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A series of imidazole-containing peptidomimetic PFTase inhibitors and their co-crystal structures
bound to PFTase and FPP are reported. The structures reveal that the peptidomimetics adopt a similar
conformation to that of the extended CVIM tetrapeptide, with the imidazole group coordinating to the
catalytic zinc ion. Both mono- and bis-imidazole-containing derivatives, 13 and 16, showed remarkably
high enzyme inhibition activity against PFTase in vitro with 1Cs, values of 0.86 and 1.7 nM,
respectively. The peptidomimetics were also highly selective for PFTase over PGGTase-I both in vitro
and in intact cells. In addition, peptidomimetics 13 and 16 were found to suppress tumor growth in
nude mouse xenograft models with no gross toxicity at a daily dose of 25 mg kg~'.

Introduction

During the last decade protein prenylation has become a major
focus in anti-cancer research due to its critical role in the Ras- and
Rho-mediated signaling pathways that are aberrantly activated in
many human cancers.' Protein prenylation is a post-translational
modification that involves the attachment of a C-15 farnesyl ora C-
20 geranylgeranyl group through a thioether linkage to a cysteine
residue near the carboxyl terminus of a target substrate protein.*
Three enzymes comprise the protein prenyltransferase family that
is responsible for catalyzing the prenylation of substrate proteins
in mammalian cells: protein farnesyltransferase (PFTase), type I
protein geranylgeranyltransferase (PGGTase-I), and type II pro-
tein geranylgeranyltransferase (PGGTase-II). PFTase transfers a
C,s farnesyl residue to a cysteine within the CaaX tetrapeptide
sequence found at the carboxyl terminus of prenylated proteins.
The central “aa” residues are usually aliphatic amino acids
while X is commonly methionine or serine. The related protein
PGGTase-I attaches a C,, geranylgeranyl lipid to the cysteine
of the CaaX sequence of target substrates, where the X residue
is predominantly leucine, isoleucine or phenylalanine. Thus, the
prenylation state of a protein, farnesylated or geranylgeranylated,
is dictated by the nature of the terminal X specificity residue. A
third prenyltransferase, PGGTase-II, transfers two geranylgeranyl
residues to protein trafficking Rab proteins containing Cys—Cys
or Cys—Ala-Cys sequences at the C-terminus.
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The crystal structure of PFTase bound to a CVIM tetrapeptide
(the CaaX tetrapeptide terminal sequence of K-Ras) and a
farnesylpyrophosphate (FPP) analog has been solved.>” The
structure reveals that the CVIM binds to a large hydrophobic
pocket in the enzyme in an extended conformation forming two
hydrogen bonds with Gln 1670 and Arg 202f, while the Cys
thiol group coordinates to the zinc ion. In earlier generations
of our peptidomimetic PFTase inhibitors, the central aliphatic
dipeptide in CaaX was replaced by a 4-amino-2-phenylbenzamide
spacer to afford the lead inhibitor, FTI-276%° (Fig. 1). FTI-276
was found to be a remarkably potent inhibitor in vitro against
PFTase with an ICy, value of 0.5 nM, however, the metabolically
unstable thiol group hampered further development. We'® and
others'! have demonstrated that replacement of the thiol group by
an imidazole maintains enzyme inhibition activity and that non-
thiol-containing peptidomimetics inhibit human tumor growth in
animal models in a more selective and potent manner than the
corresponding thiol contaning inhibitors.'® In this study, we have
replaced the free thiol group with differently lengthed imidazole
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Fig. 1 Design of imidazole-containing peptidomimetics.
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groups and investigated the scope of this change by introducing
various substituents on the N-1 of the imidazole and the ortho
position of the 2-phenyl group in the scaffold (Fig. 1). In addition,
we have solved the crystal structures of several ternary complexes
of PFTase bound to imidazole-containing peptidomimetics and
have assessed their antitumor potency in nude mouse xenograft
models of cancer.

Results and discussion
Chemistry

The synthetic approach to compounds 1-17 is shown in Scheme 1.
Compounds 1-14 were synthesized by the previously reported
procedures.”'? Briefly, Suzuki coupling of 2-bromo-4-nitrobenzoic
acid methyl ester, which was derived from commercially avail-
able 2-bromo-4-nitrotoluene, afforded ortho-methyl substituted
biphenyl scaffold 18. The conversion of the nitro group by
reduction and Sandmeyer reaction to the corresponding iodide,
followed by palladium catalyzed reaction with zinc cyanide and
Pd(PPh;), gave 19. Hydrogenation in the presence of Boc,O
afforded the Boc-protected benzylamine derivative, which was
followed by hydrolysis of the methyl ester, and subsequent coupling
with L-methionine methyl ester to give 20. Reductive amination
of free benzylamine 21 with the respective imidazolecarboxyalde-
hydes proceeded efficiently to give the methyl ester derivatives,
and subsequent hydrolysis of the methyl esters afforded 13 and
15. The bis-imidazole-containing compounds were prepared by
alkylation of 21 with N-Boc-4-chloromethylimidazole®® followed
by deprotection, and hydrolysis to give 16 and 17, respectively.
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Scheme 1 Reagents and conditions: (a) KMnO,, 75%; (b) SOCIL,,
MeOH, 78%; (¢) o-tolylB(OH),, Pd(PPh;),, K,CO;, 83%; (d) SnCl,, 100%;
(e) NaNO,, KI, 81%; (f) Zn(CN),, Pd(PPh;),, 91%; (g) H,, 60 psi, 10%
Pd-C, Boc,0, 99%; (h) LiOH, 100%; (i) H-Met-OCH;, EDCI, HOB,
92%; (j) 50% TFA in CH,Cl,, 100%; (k) imidazolecarboxaldehyde, NaBH,,
86%; (1) 1-t-butoxycarbonyl-4-chloromethylimidazole, NaHCO,;, DMF,
88%; (m) 50% TFA in CH,Cl,, 74%; (n) LiOH in THF, 77-100%.

Crystal structures

The crystal structure of the ternary complex of PFTase: FPP: FTI-
2148 (13) was solved and a view of the inhibitor bound into the
active site with the corresponding position of the CVIM tetrapep-
tide superimposed, is shown in Fig. 2. The structure confirmed our
peptidomimetic design strategy, since FTI-2148 adopts a similar
conformation to that of the extended conformation of CVIM
in the active site of PFTase. The two hydrogen bonds between
GIn167a/Met carboxylate, and Arg202f3/amido carbonyl group
of the benzoate scaffold are well conserved. The N-1 position
of the imidazole group coordinates to the catalytic zinc ion, and
the hydrophobic biphenyl spacer binds to a hydrophobic pocket
created by aromatic amino acid residues Trp102, Trp1068, and
Tyr361B.° The crystal structure of PFTase bound to bis-imidazole
FTI-2287 (16) was also solved (Fig. 3). In this structure the N-1
of the first imidazole group coordinates to the zinc ion, and the
biphenyl scaffold and Met residue of the inhibitor adopt a similar
orientation to that observed in the mono-imidazole derivative FTI-
2148 (13), with the two key hydrogen bonds conserved. The second
imidazole group in 16 does not coordinate the zinc but projects
towards the a-subunit as shown in Fig. 3. The 2-H of this imidazole
islocated within van der Waals contact distance (ca. 4.5 A) with the
phenol ring system in Tyr166a suggesting that a CH-= interaction
may contribute to stabilizing the complex.

Fig. 2 View of the active site of PFTase ternary complex with FTI-2148
(13) (green) and FPP (gray with blue surface). The zinc ion is shown in
orange. The structure of CVIM tetrapeptide (gray) bound to the active site
of PFTase is superimposed.

In vitro and in vivo inhibition activity

The ability of these compounds to inhibit PFTase and PGGTase-1
in vitro was investigated by using partially purified PFTase and
PGGTase-I from human Burkitt lymphoma (Daudi) cells.** En-
zyme preparations were incubated with ['H]FPP and recombinant
H-Ras-CVLS (PFTase) or [PH]JGGPP and recombinant H-Ras-
CVLL (PGGTase-]) in the presence of different concentrations
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Fig. 3 View of the active site of PFTase ternary complex with FTI-2287
(16) (green) and FPP (gray with blue surface).

of inhibitors. After incubation for 30 min at 37 °C, the reaction
was stopped and filtered onto glass fiber filters to separate free
[FH]FPP from [*H]H-Ras. The ICs, values for the inhibition of
PFTase of a series of compounds 1-9 based on the aniline type
scaffold are reported in Table 1. The unsubstituted imidazole
derivative 1 showed good inhibition activity against PFTase
(ICsy = 28 nM). Introducing a benzyl group onto the N-1 position
of the imidazole group as in 2b retained the activity against
PFTase but gave higher selectivity over PGGTase-I compared
to 1 (IC5, PGGTase-1/PFTase: 41 for 1; 105 for 2b), whereas
the corresponding regioisomer, 2a, in which the imidazole ring is
linked to the aniline scaffold at its 4-position (series a), showed
lower activity. All compounds containing a bulky aromatic group
at N-1 (such as 3-5) showed lower activity against PFTase
compared to 2. The alkyl group containing compounds 6-9 were
also effective inhibitors. Again, the compounds in series b show
higher inhibition potency than in series a, and cyclohexylmethyl
substituted 9b showed higher selectivity, consistent with the fact
that the binding environment around the zinc metal in the active
site of PFTase is considerably different to that of PGGTase-1."

Modification of the second phenyl group in the scaffold led to
compounds 10-12 (Table 2). Interestingly, introducing a methyl
group at the ortho position of 1 led to compound 10, which
showed 10-fold higher potency against PFTase and improved the
selectivity over PGGTase-I (PGGTase-1/PFTase = 40 for 1; 100
for 10). Compound 11, in which the imidazole ring system was
attached to the scaffold at C-2, was less active, indicating that the
position of the imidazole nitrogen is critical for binding to the
active site. Replacement of the ortho-methyl group by a methoxy
group to give 12 did not lead to an improvement in inhibition
activity.

Replacement of the aniline-type scaffold in 10 by a benzylamine-
based system led to a highly potent PFTase inhibitor, 13 (Table 3,
FTI-2148) which showed an ICs, value of 0.86 nM. The corre-
sponding methyl ester prodrug 14 (FTI-2153) potently inhibited
H-Ras processing in whole cell-based assays (ICs, = 0.02 uM)
(Table 3). A related compound 15, which possesses a methyl group
at the C-5 position of the imidazole group, showed reduced activity
compared to 13. Furthermore, installing a second imidazole group
onto the benzyl amine nitrogen as in 16, gave remarkably high
inhibition potency in whole cells with single digit nanomolar ICs,
value of 0.005 uM (Fig. 4 and Table 3). Somewhat surprisingly,
the methyl ester prodrug 17 (FTI-2295), which might have been
expected to have improved membrane penetration was found to
inhibit farnesylation in whole cells with a correspondingly higher
1C;, value of 0.02 uM. As shown in Fig. 4, 16 inhibits H-Ras
processing at 5 nM (lanes 5 and 6) without any disruption of
RaplA processing, whereas 17 inhibits 50% processing only at
20 nM (lanes 13 and 14), suggesting the methyl ester prodrug did
not improve inhibition activity in whole cells. A comparison of
the whole cell activity of 13 (IC5, = 0.2 uM) and that displayed
by 16, reveals that installing a second imidazole group leads to
an improvement in inhibition by 40-fold. This result suggests
that the second imidazole group may contribute to an increase
in membrane permeability of the molecule, less protein binding,
better stability, or higher intracellular concentration.'® We further
investigated the in vivo activity of 13 and 16 using xenograft
nude mice models of human lung carcinomas. Fig. 5 shows the
tumor growth suppression after treatment with each compound
ata 25 mg kg™' d~!' dose administered subcutaneously. After four
weeks, tumor growth was suppressed by 59 and 47% for 13 and
16, respectively. The tumor growth inhibition activity of 16 was
less marked than 13 in contrast to the high inhibition potency in
whole cells. Preliminary pharmacokinetic results (data not shown)

FTL.2287 FIL.2295
EE2Eg o 22 -
5 5 &% 5§ & - oq € 2 3 8 7 x M
= i e < = = R = L -
HRas U %
P—» d -
Lt T 1 1 AL ATY 1 A
RIPLET D b > ] | «—P
¥ -—
. D - ——— Rapl
Lane 1 2 34 5 6 7 8 10 11 12 13 14 15 16 17

Fig. 4 Effect of bis imidazole-containing compounds on processing of H-Ras and RaplA in NIH 3T3 cells. Western blot analysis demonstrates the
inhibition of farnesylated H-Ras or geranylgeranylated RaplA as seen by the band shift from processed (P) to unprocessed (U) protein. Lane 1: vehicle
control; lane 2: 5 uM FTI-277; lane 3: 5 uM GGTI-298; lanes 4 to 10: 0.001, 0.003, 0.01, 0.03, 0.1, 0.3 and 1 uM 16 (FTI-2287); lanes 11 to 17: 0.001,

0.003, 0.01, 0.03, 0.1, 0.3, and 1 uM 17 (FTI-2295).
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Table 1

Inhibition activity of 1-9 against mammalian PFTase and PGGTase-1
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a b
1C5y/nM 1Csy/nM
Compound R PFTase PGGTase-1 PFTase PGGTase-1
1 (FTI-2118) H 28(n=2) 1150 (n = 2) — —
2a (FTI-2208) 603 £ 201 3900 + 700 46 + 28 4833 + 1305
2b (FTI-2209) H2°©
3a (FTI-2218) CH, 4200 (n = 2) 2600 (n = 2) — —
4a (FTI-2219)  H.C 1400 (1 = 2) 6950 (n = 2) 130(n=2) 4550 (n=2)
4b (FTI-2221)
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8a (FTI-2240) R 1980 (n = 2) 5950 (n = 2) 22 6900
8b (FTI-2241)
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Fig. 5 In vivo activity of 13 and 16 using xenograft nude mice models of
human lung carcinomas: 13, 25 mg~"' kg=! d! (v¥); 16, 25 mg™' kg~' d!
(A); control, (@).

suggest that 16 is less stable in serum than 13, presumably as
a result of its rapid metabolic degradation due to the second
imidazole group. It is worth noting that there was no gross toxicity

observed during the course of these experiments, as documented
by no change in the weight, appetite and activity of the mice.

Conclusions

A series of imidazole-containing peptidomimetics was prepared,
and the crystal structures of their complexes with PFTase bound to
FPP showed that the peptidomimetics adopt a similar conforma-
tion to that of the extended CVIM tetrapeptide. In addition, two
distinct hydrogen bonds seen between the CVIM tetrapeptide and
PFTase active site were well conserved, and the N-1 position of the
imidazole group coordinates to the zinc ion. However, in the case
of bis-imidazole derivatives, the second imidazole group projects
away from the active site and is located near Tyr1660. within van der
Waals contact distance, suggesting a possible CH-n interaction.
Both mono- and bis-imidazole-containing derivatives, 13 and 16
showed remarkably high enzyme inhibition activity (ICs, = 0.86
and 1.7 nM, respectively), and suppressed tumor growth in nude
mouse xenograft models with no gross toxicity. Furthermore,
compound 16 showed higher inhibition activity in whole cells
than 13, suggesting that the role of the second imidazole group

This journal is © The Royal Society of Chemistry 2006
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Table 2 Inhibition activity of 10-12 against mammalian PFTase and

PGGTase-I
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Compound R! R? PFTase PGGTase-1
10 (FTI-2128) '/\IB\ CH, 28+2.0 260 £+ 130
N CH,
H
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may not only be to stabilize the complex but also to increase its
cell permeability. Additional SAR studies on the second imidazole
group of 16 are currently underway.

Experimental
General procedures

Melting points were determined with an electrothermal capillary
melting point apparatus and are uncorrected. '"H and *C NMR
spectra were recorded on a Bruker AM-500, 400, and 300
spectrometer. Chemical shifts were reported in J (ppm) relative
to tetramethylsilane. All coupling constants were described in Hz.
Elemental analyses were performed by Atlantic Microlab, Inc.,
GA. Flash column chromatography was performed on silica gel
(40-63 pm) under a pressure of about 4 psi. Solvents were obtained
from commercial suppliers and purified as follows: tetrahydrofu-
ran and ether were distilled from sodium benzophenone ketyl;
dichloromethane was distilled over calcium hydride. Synthesized
final compounds were checked for purity by analytical HPLC,
which was performed using a Rainin HP controller and a Rainin
UV-C detector with a Rainin 250 x 4.6 mm, 5 pm Microsorb C-18
column, eluted with gradient 10 to 90% of CH;CN in 0.1% TFA
in H,O in 30 min. High-resolution mass spectra (HRMS) and
low-resolution mass spectra (LRMS) were performed on a Varian
MAT-CH-5 (HRMS) or VG 707 (LRMS) mass spectrometer.
Compounds 5, 8-9, 11, 13-14°'>7 were prepared by the previously
reported methods.

4-|N-(1 H-Imidazol-4-yl)methylamino}-2-phenylbenzoylmethionine
(1, FTI-2118). 4-Hydroxymethylimidazole hydrochloride salt

Table 3 Inhibition activity of 13-17 against mammalian PFTase and PGGTase-1
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(1.0 g, 7.4 mmol) and p-toluenesulfonyl chloride were suspended
in 1 cm?® of distilled water and 3 cm® of THF. Sodium hydroxide
(1 N) was added and the pH maintained at approximately 9 over
a period of 3 h. The reaction mixture was extracted with diethyl
ether (3 x 50 cm®). The extracts were combined, dried over
magnesium sulfate and concentrated. The residue was purified
by flash column chromatography (100% ethyl acetate) to give
4-hydroxymethyl-1-p-toluenesulfonylimidazole as a white solid
(1.1 g, 58%). Mp 109-112 °C. '"H NMR (CDCl;) ¢ 7.98 (s, 1H,
imidazole), 7.82 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 7.22
(s, IH, imid), 4.51 (s, 2H, CH,OH), 2.42 (s, 3H, CH;). "C NMR
(CDCl;) 6 146.68, 144.68, 136.82, 134.72, 130.58, 127.54, 114.28,
57.66, 21.82. HRMS: m/e calcd for C, H,;,N,O;S, 252.0569,
found 252.0576.

This compound (0.7 g, 2.8 mmol) was dissolved into 7 cm?
of methylene chloride and manganese(1v) oxide (2.0 g, 23 mmol)
was added. The reaction mixture was stirred at room temperature
under a nitrogen atmosphere for 20 h. The solvent, methylene
chloride was filtered through a celite pad, and the combined
filtrates were evaporated. The residue was purified by flash
column chromatography (2 : 3 ethyl acetate-hexanes) to give
(1-p-toluenesulfonylimidazol-4-yl)carboxaldehyde as a white solid
(0.45 g, 64%). Mp 94-97 °C. '"H NMR (CDCl;) 6 9.79 (s, |H), 8.00
(s, 1H), 7.87 (s, 1H), 7.81 (d, J = 8.2 Hz, 2H), 7.33 (d, / = 8.0 Hz,
2H), 2.38 (s, 3H). HRMS(FAB) m/e calcd for C,H,,N,O;S:
250.0412, found 250.0419.

The above carboxaldehyde (0.10 g, 0.4 mmol) and N-(4-
amino-2-phenylbenzoyl)-methionine methyl ester hydrochloride
salt (0.16 g, 0.4 mmol) were dissolved in 10 cm® of 95% methanol
and 5% acetic acid and stirred for 15 min before adding sodium
cyanoborohydride (0.05 g, 0.8 mmol). The reaction was stirred
for 1/2 h and twice an additional amount of the carboxaldehyde
(0.165 g, 0.66 mmol) and sodium cyanoborohydride (0.83 g,
1.3 mmol) were added. The reaction was stirred at room tem-
perature under a nitrogen atmosphere for 16 h. The reaction
mixture was concentrated, the residue taken up in ethyl acetate
and washed with a saturated solution of sodium bicarbonate. The
organic phase was dried over magnesium sulfate and concentrated.
The residue was purified by flash column chromatography (3 : 2
ethyl acetate—hexanes) to give 4-[N-(1-p-toluenesulfonylimidazol-
4-yl)methylamino]-2-phenylbenzoylmethionine methyl ester as a
white solid (0.075 g, 7.5%). '"H NMR (CDCl;) ¢ 7.97 (s, 1H,
imid), 7.79 (d, J = 8.2 Hz, 2H), 7.65 (d, J = 8.5 Hz, 1H),
7.41-7.34 (m, 8H), 7.18 (s, 1H, imid), 6.60 (d, J = 6.7 Hz, 1H),
6.46 (s, 1H,), 6.46 (s, 1H), 5.71 (d, 1H), 4.62 (dd, J = 6.10,
6.21 Hz, 1H), 4.27 (s, 2H), 3.64 (s, 3H), 2.44 (s, 3H), 2.10 (t,
J = 7.56 Hz, 2H), 2.00 (s, 3H), 1.93-1.82 (m, 1H), 1.69-1.60
(m, 1H).

The above protected sulfonamide (0.075 g, 0.13 mmol) was
dissolved into 2 cm? of THF and cooled to 0 °C. Lithium hydroxide
(2cm?, 0.5 M) was slowly added to the reaction mixture and stirred
for 4 h. The pH was adjusted to 4 with 1 N HCI and excess THF
was removed under vacuum. The aqueous layer was lyophilized
and the resulting solid was purified by reverse phase preparative
HPLC. All fractions containing not less than 98.8% were pooled
and lyophilized to give 1 as a TFA salt (0.03 g, 52%). '"H NMR
(DMSO-d;) d 14.44 (s, 2H), 12.60 (s, 1H), 9.01 (s, 1H), 8.07 (d, J =
7.8 Hz, 1H), 7.56 (s, 1H), 7.30-7.24 (m, 8H), 6.65 (d, / = 1.5 Hz,
1H), 6.59 (s, 1H), 4.41 (s, 2H), 4.21 (dd, J = 4.5, 4.2 Hz, 1H),

2.27-2.14 (m, 1H), 1.98 (s, 3H), 1.86-1.75 (m, 1H). FAB [M +
HJ* = 425"

4-|N-(1-Benzyl-1 H-imidazol-4-yl)methylamino]-2-phenylbenzoyl-
methionine (2a, FTI-2208). 4(5)-Hydroxy-methylimidazole (5.0 g,
37 mmol) was dissolved in 20 cm® of dry DMF containing
triethylamine (15.0 g, 148 mmol). Benzyl chloride (9.5 g,
55.5 mmol) was added to the reaction mixture via an addition
funnel over a 5 min period and refluxed for 3 h. Additional
benzyl chloride (3.2 g, 18.7 mmol) and triethylamine (2.6 g,
25.7 mmol) were added and the reaction mixture refluxed an
additional 1 h. The solvents were concentrated and the residue
taken up into chloroform. The solvent was dried over magnesium
sulfate and concentrated. The oily material was crystallized
from acetone to give 1-benzyl-5-hydroxymethylimidazole (0.4 g,
5.7%). Mp 137-139 °C (Lit."® 139-140 °C). 'H NMR (CDCl,)
0 7.50 (s, 1H, imid), 7.31-7.35 (m, 3H, aromatic), 7.12-7.15
(m, 2H, aromatic), 6.99 (s, 1H, imid), 5.24 (s, 1H, CH,C¢Hj),
4.51 (s, 2H, CH,0OH), 2.16 (br s, 1H, OH). An additional 0.3 g
of 1-benzyl-5-hydroxymethylimidazole was recovered from the
column and combined to give a total of 0.7 g (10%).

The acetone soluble material was further purified by a silica
gel column using 100% acetone as the eluent to give 1-benzyl-4-
hydroxymethylimidazole as a white solid (1.4 g, 20%). Mp 75—
77 °C, (Lit." 79.5-80 °C). "H NMR (CDCl;) 6 7.52 (s, 1H, imid),
7.34-7.36 (m, 3H, aromatic), 7.12-7.18 (m, 2H, aromatic), 5.07 (s,
2H, CH,C¢Hj;), 4.58 (s, 2H, CH,OH), 3.51 (br s, |H, OH).

1-Benzyl-4-hydroxymethylimidazole (0.6 g, 3.2 mmol) was
dissolved into 15 cm?® of dioxane and heated to 80 °C. Manganese
dioxide (2.23 g, 25.6 mmol) was added at once and heating
continued for 6 h. The reaction was monitored by TLC using 100%
acetone as the eluent. After cooling slightly, the reaction mixture
was filtered through a celite plug followed by several washings
of methylene chloride. The filtrate was dried over magnesium
sulfate, concentrated, and the residue was purified by flash column
chromatography using 1 : 1 ethyl acetate—hexanes as the eluent to
give 1-benzyl-4-imidazolecarboxaldehyde as an oil (0.55 g, 93%).

The above carboxaldehyde (0.21 g, 1.1 mmol) and N-(4-amino-
2-phenylbenzoyl)-methionine methyl ester hydrochloride® (0.4 g,
1.0 mmol) were dissolved in 10 cm® of methanol and stirred for
15 min before adding dropwise 2 cm® of a methanol solution
containing sodium cyanoborohydride (0.034 g, 1.1 mmol). The
reaction was stirred at room temperature for 4 h. The reaction
mixture was concentrated and the residue taken up in ethyl acetate
and washed with a saturated solution of sodium bicarbonate
followed by a saturated solution of sodium chloride. The organic
phase was dried over magnesium sulfate and concentrated. The
residue was purified by flash column chromatography using a
gradient of 3 : 2 ethyl acetate—hexanes to 100% ethyl acetate as
the eluent. The product was crystallized from ethyl acetate and
hexanes to give 4-[N-(1-benzyl-1H-imidazol-4-yl)methylamino]-
2-phenylbenzoylmethionine methyl ester as a white solid (0.38 g,
72%). Mp 105-107 °C. '"H NMR (CDCl;) 6 7.67 (s, 1H), 7.66
(d, J = 8.6 Hz, 1H, aromatic), 7.35-7.45 (m, 9H, aromatic), 7.18
(m, 1H, aromatic), 6.86 (s, 1H), 6.66 (dd, J = 8.6, 2.4 Hz, 1H,
aromatic), 6.51 (d, J = 2.4 Hz, 1H, aromatic), 5.67 (d, J = 7.7 Hz,
1H), 5.10 (s, 2H, CH,C¢Hs), 4.61 (m, 1H, a met-H), 4.33 (s, 2H,
CH,NH), 3.64 (s, 3H, OCH,), 2.09 (t, / = 7.7 Hz, 2H, CH,SCH,),
2.00 (s, 3H, SCH;), 1.87 (m, 1H, CH,CH,SCH,), 1.65 (m, 1H,
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CH,CH,SCH;). *C NMR (CDClL) ¢ 172.3, 168.7, 149.8, 141.7,
141.4,140.0, 137.4, 136.1, 131.4, 129.2, 128.9, 128.7, 128.5, 127.9,
127.5,123.0, 116.9, 114.3, 111.8, 52.5, 51.9, 51.1, 41.8, 31.8, 29.6,
15.4.

This compound (0.10 g, 0.19 mmol) was dissolved into 5 cm?® of
THF and cooled to 0 °C. Lithium hydroxide (0.017 g, 0.4 mmol)
was dissolved into 5 cm® of distilled water and was slowly added
to the reaction mixture and stirred for 2 h. The pH was adjusted
using 0.5 M HCI and extracted with ethyl acetate. The extracts
were combined, washed first with a saturated solution of sodium
chloride, dried over magnesium sulfate and concentrated to give
2a as a white solid (0.058 g, 60%). Mp 143-146 °C. '"H NMR
(CD;OD) ¢ 8.99 (s, 1H, imid), 7.51 (s, 1H, imid), 7.29-7.45 (m,
9H, aromatic), 6.65 (dd, J = 8.3, 2.2 Hz, 1H, aromatic), 6.58 (d,
J = 2.3 Hz, 1H, aromatic), 5.38 (s, 2H, CH,C,H;), 4.41-4.47 (m,
3H, CH,NH; o met-H), 2.01-2.12 (m, 2H, CH,SCH;), 2.00 (s,
3H, SCH;), 1.90-1.96 (m, 1H, CH,CH,SCHj;), 1.73-1.78 (m, 1H,
CH,CH,SCH,). "C NMR (CD;0D) ¢ 175.1, 173.1, 150.5, 143.5,
142.5,136.5, 135.6, 135.0, 131.2, 130.6, 130.5, 129.8, 129.6, 129.6,
128.7,126.2, 120.8, 115.5, 112.4, 54.1, 53.2, 39.0, 31.9, 31.1, 15.2.

4-|N-(1-Benzyl-1 H-imidazol-5-yl)methylamino]-2-phenylbenzoyl-
methionine (2b, FTI-2209). 1-Benzyl-5-hydroxymethylimidazole
(0.6 g, 3.2 mmol) was dissolved into 15 cm® of dioxane and heated
to 85 °C. Manganese dioxide (2.22 g, 26.0 mmol) was added at
once and heated for 6 h. After cooling, the reaction mixture was
filtered through a celite plug. The celite was washed several times
with methylene chloride. The filtrate was concentrated and the
oily residue was crystallized from hexanes to give 1-benzyl-5-
imidazolecarboxaldehyde' as a white solid (0.46 g, 78%). Mp
52-54 °C; '"H NMR (CDCl;) ¢ 9.77 (s, 1H, C(O)H), 7.85 (s, 1H,
imid), 7.75 (s, 1H, imid), 7.34-7.36 (m, 3H, aromatic), 7.20-7.24
(m, 2H, aromatic), 5.53 (s, 2H, CH,C¢H;).

This carboxaldehyde (0.21 g, 1.1 mmol) and N-(4-amino-2-
phenylbenzoyl)-methionine methyl ester hydrochloride (0.4 g,
1.0 mmol) were dissolved in 10 cm® of methanol and stirred
for 15 min before adding dropwise a methanol (2 cm?) solution
containing sodium cyanoborohydride (0.034 g, 1.1 mmol). The
reaction was stirred at room temperature for 6 h. The reaction
mixture was concentrated and the residue was taken up in ethyl
acetate and washed with a saturated solution of sodium bicar-
bonate followed by a saturated solution of sodium chloride. The
organic phase was dried over magnesium sulfate and concentrated.
The residue was purified by flash column chromatography using
100% ethyl acetate as the eluent. The product was crystallized from
ethyl acetate and hexanes to give 4-[N-(1-benzyl-1H-imidazol-
S-yl)methylamino]-2-phenylbenzoylmethionine methyl ester as a
white solid (0.38 g, 72%). Mp 182-183 °C; '"H NMR (CDCl;)
0 7.68 (s, 1H, imid), 7.30-7.46 (m, 9H, aromatic), 7.10 (s, 1H,
imid), 7.04-7.07 (m, 2H, aromatic), 6.49 (dd, J = 8.5, 2.2 Hz, 1H,
aromatic), 6.35 (d, J = 2.3 Hz, 1H, aromatic), 5.70 (d, J = 7.7 Hz,
1H, C(O)NH), 5.19 (s, 2H, CH,C¢Hj5), 4.62 (dd, J = 7.3 Hz, 2H,
a met-H), 4.17 (d, J = 5.0 Hz, 2H, CH,NH), 3.94 (br t, 1H),
3.64 (s, 3H, OCH,), 2.09 (t, J = 7.7 Hz, 2H, CH,SCH,), 1.88
(m, 1H, CH,CH,SCH;), 1.66 (m, 1H, CH,CH,SCHj;). "C NMR
(CD;OD) 6 172.2, 168.6, 149.0, 141.8, 141.1, 136.0, 131.3, 129.3,
128.8, 128.5, 128.0, 126.9, 123.8, 114.2, 111.9, 52.5, 51.9, 49.2,
37.9, 31.7,29.6, 15.4.

