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Abstract: The first total synthesis of roquefortine C is achieved by implementation of a novel elimination
strategy to construct the thermodynamically unstable E-dehydrohistidine moiety. Molecular modeling studies
are presented which explain the instability of the roquefortine C structure compared to that of isoroquefortine

C.

Introduction

The roquefortines are a class of biologically active indole
alkaloids featuring a hexahydro[2,3-b]indole nucleus substituted
at the benzylic ring junction with a 1,1-dimethylallyl group. A
number of structurally similar indole alkaloids that belong to
the amauromine, ardeemin, or flustramine families have received
significant attention from synthetic chemists.'™ The roquefortine
family of fungal metabolites was initially isolated from cultures
of Penicillium roqueforti obtained from soil samples, though
these compounds are also produced by other Penicillium
species.®'? Roquefortine C was found in a variety of food
products, due to both natural occurrence and contamination.”''='?
Roquefortine D (1) is the dihydro derivative of roquefortine C
(2) and the biosynthetic precursor to 2. More recently, both were
isolated from P. aurantiogriseum strains obtained from Artic
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and Antartic sediments.'* A new member of this family,
roquefortine E (3), has been isolated from an Australian soil
isolate of the ascomycete Gymnoascus reessii (Figure 1).'?

Roquefortine E (3) is the first roquefortine to be isolated from
a fungus other than Penicillium. Roquefortine C possesses
bacteriostatic activity against Gram-positive bacteria and also
interacts with cytochrome P450 by binding to the heme. The
effect of roquefortine on the growth of gram-positive organisms
only occurs in those containing hemins.'®™'® However, the
mechanisms of toxicity and metabolic pathway of roquefortine
are still unclear.'?2%22

An important structural feature of 2 is the configuration of
the attachment to the imidazole ring. The E-configuration of
the 3-17 double bond of roquefortine was established by
comparison of its spectral properties with those of its photoi-
somer, isoroquefortine C (4, Figure 2) that has the Z-configu-
ration. The unusual E-dehydrohistidine moiety typically under-
goes facile isomerization under acidic, basic, or photochemical
conditions.??~*” Isoroquefortine C (4) is not a natural product.
In contrast to roquefortine C, isoroquefortine C does not bind
to iron.

The interest in roquefortine C (2) is due to its presence in all
blue cheeses and the health implications of its existence in
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Figure 1. The roquefortine family of fungal metabolites.
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Figure 2. Isoroquefortine C (4).

human and animal food products. A report that intraperitoneal
injection of 50-100 mg per kg in male mice caused convulsive
seizures was followed by conflicting reports, but all these tests
were performed on isolated roquefortine obtained from a variety
of isolation procedures.'®!*?°2 The variability of responses
to different toxicity tests clearly indicates that the effects exerted
were not due to the presence of a single toxin but to several
substances present in variable quantities in the extracts of
different strains. In view of these results, 2 might be contami-
nated with other mycotoxins, and it was imperative that toxicity
tests should be carried out on a pure synthetic sample.

From a synthetic chemistry standpoint, roquefortine C (2) is
an attractive target for total synthesis because of its unique
structure. Therefore its synthesis was investigated in our
laboratory. Earlier efforts resulted only in preparations of
isoroquefortine C.**?° Now for the first time, we have achieved
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Figure 3. Retrosynthetic analysis of roquefortine C (2).
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a total synthesis of this molecule, paving the way for a clear
toxicological assessment of this compound. Curious about the
reluctance of this compound to yield to synthesis, we also
present molecular modeling studies that confirm the stability
of the isoroquefortine C (4) structure compared to that of
roquefortine C (2), accounting for the difficulties encountered
in generating this compound. What is still unexplained is the
ubiquitous presence of roquefortine C in nature and the absence
of isoroquefortine C.

The two synthetic challenges presented by roquefortine C (2)
are the construction of the prenylated pyrroloindole tricyclic
structure and the E-dehydrohistidine moiety. As shown in the
retrosynthetic analysis, the pyrroloindole 5 will be synthesized
from L-tryptophan methyl ester 6 and the imidazole derivative
7 will be obtained from the methyl ester of urocanic acid 8.

