction of 4
with phenylmagnesium bromide,'® indicating that the
electronic structure of the electrophilic center is not
different significantly between the two compounds.

The above results suggest that net carboxyl transfer
might be achieved if the basicity of the pertinent nitro-
gen is lowered. Hence 1-methoxycarbonylimidazole
(9) was chosen as a donor substrate. Reaction of 9 with
phenylmagnesium bromide, indeed, provided methyl
benzoate (Scheme 3). For example, a reaction of 9 with
2 molar equiv of phenylmagnesium bromide yielded
the following products: methyl benzoate 51%, benzo-
phenone 1%, triphenylmethanol 5%, and unreacted 9
8%. This result clearly indicates that the N-C bond
cleavage or “the carboxyl” transfer has taken place. An
alternative pathway that produces 1-benzoylimidazole
as the initial product may also be envisioned, because
the latter two products can be generated from either
methyl benzoate or 1-benzoylimidazole. Furthermore,
only 65% of the substrate initially present were identi-
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fied as above and the rest might be, at least in part,
accounted for by l-benzoylimidazole, which may be
lost during work-up due to its water lability. Never-
. theless, the methyl benzoate pathway is the main one,
since the ester was obtained as the major product at
least in one instance (above).

Discussion

From the results presented above, two main conclu-
sions have been drawn. First, the stable enolic biotin
model (1) possesses a much higher nucleophilicity
than the corresponding keto model (2) toward a car-
bonyl carbon of the carbonate derivatives (a hydrogen-
carbonate surrogate). A similar behavior of both mod-
els was reported briefly for the hydrolytic reaction
of carboxylic esters in water.1¥ Also consistent with
these is the observation that whereas 3-methyl-2-imid-
azolidinone was unable to add to the carbonyl carbon
of a carbamate, the corresponding enol could.’® All
these phenomena may be rationalized in terms of a
difference in the basicity of the pertinent nitrogen of
the two compounds: The pK, for the conjugate acid
of 1is =919 while the corresponding value for 2~—1.1
Taken together, it is suggested that the ultimate func-
tion of ATP in the first partial reaction of carbox-
ylation (Eq. la) is to enhance basicity and hence
nucleophilicity of the nitrogen of biotin in question
through phosphorylation of the ureido carbonyl.

It is, however, noted that despite suggestions for the
participation of O-phosphono enolic structure (5) in
biotin catalysis, its existence has not been proven in an
explicit manner. The enolic structure of biotin in its
unphosphorylated form is predicted theoretically to be
unstable.’” It is also pointed out that an alternative
explanation may be invoked for the role of ATP,
e.g., phosphorylation of hydrogencarbonate, another
substrate in the carboxylation of biotin (Eq. 1a).1®
The resulting mixed anhydride is expected to exhibit
a higher reactivity than hydrogencarbonate. In fact,
this mode of activation of a carboxyl group by ATP is
rather general in synthase reactions in which an
amide or ester bond is formed concomitant with ATP
hydrolysis.1®

Secondly, it was found that compound 3 undergoes
reaction with various nucleophiles in a way quite anal-
ogous to that for compound 4,12 demonstrating that
the electronic structure around the reaction center
is not different significantly between the two. Com-

pounds 3 and 4 have several potential sites for nucle-
ophilic attack (Scheme 4), of which sites b and c are
present in the N-carboxybiotin intermediate as well.
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As noted above and previously,”-11:12 oxygen and sulfur
nucleophiles attack site a and nitrogen nucleophiles
attack mostly site c. Only carbanions attack site b, an
observation reminiscent of the fact that the enzymatic
carboxyl transfer takes place on the (“active’’) carbon
in most cases.1™® The initial addition of a carbanion
to the ester carbonyl (site b) of 3 and 4 is followed by
scission of the C-O bond. A ‘“carboxyl” transfer was
effected by employing 1-methoxycarbonylimidazole
(9) as the donor substrate. The lower basicity of the
imidazole nitrogen to which the methoxycarbonyl
group is linked appears to be responsible for this
difference; the pK. of imidazole being =~14,29 while
that of urea 25—33.20 This implies that the N-C
bond cleavage becomes feasible where the basicity
of the pertinent nitrogen is low enough to make it a
good leaving group. This result might be of value in
relation to the mechanism of the enzymatic carboxyl
transfer. As shown above, the carboxyl carbon bond-
ed to the ureido nitrogen is a poor electrophile. To
achieve transfer of the carboxyl group, one might have
to enhance the electrophilicity of the carboxyl carbon
and/or the nucleophilicity of the carboxyl-acceptor
substrate. One way of doing this would be the electro-
philic catalysis. For example, protonation or metal
coordination to the ureido ring should bring about
an electronic shift from the carboxyl group,22.29 there-
by facilitating nucleophilic attack of the incoming
nucleophile on that site (Scheme 4). To corraborate
this hypothesis further work is being continued in this
laboratory.