This compound (0.10 g, 0.19 mmol) was dissolved into 5 cm? of
THF and cooled to 0 °C. Lithium hydroxide (0.017 g, 0.4 mmol)
dissolved into 5 cm® of distilled water was slowly added to
the reaction mixture and stirred for 2 h. The pH was adjusted
using 0.5 M HCI and the reaction mixture was lyophilized. The
lyophilized mixture was purified by reverse phase preparative
HPLC and fractions having assays greater than 99% were pooled
and lyophilized to give 2b as the TFA salt (0.058 g, 60%). Mp
120-122 °C. 'H NMR (CD;0D) ¢ 8.99 (d, J = 1.2 Hz, 1H, imid),
7.49 (s, 1H, imid), 7.28-7.40 (m, 11H, aromatic), 6.57 (dd, J =
8.7, 2.4 Hz, 1H, aromatic), 6.45 (d, J = 2.4 Hz, 1H), 5.53 (s, 2H,
CH,C¢Hjs), 4.44 (dd, J = 9.3, 4.2 Hz, 1H, a met-H), 4.38 (s, 2H,
CH,NH), 2.12-2.22 (m, 1H, CH,CH,SCH,), 2.01 (s, 3H, SCH,),
1.93-2.09 (m, 2H, CH,SCH;, 1.74-1.79 (m, 1H, CH,CH,SCH,).
BC NMR (CD;OD) ¢ 175.1, 173.2, 150.3, 143.4, 142.5, 137.7,
135.0, 134.6, 131.2, 130.7, 130.4, 129.9, 129.6, 129.0, 128.8, 126.2,
120.0, 115.4, 112.2, 53.2, 52.0, 38.2, 31.9, 31.1, 15.2.

4-[ N-(1-(1-Naphthyl)methyl-1 H-imidazol-4-yl)methylamino]-2-
phenylbenzoylmethionine (3a, FTI-2218).  1-(1-Naphthylmethyl)4-
(hydroxymethyl)imidazole was prepared from 4-(hydroxymethyl)-
imidazole hydrochloride (2.5 g, 18.6 mmol), 1-(chloromethyl)-
naphthalene (4.0 g, 20.4 mmol), and Na,CO; (3.94 g, 37.2 mmol)
in DMF (30 cm?®) by stirring at 100 °C for 10 h. After removal
of DMF by distillation under reduced pressure, the residue was
dissolved in acetone (30 cm?). The resulting white precipitates
were collected by filtration, and recrystallized from acetone to give
I-naphthylmethyl-4-(hydroxymethyl)imidazole as a sole product
(1.05 g, 24%). Mp 175-176 °C; '"H NMR (CD;0D) 6 8.04 (d, J =
8 Hz, 1H, aryl H), 7.92 (d, J/ = 8 Hz, 1H, aryl H), 7.89 (d, J =
8 Hz, 1H, aryl H), 7.71 (s, 1H, imid-2H), 7.55 (m, 2H, aryl H),
7.47 (t, J = 7.0 Hz, 1H, aryl H), 7.35 (d, J = 7.0 Hz, 1H, aryl
H), 7.02 (s, 1H, imid-5H), 5.68 (s, 2H, CH,0), 4.46 (s, 2H, CH,).
Anal. calcd for CsH,N,O,: C, 75.61; H, 5.92; N, 11.76. Found:
C, 75.52; H, 5.96; N, 11.61. The characterization of the isomer
was based on the result of the NOE measurement in DMSO-d,
at room temperature. NOE between both imidazole-ring protons
and naphthylmethyl protons were 6%, respectively.

To a solution of 1-naphthylmethyl-4-hydroxymethylimidazole
(239 mg, 1 mmol) in dioxane (5 cm®) was added MnQO, (869 mg,
10 mmol) at 80 °C. After stirring for 1 h at 80 °C, the reaction
mixture was filtered through celite washing the solid with CH,Cl,
(100 cm®), and then the filtrate was concentrated to give the
corresponding aldehyde as colorless oil (253 mg, 100%). '"H NMR
(CDCly) 6 9.82 (s, 1H, CHO), 7.89-7.92 (m, 2H, aryl H), 7.79 (m,
1H), 7.64 (s, 1H, imid-2H), 7.57 (s, 1H, imid-5H), 7.52-7.55 (2H,
m, aryl H), 7.46 (t, J = 8.4 Hz, 1H, aryl H), 7.28 (d, J = 7.4 Hz,
1H, aryl H), 5.59 (s, 2H, NCH,).

A solution of 1-(1-naphthylmethyl)-4-imidazolecarboaldehyde
(236 mg, 1 mmol) and N-(4-amino-2-phenylbenzoyl)methionine
methyl ester hydrochloride (395 mg, 1 mmol) in MeOH (10 cm?)
was stirred for 15 min at room temperature. To the solution was
added NaBCNH; (69 mg, 1.1 mmol) in MeOH (2 cm®). After
stirring for 4 h, the solvent was evaporated and the residue was
dissolved in CH,Cl, (100 cm®), and then the organic layer was
washed with sat. NaHCO; (30 cm® x 2), brine, and dried (Na,SO,).
The product was purified by flash column chromatography (100 :
10 : 2 CHCl;—acetone-EtOH) to afford the product as a foam;
311 mg (54%) '"H NMR (CDCl;) ¢ 7.84-7.96 (m, 3H), 7.67 (d,
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J = 8.5 Hz, 1H), 7.59 (s, 1H), 7.53-7.55 (m, 2H), 7.36-7.49 (m,
6H), 7.22 (d, J = 7.0 Hz, 1H), 6.86 (s, 1H), 6.65 (dd, J = 7.7 and
1.8 Hz, 1H), 6.50 (d, J = 1.8 Hz, 1H), 5.67 (d, / = 7.7 Hz, 1H), 5.55
(s,2H, NCH), 4.68 (br s, 1H, NH), 4.61 (q, J = 7.4 Hz, 1H, oCH),
4.30 (s, 2H, NCH), 3.65 (s, 3H, OCH), 2.12 (t, / = 7.7 Hz, 2H,
CH S), 2.01 (s, 3H, SCH,), 1.84-1.98 (m, 1H, CHHCH,), 1.84—
1.98 (m, I1H, CHHCH,). HRMS (ESI) calcd for C;,H3,N,O;SH*
579.2430. Found 579.2422.

To a solution of 4-[N-((1-naphthylmethyl-1H-imidazol-
4-yl)methyl)amino]-2-phenylbenzoylmethionine  methyl ester
(150 mg, 0.26 mmol) in THF (5 cm®) was added 0.1 N LiOH
(5.2 cm?) at 0 °C, and then the mixture was stirred at room
temperature for 1 h. The mixture was concentrated and acidified
with 10% citiric acid. The product was extracted with CH,Cl,
(200 cm?), brine, and dried (Na,SO,). Evaporation of the solvent
gave the product 3a as an amorphous (115 mg, 78%). '"H NMR
(CD;0D) 6 7.90-8.03 (m, 3H), 7.89 (s, 1H), 7.27-7.56 (m, 11H),
7.01 (s, IH), 6.61 (d, J = 8.8 Hz, 1H), 6.52 (s, 1H), 5.65 (s,
2H), 4.36 (m, 1H), 4.25 (s, 2H), 2.15 (m, 1H), 2.05 (m, 1H),
2.01 (s, 3H), 1.90 (m, 1H), 1.73 (m, 1H). HRMS (ESI) calcd for
Cy;H;,N,O;SH* 565.2273. Found 565.2277.

4-| N-(1-(2-Naphthyl)methyl-1 H-imidazol-4-yl)methylamino]-2-
phenylbenzoylmethionine (4a, FTI-2219).  1-2-Naphthyl-methyl)4-
(hydroxymethyl)imidazole was prepared using 4-(hydroxymethyl)-
imidazole hydrochloride and 2-(bromomethyl)naphthalene by
a similar procedure to that described for I1-benzyl-4 or 5-
hydroxymethylimidazole, white powder (16%). Mp 109-110 °C.
'H NMR (CDCL) ¢ 7.81-7.86 (m, 3H, aryl H), 7.64 (s, 1H,
imid-2H), 7.60 (s, 1H, aryl H), 7.50-7.54 (m, 2H, aryl H), 7.29
(dd, J = 8.4 and 1.7 Hz, 1H, aryl H), 6.90 (s, 1H, imid-5H), 5.25
(s, 2H, NCH,), 4.61 (s, 2H, CH,0OH), 2.18 (br s, 1H, OH).

This compound was converted to 1-(2-naphthylmethyl)-
4-imidazolecarboxyaldehyde by a similar procedure to that
described for 1-benzyl-4 or S-imidazolecarboxyaldehyde.
Without purification this aldehyde was reacted with N-(4-
amino-2-phenylbenzoyl)methionine methyl ester hydrochloride
by a similar procedure to that described for 3a to give
4-[N-(1-(2-naphthyl)methyl-1 H-imidazol-4-yl)methylamino]-2-
phenylbenzoylmethionine methyl ester as an oil, 241 mg (93%).
'H NMR (CDCl;) 6 1.63-1.68 (m, |H, CHHCH,), 1.85-1.90
(m, 1H, CHHCH,), 2.00 (s, 3H, SCH;), 2.10 (t, J/ = 7.5 Hz, 2H,
CH,S), 3.64 (s, 3H, CO,CH;), 4.31 (br s, 2H, CH,NH), 4.60-4.64
(m, 2H, aCH and NH), 5.23 (s, 2H, NCH,), 5.68 (d, J = 7.5 Hz,
1H, CONH), 6.50 (d, J = 2.5 Hz, 1H, aryl H), 6.66 (dd, J = 8.0
and 2.5 Hz, 1H, aryl H), 6.85 (s, 1H, imid-5H), 7.25-7.86 (m, 14H,
aryl H and imid-2H). HRMS (ESI) calcd for C;H;N,O;SH*
579.2430. Found 579.2422.

The methyl ester was hydrolyzed in a similar manner to that
described for 3a to give 4a as an amorphous solid (82%). '"H NMR
(CD;0OD) 6 7.96 (s, 1H), 7.79-7.83 (m, 3H), 7.71 (s, 1H, imid-
2H), 7.47-7.50 (m, 2H, aryl H), 7.38 (d, J = 8 Hz, 1H), 7.29 (m,
6H, aryl H), 7.11 (s, 1H, imid-5H), 6.63 (d, J = 8 Hz, 1H, aryl
H), 6.53 (s, 1H, aryl H), 5.33 (s, 2H, CH,N), 4.39-4.41 (m, 1H,
aCH), 4.29 (br s, 2H, CH,N), 2.14-2.17 (m, 1H, CHHS), 2.05-
2.07 (m, lH, CHHS), 2.00 (s, 3H, SCHs), 1.73-1.74 (m, 2H, CH,).
HRMS (FAB) m/z calcd for C;;H;,N,O5S HY 565.2273. Found
565.2271.

4-| N-(1-(2-Naphthyl)methyl-1 H-imidazol-5-yl)methylamino]-2-
phenylbenzoylmethionine (4b, FTI-2221). 1-(2-Naphthylmethyl)-5-
(hydroxymethyl)imidazole was prepared using 4-(hydroxymethyl)-
imidazole hydrochloride and 2-(bromomethyl)naphthalene by
a similar procedure to that described for 1-benzyl-4 or 5-
hydroxymethylimidazole (8%). Mp 150-151 °C. 'H NMR
(CDCl;) 6 7.83-7.84 (m, 2H, aryl H), 7.76-7.80 (m, 1H, aryl H),
7.58 (s, 1H, aryl H), 7.55 (s, 1H, imid-2H), 7.49-7.52 (m, 2H, aryl
H), 7.26 (dd, J = 8.5 and 1.8 Hz, aryl H), 7.04 (s, 1H, imid-4H),
5.41 (s, 2H, NCH,), 4.54 (s, 2H, CH,0OH), 2.05 (br s, 1H, OH).

This compound was converted to 1-(2-naphthylmethyl)-
4-imidazolecarboxyaldehyde by a similar procedure to that
described for 1-benzyl-4- or 5-imidazolecarboxyaldehyde (100%).
Without purification this aldehyde was reacted with N-(4-
amino-2-phenylbenzoyl)methionine methyl ester hydrochloride
by a similar procedure to that described for 3a to give
4-[N-(1-(2-naphthyl)methyl-1 H-imidazol-5-yl)methylamino]-2-
phenylbenzoylmethionine methyl ester as an oil (100%). "H NMR
(CDCl;) ¢ 7.15-7.80 (m, 14H, aryl H and imid-2H), 7.07 (s, 1H,
imid-4H), 6.43 (d, J = 8.0 Hz, 1H, aryl H), 6.24 (s, 1H, aryl
H), 5.72 (d, J = 7.5 Hz, 1H, CONH), 5.31 (s, 2H, NCH,), 4.60
(q, J =7 Hz, 1H, oCH), 4.15 (d, J = 4 Hz, 2H, CH,NH), 3.99
(br s, 1H, NH), 3.64 (s, 3H, CO,CHs;), 2.08 (t, J/ = 7.5 Hz, 2H,
CH,S), 2.00 (s, 3H, SCH;), 1.86 (m, 1H, CHHCH,), 1.66 (m, 1H,
CHHCH,). HRMS (ESI) caled for C;,H3N,O,SH* 579.2430.
Found 579.2432.

The methyl ester was hydrolyzed in a similar manner to that
described for 3a to give 4b as white solid (74%). Mp 180181 °C.
'"H NMR (CD,0OD) 6 7.98 (s, 1H), 7.79 (m, 2H, aryl H), 7.51 (s,
1H, imid-2H), 7.43 (m, 2H, aryl H), 7.29 (m, 4H, aryl H), 7.22 (m,
3H, aryl H), 7.06 (s, 1H, imid-4H), 6.48 (d, J/ = 7 Hz, 1H, aryl
H), 6.31 (d, J = 1.8 Hz, 1H, aryl H), 5.47 (s, 2H, CH,N), 4.43
(m, 1H, oCH), 4.22 (s, 2H, CH,N), 2.15 (m, 1H, CHHS), 2.04 (m,
IH, CHHS), 1.99 (s, 3H, SCH;), 1.91 (m, 1H, CHHCH,), 1.72
(m, 1H, CHHCH,). HRMS (FAB) m/z caled for C;;H;,N,O;S
H* 565.2273. Found 565.2271.

4-| N -(1-(Isobutyl-1H -imidazol-5-yl)methylamino]-2-phenyl-
benzoylmethionine (6b, FT1-2239). 1-Isobutyl-5{hydroxymethyl)-
imidazole was prepared using 4-(hydroxymethyl)imidazole
hydrochloride and 1-bromo-2-methylpropane by a similar pro-
cedure to that described for 1-benzyl-4 or 5-hydroxymethyl-
imidazole (12%). '"H NMR (CDCl;) § 7.42 (s, 1H, imid-2H), 6.91
(s, 1H, imid-4H), 4.62 (s, 2H, CH,0), 3.81 (d, J/ = 7.5 Hz, 2H,
NCH,), 2.13 (m, 1H, CH), 0.92 (d, J = 6.5 Hz, 6H, CH; x 2).

The corresponding aldehyde was derived from the alcohol by a
similar procedure to that described for 3a, and used for the next
reaction without further purification to give 4-[N-(1-(isobutyl-1H-
imidazol-5-yl)methylamino]-2-phenylbenzoylmethionine methyl
ester as an oil (100%). '"H NMR (CDCl,) § 7.70 (d, J = 8.5 Hz,
1H), 7.37-7.45 (m, 6H, aryl H and imid-2H), 7.00 (s, 1H, imid-
4H), 6.67 (dd, J = 2.2 and 8.5 Hz, 1H, aryl H), 5.75 (d, J = 7.7 Hz,
1H, NH), 4.60-4.64 (m, 1H, oCH), 4.28 (d, / = 4.8 Hz, 2H, CH,),
4.15 (br s, 1H, NH), 3.71 (d, J = 7.7 Hz, 2H, CH,), 3.64 (s, 3H,
CO,CH,), 2.07 (t,J = 7.4 Hz, 2H, SCH,), 2.01-2.04 (m, 1H, CH),
2.00 (s, 3H, SCHs;), 1.85-1.90 (m, 1H, CHH), 1.85-1.90 (m, 1H,
CHH), 0.90 (d, J = 6.5 Hz, 6H, 2 x CH;). HRMS (ESI) calcd for
C,;H3,N,O;SH* 495.2430. Found 495.2414.
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The methyl ester was hydrolyzed in a similar manner to that
described for 3a to give 6b as an amorphous solid (51%). '"H NMR
(CD;OD) ¢ 8.16 (s, 1H, imid-2H), 7.44 (d, J = 8.5 Hz, 1H, aryl
H), 7.32-7.31 (m, 5H, aryl H), 7.16 (s, 1H, imid-4H), 6.71 (dd,
J = 3.0 and 8.5 Hz, 1H, aryl H), 6.63 (d, J = 3.0 Hz, 1H, aryl
H), 4.39 (dd, J = 4.5 and 8.3 Hz, 1H, aCH), 4.44 (s, 2H, CH,),
3.95(d, J = 7.5 Hz, 2H, CH,), 2.14-2.23 (m, 2H, SCH and CH),
2.07-2.09 (M, 1H, SCH), 2.01 (s, 3H, SCH;), 1.93-1.95 (m, 1H,
CHH), 1.75-1.77 (m, 1H, CHH), 0.94 (t, / = 6.5 Hz, 6H, CH; X
2). HRMS (FAB) m/z caled for C,cH;,N,O;S H* 481.2273. Found
481.2272.

4-[N-(1-(n-Hexyl-1H -imidazol-4-yl)methylamino]-2-phenyl-
benzoylmethionine  (7a,  FTI-2236). 1-n-Hexyl-4-(hydroxy-
methyl)imidazole was prepared using 4-(hydroxymethyl)imidazole
hydrochloride and 1-bromo-hexane by a similar procedure to that
described for 1-benzyl-4 or 5-hydroxymethylimidazole, colorless
0il (25%). '"H NMR (CDCl;) ¢ 7.34 (s, 1H, imid-2H), 6.84 (s, 1H,
imid-5H), 4.55 (s, 2H, CH,), 3.86 (t, / = 7.4 Hz, 2H, CH,), 1.73
(m, 2H, CH,), 1.27 (s, 1H), 1.24 (m, 6H, (CH,),), 0.86 (t, J =
7.0 Hz, 3H).

The corresponding aldehyde was derived from the alcohol by a
similar procedure to that described for 3a, and used for the next
reaction without further purification to give 4-[N-(1-(n-hexyl-1H-
imidazol-4-yl)methylamino]-2-phenylbenzoyl-methionine methyl
ester as an oil (85%). '"H NMR (CDCl;) ¢ 7.68 (d, J = 8.6 Hz,
1H, aryl H), 7.36-7.43 (m, 6H, aryl H and imid-2H), 6.81 (s, 1H,
imid-5H), 6.66 (dd, J = 2.6 Hz, 1H, aryl H), 6.50 (d, J = 2.6 Hz,
1H, aryl H), 5.70 (d, J = 7.7 Hz, amido NH), 4.62 (m, 2H, oCH
and NH), 4.28 (s, 2H, CH,), 3.87 (t, / = 7.4 Hz, 2H, CH,), 3.64 (s,
3H, CO,CH,), 2.10 (t, J/ = 7.7 Hz, CH,), 2.00 (s, 3H, SCH;), 1.88
(m, 1H, CHH), 1.75 (m, 2H, CHH), 1.66 (m, 1H, CHH), 1.29 (m,
6H, (CH,),), 0.88 (t, / = 6.6 Hz, 3H, CH,). HRMS (ESI) calcd
for C,H3;xN,O;SH* 523.2743. Found 523.2725.

The methyl ester was hydrolyzed in a similar manner to that
described for 3a to give 7a as an amorphous solid (77%). '"H NMR
(CD;0D) ¢ 7.89 (s, 1H, imid-2H), 7.40 (d, / = 8.6 Hz, 1H, aryl H),
7.35 (m, 4H, aryl H), 7.31 (m, 1H, aryl H), 7.13 (s, 1H, imid-2H),
6.65(dd, J = 1.8 and 8.6 Hz, 1H, aryl H), 6.58 (d, J = 1.8 Hz, 1H,
aryl H), 4.37 (m, 1H, aCH), 4.31 (s, 2H, CH,), 3.99 (t, / = 7.0 Hz,
2H, CH,), 2.06 (m, |H, CHH), 2.05 (m, 1H, CHH), 2.00 (s, 3H,
SCHs;), 1.91 (m, CHH), 1.76 (m, 3H, CH, and CHH), 1.29 (m,
6H, (CH,),), 0.88 (t, / = 4.4 Hz, 3H, CH,). HRMS (FAB) m/z
caled for CxH3N,O,;S H* 509.2586. Found 509.2584.

4-[N-(1-H -Imidazol-4-yl)methylamino|-2-(2-methylphenyl)-
benzoylmethionine (10, FTI2128). 1-Triphenylmethylimidazole-
4-carboxaldehyde (0.25 g, 0.7 mmol) and N-(4-amino-2-(2-
methylphenylbenzoyl)methionine methyl ester hydrochloride
(0.3 g, 0.7 mmol) were dissolved in 10 cm?® of a 95% methanol-5%
acetic acid solution and stirred for 30 min before adding 1
equivalent of sodium cyanoborohydride (0.044 g, 0.7 mmol). The
reaction was stirred over a period of 3 h while additional aldehyde
was added until all of the amine hydrochloride had disappeared.
The reaction mixture was concentrated, taken up in ethyl acetate
and washed with a saturated solution of sodium bicarbonate.
The organic phase was dried over magnesium sulfate and
concentrated. The residue was purified by flash chromatography

(1 : 1 ethyl acetate-hexanes) to give 4-[N-(1-H-imidazol-4-
yl)methylamino]-2-(2-methylphenyl)benzoylmethionine  methyl
ester as a white foam (0.36 g, 74%). '"H NMR (CDCl;) ¢ 7.45 (s,
1H), 7.25-7.35 (m, 13H), 7.09-7.13 (m, 6H), 6.74 (s, 1H), 6.65
(dd, J =9.3, 1.5 Hz, 1H), 6.34 (d, J/ = 2.5 Hz, 1H), 5.69 (t, J =
7.35 Hz, 1H), 4.56-4.61 (m, 1H), 4.27 (d, J = 4.8 Hz, 2H), 3.64
(s, 3H), 2.00-2.15 (m, 8H), 1.79-1.86 (m, 1H), 1.48-1.56 (m, 8H);
BC NMR (CDClLy) § 172.4, 167.6, 167.2, 150.3, 142.4, 141.4,
141.2, 139.1, 138.2, 136.6, 132.3, 132.0, 130.8, 130.6, 129.9, 129.2,
128.9, 128.3, 126.5, 126.4, 121.9, 121.4, 119.3, 114.2, 112.0, 75.6,
52.4,51.7,41.8, 32.0, 29.6, 20.1, 15.4; FAB [M + H]* = 695*.

The above compound (0.15 g, 0.22 mmol) was dissolved into
3.5 cm® of THF and cooled to 0 °C. Lithium hydroxide (18.1 mg
dissolved in 3.5 cm® of water) was slowly added to the reaction
mixture and stirred for 1 h. The pH was adjusted using 1 N HCI
and placed under vacuum to remove excess THF. The residue was
taken up in ethyl acetate and dried over magnesium sulfate and
concentrated under vacuum. The residue was taken up in 4 cm’
of methylene chloride and 8 cm® of trifluoroacetic acid and the
reaction mixture was immediately quenched with triethylsilane
until colorless. The reaction was stirred for an addition 2 h and
concentrated to an oil. The residue was taken up in methylene
chloride and 3 N HCI added. The solid was vacuum filtered,
collected and dried under vacuum to give 10 as a HCl salt (0.050 g,
50%). Mp 112-115 °C. "H NMR (300 MHz, CD;0D) ¢ 8.65 (s,
1H), 7.58-7.66 (m, 1H), 7.49 (s, 1H), 7.11-7.25 (m, 4H), 6.80 (dd,
J =28.6,2.4Hz, 1H), 6.50 (d, J = 1.9 Hz, 1H), 4.53 (s, 2H), 4.39-
4.40 (m, 1H), 2.04-2.12 (m, SH), 1.98 (s, 3H), 1.81-1.90 (m, 1H),
1.46-1.64 (m, 1H); FAB [M + H]* = 440*.

4-Nitro-2-(2-methoxyphenyl)benzoic acid. 2-Bromo-4-nitro-
toluene (2.6 g, 11.9 mmol) and 2-methoxyboronic acid (2.4 g,
12 mmol) were dissolved into 35 cm® of acetone and 40 cm®
of water. Potassium carbonate (4.2 g, 30 mmol) and palladium
acetate (0.15 g, 0.67 mmol) were added and refluxed for 20 h.
The reaction mixture was cooled, extracted with diethyl ether,
filtered over a celite plug and evaporated to give 4-nitro-2-(2-
methoxyphenyl)toluene (1.3 g, 45%) as yellow solid. Mp 76-77°
C.'"H NMR (CDCl;) ¢ 8.11 (dd, J = 8.3, 2.4 Hz, 1H, aromatic),
8.07 (d, J = 2.2 Hz, 1H, aromatic), 7.40 (d, / = 8.1 Hz, 2H), 7.15
(dd, J = 7.3, 1.5 Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H, aromatic),
7.00 (d, J = 8.3 Hz, 1H, aromatic), 3.78 (s, 3H, OCHs;), 2.24 (s,
3H, CHj;); "C NMR (CDCl) 6 156.5, 146.2, 145.4, 140.2, 130.8,
130.5, 129.9, 128.6, 125.3, 122.4, 120.9, 111.0, 55.6, 20.4; HRMS:
caled for C,H;NO;: m/e 243.0895, found 243.0900.

The above compound (1.3 g, 5.7 mmol) was suspended in 10 cm?
of pyridine and 20 cm?® of water and heated to reflux. Potassium
permanganate was added in portions and the reaction was heated
for 16 h. The reaction mixture was filtered through a celite plug and
the filtrate carefully acidified with concentrated HCI. The filtrate
was extracted with diethyl ether, dried over magnesium sulfate and
concentrated to give an oil which was recrystallized from ethyl
acetate and hexanes to give 4-nitro-2-(2-methoxyphenyl)benzoic
acid (0.65 g, 45%). Mp 171-175 °C. "H NMR (CDCl;) ¢ 8.25 (d,
J = 2.2 Hz, 1H, aromatic), 8.22 (s, 1H, aromatic), 8.06 (d, J =
8.6 Hz, 1H, aromatic), 7.40 (t, J = 7.6 Hz, 1H, aromatic), 7.31 (dd,
J =17.5, 1.5 Hz, 1H, aromatic), 7.09 (t, / = 7.3 Hz, 1H), 6.91 (d,
J = 8.2 Hz, 1H), 3.71 (s, 3H, OCH,;). *C NMR (CDCl;) § 172.3,
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155.9, 150.0, 141.0, 136.2, 131.0, 130.5, 129.9, 127.9, 126.6, 122.0,
121.5,110.8, 55.1.

4-|N-(1-H-Imidazol-4-yl)methylamino]-2-(2-methoxyphenyl)-
benzoylmethionine (12, FTI-2134). 4-Nitro-2-(2-methoxy-
phenyl)benzoic acid (0.55 g 2 mmol) was coupled with
L-methionine methyl ester hydrochloride in the manner described
above to give 4-nitro-2-(2-methoxyphenyl)benzoyl-methionine
methyl ester (0.8 g, 93%) as an oil after purification by flash
column chromatography (3 : 2 ethyl acetate-hexanes, silica). 'H
NMR (CDCl;) 6 8.25 (dd, J = 8.5, 2.3 Hz, 1H, aromatic), 8.14
(d, J = 2.2 Hz, 1H, aromatic), 7.90 (d, J = 8.5 Hz, 1H, aromatic),
7.45 (app t, 1H, aromatic), 7.25 (d, J = 6.5 Hz, 1H), 7.08 (app t,
1H, aromatic), 7.01 (d, J = 8.3 Hz, 1H), 6.5 (br s, 1H), 4.66 (m,
1H, a Met-H), 3.81 (s, 3H, OCHj;), 3.69 (s, 3H, OCH;), 1.87-2.00
(m, 5H), 1.66-1.74 (m, 2H); “C NMR (CDCl;) 6 171.9, 166.9,
156.2, 148.7, 141.5, 137.9, 130.9, 130.6, 130.1, 127.2, 126.3, 122.7,
121.4,111.1, 55.7, 52.7, 52.0, 31.8, 29.3, 15.4.

The above compound (0.7 g, 1.7 mmol) was reduced in a
similar manner to that previously reported’ to give 4-amino-2-
(2-methoxyphenyl)benzoylmethionine methyl ester hydrochloride
(0.65 g, 92%). *C NMR (CD;0D) ¢ 173.4, 171.2, 157.5, 140.3,
138.4,133.2,131.8, 131.3, 130.7, 128.7, 127.0, 123.0, 121.7, 112.1,
55.9, 53.0, 31.4, 30.7, 15.0; FAB [M + HJ* = 389*.

This compound (0.3 g, 0.7 mmol) was coupled with triphenylim-
idazole carboxyaldehyde (0.29 g, 0.85 mmol) in a similar manner
described above to give the fully protected compound as a white
foam (0.26 g, 52%), which was deprotected by the same method
described above to give 12 as the hydrochloride salt (0.09 g, 93%).
The HPLC showed 91% purity.

2-[(2’-Methyl-5-{[(5-methyl-1H -imidazol-4-ylmethyl)amino] -
methyl } biphenyl-2-carbonyl)amino]-4-methylsulfanylbutyric acid
(15, FTI-2288). To a solution of the 2-[(5-aminomethyl-2'-
methylbiphenyl-2-carbonyl)amino]-4-methylsulfanylbutyric acid
methyl ester (21)** (33 mg, 0.06 mmol) in MeOH (0.5 cm?) was
added 5-methyl-4-imidazole carboxyaldehyde (6 mg, 0.06 mmol).
After stirring at room temperature for 1 h, NaBH, (2.1 mg,
0.05 mmol) was added and stirred overnight at room temperature.
Evaporation of the solvent, followed by extraction with 10%
MeOH in CH,Cl, (40 cm®) from saturated NaHCO; (20 cm?)
afforded the crude product. The compound was purified by gel
chromatography on Sephadex LH-20 with MeOH-CHCl; =1 :
1 to give an amorphous solid (15 mg, 58%). 'H NMR (CD;0D)
0 1.70 (m, 1H, CHHCH,S), 1.95-2.17 (m, 12H, 2 x CH;, SCH;,
CH,S, CHHCH,), 3.67 (s, 3H, CO,CH,), 3.71 (s, 2H, NCH,),
3.84 (s, 2H, NCH,), 7.14-7.53 (m, 8H, aryl H).

Compound 15 was prepared by a similar procedure to that
described for 16 (100%). '"H NMR (CD;0D) ¢ 7.42-7.13 (m, 8H),
4.20 (brs, 1H, aCH), 4H from CH,NHCH, were overlapped under
the D,O peak at 3.90, 2.23-1.86 (m, 12 H), 1.60 (br s, 1H).