The synthesis of acid 5 was accomplished according to the
method developed by the Danishefsky group.'~ Starting from
L-tryptophan methyl ester hydrochloride 6 (Scheme 1), Boc-
protection of both nitrogens afforded 9, which was treated with
N-phenylselenyl phthalimide (NPSP)*° to form the selenenylated
pyrroloindole 10. The reaction of tryptophan derivatives with
NPSP was extensively investigated by Crich.*' Compound 10
was treated with methyl triflate, prenyl tributyl stannane and
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Figure 4. Isoroquefortine C 4 and two tautomers of roquefortine C (2a and 2b) were the low energy tautomers selected for Hartree—Fock/6-31G* calculations

in Spartan 06.
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Scheme 1. Construction of the Pyrroloindole Segment (5)
@]

OMe  Boc,0, NaOH, Bu,;NHSO,

Ny, NH,HCI CHCh

91%

NHBoc
N
H

6
(e}
PhSe, OMe MeOTH, >=\SnBU3
NBoc Me
-10°C
N H SN
Bod oL
tBu” N "tBu  69%
10

Scheme 2. Synthesis of the Imidazole Derivative (7)
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2,6-di-tert-butyl-4-methylpyridine to provide the alkylated
compound 11. Hydrolysis of the methyl ester afforded the acid
5.

The next step was the construction of the dehydrohistidine
fragment (Scheme 2) that began with the methyl ester of
urocanic acid 8.
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Scheme 4. Completion of the Synthesis of Roquefortine C (2)
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Boc protection of the imidazole ring 12 was followed by
dihydroxylation to afford a racemic syn diol 13. Selective
nosylation of the more acidic a-hydroxyl group in 14 and
subsequent azide displacement of the nosylate afforded azide
15.%? Hydrogenation of the azide gave the amine 16.

Coupling of acid 5 and amine 16 under conventional
conditions using EDCI and HOBt afforded 17 in 93% yield
(Scheme 3). It was expected that an anti E2 elimination on
substrate 17 would give the desired E double bond. However,
treatment of 17 with mesyl chloride or thionyl chloride and
triethylamine provided oxazoline 18 as the product, and no
elimination occurred. A stereoselective elimination method to
generate dehydroamino acid derivatives was reported by Sai et
al.** Under these conditions (EDC, copper chloride, 80 °C in
toluene), elimination provided only the Z-dehydroamino product
from substrate 17. Assuming a syn elimination transition state,
the Z-isomer 19 should be the major product.** Global depro-
tection of Boc with TMSI and treatment with ammonia in
methanol provided isoroquefortine C.>

To make the thermodynamically unstable E-isomer using the
same dehydration conditions, we needed the threo isomer. To
this end, protected ester 12 was treated with NBS in an
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acetonitrile/water mixture to afford the anti f-hydroxy-o-bromo
derivative 20 (Scheme 4). Azide displacement of the bromine
(21) and reduction of the azide provided amine 22. Coupling
between S5 and 22 by 2-(1H-9-azobenzotriazole-1-yl)-1,1,3,3-
tetramethylammonium hexafluorophosphate (HATU) afforded
23. Using EDC dehydration conditions provided the Z-isomer
19 and E-isomer 24 as a 1:1 mixture of isomers. Significant
amounts of the thermodynamically unstable E-isomer were
produced by syn elimination under these conditions. The E/Z
isomers were easily separable by silica gel chromatography.
Treatment of 24 with TMSI and then ammonia in methanol
completed the first total synthesis of roquefortine C.
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Figure 5. 3-Dimensional structural representations of isoroquefortine C, tautomer 1 of roquefortine C, and tautomer 2 of roquefortine C based on HF/6-
31G* geometry optimizations. Both isoroquefortine C (4) and tautomer (2) of roquefortine C (2b) have intramolecular H-bonds between the imidazole and
diketopiperazine rings. The atoms circled in red denote the centers (sp?, nitrogen, carbon, and hydrogen atoms) involved in the “rings” representing the

coplanar double bond networks.
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Figure 6. Vinyl imidazole. The barrier to rotation of the exocyclic double
bond out of coplanarity was modeled using HF/6-31G*. If the double bond
rotates out of coplanarity with the conjugated imidazole ring, the penalty
is in the range of 17-23 kJ/mol, depending on the starting tautomer and
conformer.
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Figure 7. Cyclopentadiene analogues of isoroquefortine C and roquefortine
C (25 and 26, respectively). The isoroquefortine C analogue (25) is 14 kJ/
mol more stable than the roquefortine C analogue (26) from HF/6-31G*
and 9 kJ/mol from T1.