Experimental
Materials. Common chemicals including 2-imid-

azolidinone (2, ethyleneurea) were obtained from commercial
sources. The following compounds were prepared by the



2804

literature methods specified; 2-ethoxy-2-imidazoline (1),29
1-methoxycarbonyl-2-ethoxy-2-imidazoline (3),29 1-methoxy-
carbonyl-2-imidazolidinone (4),Y 1-methoxycarbonylimid-
azole,2® methoxycarbonyl dimethyl phosphate.2? 1-Benzoyl-
2-ethoxy-2-imidazoline (8) was prepared by reaction of 1-
benzoyl-2-imidazolidinone with triethyloxonium tetrafluoro-
borate. The crude product was purified by column chroma-
tography on silica gel with acetonitrile as an eluant and by
recrystallization from hexane, mp 46—48°C. IR (KBr) 1673
(C=0), 1648 cm~! (C=N). NMR (CCly): 6=0.84 (t, 3H, -CHas),
3.52 (t, 2H, -CHz-), 3.93 (t, 2H, -CH32-), 4.01 (q, 2H, -CH2-
CHaj), 7.10—7.28 (m, 5H, -C¢Hs). Found: C, 66.27; H, 6.45;
N, 12.92%. Calcd for C12H14N2O3: C, 66.03; H, 6.46; N, 12.83%.

Apparatus. Electronic and infrared absorption spectra
were determined on a Hitachi 124 and Jasco A-100 spectro-
photometer, respectively. !HNMR spectra were taken on a
Jeol JNM-MH-100 spectrometer. Chemical shifts are express-
ed in parts per million relative to internal TMS. 3CNMR
spectra were determined on a Jeol JNM-FX-90Q spectrom-
eter operating at 22.5 MHz. Typical experimental parameters
were the following: spectral width of 5000 Hz with acquisi-
tion of 8 K data points, 10-ps pulse, and a recovery time of 3s.
Mass spectra were determined with a Jeol JMS-DX 300 mass
spectrometer. High-performance liquid chromatography
(HPLC) was run on a Toyo Soda HL.C 802 UR with Merck
LiChrospher Si-100 as the stationary phase (4X300mm) and
chloroform-methanol (98:2 by vol.) as the eluant. When
run at a flow rate =1.0ml/min following retention times
(min) were obtained MPNC 2.7, methyl chloroformate 3.2,
1 3.8, 3 4.7, p-nitrophenol 6.2, 4 8.2.

Reaction of 1 with MPNC. A mixture of 120 mg (1.03
mmol) of 1 and 220 mg (1.12mmol) of MPNC in 20 ml of
CHCI; was refluxed for 12h. The solvent was removed in
vacuo and the residue was purified by column chromatog-
raphy on silica gel (1.6X22cm) with acetonitrile as an
eluant in 62% yield, mp 67.5—70.0°C (1it,2® 67—70°C).

Reaction of 3 with Cyclohexylamine. A sample of 3
(50 mg, 0.29 mmol) and cyclohexylamine (70 ul, 0.58 mmol)
were allowed to react in chloroform at 60°C for 24h.
Evaporation of the solvent in vacuo left an oil, to which
was added hydrochloric acid equimolar to 3. The product
obtained as a hydrochloride in 75% yield was recrystallized
from ethanol, mp 142—145°C. R:0.59 (CHCls). IR(KBr) 1728
cm~! (C=0). MS m/z 225.14715 (M+). Calcd for C11H19N302
as free base: 225.14761.

Reaction of 9 with Phenylmagnesium Bromide. To a
THF solution (12ml) of phenylmagnesium bromide (24.6
mmol) was added a THF solution (40ml) of 9 (1.68g,
13.3 mmol) at 0°C. The mixture was stirred for 10h. The
reaction was terminated by the addition of 10 ml of water
and the solid formed was removed by filtration. The filtrate
was extracted with ether (3X10ml) and chloroform (3X10
ml). The combined extracts were dried over MgSO4. Evap-
oration of the solvents left an oil, which was dissolved in
carbon tetrachloride together with 846 pul (13.3 mmol) of
dichloromethane for submission to NMR measurements.
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