4-[N, N-Bis((1H -imidazol-4-yl)methyl)aminomethyl]-2-(1-
(o-tolyl))benzoylmethionine methyl ester (17, FTI-2295). A so-
lution of 212 (490 mg, 1.27 mmol), 1-¢-butoxycarbonyl-4-
chloromethylimidazole (578 mg, 2.67 mmol), and NaHCO;
(225 mg, 2.67 mmol) in DMF (10 cm®) was stirred at 65 °C
overnight. After distillation of DMF, the residue was dissolved
in AcOEt (350 cm®) and H,O (200 cm?), and the organic layer was

washed with H,O (200 cm® x 3) and brine, and dried over Na,SO,.
The crude product was purified by SiO, column chromatography
with CHCl;—acetone-EtOH = 100 : 40 : 8 to afford the product
as colorless oil (834 mg, 88%). '"H NMR (CDCl;) ¢ 8.02 (s, 2H,
imid-2H x 2), 7.93 and 7.90 (d each, J = 8.4 Hz each, 1H, aryl
H), 7.53 (d, J = 8.4 Hz, 1H, aryl H), 7.32-7.18 (m, 7H, aryl H
and imid-5H x 2), 5.90 (t, J/ = 7.6 Hz, 1H, amido NH), 4.60 (m,
1H, aCH), 3.78 (s, 2H, NCH,), 3.68 (s, 4H, CH,N x 2), 3.65 (s,
3H, CO,CH,;), 2.17-1.83 (m, 9H, CHH, CH,S, SCH;, tolyl-CHj;),
1.62 (s, 18H, Boc x 2).

To a solution of the Boc-protected bis-imidazole compound
(834 mg, 1.12 mmol) in CH,Cl, (5 cm?®) was added TFA (5 cm?)
dropwise at 0 °C, and the mixture was stirred at room temperature
for 15 min. Evaporation of the solvent, followed by purification
of the crude oily product by SiO, column chromatography with
CHCl;-MeOH-28% NH,OH = 5 : 1 : 0.1 afforded the product
as an amorphous solid (450 mg, 74%). '"H NMR (DMSO-d;)
0 1.86-1.94 (m, 2H, CH,), 2.07-2.33 (m, 8H, CH;, SCH;, and
CH.,), 3.67 (s, 3H, CO,CHj;), 3.79 (s, 2H, NCH,), 3.84 (s, 4H,
N(CH.,),), 4.40 (br s, 1H, aCH),7.26-7.37 (m, 6H, aryl H), 7.58
(s, 2H, imid-5H), 7.76 (s, 2H, imid-2H), 1.92 (s, 1H, aryl H).
BC NMR (DMSO-d,) ¢ 14.4, 19.8, 29.3, 30.1, 46.8, 51.0, 51.8,
56.3, 72.2, 117.6, 118.0, 125.0, 127.2, 127.6, 129.2, 129.5, 129.8,
130.2,134.4,135.3,139.0, 139.3, 158.0, 168.3, 171.8. LRMS (FAB)
m/z caled for CxH3N¢O;S H* 547. Found 547. Anal. caled
for C,yH3N;O;S-3CF;CO,H-0.5H,0: C,46.82; H, 4.23; N, 9.36.
Found: C, 46.84; H, 4.22; N, 9.19.

4-[N, N-Bis((1H -imidazol-4-yl)methyl)aminomethyl]-2-(1-
(o-tolyl))benzoylmethionine trifluoroacetate (16, FTI-2287). To a
solution of 17 (450 mg, 0.82 mmol) in THF (20 cm®) was added
0.1 N LiOH (16 cm®) at 0 °C and the mixture was stirred at
room temperature for 30 min. After neutralization with 0.5 M
HC, the solution was concentrated to almost dryness. The residue
was purified by gel permiation on Sephadex LH-20 with MeOH-
CHCI; = 1: 1, and the product was dissolved in TFA at 0 °C. The
solution was concentrated and the resulting residue was dried in
vacuo overnight. To the yellow residue was added dry Et,O to
precipitate the compound as the TFA salt. The white powdery
product was collected by centrifuge and dried in vacuo (549 mg,
77%). '"H NMR (DMSO-d,) ¢ 9.06 (s, 2H), 8.32-8.05 (m, 2H),
7.61 (s, 2H), 7.45 (s, 2H), 7.23-7.11 (m, 6H), 4.22 (br s, 1H, aCH)),
3.87 (s, 4H, CH,N x 2), 3.70 (s, 2H, NCH,), 2.20-1.71 (m, 10H,
SCH;, CH;, CH,CH,). HRMS (FAB) m/z calced for CxH;,N4O;S
H* 533.2335. Found 533.2334.

Crystal structures

Crystals of the FPT-13 and FPT-16 complexes were prepared by
soaking the respective inhibitors into preformed crystals using
methods previously described.” X-Ray diffraction data were
collected at the IMCA-CAT 17-BM beamline equipped with a
Mar 165 CCD detector. With the detector set at 130 mm, data
were collected in 240 contiguous 0.30° oscillation images at 1 A
wavelength. The data for compound 13 extends to 2 A resolution,
has an Ry Of 5.3% and 4.5-fold multiplicity. The data for
compound 16 extends to 1.9 A resolution, has an Rieree of 3.6%
and 4.6-fold multiplicity. The structures were refined using CNX
(Accelrys Inc.) to an R, of approximately 19%.
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In vitro assay and inhibition of protein prenylation in whole cells

In vitro inhibition assays for PFTase and PGGTase-I were carried
out by measuring the incorporation of [*'H]JFPP and ["H]JGGPP
into recombinant H-Ras-CVLS and H-Ras-CVLL, respectively,
as previously described." The in vivo inhibition of farnesylation
and geranylgeranylation was determined based on the level of
inhibition by peptidomimetic compounds of H-Ras and Rap1 pro-
cessing, respectively.”! Briefly, oncogenic H-Ras-transformed NTH
3T3 cells were treated with various concentrations of inhibitors,
and the cell lysates were isolated and proteins separated on a
12.5% SDS-PAGE gel. The separated proteins were transferred
to nitrocellulose and immunoblotted using an anti-Ras antibody
(Y 13-258) or an anti-Rap1A antibody (Santa Cruz Biotechnology,
Santa Cruz, CA). Antibody reactions were visualized using either
peroxidase-conjugated goat anti-rat IgG or goat anti-rabbit IgG
(Jackson ImmunoResearch, West Grove, PA) and an enhanced
chemiluminescence detection system.

Antitumor activity in the nude mouse tumor xenograft model

Nude mice (Charles River, Wilmington, MA) were maintained
in accordance with the Institutional Animal Care and Use
Committee (IACUC) procedures and guidelines. A549 cells were
harvested, resuspended in PBS and 1 x 10 cells injected s.c. onto
both the right and left flanks of eight week old female nude mice
as reported previously. When tumors reached about 150 mm?,
animals were randomized and dosed s.c. with a mini-pump as
described previously? with 25 mg™" kg=' d=' of either FTI-2148,
FTI-2287, or with an equal volume of vehicle control. The tumor
volumes were determined by measuring the length (/) and the
width (w) and calculating the volume (V' = /w?/2) as described
previously.?® Statistical significance between control and treated
animals were evaluated by using Student’s t-test.
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Gibbs free energies, enthalpies and entropies for the binding of Na*, K*, Rb*, Cs*, Ag*, TI* and NH,*
by the p-sulfonatocalix[4]arene in water are determined by microcalorimetry. Whereas no significant
heat effect is detected with Na* or Ag*, suggesting that these cations are not complexed, weak but
selective binding is observed with the other cations. The whole set of thermodynamic parameters, which
demonstrate that the cations bind inside the cavity of the calixarene, evidence the importance of the

cation—r interactions for these complexes in water.

Introduction

Noncovalent intermolecular interactions play a dominant role in
molecular recognition phenomena and supramolecular architec-
tures. Among these interactions those occurring between a cation
and a m-system, the so-called cation—r interactions, have generated
much interest during the past two decades, particularly because of
their contribution to protein stability. Dougherty and coworkers
carried out important studies on this type of interaction and,
in 1997, published a review providing a detailed overview of the
subject.!

In numerous theoretical and experimental papers cited in this
review or published since then, there was an attempt to estimate
the interaction energy for complexes involving different cations
and different m-systems in the gas phase but also in a range
of solvents.”™ This revealed one of the important aspects of
the problem: although the energy of the cation—r interaction is
notable in the gas phase (for instance, the energy of the K*—
benzene interaction, AEy, is of the order of —60 kJ mol™"),’ it
is largely destabilized in solution where the solvent molecules are
in competition with the arene for binding to the cation. This is
particularly important in water where the cations are strongly
solvated. It can also be noted that the metal cation which has the
largest Gibbs free energy of hydration is also the one which shows
the most energetic interaction with benzene in the gas phase: for
instance, Li* is the alkali-metal cation that binds more strongly
to benzene in the gas phase (AE;; ~ —140 kJ mol™")* and that is
also the most strongly solvated in water (A,G = —481 kJ mol™').¢
This aspect is crucial as regards the role played by the cation—n
interactions in biology, as underlined by Diederich and coworkers
in a recent review’ highlighting the energetic features of this type
of binding. It also explains why it is experimentally so difficult
to evidence without ambiguity this type of interaction in aqueous
solution.?

The calixarenes constitute a class of macrocyclic receptors that
is of great importance in supramolecular chemistry. These hosts,
which are composed of phenol units connected by ortho-methylene
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bridges, are able to complex a variety of guests in the solid
state and in solution. A tremendous number of articles dealing
with the complexation of different ions by numerous calixarene
derivatives were published; however, these papers were essentially
concerned with the structures of the solid complexes and with the
cation extraction efficiency of these ligands in organic solvents.
The present work is not concerned by these issues, our purpose
being to evidence interactions between cations and m-systems in
the homogeneous aqueous phase.

The p-sulfonatocalixarenes, which have the great advantage of
being highly water-soluble, can be used to prepare, under good
conditions, complexes in aqueous solutions. Depending on the
guest, different types of interactions are involved (ionic, hydropho-
bic, van der Waals, t—m, cation—n, hydrogen bonding,- - -). Each
of these interactions implies a partial desolvation of the host
and guest and also some modification of the degrees of freedom
of the species. A complete thermodynamic characterization of
the binding process, including not only the association constant
but also the enthalpy and entropy of reaction, is one of the key
elements in identifying the stabilizing factors.* Microcalorimetry
is a powerful tool for measuring the thermodynamic parameters
that characterize interacting molecules because it not only gives
the enthalpy changes but can also yield the association constants
even in the case of weak interactions.

During the past years, we thus determined by microcalorimetry
the thermodynamic properties for the complexation of the p-
sulfonatocalix[4]arene (SC4) with numerous neutral and charged
guests in aqueous solution at 25 °C.11!

so,

OH 4
p-sulfonatocalix[4]arene
(sca)

We showed that the inclusion of a hydrocarbon chain into the
calixarene cavity is not governed by a favourable entropic contri-
bution, as would be expected for a hydrophobic interaction, but
by a favourable enthalpic term (A, H° <« 0) which results from the
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van der Waals interactions between the nearby species. We noticed
that the negative enthalpies of reaction vary linearly with the
number of methylene groups included into the calixarene cavity,
and this was confirmed by molecular dynamics simulations of the
SC4 complexes with alkylammonium and tetraalkylammonium
cations in water.”? At the same time, our study of the binding of
SC4 with divalent and trivalent metal cations in water gave original
results:' in spite of an unfavourable enthalpy of reaction (A, H®
> 0), this type of complex is relatively strong (log K varies from
3.3 to 4.2) due to a favourable entropy of reaction (7A.S° > 0)
that largely controls the binding process. Such a thermodynamic
behaviour, which is typical of purely ionic binding and which
essentially reflects the desolvation of the species upon binding,
clearly indicates that the divalent or trivalent metal cation remains
outside the cavity and forms an outer-sphere complex with the
SO;~ groups of the calixarene, as confirmed by the molecular
dynamics simulation of the La**—~SC4 complex in water."

During these previous studies'" we also examined the binding
of monovalent cations (Na*, K*, NH,*) in water but, because no
significant heat effect was observed, we concluded that there was
no specific interaction between SC4 and these ions. These studies
were carried out in rather dilute solutions (10~* mol L") and the
heat effects were indeed very small. However if we more closely
examine the thermograms, we notice a very weak endothermic
effect for Na* and very weak exothermic effects for K* and NH,*.
Being intrigued by this specificity, we decided to repeat the study
with more concentrated solutions in order to get more significant
heat effects, the high solubility of SC4 in water enabling us to do so.
This leads us to report here for the first time the thermodynamic
properties for the binding of K*, Rb*, Cs*, TI* and NH,* by the
p-sulfonatocalix[4]arene in water at 25 °C.

Experimental
Solutions

25,26,27,28-Tetrahydroxy-5,11,17,23-tetrasulfonatocalix[4]arene
(SC4), purchased from ACROS, was decolorized by adsorption
on active carbon and dried under vacuum at 80 °C. It was checked
by NMR spectroscopy and its water content was determined by
Karl-Fischer titration. NaCl, KCl, RbCl, CsCl, AgNO;, TINO;
and NH,CI were bought from Merck (suprapur or pro analysi
grade); after drying, they were stored in a desiccator and used
without further purification.

All the solutions were prepared from triply distilled water. The
exact concentration of the calixarene solutions was determined
by potentiometric titration. The pH of the calixarene and salt
solutions was set at 2.0 with 0.01 mol L~' HCI (Riedel-de Haén).
Under such conditions, according to the pK, values,”® all the
sulfonic acid groups of the SC4 are dissociated whereas all the
phenolic hydroxy groups are protonated. This situation remains
unchanged upon titration of the calixarene by the cations.

Microcalorimetry

All the measurements were carried out at 298.15 K using
a multichannel microcalorimeter (Thermometric 2277 Thermal
Activity Monitor) equipped with a 1 mL glass titration-perfusion
vessel. Wads6 and coworkers' have thoroughly described this

twin-thermopile heat-conduction microcalorimeter, specified its
working conditions and analysed its performance.

In the present case, each thermogram was obtained by stepwise
injection of 8 pL of 0.250 mol L' salt solution into 0.800 mL of
0.0220 mol L™! calixarene solution. For each titration experiment,
20 injections were made using a Lund syringe pump (Thermo-
metric) equipped with a 250 pL. Hamilton syringe fitted with
a gold cannula. Separate dilution experiments were performed
under the same conditions: since the heat of dilution of the
calixarene was found to be negligible, the heat effects observed
upon titration were simply corrected for the heats of dilution of
the guests. Each experiment was repeated to verify reproducibility.
Values for the apparent association constant K’ and apparent
standard molar enthalpy of reaction A,H’° in the given medium
were calculated by use of the Digitam 4.1 minimization program
(Thermometric), all the series of data obtained for each system
being treated simultaneously in the regression analysis. Under the
present conditions, the apparent values are close to standard values
and will thus be designated by K and A, H° throughout the text.

Results and discussion

The thermograms were fitted by considering the following 1 : 1
binding model:

SC4(aq) + M+(aq) = SC4M+(‘dq)

The K and A H° values deduced from these fits are reported,
with the estimated standard errors, in Table 1. As shown by the
smallness of the errors, the fit is excellent in all the cases studied
here. The calculated A,G° and TA,S° values are also listed in
Table 1.

No significant heat effect has been detected with Na* or Ag*,
and we may thus assume that these two cations are not complexed
by SC4 in water. In contrast, the results of Table 1 show that, in
water, NH,*, K*, Rb* and Cs* bind weakly but significantly to
SC4. The association constant for the binding of Cs* is equal to
14.6 which, although small, is not at all negligible: for instance,
in a solution containing 0.01 mole of Cs* and 0.01 mole of SC4
per litre, 12% of the species are complexed. The complexation of
TI*, whose association constant is equal to 460, is much more
important since, under the above conditions, 63% of the species
are complexed. In all cases, the binding is enthalpy-driven: A, H°
is relatively small for NH,* (—3.7 kJ mol™") but varies from —10
to —14 kJ mol™! for the other cations. T'A,S° is negative for K*,
Rb* and Cs* but very weakly positive for NH,* and TI*.

Table 1 Thermodynamic properties for the binding of monovalent
cations by the p-sulfonatocalix[4]arene in water at pH 2 and 25 °C**

Cations K A.G° A H° TA.S°
Ag+ c c c c

Na+ c c ¢ c

K+ 29402 -26+02 —1234+06 —-9.74+0.8
Rb* 59402 —44+0.1 —10.3+0.2 —-59+£0.3
Cs* 146 +04 —6.6 £0.1 -109+02 —-434+03
TI* 460 + 30 —-152402 —-14.0+03 1.240.5
NH,* 6.9+0.5 —48+0.2 —-37+02 1.1+04

“Molar scale. * A,G°, A,H®,TA,S° in k] mol~". ¢ No significant heat effect.
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Thus, the first important conclusion that can be drawn from
this study is that the binding of these monovalent cations by
SC4 in water is enthalpy-driven, in contrast to the binding of the
divalent and trivalent metal cations which, as shown previously,'
is strongly entropy-driven. It can thus be concluded that the
monovalent metal cations are included into the calixarene cavity, in
contrast to the divalent and trivalent metal cations which remain
outside the cavity and bind to SC4 by ionic interactions with
the SO;~ groups of the upper rim. It must be underlined that
one cannot interpret the present results by imagining a binding
of the alkali metal cations with the phenolic hydroxy groups of
the lower rim. To our knowledge, interactions of this type have
never been evidenced in water; furthermore, such interactions with
oxygen atoms would not favour the more polarizable cations, in
contradiction with what is observed here.

Binding involves an important desolvation of the cation and
ligand, which yields an unfavourable Gibbs free energy that must
be compensated by the interactions taking place into the cavity. As
expected, within the alkali-metal cations series, the affinity of SC4
is larger for the cation that is less strongly solvated.®* NH,* cannot
be directly compared with the other cations studied here because
the entropy of desolvation of a polyatomic cation is relatively
more important than that of a monoatomic cation. In contrast,
TI* which is more strongly hydrated than the other monoatomic
cations studied here is also more strongly complexed: this implies
that the interactions of TI1* with the host cavity are much more
favourable than those of the other monoatomic cations. It can be
noted that calix[4]arene tetra(Pr ether) and tetra(allyl ether) used
as neutral carriers for ion-selective electrodes showed an important
thallium selectivity.'

It is possible to quantify very crudely the energy of interaction
between a monoatomic cation M* and the SC4 cavity by consider-
ing a simple model taking K*, the less strongly complexed cation,
as the reference. Let us imagine the following reactions in the gas
phase:

SC4,+M "g)= SC4M ‘(g) AE,,
SC4,+K = SC4K+tg) AE,
M, +SC4K =K, +SCaM ", AE, —AE,

The exchange reaction can also be imagined in water:

M, + SC4K' =K' + SC4M’

] o
(aq) (aq) (aq) (aq) AIG M Arc; K

Combining that with the Gibbs free energies of hydration of the
species yields

AEy — AEx = A.G°y — A,G°x + (ALG°y — ALG®)
— (A G%scam — AnG®scax)

The difference between the Gibbs free energies of hydration of the
ions is known.® As regards the difference between the Gibbs free
energies of the complexes, we will make the assumption that it can
be expressed as a fraction of the difference between the Gibbs free
energies of hydration of the ions since the included cations are only
partially desolvated. If we very crudely assume that the included
cations keep about 1/3 of their hydration then

AEy — AEy = A,G°y — AG°x +2/3(AG°v — ALG®k)

Table 2 Parameters of the model described in the text®

Cations AA.G° 2/3AA,G°\° AAEy
K+ 0 0 0
Rb* —1.8 15 13
Cs* —-4.0 31 27
TI* —12.6 —4 -17
NH,* -2.2 8 6

“AA,.G°\, AAG® v, AAE\ in kJ mol™'. ® Ref. 6.

which, to simplify, can be written as
AAEy = AAG°y +2/3 AA G

By combining the results of Table 1 with the Gibbs free energies
of hydration of the monovalent cations compiled by Marcus® we
get the values reported in Table 2.

The AAE\; values, which correspond to the difference between
the energies of interaction of SC4 with M* and K* in the gas phase,
show that TI*, at the opposite of NH,*, Rb* and Cs*, interacts
with the benzene rings of the cavity more strongly than K*. Of
course, the value of 1/3 used in the present model for the extent of
solvation of the complexed cation is hypothetical: it must be noted,
however, that if it is replaced by another reasonable fraction, the
AAE,, values are changed but not the sequence. It can also be
noted that the conclusion is unchanged if the model is applied to
the enthalpies instead of the Gibbs free energies. Now, how is it that
TI*, although more strongly hydrated than the other monoatomic
monovalent cations, forms stronger interactions with the n-system
of the SC4 cavity? Because its electronic structure is different, T1*
is three times more polarizable than same-size Rb*® and, as a
result, all the polarization-sensitive interactions in which TI* is
involved are enhanced. In fact, TI* interacts more strongly with
water than the other monoatomic monovalent cations but it is also
more strongly complexed by SC4 because the T1*—= interaction is
much stronger than the other cation—r interactions.

The experimental and computed AE), values for benzene
interacting with the alkali-metal cations in the gas phase showed
that the cation selectivity is governed by the electrostatic cation—
7 interactions:' the recent experimental AE), values vary indeed
from —161 kJ mol™! for Li* to —65 kJ mol~' for Cs*.'* However,
the induction contributions due to the polarizability of the -
system and, depending on the species, the dispersion and charge
transfer contributions are also important.>"-* Recent theoretical
studies on cation—benzene complexes showed indeed that for Rb*
and Cs* the induction contributions to the binding energies are
of the same order of magnitude as the electrostatic contributions,
whereas for Li*, Mg** and Ca®* they are much more important,
which indicates that the cation—r interaction largely depends on
the distance between the species.'”? Interestingly, Tsuzuki et al.’s
computed data'” yield AAE\, values with respect to K* (AAER, =
4kJmol" and AAE, = 12 kJ mol™!) that follow the same trend as
the AAE)\, values calculated from our experimental data (Table 2).

The binding of benzene with TI* is, as underlined above,
very peculiar. Due to its high polarizability, TI* generates, when
it interacts at short-distance, an important dispersion energy.
Furthermore, its electronic structure exhibits filled 4f and 5d
orbitals. In a recent theoretical study,’ the influence of similar
characteristics was quantified for the Ag*—benzene complex in
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the gas phase: the calculations showed important induction and
dispersion energies. In the present experimental study, no specific
interaction between Ag* and the m-system of the SC4 cavity is
evidenced in water: this is due to the fact that this small cation
is much more hydrated (A,G = — 440 kJ mol™") than the other
monovalent cations studied here (A,G = — 304 kJ mol~! for K*).®
Obviously, the interaction of a monovalent cation with the
SC4 cavity cannot be directly compared with the cation—benzene
interaction in its optimized geometry. The cation position within
the cavity depends on the cation size and on the conformation
adopted by the calixarene. It is well-known that SC4 adopts in
water cone conformations that are stabilized by intramolecular
hydrogen-bonding between the OH groups of the lower rim.*!
Theoretical calculations allowed the prediction of the structures
and binding energies of different cation—-SC4 complexes.”>* It was
shown that the structure adopted by the tetraalkoxycalix[4]arenes
depends on the nature of the alkoxy group and on the nature of
the included cation:? in all the privileged structures, the cation
interacts both with the benzene rings and the oxygen atoms of
the alkoxy groups. The binding of Cs*, for instance, favours a
partial cone conformation with three cation—arene and one cation—
oxygen interactions. However, results obtained by computation in
the gas phase cannot represent the state of a system in solution,
in particular in a very polar medium like water. Experimental
NMR studies in mixtures of acetonitrile and chloroform showed**
that with methyl and ters-butyl substituents, the binding of
Na* favours the cone conformation whereas the binding of
Cs* involves an exchange between partial cone (80%) and 1,3-
alternate (20%) conformations. The MD simulations carried out
by Wipff and coworkers® on complexes formed between the p-
tert-butylcalix[4]arene anion and alkali metal cations in polar
non aqueous solvents showed the existence of various structures
depending on the nature of the cation and on the solvent. The
complexes studied in the present work, that involve interactions
between monoatomic cations and the p-sulfonatocalix[4]arene in
water, are particularly interesting because they clearly evidence
cation— interactions in a medium into which it is not obvious to
demonstrate this type of interactions; for this reason, we intend to
further investigate these systems by using other approaches.

Conclusion

We have evidenced by microcalorimetry the formation of weak
inclusion complexes between some monovalent monoatomic
cations and the p-sulfonatocalix[4]arene (SC4) in water. It has
been shown that these cations are included into the SC4 cavity due
to the favourable enthalpies of cation— interactions. The affinity
of SC4 for the alkali-metal cations in water and the affinity of
benzene for the same cations in the gas-phase do vary in reverse
order: in aqueous solution, it is thus the cation dehydration that
governs the selectivity of SC4 for the alkali-metal cations. What
we observe here with monovalent cations is totally different from
what was observed previously with multivalent cations. In fact,
the divalent and trivalent monoatomic cations, which are more
hydrated than the monovalent ones, are not included into the SC4

cavity: they do strongly associate with the ligand but this occurs
outside the cavity through ionic interactions with the SO;~ groups
and is totally entropy-controlled. It can be noticed that, although
weak, the association of SC4 with Cs* in water is not negligible
and could possibly be enhanced by changing the solvent. Finally
we have shown that the T1*—r interaction is particularly favourable
due to the cation polarizability.
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A new molecular design of fullerene derivatives exhibiting trigger-responsive self-aggregation in organic
solvents has been established. Calix[4]arene was covalently connected with fullerene in order to apply
host—guest interaction to the aggregation control. The self-assembly behaviour was studied in organic
solvents by UV-vis absorption spectroscopy, dynamic light scattering and transmission electron
microscopy. Results show that the bisfullerene formed self-aggregations with a low polydispersity index
due to the fullerenes’ tendency to aggregate in polar organic solvents. Furthermore, the aggregate sizes
can be changed readily by solvent composition and the addition of guest cations. Especially,
disaggregation of the bisfullerene was induced by addition of LiClO, or NaClO,.

Introduction

Fullerenes and their derivatives have attracted much attention
in recent years and have been useful for materials science
and biological technology applications.! In those applications,
controlling the fullerenes’ aggregation is an important factor
influencing the material properties such as fluorescence, redox,
diffusivity (molecular transport), and photochemical reactivity.
Therefore, aggregation should control the various Cq, functions
using a trigger. In recent years, many efforts have been made
synthetically toward beneficial preparations of Cg molecular
aggregates. One expected example is dendrimers with peripheral
fullerenes.> A simple molecular design of well-size-controlled
fullerene aggregates can be developed by using dendrimers of
adequate size, however, it is difficult to synthetically link all
fullerenes with large dendrimers possessing highly dense reactive
end-terminals. Several other previous studies have explored the
self-aggregation of Cg derivatives in an aqueous solution.*”’
Among these studies, it has been reported that hydrophobic
C4 moieties aggregate in an aqueous solution by connecting
them with hydrophilic groups.*® Recently, unmodified Cq and
Cy derivatives were assembled by formation of supramolecular
complexes with DNA or inorganic nanoparticles in water;*” it
is expected that the aggregate size is controllable by the size
of templates such as DNA and nanoparticles. These previous
examples of aggregate size control of unmodified Cq and Cg
derivatives are very limited in organic solvents.*® In this study, we
tried to control self-aggregation of fullerenes in organic solvents
by using calix[4]arene. It is expected that calix[4]arene is applicable
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to aggregation control by the host-guest interaction. Herein, we
report the preparation of a calix[4]arene-appended bisfullerene (1)
and its self-assembly behaviour observed by UV-vis absorption
spectroscopy, dynamic light scattering and transmission electron
microscopy. Furthermore, in the presence of triggers (additives)
such as polar solvents or guest ions, the self-aggregation properties
of 1 were analysed.

Results and discussion
Chemistry

Compound 3 was prepared by reacting 2! with thionyl chloride in
dry pyridine-benzene at the reflux temperature. The preparation
of 1 was achieved by adding a dry toluene solution of 1,2-(4'-
hydroxycyclohexano)buckminsterfullerene (4)** to the evaporated
reaction mixture of the previous step (Scheme 1). Because 1 has
two stereogenic centres arising from 4, two stereoisomers of 1 are
present as meso and racemic compounds. The meso and racemic
compounds were separable by preparative TLC. The yields of
these compounds were 4% and 3%, respectively. The low yields
are suspected to be due to the steric hindrance of 4. It is easy to

Bu! Bu'Bu' Bu! Bu! Bu'Bu' B ut

My
c: OZ o \(; OZ o
HOLO Eo o] OJ\OH C|/£o g) o] o;\
2 3
Scheme 1 Synthetic routes and compounds used in this work.
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discriminate the NMR signals for meso-1 and rac-1 on the basis
of the splitting patterns of the methyl protons in the methoxyethyl
groups; in meso-1 with C; symmetry, the methyl peaks split at
3.63 and 3.49 ppmina 1 : 1 ratio and in rac-1 with C, symmetry,
the methyl peak appeared as a singlet at 3.53 ppm. For all of the
following experiments, we mention results using only rac-1 because
we obtained similar results using meso-1.

Identification of self-aggregation using UV-vis absorption spectra

First, we examined the solvent effect on the absorption spectra of
1 (50 uM, Fig. 1). Chloroform is known to be a good solvent for
both calixarene and Cg, moieties. Acetonitrile is a poor solvent for
Cq moieties. Therefore, we predicted that the aggregation of Cg,
moieties themselves gives rise to aggregation of 1 by the presence
of acetonitrile.’®* By changing the composition ratio of acetonitrile
to chloroform until chloroform-acetonitrile = 1 : 1 (v/v), the
absorbance increased over a wide wavelength region concomitant
with the acetonitrile ratio. The spectral change was visible as a
colour change from faint brown to deep brown, accompanied by
turbidity, indicating that the spectral change is attributable mainly
to the light scattering by the aggregates of 1. The absorbance
decreased with increasing acetonitrile ratio at a high composition
ratio of acetonitrile from chloroform-acetonitrile = 1: 1 (v/v) to
1:9 (v/v), suggesting that the morphologies of the aggregation
of 1 changed according to the further increase of the acetonitrile
ratio.

0.30

(d) CHCl;:CH,;CN = 1:1 (v/v)

0.25 + BuyNCIO,
2 020 (¢) CHCL;:CH5CN = 1:1 (v/v)
g +NaClO,
S . _1.
S s (b) CHCL3:CH;CN = 1:1 (viv)
2 (a) CHCI,

0.10

0.05

.

I
500 600 700 800
Wavelength / nm

0.00

L
400

Fig. 1 UV-Vis absorption spectra of 1 (50 pM) (a) in chloroform, (b) in
chloroform-acetonitrile = 1 : 1 (v/v), (¢) in chloroform-acetonitrile =
1 : 1 (v/v) in the presence of NaClO, (500 puM) and (d) in chloro-
form-acetonitrile = 1 : 1 (v/v) in the presence of Bu,NCIO, (500 uM);
1 cm cell; 20 °C.

Second, we examined the guest effect on the absorption spectra
of 1 (50 uM, Fig. 1). Although the association between 1 and Na*
is detectable by "H NMR spectroscopy through the addition of
NaClO, (500 uM; 10 equivalents to 1) in a chloroform solution of
1, the UV-vis absorption spectrum did not change. This result is
consistent with previous results, which indicate that alkali metal
cations bound to Cg, derivatives covalently-linked to ionophoric
moieties cannot directly affect the absorption spectra of the Cy,
moiety,™* except for azafulleroid.” In contrast, the absorbance of
1 in chloroform—acetonitrile = 1 : 1 (v/v) decreased on addition
of NaClO, (500 uM); the spectrum was similar to that of 1 in
a chloroform solution.’ The deep brown promptly changed to
faint brown and the turbidity disappeared. These results show
definitively that the disaggregation of 1 occurred by the inclusion

of Na* in the lower rim of the calixarene moiety, as shown
in Scheme 2. On the other hand, when tetrabutylammonium
perchlorate (Bu,NCIO,, 500 uM; 10 equivalents to 1) as a larger
cation was added to a solution of 1 in chloroform-acetonitrile =
1:1 (v/v), the absorbance became greater than that before the
addition. The results imply that the spectral change was caused
by the increase in light scattering as a result of an increase in
the aggregate size of 1. More detailed analyses of the aggregates—
disaggregates and the changes in the aggregate size are given below.