Computational studies on roquefortine C (2) and isoroque-
fortine C (4) were undertaken to understand why the synthesis
of roquefortine C was at first elusive, and why roquefortine C
so readily isomerized to isoroquefortine C photochemically.
Lowest energy conformers were established for the most stable
tautomers of isoroquefortine C and roquefortine C (Figure 4)
using molecular force field (MMFF) molecular mechanics.
Equilibrium geometries were then calculated using the Hartree-
—Fock method with the 6-31G* basis set (HF/6-31G*).3
Additionally, calculations were performed with the T1 model

that was developed to provide accurate heats of formation.*
The Spartan 06 program was employed.*®

When comparing the lowest energy tautomer of roquefortine
C (2b) to isoroquefortine C (4), we find that roquefortine C is
nearly 17 kJ/mol higher in energy than isoroquefortine C,
according to the HF/6-31G* model and 15 kJ/mol higher
according to the T1 model (Tables 1 and 3). These energy
differences clearly demonstrate the stability of isoroquefortine
C over roquefortine C.

(35) T1 is an efficient procedure for calculating heats of formation of
uncharged, closed-shell molecules comprising H, C, N, O, F, S, Cl,
and Br. It follows the G3(MP2) recipe [Curtiss, L. A.; Redfern, P. C.;
Raghavachari, K.; Rassolov, V.; Pople, J. A. J. Chem. Phys. 1999,
110, 4703.] but substitutes a HF/6-31G* for the MP2/6-31G*
geometry, eliminates both the HF/6-31G* frequency and the QCISD(T)/
6-31G* energies and approximates the MP2/G3MP2Large energy
using dual basis set RI-MP2 techniques. Taken together, these changes
reduce computation time by 2-3 orders of magnitude. Atom counts,
Mulliken bond orders, and HF/6-31G* and RI-MP2 energies are
introduced as variables in a linear regression fit to a set of ~1100
G3(MP2) heats of formation. The T1 procedure reproduces these
values with a mean absolute error of 1.8 kJ/mol. It reproduces
experimental heats of formation for a set of ~1800 organic molecules
from the NIST thermochemical database with a mean absolute error
of 8.5 kl/mol. Heats of formation of flexible molecules have been
approximated by the heats of formation of their lowest-energy
conformer. This has been identified by examining all conformers for
molecules with fewer than 100 conformers and by examining a random
sample of 100 conformers for molecules with more than 100
conformers. In terms of both overall error and errors for individual
systems, T1 provides a better account of the experimental thermo-
chemistry than any practical quantum chemical method that we have
previously examined. The T1 model will be included with the release
of the Spartan electronic structure program. A database of ~40000
T1 calculations for both rigid and flexible organic molecules will also
be available (scheduled for late Summer 2008).
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Figure 8. 3-Dimensional structural representations of cyclopentadienyl analogues of isoroquefortine C and roquefortine C (25 and 26) based on HF/6-31G*
geometry optimizations. The conjugated double bonds in 25 are nearly coplanar while those in 26 have bond angles that deviate from ideal sp> geometries.
These double bond networks (in both 25 and 26) involve the exocyclic double bond and the double bond of the Cp ring that it is conjugated to.

Table 1. Relative Energies for Isoroquefortine C (4) and for the
two Tautomers of Roquefortine C (2a and 2b) Calculated by the
Hartree/Fock Method with the 6-31G* Basis Set

Table 3. Relative Energies for Isoroquefortine C (4) and for
Tautomer (2) of Roquefortine C (2b) Calculated by the T1
Method®®

isomer relative energies (kJ/mol) Boltzmann distribution isomer relative energies (kJ/mol) Boltzmann distribution
4 0.0 >99.5% 4 0.0 >99.5%
2a 32 <0.5% 2b 15 <0.5%
2b 17 <0.5%

Table 2. Relative Energies for the Cyclopentadiene Analogues (Cp
Replaces Imidazole) of Isoroquefortine C (25) and Roquefortine C
(26) Calculated by the Hartree/Fock Method with the 6-31G* Basis
Set

isomer relative energies (kJ/mol) Boltzmann distribution
25 0.0 >99.5%
26 14 <0.5%