: % Me,NCIO,
Y, / r

ol
\ BuyNCIO,

Scheme 2 Schematic formation of complexes between 1 and LiClO,,
NaClO,, Me,NCIO, or Bu,NCIlO,.

Determination of aggregate sizes by dynamic light scattering
(DLS) measurements

Aggregate sizes of 1 were estimated by DLS. First of all, the
time course of the aggregate size was observed in chloroform—
acetonitrile = 1 : 1 (v/v). Fig. 2 shows that the aggregate
size changed very slowly and saturated to 321 nm after 12 h.
Therefore, we determined all aggregate sizes of 1 in various
ratios of chloroform-acetonitrile mixed solvents after 12 h. On
the other hand, Fig. 2 illustrates that the polydispersity index
increased from under 0.1, which is defined as a monodisperse
system, to over 0.1, which is defined as a multidisperse system, until
10 min, then subsequently decreased to 0.05 and then saturated
after 12 h. To the best of our knowledge, the polydispersity
index has the smallest value in a self-aggregation system of low-
molecular-weight molecules in organic solvents. These results
indicate that about 50 nm nanoparticles of 1 were generated and
then grew up to larger aggregates through further aggregation. The
reasons will be discussed below in the section describing the TEM
measurements. Fig. 3 shows that the aggregation was not observed
between chloroform-acetonitrile = 10 : 0 to 8 : 2 (v/v). Between
chloroform-acetonitrile = 7 : 3 to 5 : 5 (v/v), the aggregate size

350 0.30
300
g 025
~ o
=
g0 0.20 £
2 200 2
£ 015 §
h = o
g 150 g
3 010 3
& 100 s
153 =¥
Z 50 0.05
0 : : 0.00
0 500 1000 1500

Time / min

Fig.2 Time course of the average particle sizes (filled circles) and the poly-
dispersity index (filled triangles) of 1 (50 uM) in chloroform-acetonitrile =
1:1(v/v);20°C.
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Fig.3 Plots of absorbance at 434 nm (solid line, filled circles) and average
particle size in DLS measurements (dashed line, filled triangles) versus
chloroform—acetonitrile ratios; [1] = 50 uM; 20 °C.

increased concomitant with the composition ratio of acetonitrile.
To the contrary, the aggregate size decreased with increasing
acetonitrile ratio in the range of chloroform-acetonitrile = 5 :
5to 1:9 (v/v). These size changes agreed well with the absorption
spectral changes (Fig. 3) because light scattering increased with
the increase in the aggregate size of 1.

When LiClO, or NaClO, was added to a solution of 1 in
chloroform-acetonitrile = 1 : 1 (v/v), no scattered light was
detected by DLS measurement, indicating that the 1-Li* and 1-Na*
complexes did not aggregate in the mixing solvent (Table 1). It is
known that calixarene derivatives with ester and ether groups can
include Li* or Na* ions in the ionophoric cavity (Scheme 2)."7
Therefore, we inferred that the disaggregation of 1 was caused
by the improvement of the solubility in the polar solvent and the
electrostatic repulsion by formation of a 1-Li* or 1-Na* complex
(Scheme 3(iii)). On the other hand, the aggregate size increased
respectively from 321 nm to 2150 nm and 2370 nm in diameter
by the addition of Me,NCIO, and Bu,NCIO, indicating that the
addition of these large ions gave rise to the further aggregation
of 1 (Table 1). Since it is known that an ammonium ion can be
included in the m-cavity of calixarene by cation—n interactions,” it
is expected that ammonium ions bridged between the aggregation
surface of 1 (Scheme 2). These size changes caused by the addition
of cationic guests agreed well with the results of the absorption

Bu' Bu'Bu' Bu'

spectral changes.
Lca. 50 nlm
‘ 7

Scheme 3 Schematic representation of self-aggregations of 1. Conditions: (i) [1] = 50 uM, chloroform-acetonitrile = 1 :

Table 1 Average particle sizes (nm) and polydispersity indices of 1 deter-
mined by dynamic light scattering (DLS) in chloroform-acetonitrile = 1 :
1 (v/v) in the absence and presence of guest ions; 20 °C

Guest ion Average particle size/nm Polydispersity index
— 321 0.05

LiClO, N.D- —

NaClO, N.D.“ —

Me,NCIO, 2150 0.39

Bu,NCIO, 2370 0.92

“N. D. denotes that particle aggregation was not detected.

Morphology of aggregates of 1 by transmission electron
microscopy (TEM)

The morphology of 1 was observed using TEM (Fig. 4a—d). Imme-
diately after addition of acetonitrile (chloroform—acetonitrile =

Fig. 4 TEM images of aggregates formed from 50 uM 1 in chloro-
form—acetonitrile = 1 : 1 (v/v) (a) 10 min and (b) 12 h after the addition

of acetonitrile, (c) in chloroform—acetonitrile = 1 : 1 (v/v) in the presence
of Bu,NCIO, (500 uM) and (d) in chloroform-acetonitrile = 1 : 4 (v/v);
using uranyl acetate staining.

_
ca. 2500 nm
BuyNC10,

1 (v/v); (i) [1] = 50 uM,

chloroform-acetonitrile = 1 : 4 (v/v); (iii) [NaClO,] = 500 uM; (iv) [BuyNCIO,] = 500 pM.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 519-523 | 521





1 :1 (v/v)), we recognized that a part of 1 formed discrete
spherical particles with sizes of 30-50 nm (Fig. 4a), which are
comparable to the particle sizes determined by DLS measurements
(average particle size; 50 nm); a part of the particles commence to
aggregate and to fuse (Fig. 4a). The fusion might be considered
to occur by loosening interactions among C, moieties caused
by the lower stoichiometry of acetonitrile (Scheme 3(i)). Fig. 4b
shows TEM images obtained from a solution that was left to
stand for 12 h. Since it is clearly not a spherical particle, but a
petal-like aggregate, their fusion proceeded further. The size (ca.
400 nm) is comparable with that of the particle size determined by
DLS measurements (321 nm). Moreover, larger aggregates were
observed by the addition of Bu,NCIO, (Fig. 4c). Subsequently, it
was observed that the petal-like aggregates aggregate further, as
shown in Fig. 4b, as suggested by Bu,NCIO, bridging between
the aggregation surface of 1 (Scheme 3(iv)). On the other hand,
by the addition of much acetonitrile (chloroform-acetonitrile =
1 : 4 (v/v)), we can recognize that all 1 formed discrete spherical
particles and the particles did not fuse (Fig. 4d). The reason is
that tight interactions among C4 moieties form as a result of the
higher stoichiometry of acetonitrile (Scheme 3(ii)).

Conclusion

This study demonstrated that a calix[4]arene-appended bis-
fullerene can form a trigger-sensitive self-aggregation with a
high monodispersity in organic solvents. The aggregate size
depended on the solvent composition and guest molecules in the
calix[4]arene moiety. Disaggregation was induced by the addition
of NaClO,. Further aggregation was induced by the addition
of Bu,NCIO,. To the best of our knowledge, this is one of
only a few examples of controlled self-aggregation of Cg. We
hope to continue to strictly control both the size and shape of
the self-aggregation by tuning the balance between solvophobic
moieties (fullerenes) and solvophilic moieties (calixarenes) and to
investigate applications of these aggregations in this laboratory.

Experimental
Chemicals

5,11,17,23-Tetra-tert-butyl-25,27-bis(hydroxycarbonylmethoxy)-
26,28-bis(methoxyethoxy)calix[4]arene (2)'" and 1,9(4-hydroxycy-
clohexano)buckminsterfullerene (4)'* were synthesized according
to methods described in previous reports. Lithium perchlorate,
sodium perchlorate, tetramethylammonium perchlorate and
tetrabutylammonium perchlorate were purchased from Wako
Pure Chemical Industries, Ltd.

Preparation

5,11,17,23-Tetra-tert-butyl-25,27-bis(3' ,4'-buckminsterfullarocy-
clohexyloxacarbonylmethoxy)-26,28-bis(methoxyethoxy)calix[4]-
arene (1). Compound 2 (0.14 g, 0.15 mmol) was dissolved
in 20 ml of dry benzene; to this solution were added pyridine
(31 pl, 0.38 mmol) and thionyl chloride (0.24 ml, 3.1 mmol).
The mixture was stirred at the reflux temperature for 12 h. After
evaporation to dryness, to the residue (3) was added racemic 4
(0.37 g, 0.46 mmol), dry toluene (180 ml) and pyridine (31 ul,
0.38 mmol). The mixture was stirred at the reflux temperature for

48 h. After evaporation to dryness, the residue was purified by
column chromatography (silica gel, toluene—ethyl acetate = 4 :
0—4 : 1 (v/v)) and by preparative TLC (silica gel, toluene—ethyl
acetate =40 : 1 (v/v) to give two isomers of 1; rac-1, yield 4%; mp
(decomp.) >300 °C; '"H-NMR (CDCl,) ¢: 7.04 (4H, s, ArH); 6.66
(4H, s, ArH); 6.31-6.27 (2H, m, OCHCH,-Cg); 5.24-5.14 (4H,
m, OCHCH,—Cy); 4.93-4.79 (4H, m, ArCH,Ar); 4.26-4.12 (8H,
m, OCH,C=0, CH,-Cg); 3.99-3.74 (12H, m, ArOCH,CH,O,
ArOCH,CH,0, CH,—C); 3.53 (6H, s, OCH;); 3.31-3.27 (4H, m,
ArCH,Ar); 2.70-2.66 (2H, m, CHCH,—C,); 1.25 (18H, s, Bu);
0.98 (18H, s, Bu'); MS (MALDI-TOF, CHCIl;, NaClO,) m/z 2454
[M + Nal*. meso-1, yield 3%; mp (decomp.) >300 °C; 'H-NMR
(CDClL,) o: 7.04 (4H, s, ArH); 6.66 (4H, s, ArH); 6.31-6.29 (2H,
m, OCHCH,-Cy); 5.25-5.17 (4H, m, OCHCH,—C,); 4.90-4.87
(4H, m, ArCH,Ar); 4.25-4.17 (8H, m, OCH,C=0, CH,-Cy);
4.01-3.86 (12H, m, ArOCH,CH,0, ArOCH,CH,0, CH,-Cy);
3.63 (3H, s, OCH;); 3.49 (3H, s, OCH,); 3.30-3.29 (4H, m,
ArCH,Ar); 2.75-2.71 (2H, m, CHCH,—C,); 1.25 (18H, s, Bu');
0.98 (18H, s, Bu'); MS (MALDI-TOF, CHCIl;, NaClO,) m/z 2454
[M + NaJ*.

Preparation of the solutions containing 1

Compound 1 was dissolved in chloroform. Acetonitrile with and
without LiClO,, NaClO,, Me,NCIO, or Bu,NCIO, was added to
this solution. All measurements were carried out at 20 °C.

Characterization of aggregates of 1

UV-Vis spectroscopic measurements were measured on a Shi-
madzu UV-2550PC spectrophotometer. Dynamic light-scattering
measurements (DLS) were carried out using an Otsuka Electronic
DLS-7000. Transmission electron microscopy (TEM) investi-
gations were carried out with a JEOL JEM-3100FEF-3500N
instrument. The solutions of 1 in chloroform-acetonitrile (1 : 1
or 1 : 4 (v/v)) with or without Bu,ClO, were dropped onto a
carbon-deposited 200-mesh copper grid (JEOL Datum Co. Ltd.)
and the solvent was then evaporated at room temperature.
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The discovery and development of conceptually new chiral bifunctional transition metal-based
catalysts for asymmetric reactions is described. The chiral bifunctional Ru catalyst was originally
developed for asymmetric transfer hydrogenation of ketones and imines and is now successfully
applicable to enantioselective C—C bond formation reaction with a wide scope and high practicability.
The deprotonation of 1,3-dicarbonyl compounds with the chiral amido Ru complexes leading to the
amine Ru complexes bearing C- or O-bonded enolates, followed by further reactions with electrophlies
gives C—C bond formation products. The present bifunctional Ru catalyst offers a great opportunity to
open up new fundamentals for stereoselective molecular transformation including enantioselective C-H

and C-C as well as C-O, C-N bond formation.

Introduction

Recently, much attention has been given to the design of chiral
molecular catalysts with a bifunction based on the combination
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of Lewis acid and Lewis base working in concert, to attain
highly efficient molecular transformation for organic synthesis.!
Many sophisticated metal-based bifunctional catalyst systems
have been reported, and excellent reviews on the concept and wide
applications have been recently reviewed.? Since the bifunctional
catalysts contain two or more active sites for activation of
the electrophiles and nucleophiles, they can efficiently effect a
wide range of molecular transformations including C-H, C-C,
C-O, or C-N bond formation by cooperative activation and
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effective accumulation of reacting substrates on neighboring active
centers in the same molecules. Although these molecular catalysts
efficiently promote asymmetric reactions, they often suffer from
acid-base neutralization mainly for structural reasons, leading to
the deactivation of the catalysts. Therefore, careful and precise
tuning of the structures of the molecular catalysts as well as the
spatial organization of the functionality is required to achieve the
best catalysis performance.

Organocatalysts bearing bifunctional properties also offer
attractive and practical options in the recent development of
asymmetric transformations mainly because organic molecular
catalysts consist of readily available chiral molecules and struc-
turally tunable molecules.® For example, in the proline-promoted
aldol reaction shown in Scheme 1,* the zwitterionic proline
molecule readily reacts with ketones and aldehydes to form an
enamine derivative, which has an activated nucleophile. There-
fore, certain electrophile, aldehyde or o-B-unsaturated carbonyl
compounds readily react with the enamine, possibly through
a metal-free Zimmerman-Traxler type transtion state, to give
the corresponding C-C bond formation product in which the
electrophile can be effectively activated by the Bronsted basic site
in the same molecule. After hydrolysis, the proline molecule can be
recovered and recycled. The most attractive aspect, which however
is still not sufficiently clarified, is the catalytic cycle with proline,
in which only the catalyst and its intermediates are involved. The
catalyst activates nucleophiles with the formation of reactive com-
pounds that further activate electrophiles. The reaction mechanism
promoted by organocatalysts is very informative for designing
bifunctional metal-based molecular catalysts.

PRI
H20 X %\ R! R™OH/
H,0 A\ o
H O~y -7
AR,
OH ©
JOH 8% )\(lL R R,
1 R R'
) 2 /Kl\ €O~ 2
R H H R

Scheme 1 A possible catalytic cycle of proline-promoted aldol reaction.

We have recently developed chiral transition metal complexes
bearing optically active N-sulfonylated 1,2-diamine ligands for
asymmetric transfer hydrogenation of ketones and imines,’ in
which both chiral amido metal and chiral amine hydrido metal
complexes with a metal/NH bifunctional synergetic effect are
involved as catalysts and intermediates.® During interconversion
between both the catalyst and the intermediate, highly efficient
hydrogen transfer between ketones and alcohols reversibly takes
place. Catalyst deactivation due to the acid-base neutralization or
destructive aggregation can be minimized. This unique concept of
the bifunctional transition metal based-molecular catalysts leads
to high reaction rates and excellent stereoselectivies because the
reactions proceed through a tight-fitting assembly of the reactants
and chiral catalysts. This bifunctional catalyst can also provide
a wide substrate scope and applicability in organic synthetic
chemistry. In this perspective article, we outline our recent progress
in bifunctional molecular catalysts based on ruthenium, rhodium,
and iridium complexes bearing chiral diamine ligands and their

utilization to asymmetric catalysis including enantioselective
reduction and C—C bond formation.

What is the bifunctional transition metal-based molecular catalyst?

We have demonstrated that chiral n’-arene-Ru complexes,
RuCl(Tsdpen)(r-arene), and chiral n’-pentamethylcyclopenta-
dienyl (Cp*)-Ru,” Rh, and Ir complexes, Cp*MCIl(Tsdpen) (TsD-
PEN: N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine), M =
Rh, Ir (Fig. 1),* which have a structure isoelectronic to the
arene—Ru complex, effected highly efficient asymmetric reductive
transformation of ketones or imines. Chiral N-tosylated diamines,
B-amino alcohols, diamines, and amino phosphines serve as
excellent ligands and lead to high reactivity and enantioselectivity
in these asymmetric reactions. We were able to isolate the
catalyst precursor, real catalyst, and catalyst intermediate and
determined their structures in the solid state® as well as in solution.
A preformed catalyst precursor, for example, RuCl(Tsdpen)(r-
arene) as shown in Fig. 2, can be prepared as orange crystals
in almost quantitative yield from the reaction of [RuCl,(n’-
arene)], with TSDPEN in 2-propanol containing triethylamine.
This chloride complex readily converts with a base in 2-propanol
to the real active catalyst, an amido Ru complex. As shown in
Fig. 3a, the Ru amido complex is formally a 16-electron neutral
complex with a square-planar geometry,¥ and the metal center
is bound to two anionic nitrogen atoms and to an n’-arene. The
amide complex has a relatively short Ru-N bond, 1.89 A, which
is intermediate between the N-Ru single and triple bond reported
in the literature® The lone-paired electrons on the nitrogen
atom participate in formation of the N to Ru partial double
bond. This purple-colored amido Ru complex readily reacts with

CeHs \

RuCI[(S, S)-Tsdpen)]

Cp*RuClI[(S.S)-P-N]

Cp*RuCI[(S,S)-diamine]

Fig. 1 Precursors of bifunctional molecular catalysts.

FF
0=8=0 X
CeHs., rlq\ | » Rn R, H: benzene
,[ SR, 1-CHy-4-CH(CHs)y: p-oymene
CeHe ’N\ (o] 1,3,5-(CH3);: mesitylene

H H 1,2,4,5-(CHz),: durene
1,2,3,4,5-(CHs)s: pmb

&
O—é—o 1,2,3,4,5,6-(CH3)g: hmb
ool \-\ R, R:CF3(Tf), CHs (Ms), 4-CHz-CgHy (Ts),
N\R = 4-C(CH3)3-CgHa, 3,5-(CHg)»-CgHs,
s 24,6-(CH)a-CeHa. (CHg)sCq (PMs)
HI \H

Fig. 2 Chiral Ru complexes bearing N-tosylated diamines.
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Fig. 3 Bifunctional molecular catalysts, (a) chiral amido Ru complex,
(b) chiral amine hydrido Ru complex.

2-propanol at room temperature to produce a yellow amine
hydrido Ru complex as a single diasteromer with concomitant
formation of acetone. This amine hydrido Ru complex, the
other real catalyst intermediate, is an 18-electron complex with
a distorted octahedral configuration around the Ru center with a
ring in a d-configurated five membered chelate ring, an n’-arene,
and a hydrido ligand as shown in Fig. 3b. The relatively short
NH - - - HRu bond distance indicates an electrostatic interaction
possibly due to the NH proton on the diamine being highly protic.
These unique structures of the true catalyst and the intermediate
are responsible for the bifunctional molecular catalysts.

In the catalytic reaction, thanks to the nature of the Ru-N
bond, the amido Ru complex dehydrogenates an alcohol leading
to the amine hydrido Ru complex. This complex in turn reacts
with carbonyl compounds to transfer the hydride and proton
to the C=0 function giving the alcoholic product. Here, the
amine hydrido complex converts to the amido complex. Thus,
the hydrogen transfer between alcohols and carbonyl compounds
occurs reversibly as shown in Scheme 2. The efficiency of the
catalytic reduction is strongly influenced by the reactivities of
these Ru complexes as well as redox potentials of the alcohols
and carbonyl compounds.

Ts R, OH 0 Ts I X
R ! R | n
N\ 5+ z i ", N\ —
/E R N /RLi
RT N o RN N
Ar, Ar. H H
o+
amido complex OH le} amine hydrido complex

N: Lewis basic site
Ru: Lewis acidic site

NH: protic site
RuH: hydridic site

Scheme 2 Interconversion between the amido and the amine hydrido Ru
complexes.

Kinetic studies and isotope labeling experiments¥*'* as well
as computational analysis'' for the hydrogen transfer between
alcohols and ketones promoted by the Ru complexes revealed
that the reaction takes place reversibly through a six-membered
pericyclic transition state as shown in Fig. 4. The NH unit forms
a hydrogen bond with the carbonyl oxygen atom to stabilize
the transition state. An important and unprecedented aspect is

Fig. 4 A transition state for hydrogen transfer between ketones and
alcohols.

that the carbonyl compound does not interact directly with the
metal center for its own activation. Therefore, the presence of
an NH moiety in the ligands is crucially important to determine
the catalytic performance of the bifunctional catalysts.’* Thus,
the present bifunctional catalyst system provides a practical and
wide scope for asymmetric catalysis including enantioselective
reduction and C-C bond formation, giving chiral compounds with
excellent ee’s.

Asymmetric transfer hydrogenation of acetophenones bearing
substituents at the a position with the bifunctional molecular
catalysts

Since we found a prototype of the bifunctional Ru catalyst in
1995,° we have developed a very practical asymmetric transfer
hydrogenation process with a series of chiral catalysts having the
M/NH units in the same molecule as shown in Figs. 1 and 2. A
wide variety of chiral alcohols are now accessible with excellent
ee’s from the reaction under mild conditions. Some representative
results are summarized in Scheme 3.

Since early progress in asymmetric reduction with the chiral
Ru catalyst has been already reviewed,** this perspective review
focuses on recent advances in asymmetric transfer hydrogenation
of certain selected carbonyl compounds with chiral bifunctional
catalysts. In general, 2-propanol and formic acid can be used as
very cheap hydrogen sources. In particular, 2-propanol is a safe,
nontoxic, environmentally friendly hydrogen source. Although
the reactions with the chiral Ru catalysts in 2-propanol give
satisfactory results in terms of both reactivity and selectivity,” an
inherent problem of the reaction using 2-propanol is the reversibil-
ity, leading to limited conversion determined by thermodynamic
factors of the system and the deterioration of the enantiomeric
purity of the products upon long exposure of the reaction
mixture to the catalyst. The efficiency of the forward reaction is
dependent on the redox properties of product alcohols in addition
to the chiral recognition ability of the catalysts as discussed
above. The aromatic ketones having electron-withdrawing groups
on the aromatic ring are readily reduced to the corresponding
chiral alcohols with excellent ee’s. On the other hand, when
chiral alcohols with electron-donating groups are synthetically
useful, the reverse reaction, enantiomer selective dehydrogenative
oxidation of chiral racemic alcohols using acetone, becomes a
practical process.* In fact, chiral alcohols, (R)-1-arylethanols with
an electron-donating group® and 2-cyclopentenol derivatives,"
are readily accessible by the kinetic resolution of racemic
and meso alcohols with the chiral amido Ru complexes,
Ru[(S,S)-Tsdpen](n’-arene) (arene = p-cymene and mesitylene)
as shown in Scheme 4.

The asymmetric reduction using formic acid, a formal adduct
of H, and CO,, proceeds irreversibly with kinetic enantioselection
and, in principle, 100% conversion.’*!* Thus, the asymmetric
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X
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78% yield, 95% ee  OH X = CN, N3, NO, R
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CeHs e OH
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>99% vyield, 98% ee
OH O (S/C = 5000)
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R = CyHs, 0 = 1, 94% yield, 93% ee \ 97% yield, 95% ee
R =C;Hs, n =3, 99% yield, 95% ee >99% yield, 98% ee (S/C = 200)

(S/C = 200)

Scheme 3 Asymmetric transfer hydrogenation of ketones with chiral Ru and Rh catalysts.

H OH
)O\ . : (S,S)-Ru cat )OJ\ . OH
R R R R acetone R R RTOR

(S,S)-Ru cat: Ru[(S,S)-Tsdpen](p-cymene) or
Ru[(S,S)-Tsdpen](mesitylene)

Examples
OH OH OH OH
- o s > @
< Fe
. o <=
R=CH;O 92%ee 97% ee 97% ee 98% ee
47% yield 47% yield 46% yield 51% yield
R = (CH3),N 98% ee
44% yield
HO OH
= H E
HO
o H O
96% ee 87% ee 98% ee
70% yield 56% yield 37% yield

Scheme 4 Kinetic resolution of rac-alcohols and desymmetrization of
meso-alcohols with chiral Ru catalysts.

reduction of simple aromatic ketones with a mixture of formic
acid and triethylamine containing the bifunctional catalyst is
characterized by high efficiency in terms of activity, selectivity,
wide applicability, and practicability as summarized in Scheme 3.
Simple aromatic ketones with both electron-withdrawing and -
donating substituents can be reduced to chiral alcohols with
excellent ee’s. The reactivity and enantioface-selectivity of the
chiral Ru complex, RuCI(N-tosylated diamine)(r’-arene), are the
consequences of a compromise between the steric and electronic
factors of the arene and N-tosylated diamine ligands. The
reactivity decreases in the order benzene > p-cymene, mesitylene >
hexamethylbenzene probably due to steric reasons. The ArSO,
group in the diamine is important for attaining high reactivity,
while the CF;SO, analogue significantly reduces the reactivities.

Among the notable features of this asymmetric transfer hy-
drogenation is the carbonyl group selectivity. The functional
groups at the o or P position do not interact with the metal
center because of the coordinatively saturated nature of the amine
hydrido Ru complexes. The reaction proceeds chemoselectively
without influence of the olefinic linkage and amino, ester, hydroxyl,
carbonyl, sulfido, sulfone, nitro, azide, and chloride group, and
furan, thiophene, and quinoline rings. Asymmetric reduction of
1,2-diketones, benzils, is worthy of note.'” Although benzils cannot
be reduced by the currently available hydrogenation catalysts,
Ru-BINAP complexes (BINAP = 2,2'-bis(diphenylphosphino)-
1,1’-binaphthyl), Ru,CL[(R)-tolbinap],-(C,H;NH,),’* RuCL[(R)-
binap][(R,R)-dpen],® the reduction of 1,2-diketones with the chiral
Ru complex in a mixture of formic acid and triethylamine
gives the chiral 1,2-diols with an excellent ee as illustrated in
Scheme 5. Various benzil derivatives are stereoselectively reduced
to the chiral hydrobenzoins with high ee’s and in good yields.
Table 1 lists some examples.'”” The benzils with electron-donating
substituents are reduced with excellent enantioselectivity but lower
reactivity, while the reduction of p-fluorobenzil proceeds rapidly
as expected, giving a product with a high ee. The p-cymene and
mesitylene complexes effect the reaction equally well, while the
sterically congested hexamethylbenzene complex shows extremely
high stereoselectivity although less reactivity at 40 °C.

0 Ru cat OH
Ar HCOOH/N(CyHs), Ar
Ar Ar
0
o) DMF, 30-60 °C OH
S/C = 1000-2000 dlmeso = 98.6:1.4

>99% ee
Ar = CgHs, p-CH3-CgHy, p-CH30-CgHj, p-F-CgH,
Ru cat: RuCI[(S,S)-Tsdpen](n8-arene)
nB-arene: benzene, p-cymene, mesitylene, hmb

Scheme 5 Asymmetric reduction of benzils with chiral Ru catalysts.
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Table 1 Asymmetric reduction of benzil derivatives

R Temp/°C  Time/h  Yield (%)  dl:meso  ee (%)
H 40 24 100 98.4:1.6 >99
p-CH; 40 48 67 96.7:3.3  >99
p-OCH;* 35 48 75 64.4:56 >99
p-F 40 24 100 942:58 >99

Conditions: Ru cat = RuCl[(S,S)-Tsdpen](p-cymene), S/C = 1000,
HCOOH/N(C,H;) =4.4/2.6.“S/C =200, HCOOH/N(C,H;); =4.4/4.4
in 1.2 m DMF.

The success of the asymmetric reduction of benzils with a formic
acid and triethylamine mixture relies strongly on the property of
the benzoin intermediates as well as the enantiomer discrimination
ability of the chiral Ru complexes. As shown in Scheme 6, a
reaction of racemic benzoin with the (5,S)-Ru catalyst gives (R,R)-
diol with >99% ee at the early stages of the reaction in 4%
yield, while after 24 h, a chiral diol with the same de’s and ee’s
as observed at the initial stage of the reaction is quantitatively
obtainable. These results imply that the reaction proceeds through
a DKR (dynamic kinetic resolution) of the intermediary benzoin,
in which the (S,S)-catalyst favors the reaction of (R)-benzoin.
Product distribution analysis shows that the rate of the reduction
of (R)-benzoin proceeds 55 times faster than that of the S isomer.
The slow-reacting S isomer undergoes rapid racemization under
the basic conditions (Scheme 7).' Similarly, the reactions of
1,3-diphenylpropane-1,3-dione and 2,6-diacetylpyridine with the
RuCl[(S,S)-Tsdpen](p-cymene) catalyst produce the correspond-
ing chiral diols with 99% ee and in 99% yield (d! : meso = 94 :
6), and with 99.6% ee and in 100% yield (d/ : meso = 91 : 9),
respectively (Scheme 8).'81

(0] o} OH
CeH Ru cat CesH R _CgH
06H5/LS/ 6''5 > CBHs)'S/ 6''5 4 CGHs)R\l/ 6'15
OH OH OH
S/C =1000 benzoin hydrobenzoin

time,h  vyield, % ee, % yield, % dlmeso ee, %
0.25 96 0 4 98.2:1.8 100
24 0 - 100 98.1:1.9 100

Ru cat = RuCI[(S, S)-Tsdpen](p-cymene) 0.005 mmol,
HCOOH/N(C,Hs); = 3.1/2.6, 0.95 M in DMF, 40 °C.

Scheme 6 Asymmetric reduction of rac-benzoin with chiral Ru catalysts.

(0] OH OH
R_CgH kr CeH A__CeH
CBHS/U\l/ 65 N CeHs)\l/ 65 | CeHs/\r 6115
OH OH OH
Tl inv krlks =55
OH
§ CeH CeH A _CeH
CeHs : 6115 CGH)\:/ 65 CGHS/\;/ 615
OH OH

Scheme 7 Dynamic kinetic resolution of benzoin.

CeHsS_~S_CqgHs

OH OH

OH OH
99% yield 0% yield 100% vyield
dl:meso = 94:6 dl:meso = 91:9
99% ee 99.6% ee

Conditions: Ru cat = RuCI[(S, S) Tsdpen](p—cymene)
HCOOH/N(C,Hs); = 8.6:5.0, 2

Scheme 8 Asymmetric reduction of 1,3-diketones and 2,6-diacetyl-
pyridine.

When asymmetric transfer hydrogenation of unsymmetrically
substituted 1,2-diketones with the chiral Ru catalyst is carried
out at a lower temperature (10 °C), chiral a-hydroxy ketones are
obtainable with an excellent optical purity, in which the reduction
occurs at the less hindered carbonyl group in the diketones for the
steric reasons.'” At a higher temperature (40 °C) under otherwise
identical conditions, the reduction of the ketones produces chiral
anti-1,2-diols with an excellent ee. As shown in Scheme 9, the
diketone bearing a methoxy group on the aromatic ring is
steroselectively reduced to give (1R,2S5)-1-(4'-methoxyphenyl)-1,2-
propanediol, which is a major metabolite of frans-anethole in the
rat, with 98% ee and in 90% yield.

(0}
Ru cat
O 0,
CH,0 10°C, 24 h CHs0
87% conv
S/C =500 100% yield
92% ee
(0]
Ru cat
o 40°C, 24 h
CH30 100% conv CH30
_ anti
98% ee

Conditions: Ru cat = RuCI[(S, S)-Tsdpen](p-cymene),
HCOOH/N(CyHs); = 4.4/2.6

Scheme 9 Asymmetric reduction of unsymmetrically substituted
1,2-diketones.

Thus, the asymmetric reduction of 1,2-diketones is character-
ized by high practicability and high selectivity in terms of chemo,
regio-, diastereo-, and enantioselectivity. The coordinatively sat-
urated nature of the amine hydrido Ru complex as well as the
structural and electronic factors of the substrate are responsible
for the stereoselective outcome of the asymmetric reduction. The
reaction of 100 g of benzil or racemic benzoin with the Ru catalyst
gives about 90 g of enantiomerically pure hydrobenzoin after
single recrystallization from ethanol as shown in Scheme 10. This
chiral diol can be readily converted to the corresponding chiral
diphenylethylenediamine by the conventional procedure.?

Similarly, acetophenones bearing CN, N;, and NO, groups
at the o-position can be effectively reduced with a mixture of
formic acid and triethylamine containing the chiral Ru catalysts
to give the corresponding chiral alcohols with an excellent ee, as
shown in Scheme 11." The neighboring functional groups do not
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90 g, 100% ee after recryst
from C,H;OH

|
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Conditions: Ru cat = RuCI[(S, S)-Tsdpen](p-cymene) 1.6 g,
HCOOH 102 g, N(C,Hs); 198 g, S/C = 200, DMF 100 mL, 30 °C, 48 h.

Scheme 10 A 100 gram-scale synthesis of enantiomerically pure
hydrobenzoin.

OH

0 Ru cat
X u cal X
HCOOH/N(C,Hs)s
30°C
R R
X

R S/C HCOOH:N(CoHs); h yield, % %ee
CN H 1000 3.1:26 24 100 98
N; H 100 3.1:5.2 24 65 92
NO, H 200 6.0:2.47 16 90 98
NO, F 200 6.0:2.4° 16 95 96
NO, CH; 200 6.0:2.42 16 67 95

Ru cat = RuCI[(S,S)-Tsdpen](p-cymene). & In DMF.

Scheme 11  Asymmetric reduction of acetophenones bearing CN, N;, and
NO, groups at the a position.

affect seriously the outcome of the reaction for the same reasons
discussed above. These alcohols can be easily transformed by the
conventional reduction of the functional groups to chiral - and
y-amino alcohol with high ee (Scheme 12). In a similar manner,
asymmetric reduction of acetylpyridine and its derivatives bearing
a electron-withdrawing group in CH,Cl, containing a mixture of
formic acid and triethylamine and chiral Ru catalyst at 10 °C gives
chiral pyridylethanols in almost quantitative yield and with 86%
ee,! one of which is an intermediate of PNU-142721, a potent
anti-HIV medicine.

oH BH3/S(CH3), oH

CN —— " o

CeHs CSH5)\/\ NH,
90% yield
98% ee

e —
e

98% ee

/©/CF3
(@)

CeHs NHCH;

(S)-Fluoxetin

OH H
Pd/C ?

X +H —— NH,
CeHs CeHs

100% yield

X =Na, N
5 NO 92-98% ee

Scheme 12 Synthesis of chiral amino alcohols.

o-Chlorinated acetophenones, which are hardly hydrogenated
by conventional asymmetric hydrogenation catalysts, for exam-
ple, Ru-BINAP catalysts,*'¢ are also smoothly reducible with
chiral metal complexes. Notably, a chiral Cp*Rh complex,
Cp*RhCI[(R,R)-Tsdpen],® which has a structure isoelectronic with
a chiral Ru-arene complex, is the most reactive catalyst for the
asymmetric reduction of chlorinated acetophenones as shown
in Scheme 13.2 The reaction with a substrate/catalyst molar
ratio (S/C) = 5000 proceeds rapidly to give almost quantitatively
the corresponding chiral alcohol with 96% ee and an initial
turnover frequency (TOF) exceeding 2500 h~' (0.7 sec™"). Despite
the structural similarity between the Cp*Rh(i) and the (n-
arene)Ru(11) complexes, the significant difference in the reactivity
toward 2-chloroacetophenones may be attributed to the electronic
properties of the central metals. Ethyl acetate, CH;CN, acetone,
and DMF can be used as convenient solvents for the reaction.
Recently, it has been reported that H,O serves a good solvent for
the same asymmetric reduction in H,O containing the chiral Rh
catalysts with HCO,Na as a hydrogen source.® An analogous
Ir complex, Cp*IrCI[(R,R)-Tsdpen], exhibits reasonably high
reactivity but poor enantioselectivity. A variety of ring-substituted
a-chloroacetophenones listed in Scheme 13, can be transformed
to the corresponding chiral chlorinated alcohols with an excellent
ee using a 5 : 2 formic acid : triethylamine azeotropic mixture as a
hydrogen donor and the Rh catalyst.

(0] OH
cl Rhecat : Cl
R HCOOH/N(C,H5)3 R4©/\/
solvent

R S/C vyield, % ee, % R S/C vyield, % ee, %
H 5000 99 96 m-OH 1000 93 95
o-Cl 1000 81 88 m-CHj 1000 92 96
m-Cl 1000 93 95 m-CF3 1000 80 96
p-Cl 1000 90 92 p-MsNH 1000 80 97

o-CH;0 1000 90 95
m-CHzO 1000 90 95
p-CH;O 1000 94 94

Conditions: Rh cat = Cp*RhCI[(R,R)-Tsdpen],
1.0 M CH3COOCH,CH3 solution, at 25 °C.

3'4-OCH,01000 93 98

Scheme 13 Chiral Rh complex-promoted asymmetric reduction of
o-chlorinated acetophenones.

Chiral 2-chlorophenylethanol is easily convertible to chiral
styrene oxide via Williamson’s ether synthesis in water without loss
of ee, as shown in Scheme 14. In particular, (S)-m-chlorostyrene
oxide, which is a key intermediate for the preparation of several 33-
adrenergic receptor agonist compounds, is readily obtained from

Cl 4 MNaOH aq >
- .. > R
2-propanol, 0 °C

OH

é

95-96% ee 80-92% yield
95-97% ee
one-pot procedure
16} 1) (R,R)- Rh cat
HCOOH/N(C,Hs)3 0

c 2-propanol, 30 °C *
R R
2) 2 M NaOH aq
R =m-Cl 2-propanol, 0°C 88% yield, 97% ee
474 35¢

Scheme 14  Synthesis of chiral epoxides.
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the reduction product. A more appealing feature is that one-pot
synthesis can be performed by sequential asymmetric reduction
of chloroacetophenone with the chiral Rh in 2-propanol and
treatment of its reaction mixture with NaOH aqueous solution.
Non-racemic styrene oxide can be synthesized in an isolated
yield of 80-90% with 96-98% ee in a single reactor as shown
in Scheme 14. This reaction is also very practical. A simple
1 : 1 mixture of 98% formic acid and triethylamine can also
be used instead of its azeotrope. Even commercially available
reagents and solvents can be used in this reaction without special
purification. This epoxide synthetic process in either a one- or two-
pot procedure is particularly useful for a gram-scale production
of optically active epoxides; about 3.5 g styrene oxide being
obtainable from 4.7 g of the chlorinated ketone (Scheme 14).
Another example of the asymmetric reduction of chlorinated
ketones is shown in Scheme 15.%* The chiral Rh complex-catalyzed
reduction of aliphatic chlorinated ketones bearing another chiral
carbon attached to N-containing groups, N-substituted (3.S)-
3-amino-1-chloro-4-phenyl-2-butanones, gives the desired corre-
sponding diastereomeric alcohols in excellent yields with high
de. Interestingly, the diastereoselectivity of the reduction is con-
trollable only by a simple change in the ligand chirality, while

R
R (R,R)-Rh cat
N Cl
H o HCOOH/N(C,Hs);
yield >95%
S/C = 1000 R R
R )\/\ R!
SN o+ \H)\l/\CI
OH OH
(2R,3S) (28,35)
ketone (2R,3S):(2S,3S)
R = CgH5CH,, R' = Boc 90:10
R = CgH5CH,, R' = Cbz 90:10
R = CgHsCH,, R' =Bz 97:3
R =CgHsCH,, R'=Ts 91:9
R = (CH3),CHCH,, R' = Cbz 83:17
R = p-F-CgH4CHj,, R' = Cbz 87:13
R = 2-naphCH,, R' = Cbz 91:9

Conditions: (R,R)-Rh cat = Cp*RhCI[(R,R)-Tsdpen],
1.0 M CH3COOC,H5 solution, 25 °C, 2 h.

Scheme 15 Asymmetric reduction of aminoalkyl chloromethyl ketones
with (R,R)-Rh catalyst.
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the chirality of the adjacent stereogenic center does not play a
significant role. From the reaction with the (S,S)-Rh complex,
the corresponding (25,3S)-alcohol is obtained with an excellent
de. The enantiomeric (R,R)-Rh catalyst gives rise to the (2R,3.5)-
alcohol which is the antipode of the product obtained with the
(S,S)-catalyst as shown in Scheme 16. These diastereomers can be
converted to epoxides in good yields without a decrease in the de
value under basic reaction conditions. A sequential asymmetric
reduction of N-(tert-butoxycarbonyl)-(3.5)-3-amino-1-chloro-4-
phenyl-2-butanone with a mixture of formic acid and triethy-
lamine in 2-propanol containing the catalyst, Cp*RhCI[(S,S)-
Tsdpen] or Cp*RhCI[(R,R)-Tsdpen], and treatment of its reaction
mixture with 1 M NaOH aqueous solution at 0 °C gives (25,3S)-N-
(tert-butoxycarbonyl)-3-amino-1,2-epoxy-4-phenylbutane in 86%
yield with 90% de or its antipode (2R,3S)-diastereomer in 83%
yield with 80% de as crystals after the addition of water. The
important class of these compounds serves as potential chiral
building blocks for synthesis of pharmaceuticals such as inhibitors
of HIV protease and B-secretase in Alzheimer’s disease.®

Asymmetric carbon—carbon bond formation with the bifunctional
molecular catalysts

Deprotonation of acidic compounds with chiral amido complexes.
The transfer hydrogenation with chiral amido metal complexes
involves the deprotonation of alcohols and formic acid, which a
have pK, value ranging from 4 to 18, producing amine hydrido
metal complexes (see Scheme 2). We envisaged that the amido
nitrogen has a sufficient Brensted basicity to effect deprotonation
of certain acidic organic compounds, leading to an amino complex
bearing a metal bonded carbon nucleophile. In fact, we have
found that the purple-colored amido Ru complex, Ru[(R,R)-
Tsdpen](n’-mesitylene), smoothly reacts with dimethyl malonate
(pK,, 12.4) in toluene below —30 °C to give a yellow crystalline
complex, Ru[CH(CO,CH;),][(R,R)-Tsdpen](n’-mesitylene), as a
single diastereomer, as shown in Scheme 17.% The single crystal
X-ray analysis indicates that it has a three-legged piano stool
coordination environment with mesitylene, amino, sulfonamino,
and a C-bound malonato ligand. The chirality of the (R,R)-
diamine ligand determines the S configuration around the central
metal, as observed in the metal hydrido and chloro complexes.
Notably, there is a short O---NH distance of 2.77 A, which is
possibly ascribed to intramolecular hydrogen bonding. A detailed

CeHs
(S.S)-Rh cat
—— Boco
Cl' CH;CO0C,Hs ﬁ Cl
OH
(25.39)
Ts up to 96% de
CeHs.,, &\J\\§/¥
Lol
CeH N Cl
% H, Ph
(S,S)-Rh cat Boc j\<’
"N
H o

Conditions: Reduction; Rh cat = Cp*RhCl (Tsdpen), S/C = 1000, HCOOH/N(C,Hs),
1.0 M solution, 25 °C, 2 h. Epoxidation; 2M NaOH aq in 2-propanol, 0°C

Scheme 16 Asymmetric synthesis of chiral epoxides via enantioselective reduction and epoxidation.
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Scheme 17 Reaction of chiral amido Ru complex with dimethyl malonate.

NMR study of the malonate complex in CD,Cl, shows that it exists
in a temperature-dependent equilibrium with the amido complex
and free malonate, in which no detectable formation of a metal
enolato complex, the O-bound Ru complex, was observed in the
solution.

In a similar way, the Ru amides can react with nitromethane
(pK, 10.2) and acetone (pK, 20) to provide new organometal-
lic compounds bearing a Ru-C bond.?” Although the amido
Ru complex reacts with 1 equiv of nitromethane to give an
equilibrium mixture of the amido complex, nitromethane, and
the nitromethyl complex, an analogous 16-electron amido Ir
complex, Cp*Ir[(R,R)-Tscydn] ((R,R)-TsCYDN: (1R,2R)-N-(p-
toluenesulfonyl)-1,2-cyclohexanediamine) readily reacts with 1
equiv of nitromethane at room temperature to give a pale yellow
nitromethyl Ir complex, Cp*Ir(CH,NO,)[(R,R)-Tscydn], in quan-
titative yield as shown in Scheme 18.* Fig. 5 shows new amine Ir
complexes having a C-bonded acetone or phenylacetylene group,
which are obtained from the reactions of an amido Ir complex
and acidic compounds. A detailed mechanistic investigation of the
reaction of the amido complex and these compounds using NMR
spectroscopy indicates that the reaction of the amido Ir complex
and CD;NO, in CD,Cl, at low temperature possibly proceeds via

T

IS
N
‘ /lr—@ + CHNO, —
ot N
H

Cp*Ir(CHoNO,)[(R,R)-Tscydn]

Scheme 18 Reaction of chiral amido Ir complex with nitromethane.

CeHs

Cp*Ir(CHy,COCH3)[(R,R)-Tscydn]  Cp*Ir(C=CCgHs)[(R,R)-Tscydn]

Fig. 5 Isolable Cp*Ir-acetone and Cp*Ir-phenylacetylene complexes.

an ion pair intermediate, leading to a predominant formation of
the anti complex as shown in Scheme 19.7

@' Ts Ts
1 R 1 R _n

Ts, Ir=—C-D,NO
N 2 2
N7 |

— ) AT,

RA/N\H -80°C R" /ITI (‘JDz R /IIJ T
R k ion pair . H., N Ho. \O//N:

D* mechanism O g
anti-complex syn-complex

major product

Scheme 19 Reaction mode of the C—H bond with amido Ir complex.

Chiral amido Ru complex promoted enantioselective C—C bond
formation

Michael addition of 1,3-dicarbonyl compounds to cyclic enones.
Based on the detailed mechanistic studies of asymmetric hydrogen
transfer between alcohols and ketone and the reactivity of the Ru
amido complex toward acidic compounds, we explored a possible
utility of the present bifunctional Ru amido complex in enan-
tioselective C—C bond formation as illustrated in Scheme 20. As
discussed previously, the amine hydrido complex stereoselectively
reacts with ketonic substrates through a pericyclic six-membered
transition state (Fig. 4) to transform to the amido complex,
resulting in the catalytic enantioselective reduction of ketones in
a highly efficient manner.® If an amido metal complex could react
with certain acidic compounds to give the corresponding amine
complex bearing a metal-bonded nucleophile, followed by further
reactions with carbonyl compounds, catalytic enantioselective C—
C bond formation could be achieved in a similar manner to the
transfer hydrogenation. The M/NH bifunctional units possibly
participate in the activation of carbonyl compounds via the cyclic
transition state to facilitate the nucleophilic attack to the carbonyl
compounds as shown in Scheme 20.

In fact, we found that a chiral Ru catalyst, Ru[(S,S)-Tsdpen](n°-
arene) efficiently effected the enantioselective Michael addition of
malonates or acetoacetate to cyclic enones to give the correspond-
ing adducts with excellent ee’s.*® A reaction of dimethyl malonate
and cyclopentenone in a 1 : 1 molar ratio in fert-butyl alcohol
containing the chiral amido complex (malonate:enone:Ru = 50 :
50 : 1) proceeds smoothly at 40 °C to provide the corresponding
(R)-Michael adduct in an almost quantitative yield and with an
excellent ee as shown in Scheme 21. fert-Butyl alcohol, toluene,
and THF can be used as practical solvents, while CH,Cl, gives a
reasonably high ee albeit a slightly lower activity.

The outcome of the reaction in terms of reactivity and selectivity
can be determined by the delicate balance between the steric
and electronic properties of the diamine and arene ligands in
the chiral Ru complexes as well as the reaction conditions.
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Scheme 20 Enantioselective C-C bond formation catalyzed by the chiral amido Ru complex.

(e} (¢}
(S,S)-Ru cat
+  CHy(COzR),
( 1:1 solvent, 30-60 °C ( /R
" ' " 7—COoR
S/C = 50-100 RO,C
solvent: (CH3)3COH, toluene, THF 99% yield, up to 99% ee
(S,S)-Ru cat:
R' Rp: 1-CH3-4-CH(CH3),: p-cymene
o= S o 1,3,5-(CHj3)3: mesitylene
C-H R 1,2,4,5-(CH3),: durene
6 5 1,2,3,4,5-(CHz)s: pmb
RU*—— 1,2,3,4,5,6-(CHz)g: hmb
CGH R": CF3, CH3 4- CH3-C6H4
4-C(CH3)3-CgHy, 3,5-(CH3),-CgHa,
2,4,6-(CH3)3-CgHa, Cg(CH3)s
Scheme 21 Asymmetric Michael addition of malonates to cyclic enones.

As listed in Table 2, enantioselection increases in the order
p-cymene < mesitylene < durene < pentamethylbenzene and
hexamethylbenzene as a ligand of the chiral amido Ru complexes.
In contrast to the trend of the reactivity for the asymmetric
reduction mentioned above, a more sterically congested complex
with pentamethyl- or hexamethylbenzene displays better reactivity
than the p-cymene complex, indicating the electron-donating
ability of the multi-substituted arene ligands should cause an
increase in nucleophilicity of the metal-bonded Michael donors. In
addition, the use of the methanesulfonylated diamine (MsDPEN)
instead of the TSDPEN greatly improves the catalyst performance
in terms of reactivity and enantioselectivity as well as thermal
stability as listed in Table 3. The reaction at an S/C = 100 with
the MsDPEN complex proceeds rapidly to completion even at
60 °C to give the products without serious loss of the ee value. On
the other hand, at higher temperature, the TSDPEN complexes

Table 3 Asymmetric Michael reaction with chiral amido Ru complex at
60 °C

Diamine Arene S/C Temp/°C Time/h  Yield (%) ee (%)

Tsdpen durene 100 60 24 90 94
pmb 100 60 24 86 96
hmb 100 60 24 54 96

Msdpen  hmb 100 60 24 99 97

Conditions: Ru cat = Ru][(S,S)-diamine](n’-arene), (CH;); COH 1 ml.

readily convert to a new catalytically inactive metallacycle as
shown Scheme 22.% Unnecessary heating of the TSDPEN catalyst
solution should be avoided.

CeHs.,
): toluene
CeHs 60 °C G
0=8=0

Scheme 22 Cyclometalation of amido Ru complex.

Table 2  Effect of arene ligand on the outcome of asymmetric Michael addition

R =CH; R = C,H;
Arene Yield (%) ee (%) Yield (%) ee (%)
(0] p-Cymene 87 82 97 85
Mesitylene 99 89 95 91
Durene 99 94 94 94
“, _CO,R pmb 99 97 96 96
1 hmb 98 98 96 96

COR
Conditions: Ru cat =

Ru[(S,S)-Tsdpen](arene), S/C = 50, 30-40 °C, 24 h, acceptor : donor =1 :

1, solvent (CH,),COH.
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A variety of cyclic enones as the acceptor and malonates and
B-keto esters as the donor can be successfully transformed to the
corresponding optically active Michael adducts with high ee’s as
shown in Scheme 23. Cyclohexenone and cycloheptenone react
with dimethyl malonate in the presence of the MsDPEN complex
as the catalyst to give 1,4-adducts with excellent ee’s. The reaction
of 4,4-dimethylcyclopentenone with malonate gives the product
with >99% ee. The Michael adduct of o-methyl substituted
dimethyl malonate to cyclopentenone is also obtainable with an
excellent ee and in moderate yield (97% ee, 51% yield). Nitroacetate
can be used as a donor, giving the Michael adducts in high yield
and with 91% ee, although with a 1 : 1 diastereomer ratio as
listed in Scheme 24.%° The TFDPEN complex gives the best catalyst
performance for the reaction of nitroacetate.

0 o] 0
é ,,,,, l/C020H3 @ ,,,,, rCOzCH3 <

99% yield, 98% ee 75% yield, >99% ee 83% yield, >99% ee

Conditions: Ru cat = Ru[(S,S)-Msdpen](hmb), S/C= 50, 3040 °C,
24-72 h, acceptor:donor= 1:1, in (CH3)3COH or toluene.

Scheme 23 Asymmetric Michael addition of dimetyl malonate to cyclic
enones.

o) (0]
Ru cat
+  CHy(NO)(CO,CoHg) ————
solvent CO,CyHs
11
NOz
temp, yield, ee,
Ru cat solvent C % %
Ru[(R,R)-Msdpen](hmb) (CH3);COH 30 99 82
Ru[(R,R)-Tfdpen](hmb) (CH3)3COH 30 98 91

Ru[(R,R)-Tfdpen](hmb) (CH3),CHCH,OH 0 95 92

Scheme 24 Asymmetric Michael addition of nitroacetate with TTDPEN
complex.

It is noteworthy that the stereochemical outcome of the reaction
with B-keto esters®* is delicately influenced by the steric and
electronic factors in the Ru complexes, acceptors, and donors
and the solvent used.’ As summarized in Scheme 25, for the
reaction of cyclopentenone and isobutyrylacetic acid methyl ester,
a combination of Ru[(S,S)-Msdpen](hmb) as the catalyst and zert-
butyl alcohol as the solvent is the best choice and (R)-4-methyl-3-
0x0-2-(3-oxocyclopentyl)pentanoic acid methyl ester with 92% ee
with a 1 : 1 mixture of two diastereomers with a single stereogentic
center at the cyclopentenone ring is obtainable in 96% yield.
The TsDPEN analogue in toluene also provides better results
compared with those attained in zerz-butyl alcohol; the ee value
reaching up to 95% ee. An increase in the steric bulkiness of the
acyl group in the B-keto esters causes an increase in the ee value
of the products obtained from the reaction with the MsDPEN
complex in the order CH; < CH(CHj;), < C(CH;); except for
the C,H;-substituted keto ester. The Michael addition of methyl
benzoylacetate and ethyl benzoylacetate to cyclopentenone with
the MsDPEN complex gives the corresponding adducts with 96

0 o}
o 0 Ru cat
é " R)J\/U\QR' toluene R
» gg ;c H Y—COR
ROC

keto ester
R R’ Ru cat yield, % ee, %
CHj3 CHj Ru[Msdpen](hmb) 100 85
CoHs CHj " 92 80
CH(CH3), CHs " 97 88
C(CHg); CHs " 100 97
CH, CH;  Ru[Tsdpen](hmb) 99 91
C,Hs CHg " 99 89
CH(CH3), CHg " 95 95
C(CHz); CHg " 92 87
CeHs CHj " 91 96
CH3 C(CHz); " 93 72

As a 1:1 mixture of two diastereomers.

Scheme 25 Asymmetric Michael addition of B-keto esters.

and 97% ee, respectively. The steric bulkiness of the ester part in
the B-keto esters exhibits a negative effect on the enantioselectivity
of the reaction. Unfortunately, the reaction of acyclic enones is not
stereoselective at all under the reaction conditions.

By using a similar chiral Ru catalyst bearing M/NH bifunc-
tional units, Morris recently reported that trans-RuH(n'-BH,)-
((R,R)-Pnor)((S)-binap) ((R,R)-Pnor = (1R,2R)-P(C4H;),CH-
(C4¢H5)CH(CH;)NH,), which is an active catalyst for asymmetric
hydrogenation, efficiently catalyzed Michael addition of dimethyl
malonate to 2-cyclohexenone to give the chiral cyclic ketone,
which is further enantioselectively hydrogenated with the same
catalyst to provide the corresponding diastereomeric alcohols with
reasonably high ee (Scheme 26).3

+ CH,(CO,CHa), Rucat ii
CH(CO,CHa),

96% ee

(o]

Ho, 400 psi
Ru cat

=4 @
e CH(CO,CHs), CH(CO,CHy),

e OO R R o
\ |/ es
AN
/ ||3H CH,
Py BHi 1,

Scheme 26 Tandem Michael addition/hydrogenation with chiral Ru
catalyst.

Michael addition of 1,3-dicarbonyl compounds to nitroalkenes

We have expanded the scope of the enantioselective C—C bond
formation with chiral Ru catalysts to the reaction of acyclic
Michael acceptors, nitroalkenes,® and found that nitroalkenes
smoothly react with Michael donors, 1,3-dicarbonyl compounds
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to provide the corresponding Michael adducts in high yields
and with excellent ee’s as shown in Scheme 27.** Again, fine-
tuning of the structures of the arene and N-sulfonylated diamine
ligands in the chiral Ru amide complexes leads to the achieve-
ment of the highly efficient enantioselective Michael addition
to nitroalkenes. Chiral Ru catalysts bearing the TsDPEN and
MsDPEN ligand, which are excellent catalysts for reaction of
cyclic enones and dimethyl malonate, give unsatisfactory results
for the reaction of trans-B-nitrostyrene. However, modification
of the structure of the R group in the sulfonyl group, RSO,,
causes a significant improvement in the catalyst performance; the
reactivity and enantioselectivity of the Ru[(S,S)-N-sulfonylated
dpen](n’-hmb) (HMB = n’-hexamethylbenzene, (CH;),Cs) tend
to increase with the increase of the electron-donating ability of
the N-substituents of the sulfonyl groups, namely, in the order p-
CH,C¢H,SO, < 3,5-(CH;),CH;SO, < 2,4,6-(CH;);C¢H,SO, <
2,3,4,5,6-(CH;);C,SO, (PMBs). The Ru[(S,S)-PMBsdpen](n’-
hmb) complex displays the best catalyst performance in terms
of reactivity and selectivity, reaching up to 99% yield and 90%
ee, respectively. Even at lower temperature, —20 °C, the reaction
of dimethyl malonate with an S/C of 100 proceeds smoothly
to give the Michael adduct with 95% ee and in 97% yield. The
electron-withdrawing TfDPEN complex, which is an excellent
catalyst for Michael addition of nitroacetate to cyclic enones, gives
unsatisfactory results for reaction of nitroalkenes.

CH(CO5CHj3),
Ru cat

AN+ cHycocH), —— o N0
toluene,
1:1-1.2 2448 h
S/C =50-100
Ru cat: ‘,Q
OZIS:O
CBHs,,, N
R
N/ ’
CeHs H
R CHs @g/@\ ﬁ
yield | 45% 50 80 88 99 (93)
ee 7% 72 73 87 90 (94)

The result obtained at —20 °C is given in parentheses.

Scheme 27 Asymmetric Michael addition of dimethyl malonate to
niroalkenes.

Toluene is the best choice of solvent for conjugate addition
to nitroalkenes, while the reaction in CHCIl,, THF, DMF, or
CH;CN gives unsatisfactory results. In a particular solvent, DMF
or CH;CN, the amide complex initiates the polymerization of
nitroalkenes to produce polymers with high molecular weight, in
which the reaction might proceed via 1,4-conjugate addition with
a possible Ru—nitronato complex, as observed in the initial stage
of the Michael addition.®

A variety of substituted aromatic nitroalkenes can be used as
the Michael acceptor; both electron donating and withdrawing
groups do not seriously affect the outcome of the reaction as
shown in Scheme 28.%* The reaction of p-methyl-, p-chloro-, p-
fluoro-, and dioxolane-substituted B-nitrostyrene provides almost
quantitatively the Michael adducts with 92, 93, 93, and 95% ee,

CH(CO,CHy),

- [

AT

Ar/:\/No2
96% vyield
92% ee 95
O O ¢r ¢
99 93 98 96
93 93 97 98

Conditions: Ru cat = Ru[(S,S)-PMBsdpen](hmb),
S/C =50, donor:acceptor = 1:1-1.2, —20 °C, 24-48 h

Scheme 28 Asymmetric Michael reaction of aromatic nitroalkenes.

respectively. An excellent enantioselectivity is also observed for
nitroalkenes with hetero aromatic rings, thienyl, and furyl, the
ee values of Michael adducts being 97 and 98%, respectively.
Similarly, the nitroalkenes with aliphatic substituents also give
the Michael adducts with an excellent ee in almost quantitative
yield.*

Several 1,3-dicarbonyl compounds such as B-keto esters and
1,3-diketones can be used as the Michael donors.®®* Again, the
stereochemical outcome of the Michael addition with Ru[(S,S)-
PMBsdpen](n'-hmb) is significantly influenced by the structure
of the Michael donors. The reaction of sterically more congested
methyl-substituted dimethyl malonate with trans-B-nitrostyrene
gives the corresponding adduct with 97% ee in 94% yield. Similarly,
the conjugated addition of B-keto esters to the nitroalkene at
—20 °C proceeds smoothly to give the corresponding adducts
in 95-97% yield as shown in Scheme 29. As observed in the
reaction of cyclic enones with B-keto esters, an increase in the
bulkiness of the acyl group in the keto esters causes a significant
improvement in the enantioselectivity of the reaction. Although
the reaction of acetoacetate produces the Michael product with
58% ee, the enantiomeric purity of the adducts increases in the
order CH; < C,H; < CH(CH,;), < C4H;, the ee value reaching
up to 94% with benzoylacetate. This conjugate addition to
nitroalkenes becomes even more appealing when 1,3-diketones are
donors. Although acetylacetone provides the Michael adduct in a
reasonably high yield but with poor ee, a sterically bulkier diketone
gives satisfactory results in terms of yield and enantioselectivity,
the ee value reaching up to 97%.

(0] o (0] (0]
R)J\/U\OCH3 R'J\/U\R'
R yield, % ee, % R' yield, % ee, %
CH,4 95 58 CH, 90 7
C,Hs 97 89 CoHs 98 97

CeHs 9% 92

Conditions: Ru cat: Ru[(S,S)-PMBsdpen](hmb), S/C =
50, donor:nitroalkene = 1:1-1.2, =20 °C, 2448 h

Scheme 29 Michael addition of B-keto esters and 1,3-diketones.

The conjugate addition to nitroalkenes is also characterized by
high practicability in organic synthetic chemistry. A gram-scale
reaction of the substituted B-nitrostyrene (2.1 g), as shown in
Scheme 30, with dimethyl malonate with the chiral Ru catalyst
(malonate : nitrostyrene : Ru=100:100: 1) at —20 °C for 48 h gave
the chiral nitro compound in 94% yield (2.97 g) with 95% ee. After
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CH(CO,CH3),
RU[(S,S)-PMBsdpen](hmb) & CsHeO “__NO,
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SIC =100 2979
94% vyield
95 % ee
Scheme 30 A gram-scale synthesis of the rolipram intermediate.

separation of the catalyst by simple column chromatography, sin-
gle recrystallization from alcohol produces the enantiomerically
pure Michael adduct, which is an intermediate of rolipram.3+?

Mechanistic consideration of asymmetric Michael reaction with
bifunctional Ru complexes

There have been many reports on catalytic enantioselective
Michael addition promoted by metal-based catalysts.** In partic-
ular, the catalytic asymmetric Michael reaction is one of the most
important organic synthetic procedures for a stereoselective C—
C bond forming reaction partly due to its high atom economy.
In general, most of the reactions reported in the literature
proceed through the nucleophilic attack of metal-bonded O- or
C-enolate to olefinic carbon in the Michael acceptor, except
for olefin insertion into the Rh—C bond reported by Hayashi.’
However, the precise mechanism of the Michael reaction catalyzed
by the metal complexes is still controversial although possible
catalytically active intermediates are isolated® or are detectable
by spectroscopy as well as ESI-MS.® On the basis of NMR
spectroscopy and X-ray structural analysis of the malonato Ru
complex shown in Scheme 17, we demonstrated the possibility of
the C-bound Ru complex as a catalytic intermediate for Michael
addition of malonates to cyclic enones.” However, another
possible reaction pathway through the oxygen bound Ru enolate
intermediate cannot be ruled out. In contrast to the reaction of the
Ru amido complex with dimethyl malonate, the chiral Ru complex
having 1*-HMB reacts with methyl acetoacetat even at lower
temperature (—30 °C) to give a mixture of a C-bound Ru com-
plex, Ru[CH(COCH;)(COOCH,)][(S,S)-Msdpen](n’-hmb), and
an O-bound Ru complex, Ru[OC(CH;)=CHCOOCH,][(S,S)-

T

N R
Cohs.,_N " oo OCH
Lo+ oy =
CeHs” N O O
H

M
CeHs.,,

v %
CH OCH
Lol . oy =
CeHs”™ N o O
H

Scheme 31

CehHs.,,

L~
CeHs” N

Ru CHs
cars” N NS
H

Msdpen](n’-hmb)) (Ru-O : Ru-C = 1 : 1.1), as shown in
Scheme 31.%%* The "H VTNMR spectra of a 1 : I reaction mixture
of the amido complex and acetoacetate in CD,Cl, revealed that
no appreciable change in the molar ratio of the carbon bound Ru
complex to the O-bound Ru complex was observed by the increase
in the temperature and that both complexes independently existed
in a temperature-dependent equilibrium with the amido complex
and free acetoacetate.”3* A direct interconversion between C-and
O-bound Ru enolate complexes possibly through the oxo-w-allyl
intermediate® was not observed in solution.