Examination of the equilibrium geometry structures for
roquefortine C (2b) and isoroquefortine C (4) reveals that both
compounds adopt conformations with an internal H-bond (Figure
5). In roquefortine C (2b), the hydrogen bonding is between a
carbonyl oxygen on the diketopiperazine ring and the NH on
the imidazole ring. In isoroquefortine C (4), the hydrogen bond
forms between an NH bond on the diketopiperazine ring and
the N on the imidazole ring. This observation suggests that the
large calculated energy difference between the two isomers (17
kJ/mol by the HF/6-31G* method and 15 kJ/mol by the T1
method) cannot be explained on the basis of hydrogen-bonding
stabilization alone.

Note that both roquefortine C and isoroquefortine C are planar
(or nearly so) with respect to the orientation of the diketopip-
erazine and imidazole rings (Figure 5). Coplanarity is necessary
for the exocyclic (E/Z) double bond and the ring (imidazole
and diketopiperazine) double bonds to conjugate. The preference
for planar arrangements in roquefortine C and isoroquefortine
C was modeled using vinyl imidazole®” (Figure 6), where,
according to the HF/6-31G* model, the barrier to rotation is in
the range of 17-23 kJ/mol, depending on the starting tautomer
and conformer. This is the same order of magnitude as the
difference in energy between roquefortine C (2b) and isoro-
quefortine C (4).

The “ring” involving the H-bond in roquefortine C (Figure
5, 2b) is made up of seven atoms (five sp” centers, a nitrogen
and the hydrogen atom), while the ring in isoroquefortine C (4,

6286 J. AM. CHEM. SOC. = VOL. 130, NO. 19, 2008

Table 4. Relative Energies for the Cyclopentadiene Analogues (Cp
Replaces Imidazole) of Isoroquefortine C (25) and Roquefortine C
(26) Calculated by the T1 Method®®

isomer relative energies (kJ/mol) Boltzmann distribution
25 0.0 98%
26 10 2%

Figure 5) is made up of only six atoms (four sp” centers, a
nitrogen, and a hydrogen). Achieving ideal sp? bond angles
(120°) will be more difficult for roquefortine C than for
isoroquefortine C and the calculated structures are in agreement:
roquefortine C has bond angles up to 134° while the largest
bond angle calculated for isoroquefortine C is 127°.

We contend that the difference in stability of roquefortine C
and isoroquefortine C is primarily due to the difference in the
energy penalty required to achieve coplanarity and not to the
difference in hydrogen-bond strengths. This view is supported
by additional calculations on analogues in which a cyclopen-
tadiene replaces imidazole (Figure 7). While there is no
possibility for intramolecular hydrogen bonding in these ana-
logues, the HF/6-31G* energy difference (14 kJ/mol favoring
the isoroquefortine C analogue) is nearly the same as in the
imidazole systems. The T1 energy difference is 10 kJ/mol. As
expected, double bonds in the diketopiperazine and cyclopen-
tadiene rings for 25 are nearly coplanar, and bond angles in the
roquefortine analogue 26 are further removed from ideal values
(Figure 8).

(36) Spartan 06 is available from Wavefunction, Inc., 18401 Von Karman
Avenue, Suite 370, Irvine, CA 92612; www.wavefun.com.

(37) Although tautomer 1 of roquefortine C 2a does not have the potential
to hydrogen bond, its coplanar double bond network (circled atoms
in 2a, Figure 5) also resembles a seven-membered “ring” involving
six sp® centers and one hydrogen atom. Here too, the bond angles
deviate from ideal sp® geometries. Since tautomer 2a does not gain
any stabilization from H-bonding as tautomer 2b does, it has a higher
relative energy (34 kJ/mol) than tautomer 2b (17 kJ/mol) by the HF/
6-31G* method.
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The computational calculations are summarized in Tables
1—4. The computational studies support the notion that achiev-
ing coplanarity of the diketopiperazine and imidazole rings
requires greater distortion of the sp? centers in roquefortine than
in isoroquefortine C. We believe that this is the major cause of
the thermodynamic differences in stability between the two
isomeric compounds.
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