In addition, a positive effect of the steric hindrance in the acyl
group of f-keto esters and an apparent negative effect of the
temperature on the stereochemical outcome of the reaction as
discussed above suggest that the reaction may proceed through
the C-bound or O-bound Ru enolate depending on the structures
of the Michael donors and the reaction conditions.?®3% However,
with only these experimental data and NMR studies as well as in-
direct experimental results, no precise reaction mechanism for the
Michael reaction with the chiral amido catalyst can be envisaged
because it cannot be ruled out that the major product arises from
the less-stable intermediate, which is undetectable by spectroscopic
methods. Further investigation including computational analysis
of the reaction pathways should be required.

Conclusions and Perspectives

This perspective review focuses on recent advances in our chem-
istry of chiral bifunctional transition metal molecular catalysts
for asymmetric reduction and C-C bond formation. The present
conceptually new chiral Ru amide catalyst was originally devel-
oped for asymmetric transfer hydrogenation of ketones and imines
and is now successfully applicable to enantioselective C—C bond
formation reaction with a wide scope and high practicability. A
key step in the latter catalytic reactions is the deprotonation of
1,3-dicarbonyl compounds with the chiral amido Ru complexes,
leading to the amine Ru complexes bearing C- or O-bonded
enolates. An unprecedented aspect in the hydrogen transfer from
the amine hydrido metal complex and ketones or imines is that the
acidic amine proton and the metal hydride cooperatively activate
the reactant and are concertedly transferred to C=0 or C=N
double bonds via pericyclic transition states. The reacting substrate
is not bonded directly to the central metal. In contrast to the
transfer hydrogenation, further understanding of the mechanism

Rn
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Reactions of chiral amido Ru complex with dimethyl malonate and acetoacetate.
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of the C-C bond formation is demanded. Nevertheless, we
believe the present bifunctional molecular catalyst offers a great
opportunity to open up new fundamentals for stereoselective
molecular transformation including C-O, C-N bond formation,
in addition to the enantioselective C—H and C-C bond formation
discussed in this article.

In addition, we have recently found that preliminary attempts
at ligand modification by changing the amine ligands from N-
sufonylated diamines to the N,N-dimethylaminoethylamines (N—
N) and 2-phosphinoethylamines (P-N) (Fig. 1) causes a drastic
change in the catalyst performance.* For example, in contrast to
the inertness of Tsdiamine Ru complexes toward H, activation,
both Cp*Ru(N-N) and Cp*Ru(P-N) complexes readily activate
H, under mild conditions, and can efficiently effect hydrogenative
transformation of ketones and epoxides to secondary alcohols.
In addition, the Cp*Ru(P-N) complex also exhibits an excellent
catalytic activity for both hydrogenation with H, and transfer
hydrogenation with alcohols. Thus, the rational design of the
amine ligand that adjusts the balance of the electronic factors on
the M/NH units in the bifunctional catalysts is crucially important
to exploit unprecedented catalyst performance.
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Most quantum mechanical studies of triterpene synthesis have been done on small models. We
calculated mPW1PW91/6-311+G(2d,p)//B3LYP/6-31G* energies for many C;,H;, O* intermediates to
establish the first comprehensive energy profiles for the cationic cyclization of oxidosqualene to
lanosterol, lupeol, and hopen-3f-ol. Differences among these 3 profiles were attributed to ring strain,
steric effects, and proton affinity. Modest activation energy barriers and the ample exothermicity of
most annulations indicated that the cationic intermediates rarely need enzymatic stabilization. The
course of reaction is guided by hyperconjugation of the carbocationic 2p orbital with parallel C-C and
C-H bonds. Hyperconjugation for cations with a horizontal 2p orbital (in the plane of the ABCD ring
system) leads to annulation and ring expansion. If the 2p orbital becomes vertical, hyperconjugation
fosters 1,2-methyl and hydride shifts. Transition states leading to rings D and E were bridged
cyclopropane/carbonium ions, which allow ring expansion/annulation to bypass formation of
undesirable anti-Markovnikov cations. Similar bridged species are also involved in many cation
rearrangements. Our calculations revealed systematic errors in DFT cyclization energies. A spectacular
example was the B3LYP/6-311+G(2d,p)//B3LYP/6-31G* prediction of endothermicity for the strongly
exothermic cyclization of squalene to hopene. DFT cyclization energies for the 6-311+G(2d,p) basis set

ranged from reasonable accuracy (mPW1PW91, TPSSh with 25% HF exchange) to underestimation
(B3LYP, HCTH, TPSS, O3LYP) or overestimation (MP2, MPWI1K, PBE1PBE). Despite minor
inaccuracies, B3LYP/6-31G* geometries usually gave credible mPW1PWO91 single-point energies.
Nevertheless, DFT energies should be used cautiously until broadly reliable methods are established.

Introduction

Triterpenes and their triterpenoid metabolites have important
roles in many biological processes of plants, animals, and
microorganisms.! Triterpene synthases cyclize squalene (1)
and oxidosqualene (7) to over 100 different carbon skeletons.
Individual cyclases can selectively create 9 or more stereocenters
and may produce a single triterpene with >99% accuracy. This
combination of diversity, selectivity, and accuracy is achieved
through numerous variations on the three fundamental pathways
shown in Scheme 1.%* Vast effort has gone into studying
these reactions, beginning with profound insights by Swiss*
and American® workers 50 years ago. During the past decade,
advances in molecular biology,* molecular modelling,” and protein
crystallography®® have provided new tools for understanding this
remarkable cyclization.

Molecular modelling predicts that triterpene synthesis is a
strongly exothermic process,>’=™7 and the high energy of cy-
clization correlates with properties of squalene-hopene cyclase

“Department of Chemistry, Rice University, 6100 Main Street, Houston, TX,
77005, USA. E-mail: matsuda@rice.edu; Fax: 01 713 348 5154; Tel: 01 713
348 6158

*Department of Biochemistry and Cell Biology, Rice University, 6100 Main
Street, Houston, TX, 77005, USA

T Electronic supplementary information (ESI) available: detailed results
of molecular modelling, Tables S1-S18, and atomic coordinates. See DOI:
10.1039/b513599k

(SHC).** The low turnover rate of SHC allows for dissipation
of energy, and the prominent QW motifs are thought to stabilize
the enzyme against disintegration during the energetic reaction;
the heat of reaction may melt the narrow exit channel to
facilitate release of the bulky product from the active site cavity.?
Jenson and Jorgensen™ suggested that rings A and B form with
an exothermicity of about 20 kcal mol™' and that subsequent
annulation should be exothermic by about 10 kcal mol='.

Contrary to these authoritative estimates of strong exothermic-
ity, some of our recent quantum mechanical calculations predicted
endothermic annulations in triterpene synthesis.” Notably, the
B3LYP energies for the C,;H,; models' shown in Fig. 1 suggested
that both D- and E-ring formation are endothermic for hopene
and only slightly exergonic for lupeol. We have now calculated
the overall energy of cyclization from squalene to hopene us-
ing the neutral C;Hj, structures (see electronic supplementary
information (ESI)T). Astonishingly, the ZPE-corrected B3LYP/6-
311+G(2d,p)//B3LYP/6-31G* energy predicted this reaction to
be endothermic.

This result indicated either a massive error for the widely used
B3LYP method or a major fallacy in the current understanding
of triterpene synthesis. We thus sought a reliable estimate for
the enthalpy of cyclization. Experimental heats of formation for
triterpenes are unavailable, and we were deterred by the technical
challenges of combustion calorimetry’? and by the insufficient
accuracy of combustion energies for benchmark test samples
sent to a major commercial analytical laboratory.”® Theoretical
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Fig. 1 Energetics of D- and E-ring formation in lupeol (A) and hopene
(B) synthesis predicted by B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) cal-
culations for C,sH,; models. Numerical data are given in Table S1.

estimates of enthalpy differences using CBS-Q or G3 theory
were far out of reach for C; Hs, compounds with available com-
puter hardware, as were CCSD(T) and other high-level ab initio
methods.

We consequently resorted to empirical methods for estimating
enthalpy differences. Heats of formation can be estimated from
group additivity schemes,' and accuracy is markedly improved by
correcting for strain energies obtained from molecular mechanics®
or quantum mechanical calculations.® For ordinary molecules,
highly parameterized force fields like MM3' and MMX" can
usually predict heats of formation to within 1-2 kcal mol™"' of
experiment.’> MM3-94 gave a heat of formation difference of
—44 kcal mol™! for cyclization of folded squalene to hopene,
whereas B3LYP predicted endothermicity. These results validated
current thinking about the exothermicity of squalene cyclization
and pointed to a serious flaw in B3LYP energy predictions.

We show that the B3LYP errors are systematic and broad in
scope. Unlike most DFT methods, mPW1PW91 gave reasonably
accurate cyclization energies, and this method was used to generate
the first reliable energy profiles for gas-phase (oxido)squalene
cyclization. We also investigated whether the B3LYP errors affect
geometry optimizations, activation energies, and transition state
structures in triterpene synthesis. These studies provided the foun-
dation for our primary objective, understanding the mechanism
of triterpene synthesis. Described herein are detailed energetics for
variations of (oxido)squalene cyclization, together with numerous
mechanistic insights.

Results and discussion

Scope of errors in B3LYP cyclization energies. Comparison with
other DFT methods

We searched for alternatives to B3LYP by comparing benchmark
heats of formation with energies from various theoretical methods.
Absolute DFT and ab initio energies are not readily converted
to accurate heats of formation."* However, energy differences
among isomers benefit from a cancellation of errors and can be
compared with differences in heats of formation from experiment
or force-field calculations.

We began by comparing energies among C,,H,; isomers for
which experimental heats of formation are known. Table 1 gives the
energy differences between 5-decyne and various alicyclic hydro-
carbons for many theoretical methods. (The kinetic improbability
of these “cyclizations” does not undermine the validity of the
thermodynamic energy differences.) Deviation of the predicted
values from experiment is given by the RMSD for AH, and the
MSE gives the direction of the error. The results indicate that
B3LYP systematically underestimates the exothermicity of cycliza-
tion. Among DFT methods® with the 6-311+G(2d,p) basis set,
exothermicity of cyclization was low with B3LYP, O3LYP, BILYP,
HCTH, and TPSS and was overestimated with MPWI1K, VSXC,
and PBEIPBE. Good agreement* was found for mPW1PWO91,
TPSSh (25% HF exchange), B3P86, and the MMX and MM3
force fields. The theoretical methods showed similar behavior with
sets of C,,H ¢ isomers and C,,H ;O isomers (Tables S3 and S4 in the
ESIt),” although the lack of accurate experimental combustion
data limited the value of these comparisons.
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Table 1 Energies of C, H,; isomers relative to 5-decyne®

Jde D OO

27 Dihydromyrcene 28 cis-Decalin

O+ OO (D =
31 32 33 34

29 trans-Decalin SPirol4.5-decane A'-p-Menthene Dicyclopentyl  Bicyclo[5.3.0]-decane 5-Decyne
Energies relative to 5-decyne (34)/kcal mol™!

Method RMSD AE®* RMSDAH¢ MSEAH 27 28 29 30 31 32 33

Experiment (H;) — 0.0 0.0 —1144 —480 —449 -39.1 -309 -—-358 356
MM3-94 — 1.5 1.0 -9.8 —458 —43.0 -394 -30.7 -—-353 =333
MM3 (PCMODEL) — 1.5 0.9 —10.2 —458 —43.0 -394 -31.0 —-353 333
MMX (PCMODEL) — 1.2 0.6 -10.4 —464 436 -394 319 351 =337
AMI1 3.5 2.3 —0.1 -1.8 —-50.6 —47.8 —423 =262 —40.6 377
HF/6-31G* 3.6 4.8 44 —3.8 —452 —41.8 364 =259 326 314
B3LYP/6-31G* 2.9 4.3 3.9 -7.0 —452 —419 -36.8 285 325 324
B3LYP/6-311+G(2d,p) 8.2 9.2 8.4 =73 -39.1 =357 =312 =252 =275 —26.8
MPWI1K/6-31G* 11.7 9.1 —8.3 —6.6 —-609 577 52,6 364 —475 —473
MPWI1K/6-311+G(2d,p) 7.5 5.3 —4.8 —7.4 -56.2 =529 —48.1 343 —434 429
mPWIPWI1/6-31G* 7.4 5.2 —4.7 —6.9 —-56.1 =529 —48.0 342 —432 —429
mPWIPWI1/6-311+G(2d,p) 3.1 1.3 —1.1 =175 =512 —479 —434 318 —-392 385
B3PW91/6-311+G(2d,p) 0.7 2.0 1.7 =7.1 —47.5 —442 =398 -29.6 —36.0 —35.1
BILYP/6-311+G(2d,p) 8.6 9.6 8.8 -7.1 —38.8 —353 -30.7 -249 271 264
B3P86P/6-311+G(2d,p) 2.2 0.6 —-0.4 -8.0 —-50.3 —47.0 —424 -31.6 —-38.0 —37.6
PBEIPBE/6-311+G(2d,p) 5.1 3.1 -2.8 -7.9 —-534 -50.1 —45.6 —332 —41.1 —40.6
HCTH/6-311+G(2d,p) 10.9 11.7 10.7 —6.1 -36.0 —32.0 —-282 —22.8 265 245
VSXC/6-311+G(2d,p) 8.6 6.7 —5.2 —19.2 —-538 539 524 420 —-38.8 —40.0
TPSS/6-311+G(2d,p) 5.1 6.4 5.7 -7.8 —41.7 -=-38.6 350 =270 =317 —=30.2
TPSSh (25%)/6-311+G(2d,p) 1.6 0.8 0.4 —7.4 —49.0 —459 —418 =305 =379 -36.7
O3LYP/6-311+G(2d,p) 7.8 8.9 8.1 —5.4 -392 -353 -31.6 -240 -30.1 -27.7
MP2/6-31G* 6.8 4.7 —4.1 —6.4 —554 =527 —485 =340 —41.5 —41.2
CCSD(T)/6-31G* 5.8 3.8 —34 -9.7 —54.1 =514 —470 347 —-405 —404
ZPE increment — — — -0.7 4.6 4.8 4.3 1.4 3.5 4.4
AH increment — — — -0.9 2.0 2.2 1.9 0.2 1.7 2.1
AG increment — — — 0.2 10.0 10.3 9.2 4.8 5.7 9.1

“ Values for quantum mechanical methods are electron energies. Geometries and thermochemistry results are from B3LYP/6-31G* calculations. Energies
are for the most stable conformer only. Additional data and references for the experimental heats of formation (H) are given in Table S2 in the ESIf. The
RMSD (root mean square deviation) and MSE (mean signed error) calculations describe only cyclization enthalpies and thus exclude dihydromyrcene
data. Deviation = theory — experiment. * RMSD of predicted electron energy differences relative to experimental heat of formation differences, without
ZPE or thermal energy corrections. * RMSD of predicted enthalpy (or heat of formation) differences relative to experimental heat of formation differences.
For quantum mechanical methods, enthalpies were obtained by adding the AH increment to the electron energy. Only ZPE and thermal vibrational
contributions were scaled. ¢ Estimated from Benson-type calculation (ref. 14d).

The DFT results showed a marked dependence on basis set size
and amount of exact HF exchange. Cyclization energies become
more positive with larger basis sets (Table 1 and Tables S2b,
and S7c in the ESI{) and smaller percentages of HF exchange
(Table S7e in the ESI). Thus, small basis sets like 6-31G* reduce
errors for DFT methods that underestimate the exothermicity
of cyclization (e.g., B3LYP) and increase errors for methods
that overestimate exothermicity (e.g.,, MPW1K). The best DFT
method for cyclization energies depends on the preferred basis
set. With faster computers, we would use a larger basis set like
cc-pVTZ, and then mPW1PWO91 and TPSSh cyclization energies
would be somewhat underestimated. This problem could be
solved expediently by increasing the amount of HF exchange
(as in MPWI1K) or by using a different functional, such as
PBEIPBE.

Subsequent studies were focused on the B3LYP, mPWI1PWO91,
and MPWIK hybrid functionals. The latter was chosen for its
good performance in modelling transition states and activation
energies.”® In the course of obtaining improved molecular
mechanics parameters for epoxides, we determined DFT energies
for isomers of ethylene oxide and its methyl, dimethyl, trimethyl,

and tetramethyl derivatives (Table 2).* For these 19 compounds,*
the G3B3 energies closely matched the available experimental
heats of formation. The mPWI1PW91/6-311+G(2d,p) energies
approached the accuracy of CCSD(T)/6-31+G** and MP4/6-
31+G** energies, and B3LYP/6-311+G(2d,p) performed better
than in Table 1. B3LYP energies were somewhat too positive for
the conversion of open-chain ketones to cyclic ethers or alcohols
(Table S5 in the ESIt), and mPWI1PWO1 energies were slightly
too negative, similar to trends observed in olefin cyclizations in
Table 1.

In addition to the transformations described above, we calcu-
lated energies for the (oxido)squalene cyclization models shown
in Table 3. These reactions gave the same pattern of error,
i.e., underestimation of exothermicity by B3LYP, overestimation
by MPWIK and MP2, and good estimates by mPWI1PW91/
6-311+G(2d,p), as judged by comparisons with MM3 and
G3MP2B3 enthalpies. Although the reaction of isobutylene with
the #-butyl cation (R3) is not a cyclization, the DFT energies
showed similar trends. As in Table 2, the B3LYP errors occur
not only in olefin cyclizations but also in transformations of a
double bond to two single bonds.
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Table 2 Accuracy of energies predicted for methylated derivatives of
ethylene oxide and their isomers*

Method AERMSD AHRMSD AH MSE
G3B3 (taken as standard) — 0.0 0.0
Experimental Hf — 1.3 0.6
MM3 (PCMODEL) — 0.9 —0.6
MMX (PCMODEL) — 10.2 44
HF/6-31G* 4.1 4.5 4.1
B3LYP/6-31G* 2.9 34 22
B3LYP/6-311+G(2d.p) 1.8 2.4 2.2
mPWI1PW91/6-31G* 24 2.0 -0.9
mPWIPWOI1/6-311+G(2d,p) 2.3 1.6 -1.2
MP2/6-31+G** 0.8 0.9 0.3
MP4/6-31+G** 1.0 1.2 0.9
CCSD(T)/6-31+G** 0.8 1.0 0.8

“ For quantum mechanical methods, geometries and frequencies were from
B3LYP/6-31G* calculations. Energies of epoxide isomers (given in Table
S5 in the ESIY) are relative to that of a keto or aldehyde isomer. RMSD
and MSE are defined as in Table 1 except that electron energies (AE, italic
values) or enthalpies (AH) are compared against G3B3 enthalpies instead
of heat of formation (H;). Deviation = theory — experiment.

Table 3 Predicted electron energies for model reactions related to
(oxido)squalene cyclization®

73

75 76
Reaction
Method R1 R2 R3 R4
MM3-94 —b -275 —* —106.3
MMX (PCMODEL) —b -30.3 —* —108.8
AMI1 —-11.3 -17.6 —-168 —109.2
HF/6-31G* —16.8 -21.1 —19.3 -90.8
B3LYP/6-311+G(2d,p) —12.8 —14.0 -18.0 -77.9
MPWI1K/6-311+G(2d,p) —-22.0 -33.1 -258 -—119.1
mPWIPW91/6-311+G(2d,p) —19.0 -27.2 —-23.8 —106.0
MP2/6-31G* -27.7 —-439 -32.1 —124.1
MP4/6-31G* -256 — -30.1 —
G3MP2B3 -21.6 — -263 —
ZPE increment 2.7 4.7 3.8 9.9
AH increment 2.1 2.2 2.5 5.5
AG increment 4.7 11.8 18.0 22.3

“ For quantum mechanical methods, geometries and frequency results are
from B3LYP/6-31G* calculations. G3MP2B3 values are enthalpies. In
reaction R1, the C4-C5 bond of the reactant (71) was frozen at 3.8 A.
Additional data are given in Table S6 in the ESIf. ® Force-field energies
were not calculated for cationic species.

Energies for the cyclization of heptadesmethylsqualene
78 (Table 3, reaction R4) indicated that the B3LYP energy
underestimations in triterpene synthesis are not attributable to
the presence of angular methyl groups. This reaction produces

roughly 20 kcal mol™" for each of the five cation—olefin additions,
similar to the energy predicted for reaction R3.7 In triterpene
synthesis, effects of the angular methyl groups reduce this
cyclization energy by about half. Simple Benson calculations'*
largely neglect strain and thus overestimate triterpene heats of
formation but match MM3 and mPWI1PW91 predictions for
reaction R4 rather closely, a sign of the lack of strain in the
pentacyclic desmethyl product 79. Reaction R4 is kinetically
improbable because the desired course of reaction would hard to
control even if an enzyme could absorb the cyclization energy.

Despite the widespread application of the B3LYP hybrid
functional to myriad problems in organic chemistry, the cited
deficiencies in energy predictions have scarcely been recognized
for several reasons. (1) These problems have been partially
concealed by fortuitous cancellation of errors at lower levels of
theory. Whereas ab initio predictions tend to improve with higher
levels of theory, DFT results often do not. As seen in Table 1,
when B3LYP is used with the 6-31G* basis set, the error is
substantially smaller than with 6-311+G(2d,p). (2) The enthalpy
underestimation by B3LYP is reduced when ZPE or thermal
energy corrections are not performed. Notably, the uncorrected
RMSD in Table 1 is much worse for mPW1PW91/6-31G* than
B3LYP/6-31G* (7.4 vs. 2.9). (3) Cancellation of errors occurs for
reactions with isodesmic character, which is decidedly lacking in
the formation of two single bonds from a double bond in olefin
cyclizations. (4) The error for B3LYP is modest for formation of
a single ring, and small model compounds are still the norm for
DFT studies. Only when several rings are formed from an acyclic
precursor does the low B3LYP energy stand out.

The B3LYP underestimation of exothermicity in certain cycliza-
tion reactions has been noted by B. A. Hess® and others.?**
This trend is apparent in cycloaddition reactions between
the hydroxyallyl cation and dienes,* eneyne-allene cyclizations,*™
cation—olefin cyclizations in triterpene synthesis,”* and
pericyclic reactions.””” The same B3LYP errors are manifest in
energy comparisons among strained hydrocarbons® and cyclic
hydrocarbon conformers.”

The DFT problems with cyclization energies differ from known
systematic errors in DFT. Most documented shortcomings of
DFT¥* involve non-bonded interactions, charge transfer, bond
dissociation, extended conjugation, excited states, free radicals,
or transition states. Unlike most DFT problems, the errors for
cyclization energies impact mainstream modelling of neutral
organic molecules.

Some systematic DFT errors are superficially similar to
the cyclization energy problem. For example, B3LYP predicts
cumulenes to be more stable than polyynes.*’ As with B3LYP
cyclization energies, the errors accumulate with increasing carbon
chain length and can be reduced by increasing the percentage
of HF exchange.’* However, the cumulene—polyyne errors show
little dependence on basis set size, and B3LYP and mPW1PW91
produce almost identical errors.®'e The operational differences
between the cumulene—polyene and cyclization energy problems
suggest different underlying causes.

Systematic DFT errors are commonly mitigated by use of
a specific method.’® For example, KMLYP gives reasonable
cumulene—polyyne energies,** BHLYP and KMLYP give correct
minima for annulenes,** MPWI1K describes certain types of
transition states well,2*¢ and we use mPW1PWO91 for cyclizations.
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Much effort has been devoted to improving B3LYP, the
prevalent hybrid method using the generalized gradient approxi-
mation (GGA).**™3? Incremental improvements on classical hy-
brid methods include mPW1PW91,* PBE1PBE,*Y O3LYP,?2¥
KMLYP** X3LYP*?** and MPW1K.*>* The MPW1K method
increases the amount of exact HF exchange in the mPW1PW91
method from 25% to 42.8% and gives improved transition-state
geometries and activation energies.?***® In our results, MPWI1K
and B3LYP cyclization energies erred considerably in opposite
directions, but both methods gave reasonable activation energies.
Some other recent methods, e.g.,, VSXC* and HCTH,*" avoid
any mixing of exact HF exchange. The meta-GGA approach®*™
used with VSXC, TPSS, and PKZB3* includes the kinetic en-
ergy density along with the electron density and its gradient.
Among many candidates, no clear successor to B3LYP has
emerged.** Our results suggest that more elaborate training sets
will be needed for developing better DFT methods.

Energetics of triterpene synthesis

Overall energies for (oxido)squalene cyclization by three major
pathways of triterpene synthesis are given in Table 4. Table 5 shows
the incremental energy changes as each ring is formed. These ener-
gies have an uncertainty of several kcal mol~', but greater accuracy
can be expected for comparisons among different pathways or
different stages of cyclization owing to cancellation of errors. As
expected, the benchmark MM3 energies in Table 4 agreed much
better with mPWI1PW91 than B3LYP energies, which predicted
endothermic C and D ring formation in lanosterol synthesis
(Table 5).

The mPWIPWOI1 energies in Table 5 indicate that most of
the reaction energy is released during AB ring formation, each
annulation contributing close to the ca. 20 kcal mol™' predicted in
Fig. 2A and by the calculations of others.™ In protosteryl cation
formation, the B-ring boat structure reduces the exothermicity

Table 4 Energies (kcal mol™") for cyclization of (oxido)squalene to tetra- and pentacyclic triterpenes (neutral species)”

Oxidosqualene Squalene Squalene-X

Hopen-3p-ol Lupeol Lanosterol Cycloartenol Hopene Hopene
MM3-94 —55.6 —66.8 —61.3 —* —44.2 —
MM3 (PCMODEL) —54.0 —64.5 —56.5 — —42.7 —
MMX (PCMODEL) —61.3 =722 —68.5 —* —54.7 —
AM1 -50.5 -59.7 —58.5 —46.0 —24.9 —24.9
HF/6-31G* -31.1 —41.5 —38.5 -29.2 —-26.8 -29.3
B3LYP/6-311+G(2d,p) -22.9 -32.1 —30.0 —18.6 —14.8 —16.6
MPWIK/6-311+G(2d,p) —67.9 —76.7 —65.1 —58.6 —62.3 —64.0
mPWI1PW91/6-311+G(2d,p) —54.3 —62.7 —54.7 —46.5 —48.5 —50.2
ZPE increment 10.4 10.8 7.6 8.5 11.1 11.4
AH increment 5.6 5.7 4.1 4.5 6.3 6.9
AG increment 26.8 26.4 19.9 21.4 26.6 26.5

“ Values for quantum mechanical methods are electron energies; geometries and frequencies are from B3LYP/6-31G* calculations. Additional data are
given in Table S7 in the ESIf. Energies are relative to the appropriately folded (oxido)squalene except that lanosterol and cycloartenol energies are
compared to oxidosqualene folded for lupeol formation. Lanosterol and cycloartenol were modelled with the same non-extended side chain conformer
(arbitrarily chosen before the lanosterol synthase crystal structure®™ was reported). Energies are given for the C-ring boat conformer of cycloartenol.
“Squalene-X” is a squalene conformer analogous to the 2-azasqualene conformer in an X-ray crystal structure of SHC;? the proximal Me,C=CH-group
was constructed manually, followed by B3LYP/6-31G* optimization in which carbon coordinates beyond C5 were frozen. > MMX and MM3 are not
well parameterized for substituted cyclopropanes. ¢ MM3 and MMX energies were not calculated for the Squalene-X conformer because fixing numerous
coordinates in a force-field optimization is not practical or meaningful in this context.

Table 5 Relative electron energies for cationic species in the three major pathways for oxidosqualene cyclization®

Hopen-3-ol formation Lupeol formation Lanosterol formation

Number of rings 1 2 3 4 5 3 4 5 2 3 4-C20 4-C8 4-C9

AM1 —32.0 —425 —473 —-492 485 —459 535 —-625 372 398 —410 -528 —604
HF/6-31G* —-19.7 =321 =357 =352 -362 -36.1 —427 —-49.1 -239 -252 -259 —40.0 —455
B3LYP/6-311+G(2d.p) -169 -276 -300 -29.1 -27.1 -30.0 -32.5 -36.6 -—-198 —18.0 -—-164 —-284 -—32.1
MPWI1K/6-311+G(2d,p) —23.8 —438 542 -632 -704 544 —-67.3 —81.1 359 —438 514 —-0642 —68.1
mPWI1PW91/6-311+G(2d,p) —-21.5 389 —472 537 =577 —-413 =572 —-679 -30.7 -37.6 —-436 532 -—56.7
ZPE increment 1.1 3.6 5.1 7.4 9.5 5.3 7.2 9.4 3.1 4.8 7.9 6.9 6.6
AH increment 0.3 1.7 2.5 3.7 4.9 3.1 4.1 5.2 1.8 2.8 4.5 39 3.5
AG increment 4.8 10.1 13.9 19.9 24.8 134 18.0 23.8 8.6 12.1 19.1 17.7 17.2
Relative entropy —-154 -28.0 -—38.5 542 —-66.7 -345 -463 -623 -228 -31.0 -489 -—463 —459

@ Cyclization energies (kcal mol™') or entropy (cal mol™' K') relative to protonated oxidosqualene folded to form hopene or lupeol (also used for
lanosterol energies). Geometries and frequencies are from B3LYP/6-31G* calculations. Energy differences of (protonated) oxidosqualene folded for
lupeol and hopen-3p-ol synthesis were negligible. One bond was frozen at 3.8 A for monocycles (C9—C10) and bicycles (C8-C14); other structures were
energy minima. Lanosterol intermediates were modelled with the same non-extended side chain used for lanosterol calculations in Table 4. Additional
data are given in Table S8 in the ESIf. For lanosterol formation, column headings 4-C8, 4-C9, and 4-C20 denote the lanosteryl C8, lanosteryl C9, and
protosteryl cations, respectively.
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Fig. 2 Relaxed PES scan (A) and geometry changes (B) during A-ring
formation in hopene synthesis. The arrow in panel A indicates the
point at which the C-C bond length was frozen for mono- and bicyclic
intermediates of oxidosqualene cyclization. Data are from mPWI1PW91/
6-311+G(2d,p)//B3LYP/6-31G* calculations.

of the second annulation to about 10 kcal mol~'. Formation
of the 5-membered C ring produces only about 8 kcal mol™
because the head-to-head construction of squalene from Ci;
precursors gives an arrangement of methyl groups that precludes
a Markovnikov 6-6-6 product. At the tricycle stage, hopene
and lupeol synthesis have each produced about 10 kcal mol™
more energy than lanosterol synthesis. During D-ring formation,
lupeol synthesis inches ahead in energy because hopene and
lanosterol synthesis bear the cost of steric interactions between the
side chain and C14 methyl. E-ring formation in hopenes suffers
further from 1,3 axial interactions between the C14 and C17
angular methyls. The favorable series of 1,2-shifts in lanosterol
synthesis propel the lanosteryl cation to the energy level of the
hopyl cation. In lupeol synthesis, the last annulation is likewise
favorable and makes the lupyl cation roughly 10 kcal mol~' more
stable than the other two. The large overall exothermicity of
cyclization dwarfs the small energy differences among the substrate
conformers.**

The AH and AG increments increase with each annulation
and are similar among the three pathways with one exception.
The absence of ring E in lanosterol makes its overall AH and
AG increments lower than in the other pathways. Consequently,
lanosterol synthesis is almost as exergonic as lupeol synthesis.
Otherwise, the electron energy comparisons in Table 5 generally
parallel the enthalpy and free energy differences.

Most cyclization energies for neutral species (Table 4) were
somewhat lower than the corresponding energies of cation cy-
clization (Table 5). This is because the cost of initial oxidosqualene
protonation is usually higher than the benefit of final deprotona-
tion to the neutral cyclized triterpene.*® As judged by gas-phase
proton affinities (Table S10 in the ESIY), the enthalpy deficit for
hopene, lupeol, and cycloartenol synthesis is about 4, 5, and
11 kcal mol™, respectively. Lanosterol showed an enthalpy
surfeit of 1 kcal mol™'. The protonation/deprotonation enthalpy

differences between lanosterol and cycloartenol (12 kcal mol™")
exceeded their neutral energy differences (8 kcal mol™') because
lanosterol is deprotonated from the C8 lanosteryl cation and
cycloartenol from the more stable C9 cation.***” Tables 4 and 5
also show that oxidosqualene cyclization is ~6 kcal mol~' more
exothermic and exergonic than squalene cyclization.

The energies in Table 5 for formation of rings A, B, and C
are somewhat arbitrary. Because we were unable to locate energy
minima corresponding to formation of ring A or B,*® geometries
were optimized by freezing the distance of the newly forming C—
C bond in structures of the monocyclic and bicyclic cations. A
value of 3.8 A was chosen for this distance from the plot of
energy vs. frozen bond distance for the simple model reaction
R1 shown in Fig. 2A. The energy of 19 kcal mol™' at this
distance varied by only 1 kcal mol~' over the range of 3.6-4.0 A.
Although some thermochemical increments in Table 5 are not
fully valid because of the frozen bond distances, errors should be
minor.

Results from Tables 4 and 5 were combined with activation
energy data from Table S1 in the ESIf to give a summary of
the overall gas-phase energetics of oxidosqualene pentacycliza-
tion (Fig. 3). Intermediates are protected only by low forward
activation energies that are small relative to the overall energy of
cyclization. About 70-80% of the cyclization energy is produced
during the formation of rings A, B, and C. The remaining two
annulations are much less energetic. In hopen-3p-ol formation
(equivalent in this context to hopene formation), the free energy
change from the tricyclic to pentacyclic cation is negligible. Enzy-
matic stabilization of the tricyclic or tetracyclic intermediate could
further slow the reaction and invite byproduct formation. Along
similar lines, Rajamani and Gao™ have proposed that the reported
SHC byproducts* stem from competition between kinetic and
thermodynamic pathways in hopene synthesis. The results in
Fig. 3 are compatible with calculations for related (oxido)squalene
cyclizations by Jenson and Jorgensen™ and Hess™" and differ
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Fig. 3 Predicted free energy profile for the cyclization of oxidosqualene
to hopene or lupeol. These energies are based on gas-phase mPW1PW91/
6-311+G(2d,p)//B3LYP/6-31G* calculations. Energies involving the pro-
tonation of oxidosqualene and deprotonation of the pentacyclic cation
to lupeol or hopene (shown by dashed lines) are indeterminate in this
model, although the relative energies of protonation/deprotonation can
be estimated (see text).
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somewhat from energetics described by Rajamani and Gao.”
Protosteryl cation (9) formation follows the same general pattern,
with some minor differences noted above.

The preceding discussion neglects the role of the enzyme in the
initial protonation step, the stabilization of cationic intermediates,
and the final deprotonation. Inclusion of these enzymatic effects
drastically alters the energetics of A-ring formation but has little
influence on conversion of the monocyclic cation to a tetra- or
pentacyclic intermediate.*

Geometry optimization

The substantial underestimation of olefin cyclization energies by
B3LYP raised concerns about the accuracy of the corresponding
B3LYP geometries. We thus investigated geometries for several
models of triterpene synthesis.

Reactions R1 and R3 were studied using a variety of theoretical
methods for geometry optimization (Table 6). As expected, B
C-C bonds that aligned with the vacant cationic 2p orbital
were elongated from hyperconjugation*' in all DFT and ab
initio methods. For the hyperconjugated bond, B3LYP gave a
loose geometry (long C—C bond). Geometries from the different
methods showed the usual underestimation of cyclization energies
by B3LYP and overestimation by MPW1K and MP2. However,
single-point mPW1PW91 and B3LYP energies were essentially
constant across all geometries except for the inexpensive AM1
and HF structures (Table 6).

Constancy of the single-point energies is noteworthy because
the hyperconjugated bonds were considerably longer in B3LYP
optimizations than in MP4 and CCSD geometries. Thus, the
underestimation of cyclization energies by B3LYP cannot be
attributed to deficiencies of B3LYP/6-31G* geometries. In similar
comparisons of geometries and energies among different theo-

retical methods, elongated B3LYP bonds were also observed for
models of transition states (see below) and C-ring expansion/D-
ring formation (Table S11 in the ESIt).

Lupeol geometries were compared using AMI1, B3LYP,
mPWI1PWO1, and MPW1K with the 6-31G* basis set. Relative to
data from a crystal structure of lupeol acetate,** average deviations
for C-C bonds in rings A—D were 0.014 A (B3LYP), 0.004 A
(mPWI1PW91), —0.004 A (MPW1K), and —0.009 A (AM1). No
corrections were made in comparing the quantum mechanical r,
values with the r, crystal values, which differ slightly due to room-
temperature vibrations.** Similarly, for oxidosqualene B3LYP C-C
bond lengths were slightly longer than values for 2-azasqualene
in an SHC crystal structure (Table S13 in the ESIt).® Modelled
oxidosqualene C=C-C-C torsion angles differed somewhat from
crystallographic values because of active-site constraints, but the
folding for incipient rings B, C, and D was similar, as were the C—
C distances corresponding to 5- and 6-membered ring formation
(roughly 3.7 and 4.3 A). The above results are consistent with the
known ability of B3LYP and newer DFT methods to provide fairly
accurate geometries for ordinary molecules.*

We studied a grossly distorted B3LYP geometry™ in order to
understand how energy predictions are affected. Hess discovered
an unusually long C—C bond (2.395 A) in the B3LYP/6-31G*
optimization of a small model (81B) for C-ring formation en
route to the protosteryl cation.” He found more reasonable bond
lengths in MP2/6-31G* and HF/3-21G geometries (1.892 and
1.679 A, respectively) and in the B3LYP/6-31G* optimization of
the simpler analog 82.7 In an extension of his findings, we used a
variety of methods to optimize the geometry of 80B, 81B, 81C, and
82. In these models, the 6-membered boat (80B, 81B) represents
ring B in lanosterol synthesis. In dammarenyl cation formation,
the corresponding ring is a chair (80C, 81C) and stereocenters in
ring C are inverted. As noted by Hess,™ the folded conformer of

Table 6 Comparison of geometry optimization methods for reactions R1 and R3

AE" AE® AE® C-C
Optimization method Reaction Opt mPWIPWI1 B3LYP A)
AMI R1 —13.7 —18.5 —12.2 1.553
HF/3-21G R1 —24.5 —19.8 —13.4 1.630
B3LYP/6-31G* R1 —15.6 —19.0 —12.8 1.685
B3LYP/6-31+G** R1 —14.1 —19.0 —12.8 1.683
mPWIPWOI1/6-31G* R1 —21.8 —19.2 —12.6 1.658
MPWI1K/6-31G* R1 —25.1 —19.1 —12.4 1.633
HCTH/6-31G* R1 —10.9 —19.4 —13.1 1.687
MP2/6-31G* R1 -27.8 —19.5 —12.9 1.674
AMI R3 -20.5 -22.4 —153 1.557
HF/3-21G R3 —254 —24.2 —18.1 1.627
B3LYP/6-31G* R3 =227 -23.8 —18.0 1.668
B3LYP/6-31+G** R3 —19.7 =239 —18.0 1.664
mPWIPWOI1/6-31G* R3 —28.1 -239 -17.9 1.616
MP2/6-31G* R3 -325 —24.0 -17.7 1.646
MP2/6-31+G** R3 -31.5 —24.0 -17.7 1.645
MP4(SDQ)/6-31G* R3 —28.4 —24.0 —17.8 1.624
CCSD/6-31G* R3 —28.0 —24.1 —-17.9 1.621

“ Electron energy differences (product — reactant(s)) from the method used for geometry optimization. For B3LYP/6-31G* thermochemical results, see
Table 3; additional data are given in Table S12 in the ESI{. Gaussian 03 was used for reaction R3 and the HCTH data of reaction R1, in which the
single-point energy was obtained from OmPWIPW91 (differing from the mPW1PW91 reaction energy by 0.1 kcal mol™"). ® Electron energy differences
from mPWIPW91/6-311+G(2d,p) or B3LYP/6-311+G(2d,p) single-point energy calculations. ¢ Length of the C-C bond hyperconjugated to the product

cation (C4-CS5 for reaction R1).
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Table 7 Energies and geometries for Hess’s models of C-ring formation
en route to the protosteryl cation®

8 4 C1q3 model C1p model
6 W10 9 9
5 @ 1 — 1 © ’\@
2
80B  boat 81B  boat 82
80C chair 81C  chair

Method for geometry C1-C9 Bond distance

optimization AE® (81B) 81B 81C 82

HF/6-31G* -2.3 1.645 1.644 1.652
MP2/6-31G* —15.0 1.893 1.884 1.805
B3LYP/6-31G* =35 2.396 1.847 1.786
MPWIK/6-31G* —11.0 1.705 1.696 1.692
mPWI1PW91/6-31G* —8.4 1.755 1.740 1.728
HCTH/6-31G* 0.8 1.850 1.815 1.747

“ Additional data are given in Table S14 in the ESIf. ® Electron energies
for cyclization of 80B to 81B.

80B undergoes barrierless collapse to 81B, and we modelled 80B
by freezing the C1-C10 distance at 3.8 A.*

Geometries for 81B from several theoretical methods (Table 7)
were fairly normal with two exceptions. B3LYP/6-31G* gave
an energy minimum with a C1-C9 bond length of 2.40 A, and
HCTH/6-31G* showed a second minimum with a 2.81 A bond
length. Both methods gave low cyclization energies, suggesting a
nearly flat potential energy surface (PES). Indeed, a B3LYP/6-
31G* relaxed PES scan along the C1-C9 bond (Fig. 4) indicated
a variation of only 0.5 kcal mol™" in energy over the range 1.9
2.7 A. Remarkably, relative mPW 1PW91 single-point energies for
corresponding points of the B3LYP and mPW1PW91 PES scans in
Fig. 4 were almost identical (average deviation <0.04 kcal mol™!,
Table S15 in the ESIT). Nevertheless, the results indicated that
faulty B3LYP and HCTH energies can lead to highly inaccurate
geometries, especially when conformational space is approximated
as a series of discrete energy minima and saddle points, as we have

done.
_ 9
0 Cyclization @{) MPW1K *»
I Cyclization ( y

o
81B 80B AMPHF

-
N

mPW1PW91

g
B3LYP

.
o+ HCTH

1.7 2.1 25 2.9 3.3
C1-C9 Distance (A)

Relative Electron Energy (kcal/mol)

Fig. 4 Relaxed PES scans for the cyclization of 80B to 81B from DFT
methods with a 6-31G* basis (or HF/3-21G). Energies are from the
geometry optimization method and are relative to the energy at 1.7 A.
Additional points included in the curves are energy minima and a geometry
with C1-C10 frozen at 3.8 A (point connected by a dashed line). Further
details are given in Table S15 in the ESIt.

The unusually wide range of bond lengths predicted for C1-
C9 in 81C (1.64-1.88 A) and 82 (1.65-1.81 A) suggested that

these structures are difficult to model accurately. Other examples
are known in which B3LYP gives false minima® or extremely
long bond lengths.® In a [3 + 2] cycloaddition of hydroxyallyl
cation to cyclopentadiene, Cramer and Barrows? attributed this
problem to the excessive delocalization of charge* by some DFT
methods.

The occurrence of loose or grossly distorted B3LYP geometries
in Table 7 and Fig. 4 raises doubts about the credibility of PES
scans that rely on B3LYP optimizations. This concern is effectively
addressed by calculating a PES scan of mPW1PWO91 single-point
energies for the B3LYP geometries. Data in Table S15 in the
ESIt show that mPWI1PWO91 single-point energies correct the
B3LYP distortions of the energy profile of Fig. 4, and Tables 6
and 8 indicate that relative mPWI1PW91 single point energies are
essentially constant for a variety of geometries. All PES scans
herein were confirmed with mPW1PWO1 single-point energies.

Our mechanistic conclusions about triterpene synthesis are
based on energies and cation hyperconjugation rather than on
precise bond lengths or angles. As judged by chemical intuition,
pathological cases of B3LYP geometries were absent in our
modelling of triterpene synthesis, and hyperconjugated C-C bond
lengths were satisfactory (ca. 1.7 A). Interestingly, the B3LYP/6-
31G* geometry of tricycle 8, for which 81B is a model, had a
reasonable C8—C13 bond length of 1.715 A.

Transition states and activation energies

Deviant energy predictions by B3LYP were less pronounced
in activation energies of (oxido)squalene cyclization. B3LYP,
mPWI1PW91, and MPWI1K all gave activation energies of roughly
7 kcal mol™" for the ring-expansion/annulation steps in hopene
and lupeol formation (Table S1 in the ESI{). Both steps involve
the formation of a cyclopropane/carbonium ion transition state
from a tertiary carbenium ion bearing cyclopentyl, methyl, and
alkyl groups (Scheme 2). The role of these non-classical ions in
triterpene synthesis was recognized in 1955 by Swiss workers*
but, with a few notable exceptions, ™"’ has recently been
overlooked.® A bridged transition state in lanosterol synthesis
was first described computationally by Hess as an alternative to
an anti-Markovnikov intermediate.”

T R H&T@\
O~y -y

Scheme 2 Cyclopropane/carbonium ions as transition states in ring
enlargement (A) and 1,2-methyl shifts or cycloartenol formation (B). The
long cyclopropane bonds to the pentavalent carbon are shown as dashed
lines. The migrating carbon, which becomes pentavalent, can be CR;
(ring-C enlargement for lupeol and hopene), CHR, (ring-D enlargement
for hopene), CH,R (ring-D enlargement for lupeol), or CH; (methyl
migration).

As shown in Scheme 2A, cyclopropane/carbonium ions can
adopt various roles in triterpene synthesis. In addition to being
transition states for D- and E-ring formation, protonated cy-
clopropane species are implicated in 1,2-methyl shifts leading to
tetracyclic triterpenes like lanosterol and are presumably the im-
mediate precursors of cycloartenol, phyllanthol, and some marine
sterols with cyclopropane-containing side chains.* Cyclopropane
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Table 8

Geometries of protonated cyclopropane, methylcyclopropane, and transition state models*

H
H“--I—Hx Huoe LHX
[ C
83A a=b 84 85A a=b 86
83B a>b 85B a>b
AE? AE* Interatomic distance/A
Method Opt mPWIPWI1 a b ¢ d
83A B3LYP 10.4 8.6 1.798 1.790 1.388 2.085
83A CCSD 7.6 8.5 1.778 1.778 1.385 2.060
83B B3LYP 10.2 8.6 1.842 1.724 1.393 1.958
83B HCTH 10.2 8.5 1.775 1.659 1.402 1.860
83B mPWI1PWOI1 8.0 8.4 1.793 1.676 1.395 1.882
83B MPWI1K 7.7 8.5 1.784 1.664 1.389 1.863
83B MP2 4.1 8.4 1.795 1.708 1.395 1.912
83B QCISD? — — 1.823 1.709 1.393 1.933
83B CCSD 7.2 8.2 1.823 1.700 1.393 1.902
85B B3LYP 10.7 8.9 1.890 1.741 1.390 1.947
85B mPWI1PWOI1 9.0 8.9 1.822 1.656 1.400 1.806
85B MPWI1K 8.5 8.7 1.806 1.635 1.396 1.768
85B CCSD 8.2 8.9 1.851 1.691 1.395 1.855
18 B3LYP 6.6 5.3 2.192 1.907 1.391 —
20 B3LYP 6.6 5.2 2.015 1.859 1.405 2.130
23 B3LYP 6.8 7.3 2.361¢ 1.992 1.407 —
25 B3LYP 7.1 7.0 2.187 1.961 1.400 —

“ Geometry optimizations were done by the method indicated with the 6/31G* basis set (or 6-31+G** for CCSD geometries). Electron energies are
relative to 84 (for 83A, 83B), 86 (for 85B), or the preceding intermediate in Fig. 1 (for C,sH,; models 18, 20, 23, and 25). Energies were referenced to
84 or 86, which, unlike the 1-propyl and 1-butyl cations, correspond to a unique energy minimum. Among the C,sH,; models, only 20 contains an H,
atom (distance d). The longest cyclopropane bonds are the ones from which bond migration began. ® Relative electron energies from the method used
for geometry optimization. ¢ Electron energies from mPW1PW91/6-311+G(2d,p) single-point energy calculations.  Hudson et al., Ref. 505. ¢ This bond
was also long (2.363 A) in the analogous B3LYP/6-31G* structure of the transition state in Fig. 2 of Ref. 10 but only 2.198 A in the MPW1K/6-31G*

geometry (Table S11 in the ESIY).

formation has also been observed in terpene-like biosynthesis with
catalytic antibodies.*” However, aberrant enzymatic deprotonation
of the pentavalent carbon to cyclopropanes has apparently*’ not
been detected for these short-lived species, even among mutants
and substrate analogs.

We modelled some simple cyclopropane/carbonium ions in
order to assess the accuracy of the B3LYP geometries and DFT
energies calculated for D- and E-ring formation. Protonated
cyclopropane® and its methyl derivative®®'5? have been studied
by ab initio and DFT methods. For both species, two nearly isoen-
ergetic conformers are found, a symmetrical saddle point (83A,
85A) and an unsymmetrical energy minimum (83B, 85B).***! These
corner-protonated cyclopropanes have energies 7-8 kcal mol™!
above the isomeric isopropyl and sec-butyl cations. Compared
with QCISD/6-31G* and CCSD/6-31+G** structures of these
simple carbonium ions, geometries were too loose with B3LYP/6-
31G* and too tight with mPW1PW91 and MPW1K (Table 8). The
geometrical differences among methods did not affect energies,
the mPW1PW91 single point energies being almost constant, as in
Table 7. B3LYP energies for cyclopropane/carbonium ion forma-
tion were too positive (except for 23 and 25), but this deviation was
smaller than for net energies of annulation in triterpene synthesis.

We also studied protonated tetramethylcyclopropane 88 as a
model of D-ring expansion in lupeol synthesis. We expected the
carbonium ion to be a saddle point between cations 87 and 89 but
could not find a stationary point corresponding to 88. A relaxed
PES scan suggested a barrierless path linking 87 and 89 (Fig. 5).

— 17

17

Relative Electron Energy
(kcal/mol)
>

C16 C17 Distance (A)

Fig.5 Relaxed PES scans (B3LYP/6-31G*/B3LYP/6-31G*) describing
the conversion of tertiary to secondary carbenium ions via cyclopropane/
carbonium ions (modelling ring-D enlargement in lupeol synthesis). The
C16-C17 bond lengths above 2.6 A represent unrealistic elongation of
the C16-C20 bond (indicated by dashed lines). mPW1PWO91 single-point
energies give a similar curve (Table S16 in the ESIY).

Vertical and horizontal cations in triterpene synthesis

As shown in Fig. 6, carbocation intermediates in triterpene
synthesis can be oriented with the vacant 2p orbital aligned either
in the plane of the ABCD ring system (horizontal cations) or
perpendicular to the ABCD plane (vertical cations).

Horizontal and vertical cations have different reactivities, as
noted by Nishizawa et al.”»** In vertical cations, orientation of
the 2p orbital leads to hyperconjugation in axial substituents
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Fig.6 Illustration of vertical and horizontal cations for (A) 6-6-5 tricycle
2 and (B) its 6-6-6 counterpart. Thick bonds denote hyperconjugation
with the cation. R = -CH,CH,CH=CMe,.

instead of ring bonds. The elongated substituent bonds readily
undergo exothermic 1,2-shifts. Thus, the transition from hor-
izontal to vertical cations transfers reactivity from bonds in
the ABCD plane (promoting cyclization) to axial substituent
bonds (promoting rearrangement). Horizontal cations prevail
throughout the annulation portion of triterpene synthesis, and
vertical cations dominate during the rearrangement phase. Vertical
cations are typically only a few kcal mol~' higher in energy than
the corresponding horizontal cations.”” Enzymatic control and
the dynamics of cyclization prevent a premature transition from
horizontal to vertical cations.

Secondary cations in triterpene synthesis

Formation of rings C and D could proceed by anti-Markovnikov
addition to generate secondary cations like 90 and 14. However,
most evidence favors Markovnikov addition, which generates 5-
membered rings such as 12 and 13.

Evidence for the intermediacy of 6-6-5 tricycles (e.g. 12) rather
than 6-6-6 tricycles (e.g 90) is particularly strong. Many 6—
6-5 tricycles occur in nature® or arise from simple substrate
analogs,” whereas natural 6-6-6 triterpenes from (oxido)squalene
are unknown.5*** Molecular modelling shows a low-energy 6-6-5
pathway of C- and D-ring formation that circumvents the 66—
6 tricycle.™! A horizontal variant of 90 occurs transiently as a
partially bridged structure®® in D-ring formation but is neither an
intermediate nor transition state along the minimum-energy path
(MEP)." Our attempts at B3LYP/6-31G* geometry optimization
of the vertical form of cation 90 led to D-ring annulation on the 133
face or to migration of the C14 methyl to C13. The absence of such
aberrant products in enzymatic systems adds to the already strong
evidence? against 6-6-6 tricycles as cyclization intermediates.

Parallel reasoning would appear to exclude the intermediacy of
the baccharenyl cation (14) in E-ring formation. Bridged transition
states 20 and 25 avoid higher energy 6-6-6-6 paths, and many 6-6—
6-5 tetracyclic triterpenes are known in nature. However, Hoshino
et al.¥" reported 6-6-6-6 triterpenes with hopene skeletons from
an SHC mutant, and similar 6-6-6—6 natural products are known

in the dammarane series.® These structures are presumably derived
from secondary cations 4 or 14. Cation 14 also appears to be a
transition state in the biosynthesis of nepehinol and ursanes,® and
our preliminary calculations with C,sH,; models (Fig. 1) indicate
an activation energy of only about 8 kcal mol~! from 19, i.e., only
3 kcal mol™' higher than the bridged transition state 20.

Further evidence for 14 is the formation of small amounts of
bacchar-12-en-3B-ol via the 6-6-6-6 cation 91 by incubation of
22,23-dihydro-2,3-oxidosqualene with f-amyrin synthase.”'® The
complex energy profile of this reaction was studied by PES scans®®
starting with the C,;H;; model 92 (Fig. 7). The reaction proceeds
through a bridged transition state (92A), horizontal (93) and
vertical (94) secondary cations, a 1,2-hydride shift to form 95,
and elimination of H12 to terminate the cationic mechanism.
Although D-ring expansion occurs without the benefit of cation
stabilization by a terminal double bond, the activation energy
is only modestly elevated, as in nepehinol synthesis. In contrast
to the energy profile in Fig. 5, B3SLYP/6-31G*//B3LYP/6-31G*
calculations predicted shallow energy minima for the horizontal
(93) and vertical (94) secondary cations, with transition states
during ring expansion, horizontal-vertical cation conversion,
and the 1,2-hydride shift. Only the first minimum survived in
the mPW1PW91/6-311+G(2d,p)//B3LYP/6-31G* energy profile.
The energy profile for the 1,2-hydride shift suggests that a bridged
C13-C17-H17 system derived from 9 may be a transition state
(see Vreek er al.”™) but not an intermediate, as was proposed for a
similar cation rearrangement en route to cycloartenol.’’

—
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Relative Electron Energy (kcal/mol)
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26 23 20 17 110 130 11 14 17 20

Torsion (°)

C16-C17 (A) C13-H13 (A)

Fig. 7 B3LYP/6-31G* PES scans modelling the conversion of the
17B-dammarenyl cation to the C13 cation en route to bacchar-12-en-3-ol.
Sequential PES scans were done for the C16-C20 bond (92 to 93, closed
circles, the C14-C13-C17-H17 torsion angle (93 to 94, open circles), and
the C13-H13 bond (94 to 95, diamonds). The line without points shows
mPWIPWI91/6-311+G(2d,p)//B3LYP/6-31G* energies.

Another example of secondary cations in triterpene synthesis
is concomitant E-ring expansion and methyl migration, as occurs
in the synthesis of 6-6-6-6—6 pentacyclic triterpenes. Vrcek et al.
modelled the conversion of the rearranged lupyl cation (model
96) to the taraxasteryl cation (model 98).” Methyl migration and
E-ring expansion occur sequentially, the transition state being a
secondary carbenium ion (97) rather than a bridged carbonium
ion.” Energetically, each half of the reaction path resembles the
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interconversion between 87 and 89. Relaxed PES scans (Fig. 8)
suggested that the cyclopropane/carbonium ion species 96A and
97A are neither transition states nor intermediates. The ring
expansion mandated the unusual horizontal-vertical-horizontal-
vertical series of interconversions.

A

(kcal/mol)

Relative Electron Energy

1.5 2.0 70 30 2.0 25
C6-C7 (A) Torsion (°) c1-c2 (A)
Fig.8 Relaxed PES scans (B3LYP/6-31G*/B3LYP/6-31G*) modelling
the interconversion of tertiary and secondary carbenium ions via cyclo-
propane/carbonium ions. First, the C6—C7 bond was frozen at values from
1.6-2.3 A (closed circles). A similar PES scan was obtained by freezing the
C1-C2 bond length (closed squares). These two PES scans were linked by
a third PES scan of the C7-C1-C6-C8 torsion angle in the vicinity of the
transition state (open squares). mPW1PWO9I single-point energies give a
similar curve (Table S18 in the ESIT).

Our modelling results indicate that secondary cations do have a
modest role in triterpene synthesis. Dammarenyl cations probably
have an extended side-chain conformation,®*** and secondary
cations may be significantly populated, especially when D-ring
expansion is faster than side-chain folding. The 6-6-6-6 secondary
cations typically react by undergoing deprotonation or E-ring
annulation on the o or  face. The absence of minor 6-6-6 products
can be rationalized but is still puzzling. As intimated by Jenson
and Jorgensen,™ 6-6-6 tricycle derivatives may yet be detected as
minor byproducts in cyclase mutants.

Conclusions

We established reliable procedures for calculating cyclization en-
ergies by DFT methods. These procedures were used to construct
energy profiles for the cationic cyclization of oxidosqualene to
lupeol, lanosterol, and hopen-3f-ol. The profiles indicated that
rings A and B form more exergonically than rings C and D owing
to a better arrangement of cation-stabilizing methyls in the early
annulations. Other features of the energy profiles were interpreted
similarly in terms of steric interactions, ring strain, and proton
affinities.

These gas-phase energy profiles for the bare substrate models
provide a fundamental understanding of cyclization prior to
adjustments for solvation or enzymatic effects. Enzymatic stabi-
lization is important in (oxido)squalene protonation and A-ring
formation,* but most further annulations and rearrangements are
amply exothermic and encounter only modest activation energy
barriers. The common belief that the cationic intermediates require
enzymatic stabilization is unfounded.

The cationic 2p orbital of triterpene intermediates can be
horizontal (in the plane of the ABCD ring system) or vertical

(perpendicular to this plane). Horizontal cations lead to annu-
lation and ring expansion by fostering reactivity of bonds in
the ABCD plane, whereas vertical cations promote 1,2-methyl
and hydride shifts through hyperconjugative elongation of axial
substituents. The transition from ring building to rearrangement
can occur readily because vertical cations are almost as stable as
their horizontal counterparts. In enzymatic reactions, substrate
folding and the dynamics of annulation usually maintain the ring-
building phase until completion of tetracyclization.

Mechanistically, the tri-, tetra-, and pentacyclic intermediates
are connected via bridged cyclopropane/carbonium-ion tran-
sition states, which provide a low-energy pathway for ring-
expansion/annulation. These bridged transition states main-
tain the horizontal cation orientation. The alternative anti-
Markovnikov intermediates are somewhat higher in energy and
readily become vertical cations, which engender rearrangements.
Vertical 6-6-6-6 (but not 6-6-6) secondary cations occur in some
biosynthetic pathways. Bridged cations are also involved in post-
cyclization rearrangements leading to lanosterol, euphol, and -
amyrin; each 1,2-methyl or hydride shift appears to be a discrete
step, followed by a pause for orbital realignment to facilitate
hyperconjugation leading to the next 1,2-shift. The stepwise nature
of the rearrangements undermines the presumption that the 1,2-
shifts must proceed in an anti-periplanar manner and is consistent
with the syn 1,2 hydride shift from C13 to C17 in lanosterol
biosynthesis.*

Our molecular modelling results revealed systematic errors in
energy calculations from B3LYP and other quantum mechanical
methods. Substantial B3LYP errors for cation—olefin condensa-
tions were compounded in the five annulations of hopene synthesis
and led to the absurd prediction that squalene cyclization to
hopene is endothermic. This type of B3LYP error appears to
affect many transformations involving the conversion of C=C or
C=0 bonds to two single bonds. This problem is manifest in the
molecular modelling literature but has seldom been recognized.
For medium-sized basis sets, the mPWI1PWO91 hybrid functional
gives much improved cyclization energies.

The B3LYP functional is widely used for geometry optimiza-
tions, which are based on the same energy calculations that suffer
from systematic errors. B3LYP geometries were slightly too loose
as judged by comparisons with X-ray and CCSD structures, but
this minor shortcoming was unrelated to the energy errors. Except
in rare pathological cases, B3LYP geometries were acceptable for
use with mPW1PWO91 single-point energy calculations, which were
remarkably insensitive to geometry differences among correlated
methods.

The noted deficiencies in quantum mechanical methods would
not have been detected if our calculations had been limited to
the usual small models and modest basis sets. This work, which
was done on inexpensive personal computers, illustrates that the
full C;H;,O triterpene structures can be modelled easily at a
respectable level of theory.

Experimental
Molecular modeling

Quantum mechanical calculations were done mainly with Gaus-
sian 98 (Linux version A.9 and Windows version A.11).% Gaussian

540 | Org. Biomol. Chem., 2006, 4, 530-543

This journal is © The Royal Society of Chemistry 2006





03 (versions B.02, B.05 and C.02)*' generally gave geometries and
energies identical to those from Gaussian 98 and was used for: G3
energies; HCTH (i.e., HCTH/407), PBEIPBE, O3LYP, BVSLYP,
and TPSS (i.e.,, TPSSTPSS) calculations; methyl epoxides of
Table 2; cyclopropane/carbonium ions; reaction R1 of Table 3;
and PES scans of Figs. 5, 7, and 8. Comparison of MPWIK
and mPWI1PWOI1 energies between Gaussian 98 and 03 was
avoided, and OmPW1PW91 was used when necessary, although
deviations were usually <0.2 kcal mol™'.? Geometry optimiza-
tions and energy calculations were done using ab initio, semi-
empirical, and DFT,23%:3263 methods. All models were considered
as closed-shell systems (restricted calculations) with the frozen-
core approximation. Zero-point energies and thermal energies at
the B3LYP/6-31G* level were scaled by 0.96; no attempt was
made to scale entropy data or to correct for the presence of low-
frequency vibrations. Only the thermal energy contribution to
enthalpies and free energies was scaled. All energy calculations
were done with SCF = tight. The Gaussian implementation of
B3LYP uses equation IIT of Vosko, Wilk, and Nusair® (VWN) for
local correlation, whereas VWN equation V or I is used in some
other software packages. B3LYP cyclization energies differed little
between equations III and V but were slightly more accurate with
equation III (Tables S2a and S7a); geometries were nearly identical
(Table S15 in the ESI¥).

Molecular mechanics calculations were done in PCMODEL
version 8.5 or 9 (Serena Software, Inc., Bloomington, IN) using the
MM3 and MMX force fields. In some cases, missing force-field pa-
rameters were taken from closely related structural moieties. Heats
of formation were calculated from MM3 or MMX geometries.
When parameterization permitted, MM3 heats of formation were
also calculated with the MM3(94) program, which was purchased
from the Quantum Chemical Program Exchange (Bloomington,
IN). Computational strategies are described in the ESIf.

The molecular modelling techniques used herein have sig-
nificant limitations despite the high level of theory relative to
past calculations on triterpene synthesis. We have simplified the
continuum of conformational space by studying only discrete
energy minima and saddle points, whereas high-energy substrates
are not confined to follow the MEP. Transition state structures
were optimized as saddle points for electron energy, rather than
for enthalpy or free energy. Our gas-phase energy calculations
neglected enzyme-substrate interactions. Our models of open-
chain and partially cyclized substrates are unlikely to correspond
exactly to the conformations in the active site cavity, but energy
differences among such conformers are generally minor. Our
modelling relied heavily on DFT methods despite their serious
shortcomings. However, except for the neglect of enzyme-substrate
interactions*® and the lack of molecular dynamics studies, most of
these deficiencies are either relatively minor or unavoidable.

Acknowledgements

We thank Paul S. Engel (Rice University) for advice on es-
timating and measuring heats of formation. Roger V. Moye
(Rice University) configured the Linux computers for efficient
use and set up a batch queue for running Gaussian jobs on
multiple computers using Grid Computing. Dr Douglas J. Fox
and Dr James Hess (Gaussian, Inc.) provided essential guidance
on quantum mechanical calculations. Kevin E. Gilbert (Serena

Software) gave many valuable suggestions on molecular modeling.
We thank the National Science Foundation (MCB-0209769) and
the Robert A. Welch Foundation (C-1323) for funding.

References

1 (@) W. R. Nes and M. L. McKean, Biochemistry of Steroids and
other Isopentenoids, University Park Press, Baltimore, 1977; (b) P.
Harrewijn, A. M. van Oosten and P. G. M. Piron, Natural Terpenoids
as Messengers: a Multidisciplinary Study of their Production, Biological
Functions and Practical Applications, Kluwer Academic Publishers,
Dordrecht, Netherlands, 2001.

2 K. U. Wendt, G. E. Schulz, E. J. Corey and D. R. Liu, Angew. Chem.,
Int. Ed., 2000, 39, 2812-2833.

3 R. Xu, G. C. Fazio and S. P. T. Matsuda, Phytochemistry, 2004, 65,
261-291.

4 A. Eschenmoser, L. Ruzicka, O. Jeger and D. Arigoni, Helv. Chim.
Acta, 1955, 38, 1890-1904.

5 G. Stork and A. W. Burgstahler, J. Am. Chem. Soc., 1955, 77, 5068—
5077.

6 For leading references, see: (a) M. J. R. Segura, B. E. Jacksonand S. P. T.
Matsuda, Nat. Prod. Rep., 2003, 20, 304-317; (b) T. Hoshino and T.
Sato, Chem. Commun., 2002, 291-301; (¢) I. Abe and G. D. Prestwich,
in Isoprenoids Including Carotenoids and Steroids, ed. D. E. Cane,
(vol. 2 in Comprehensive Natural Products Chemistry, ed. D. Barton,
K. Nakanishi and O. Meth-Cohn), Pergamon/Elsevier, Amsterdam,
1999, pp. 267-298.

7 (a) C. Jenson and W. L. Jorgensen, J. Am. Chem. Soc., 1997, 119,
10846-10854; (b) R. Rajamani and J. Gao, J. Am. Chem. Soc., 2003,
125, 12768-12781; (c¢) D. Gao, Y.-K. Pan, K. Byun and J. Gao, J. 4Am.
Chem. Soc., 1998, 120, 4045-4046; (d) B. A. Hess, Jr., J. Am. Chem.
Soc., 2002, 124, 10286-10287; (¢) B. A. Hess, Jr., Org Lett., 2003, 5,
165-167; (f) B. A. Hess, Jr., Collect. Czech. Chem. Commun., 2003, 68,
202-210; (g) B. A. Hess, Jr., Collect. Czech. Chem. Commun., 2004, 69,
261-266; (h) B. A. Hess, Jr. and L. Smentek, Org. Lett., 2004, 6, 1717—
1720; (i) V. Vrcek, M. Saunders and O. Kronja, J. Org. Chem., 2003, 68,
1859-1866 (Erratum 4126); (j) M. Nishizawa, A. Yadav, H. Imagawa
and T. Sugihara, Tetrahedron Lett., 2003, 44, 3867-3870; (k) T. Schulz-
Gasch and M. Stahl, J. Comput. Chem., 2003, 24, 741-753; (/) B. A.
Hess, Jr., Eur. J. Org. Chem., 2004, 2239-2242 (Erratum 2747); (m) V.
Vreek, I. V. Vrcek and O. Kronja, Croat. Chem. Acta,2001,74,801-813;
(n) C. C. J. Fouillet and J. Mareda, J. Mol. Struct. (THEOCHEM ),
2002, 589-590, 7-26; (0) B. A. Hess, Jr. and L. Smentek, Mol. Phys.,
2004, 102, 1201-1206; (p) M. Nishizawa, A. Yadav, Y. Iwamoto and H.
Imagawa, Tetrahedron, 2004, 60, 9223-9234.

8 D. J. Reinert, G. Balliano and G. E. Schulz, Chem. Biol., 2004, 11,

121-126.

(a) R. Thoma, T. Schulz-Gasch, B. D’Arcy, J. Benz, J. Aebi, H.

Dehmlow, M. Hennig, M. Stihle and A. Ruf, Nature, 2004, 432, 118-

122; (b) K. U. Wendt, A. Lenhart and G. E. Schulz, J. Mol. Biol.,

1999, 286, 175-187; (¢) K. U. Wendt, K. Poralla and G. E. Schulz,

Science, 1997,277, 1811-1815; (d) A. Lenhart, W. A. Weihofen, A. E. W.

Pleschke and G. E. Schulz, Chem. Biol., 2002, 9, 639-645; (¢) A. Ruf, F.

Miiller, B. D’Arcy, M. Stihle, E. Kusznir, C. Handschin, O. H. Morand

and R. Thoma, Biochem. Biophys. Res. Commun., 2004, 315, 247-254;

(f) X. Zhu, A. Heine, F. Monnat, K. N. Houk, K. D. Janda and I. A.

Wilson, J. Mol. Biol., 2003, 329, 69-83; (g) K. U. Wendt, Angew. Chem.,

Int. Ed., 2005, 44, 3966-3971.

10 Q. Xiong, F. Rocco, W. K. Wilson, R. Xu, M. Ceruti and S. P. T

Matsuda, J. Org. Chem., 2005, 70, 5362-5375.

Previous calculations of D-ring formation were done with C, Hj;

models lacking the A24 double bond." Comparison of energies for

C, H;; and folded C,sH,; models suggests that the A24 double bond

provides only 3-4 kcal mol™"' of cation stabilization (see Table S1 in

the ESIT). This modest stabilization is lacking in tetracyclic cations
with an extended side chain, e.g., the deoxydammarenyl cation (3) of
the SHC active site® and an intermediate in the formation of a 6-6-6-6
tetracycle from 22,23-dihydro-2,3-oxidosqualene: (a) I. Abe, Y. Sakano,

H. Tanaka, W. Lou, H. Noguchi, M. Shibuya and Y. Ebizuka, J Am.

Chem. Soc., 2004, 126, 3426-3427.

12 (a) Experimental Thermochemistry; Measurement of Heats of Reaction,
ed. F. D. Rossini, Interscience Publishers, New York, 1956, vol. 1;
(b) Combustion Calorimetry, ed. S. Sunner and M. Méansson, Pergamon
Press, Oxford, 1979, vol. 1.

=)

1

—_

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 530-543 | 541





13 Detalils are given in the ESI.

14 (a) S. W. Benson, Thermochemical Kinetics: Methods for the Estimation
of Thermochemical Data and Rate Parameters, Wiley, New York, 2nd
edn., 1976; (b) N. Cohen and S. W. Benson, Chem. Rev., 1993, 93, 2419—
2438; (c¢) J. Gasteiger, P. Jacob and U. Strauss, Tetrahedron, 1979, 35,
139-146; (d) NIST Chemistry WebBook: webbook.nist.gov; (¢) L. A.
Curtiss, P. C. Redfern and D. J. Frurip, in Reviews in Computational
Chemistry, ed. K. B. Lipkowitz and D. B. Boyd, Wiley-VCH, New York,
2000, vol. 15, pp. 147-211; (f) DFT-based methods: P. C. Redfern, P.
Zapol, L. A. Curtiss and K. Raghavachari, J. Phys. Chem. A, 2000,
104, 5850-5854; (g) P. Winget and T. Clark, J. Comput. Chem., 2004,
25, 725-733.

15 U. Burkert and N. L. Allinger, Molecular Mechanics, American
Chemical Society, Washington, DC, 1982, pp. 169-194.

16 N. L. Allinger, K. Sakakibara and J. Labanowski, J. Phys. Chem., 1995,

99, 9603-9610.

(a) N. L. Allinger, H. Y. Young and J.-H. Lii, J. Am. Chem. Soc., 1989,

111, 8551-8566; (b) J.-H. Lii and N. L. Allinger, J. Am. Chem. Soc.,

1989, 111, 8566-8575; (¢) J.-H. Lii and N. L. Allinger, J. Am. Chem.

Soc., 1989, 111, 8576-8582.

18 1. J. Gajewski, K. E. Gilbert and J. McKelvey, Adv. Mol. Model., 1990,
2, 65-92.

19 Our studies of monocyclic, bicyclic, and acyclic C,, isomers indicated a
similar accuracy range for differences in MM3 heats of formation.
Errors for force-field cyclization energies, unlike those of B3LYP,
appeared to be non-systematic and thus would not accumulate in
comparing pentacyclic with acyclic species. However, other MM3 errors
might accumulate with increasing molecular size, as is observed for
B3LYP heats of formation.'¥".

20 B3LYP: (a) A. D. Becke, J Chem. Phys., 1993, 98, 5648-5652;

mPWI1PWOI: (b) C. Adamo and V. Barone, J. Chem. Phys., 1998, 108,

664-675; MPWI1K: (¢) B. J. Lynch, P. L. Fast, M. Harris and D. G.

Truhlar, J. Phys. Chem. A, 2000, 104, 4811-4815 (d) B. J. Lynch and

D. G. Truhlar, J. Phys. Chem. A,2001,105,2936-2941; O3LYP: (¢) N. C.

Handy and A. J. Cohen, Mol. Phys., 2001, 99, 403-412 (f) V. A. Guner,

K. S. Khuong, K. N. Houk, A. Chuma and P. Pulay, J. Phys. Chem. A,

2004, 108, 2959-2965; BILYP: (g) A. D. Becke, J. Chem. Phys., 1996,

104, 1040-1046 (h) C. Adamo and V. Barone, Chem. Phys. Lett., 1997,

274,242-250; HCTH: (i) F. A. Hamprecht, A. J. Cohen, D. J. Tozer and

N. C. Handy, J. Chem. Phys., 1998, 109, 6264-6271; PBE1PBE: (j) J. P.

Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 1996, 77, 3865—

3868; (Erratum 78, 1396); TPSS: (k) V. N. Staroverov, G. E. Scuseria,

J. Tao and J. P. Perdew, J. Chem. Phys., 2003, 119, 12129-12137 (/) J. P.

Perdew, J. Tao, V. N. Staroverov and G. E. Scuseria, J. Chem. Phys.,

2004, 120, 6898-6910 () J. P. Perdew, A. Ruzsinszky, J. Tao, V. N.

Staroverov, G. E. Scuseria and G. I. Csonka, J. Chem. Phys, 2005, 123;

062201/1-9; VSXC: (n) T. Van Voorhis and G. E. Scuseria, J. Chem.

Phys., 1998, 109, 400-410.

Although TPSSh with 25% exact HF exchange gave the best agreement,

this hybrid functional was optimized on a more comprehensive training

set for 10% HF exchange.?*' B3P86 also gave excellent agreement but

performed poorly on G2 training sets: L. A. Curtiss, P. C. Redfern, K.

Raghavachari and J. A. Pople, J. Chem. Phys., 1998, 109, 42-55.

22 The C,yH,s isomers were adamantane (35), a-pinene (36), B-pinene (37),
limonene (38), protoadamantane (39), 3-carene (40), camphene (41),
ocimene (42), and myrcene (43). The C,,H,,O isomers were geraniol
(44), cineole (45), isoborneol (46), borneol (47), myrtanol (48), nerol
(49), 1-decalol (50), and isopinocampheol (51).

23 The classical MM 3-94 program and the MM X and MM 3 force fields in
version 8 of PCMODEL lacked certain bond increments and torsion
parameters needed to estimate the contribution of the C-O epoxide
bond in oxidosqualene to the heat of formation, and the built-in
MM3-94 parameter estimator did not give useful values. Because of
limited combustion data available for alkylated ethylene oxides and
their isomers, we used G3B3 enthalpy differences as benchmark values
for relative heats of formation. The resulting data provided a basis for
revising the epoxide parameters of MM3 in PCMODEL.

24 The 19 compounds comprised the following sets of isomers: C,H,0O,
acetaldehyde (52) and ethylene oxide (53); C;H(O, acetone (54),
propylene oxide (55), propanal (56), and oxetane (57); C,H;O, 2-
butanone (58), cyclobutanol (59), trans-2,3-dimethyloxirane (60), cis-
2,3-dimethyloxirane (61), and tetrahydrofuran (62); CsH,,0O, methyl
isopropyl ketone (63), trimethyloxirane (64), cyclopentanol (65), 2H-
tetrahydropyran (66); C¢H,,O, methyl 7-butyl ketone (67), tetramethyl-
oxirane (68), cyclohexanol (69),and 1-methylcyclopentanol (70).

1

~

2

—_

25 In unpublished work, Hess calculated the overall energy changes for
cyclization of oxidosqualene. He compared the B3LYP predictions
with relevant experimental data and concluded that B3LYP markedly
underestimates the energy of cyclization. B. A. Hess (Vanderbilt
University), personal communication.

26 C. J. Cramer and S. E. Barrows, J Org. Chem., 1998, 63, 5523—
5532.

27 (a) P. R. Schreiner and M. Prall, J. Am. Chem. Soc., 1999, 121, 8615-
8627; (b) G. O. Jones, V. A. Guner and K. N. Houk, J. Phys. Chem.
A, 2005, DOI: 10.1021/jp052055z; (¢) V. Guner, K. S. Khuong, A. G.
Leach, P. S. Lee, M. D. Bartberger and K. N. Houk, J. Phys. Chem. A,
2003, 107, 11445-11459; (d) T. C. Dinadayalane, R. Vijaya, A. Smitha
and G. N. Sastry, J. Phys. Chem. A, 2002, 106, 1627-1633.

28 (a) J. E. Walker, P. A. Adamson and S. R. Davis, J. Mol. Struct.
(THEOCHEM), 1999, 487, 145-150; (b) F. Jensen, Introduction to
Computational Chemistry, Wiley, New York, 1999, pp. 289-295.

29 (a) K. B. Wiberg, J. Org. Chem., 2003, 68, 9322-9329; (b) A. King,
T. D. Crawford, J. F. Stanton and H. F. Schaefer, III, J. Am. Chem.
Soc., 1999, 121, 10788-10793.

30 (a) J. R. Reimers, Z.-L. Cai, A. Bilic and N. S. Hush, Ann. N. Y. Acad.

Sci., 2003, 1006, 235-251; (b) W. Koch and M. C. Holthausen, 4

Chemist’s Guide to Density Functional Theory, Wiley-VCH, Weinheim,

Germany, 2nd edn., 2000, pp. 117-259; (¢) C. S. Wannere, K. W.

Sattelmeyer, H. F. Schaefer, III and P. von R. Schleyer, Angew. Chem.,

Int. Ed., 2004, 43, 4200-4206.

(a) D. A. Plattner and K. N. Houk, J. Am. Chem. Soc., 1995, 117,

4405-4406; (b) H. L. Woodcock, H. F. Schaefer, III and P. R. Schreiner,

J. Phys. Chem. A, 2002, 106, 11923-11931; (¢) A. E. Pomerantz, J. H.

Han and C. B. Musgrave, J. Phys. Chem. A, 2004, 108, 4030-4035;

(d) The popular belief that this problem stems from self-interaction

errors deserves reconsideration: O. A. Vydrov and G. E. Scuseria,

J. Chem. Phys., 2004, 121, 8187-8193.

32 KMLYP: (a) J. K. Kang and C. B. Musgrave, J. Chem. Phys., 2005,
115, 11040-11051; X3LYP; (b) X. Xu, Q. Zhang, R. P. Muller and
W. A. Goddard, J. Chem. Phys., 2005, 122. 014105/1-14; (c) PKZB:
J. P. Perdew, S. Kurth, A. Zupan and P. Blaha, Phys. Rev. Lett., 1999,
82, 2544-2547 (Erratum 5179).

33 Recent reviews of DFT strategies: (a) Ref. 20m; (b) A. Gorling,
J. Chem. Phys., 2005, 123, 062203; (¢) R. J. Bartlett, V. F. Lotrich and
1. V. Schweigert, J. Chem. Phys., 2005, 123, 062205. For a non-DFT
approach, see: (d); P. M. W. Gill, D. L. Crittenden, D. P. O’Neill and
N. A. Besley, Phys. Chem. Chem. Phys., 2005, DOI: 10.1039/b511472a,
published online.

34 As detailed in the ESIf{ (Table S7b), energy differences among more
stable substrate conformers are generally 1-3 kcal mol~' and thus have
little influence on the overall cyclization energy.

35 For enzymatic reactions, we assume that no net chemical energy is
transferred between substrate and the enzyme or cytosol by the overall
protonation/deprotonation process. In hopene synthesis, where the
sites of protonation and deprotonation are distant, the proton is
ultimately returned to aspartate via cytosolic water.® In lanosterol
synthesis, the linkagemay be through either cytosolic water or a series
of hydrogen-bonded residues/waters.* See: S. Lodeiro, M. J. R. Segura,
M. Stahl, T. Schulz-Gasch and S. P. T. Matsuda, ChemBio Chem, 2004,
5, 1581-1585.

36 Energies are based on the most stable forms of cycloartenol.’” Although
the flat C9 lanosteryl cation is more stable than the arced C8 cation,
deprotonation occurs from the C8 cation in lanosterol synthesis.”
Our analysis excludes the cyclopropane/carbonium ion en route to
cycloartenol. Further discussion is given in comments to Table S8 in
the ESIf.

37 W. D. Nes, K. Koike, Z. Jia, Y. Sakamoto, T. Satou, T. Nikaido and
J. F. Griffin, J. Am. Chem. Soc., 1998, 120, 5970-5980.

38 Despite experimental’> and computational’™ arguments favoring bar-
rierless formation of rings A and B from protonated oxidosqualene,
energy minima have been reported (see comments to Table S9 in the
ESIf)™e.

39 C. Pale-Grosdemange, C. Feil, M. Rohmer and K. Poralla, 4Angew.
Chem., Int. Ed., 1998, 37, 2237-2240.

40 S. P. T. Matsuda, W. K. Wilson and Q. Xiong, unpublished work on
enzymatic stabilization in triterpene synthesis.

41 (a) P. Buzek, P. von R. Schleyer and S. Sieber, Chemie Unserer Zeit,
1992, 26, 116-128; (b) T. Laube, Acc. Chem. Res., 1995, 28, 399-405;
(¢) L. Radom, J. A. Pople and P. von R. Schleyer, J. Am. Chem. Soc.,
1972, 94, 5935-5945.

3

—

542 | Org. Biomol. Chem., 2006, 4, 530-543

This journal is © The Royal Society of Chemistry 2006





42 A crystal structure of an apparent mixture of lupeol acetate and a
related triterpene has been reported: G. Argay, A. Kalman, A. Kapor,
B. Ribar, S. Petrovic and M. Gorunovic, J. Mol. Struct., 1997, 435,
169-179.

43 For a discussion of r values from different experimental and theoretical
methods, see K. Kuchitsu in Accurate Molecular Structures. Their
Determination and Importance, ed. A. Domenicano and 1. Hargittai,
Oxford University Press, Oxford, UK, 1992, pp. 14-46.

44 (a) C. J. Cramer, Essentials of Computational Chemistry, Wiley, New
York, 2002, pp. 265-268; (b) Ref. 28b, pp. 264-267; (c) Ref. 305,
pp. 119-126. Higher geometrical accuracy, which was not needed for
our purposes, would require attention to effects of basis set size and the
amount of exact HF exchange.

45 A similar choice of 3.8 A was made for reaction R1 based on
data in Fig. 2A. Although reaction R1 involves 6-membered ring
formation, Fig. 2B indicates that the initial valence angles and
interatomic distances are poised for 5S-membered ring formation and
begin favoring 6-membered ring formation only about halfway into the
reaction.

46 (a) D. J. Lacks and R. G. Gordon, Phys. Rev. A, 1993, 47, 4681-4690;
(b) K. E. Laidig, Chem. Phys. Lett., 1994, 225, 285-292; (¢) Y. Tawada,
T. Tsuneda, S. Yanagisawa, T. Tanai and K. Hirao, J Chem. Phys.,
2004, 120, 8425-8433.

47 (a) T. Li, K. D. Janda and R. A. Lerner, Nature, 1996, 379, 326-327;
(b) J. Hasserodt, K. M. Janda and R. A. Lerner, J. Am. Chem. Soc.,
2000, 122, 40-45; (¢) X. Zhu, A. Heine, F. Monnat, K. N. Houk, K. D.
Janda and 1. A. Wilson, J Mol. Biol., 2003, 329, 69-83; (d) J. K. Lee
and K. N. Houk, Angew. Chem., Int. Ed. Engl., 1997, 36, 1003—1005.

48 Bridged structures are sometimes shown in mechanisms, e.g., (@) I. Abe
and M. Rohmer, J. Chem. Soc., Perkin Trans. 1, 1994, 783-791; (b) D.
Stach, Y. F. Zheng, A. L. Perez, A. C. Ochlschlager, I. Abe, G. D.
Prestwich and P. G. Hartman, J. Med. Chem., 1997, 40, 201-209.

49 (a) J.-L. Giner, C. J. Silva and C. Djerassi, J. Am. Chem. Soc., 1990,
112, 9626-9627; (b) J.-L. Giner, P. Buzek and P. von R. Schleyer, J. 4m.
Chem. Soc., 1995, 117, 12871-12872; (c¢) L. A. Wessjohann, W. Brandt
and T. Thiemann, Chem. Rev., 2003, 103, 1625-1647.

50 (a) W. Koch, B. Liuand P. von R. Schleyer, J. Am. Chem. Soc., 1989,111,
3479-3480; (b) C. E. Hudson, S. Eapen and D. J. McAdoo, Int. J. Mass
Spectrom. Ion Processes, 2003, 228, 955-967.

51 (a) S. Sieber, P. Buzek, P. von R. Schleyer, W. Koch and J. W. d. M.
Carneiro, J. Am. Chem. Soc., 1993, 115, 259-270; (b) P. Campomanes,
D. Suarez and T. L. Sordo, J. Phys. Chem. A, 1999, 103, 5996-6002.

52 Carbonium ions 83B and 84B can be considered as complexes of methyl
or ethyl cation with ethylene or as bridged forms of 1-propyl or 1-butyl
cations®'"”.

53 Nishizawa et al.”? described the concept of vertical and horizontal
cations in different terms and without generalization.

54 6-6-6 Cyclization requires specially designed substrates employing
either conformational constraint through a fused-ring substituent™*
or a cation-stabilizing substituent, such as methyl,”»5% fluorine,’ or
tert-butyldimethylsilyloxy.’¥ Recent arguments for the intermediacy of
6-6-6 tricycles are discussed in the ESIf: (¢) M. Seemann, G. Zhai,
J.-W. de Kraker, C. M. Paschall, D. W. Christianson and D. E. Cane,
J. Am. Chem. Soc., 2002, 124, 7681-7689; (b) Ref. 7j; (c) Ref. 7p.

55 (a) K. Berckmoes, P. J. De Clercq and D. Viterbo, J. Am. Chem. Soc.,
1995, 117, 5857-5858; (b) S. Nakano, S. Ohashi and T. Hoshino, Org.
Biomol. Chem., 2004, 2,2012-2022; (¢) Q. Xiong, X. Zhu, W. K. Wilson,
A. Ganesan and S. P. T. Matsuda, J. Am. Chem. Soc., 2003, 125,

9002-9003; (d) T. Hoshino, Y. Kumai, I. Kudo, S.-I. Nakano and S.
Ohashi, Org. Biomol. Chem., 2004, 2, 2650-2657; (¢) W. S. Johnson,
W. R. Bartlett, B. A. Czeskis, A. Gautier, C. H. Lee, R. Lemoine, E. J.
Leopold, G. R. Luedtke and K. J. Bancroft, J. Org. Chem., 1999, 64,
9587-9595; (f) A. X. Huang, Z. Xiong and E. J. Corey, J. Am. Chem.
Soc., 1999, 121, 9999-10003.

56 Secondary cations have less effective hyperconjugation than tertiary
cations and are commonly stabilized by bridging:*5*%! (a) V. Vrcek, M.
Saunders and O. Kronja, J. Am. Chem. Soc., 2004, 126, 13703-13707;
(b) 1. Alkorta, J. L. M. Abboud, E. Quintanilla and J. Z. Davalos,
J. Phys. Org. Chem., 2003, 16, 546-554; see also; (c¢) D. Farcasiu and D.
Hancu, J. Am. Chem. Soc., 1999, 121, 7173-7181.

57 T. Hoshino, T. Abe and M. Kouda, Chem. Commun., 2000, 441-442.

58 The PES scans do not represent the MEP but did reveal several saddle
points. Reaction paths were studied as PES scans since path calculations
for our triterpene models usually failed to converge.

59 H.Shan, M.J.R. Segura, W. K. Wilson, S. Lodeiro and S. P. T. Matsuda,
J. Am. Chem. Soc., 2005, 127, 18008-18009.

60 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.

Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E.

Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels,

K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.

Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski,

G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,

A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V.

Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,

I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.

Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W.

Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M.

Head-Gordon, E. S. Replogle and J. A. Pople, Gaussian 98 ( Revisions

A.9 and A.11), Gaussian, Inc., Pittsburgh PA, 1998.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,

J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, J. C.

Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,

M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.

Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.

Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.

Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,

R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,

C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth,

P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.

Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.

Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S.

Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,

1. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.

Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.

Chen, M. W. Wong, C. Gonzalez and J. A. Pople, Gaussian 03 ( Revisions

B.02, B.05, and C.02), Gaussian, Inc., Wallingford CT, 2004.

62 mPWPWOI1 of Gaussian 03 differs slightly from mPWPW91 of
Gaussian 98 owing to an error in the original mPW exchangefunctional.
Because the original functional was optimized with this error, the
corrected functional is not fully optimized. Deviations from these
differences are usually «1 kcal mol™'. See http:/www.gaussian.
com/g_tech/g03_rel.htm#updatedman or http://comp.chem.umn.
edu/info/mpwlk.htm.

63 R. G. Parr and W. Yang, Density Functional Theory of Atoms and
Molecules, Clarendon Press, Oxford, UK, 1989.

64 S. H. Vosko, L. Wilk and M. Nusair, Can. J. Phys., 1980, 58, 1200-1211.

6

—

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 530-543 | 543






PAPER

www.rsc.org/obc | Organic & Biomolecular Chemistry

Modular multidentate phosphine ligands: application to

palladium-catalyzed allylic alkylations

Yuxin Pei, Emilie Brulé and Christina Moberg*

Received 30th September 2005, Accepted 5th December 2005
First published as an Advance Article on the web 4th January 2006
DOI: 10.1039/b513906f

Multidentate phosphines were readily obtained by reaction of chiral multidentate amines, prepared via
ring opening of (S)-N-tosyl-2-isopropylaziridine with ammonia, primary, and secondary amines, with
achiral phosphorus containing building blocks. The phosphines were used in palladium-catalyzed
alkylation of rac-3-cyclohexenyl and cyclopentenyl carbonates. The enantioselectivity and reactivity
were largely dependent on the structure of the amine core of the ligands. Up to 88% ee was observed in

reactions with the six-membered substrate.

Introduction

The design and synthesis of new chiral ligands are urged by the
demand for reactive and selective asymmetric metal catalysts.’
Ligands which can be prepared from cheap and easily available
starting materials in few synthetic steps, and which are designed
to allow for facile structural variations, are particularly useful since
efficient transfer of chirality in catalytic reactions usually requires
optimization of the ligand structure for each particular reaction
and each substrate.

We have recently developed a modular approach for the
preparation of multidentate nitrogen ligands.> The synthesis
is based on the nucleophilic ring opening of activated chiral
aziridines, obtained from easily available amino acids, by amines.
By employing ammonia, primary and secondary monoamines
and diamines as nucleophiles, chiral ligand backbones with easily
variable structures are obtained. Thus, C;-symmetric® amines can
be prepared from ammonia,** whereas compounds with C, and
C, symmetry are obtained from primary and secondary amines,
respectively.® The multidentate product amines can be employed
directly as chiral nitrogen ligands’ or the amino groups can serve
as attachment points for suitable achiral or chiral donor functions,
thus providing access to various types of multidentate ligands.

We were particularly interested in studying whether chiral
information may be delivered from the chiral core to achiral
catalytically active sites on the periphery of the ligand and
whether the structure of the amine containing core and the size
of the chiral pockets would influence the enantioselectivity in
catalytic reactions. If that would be the case, facile structural
variations would permit tuning of the catalytic properties. We
present here the preparation of polydentate chiral amines and their
functionalization with achiral phosphorus containing building
blocks to provide polydentate phosphine ligands. The new ligands
were applied in palladium-catalyzed asymmetric allylic alkylations
of rac-methyl 3-cyclohexenyl and rac-ethyl 3-cyclopentenyl car-
bonate.

Department of Chemistry, Organic Chemistry, Royal Institute of Technology,
SE 100 44, Stockholm, Sweden. E-mail: kimo@kth.se; Fax: +46 8 791 2333;
Tel: +46 8 790 9036

Results and discussion
Ligand design and preparation

To achieve the desired structural variation, we used am-
monia (1), butylamine (2), 1,2-diaminoethane (3), (R,R)-1,2-
diaminocyclohexane (4), (S,S)-1,2-diaminocyclohexane (ent-4),
and tris(2-aminoethyl)amine (TREN, 5) as nucleophiles for the
ring opening of a chiral aziridine. An activated aziridine is
required for the reactions to proceed readily. (S)-N-Tosyl-2-
isopropylaziridine (6) was selected since the activating group can
be easily removed subsequent to the ring opening.

NH3 BuNH, HQN\/\NH
2

1 2 3
NH,
\ / HoN \/\NJ/
H,N  NH, H,N  NH, H
4 ent-4 5
NH,

We have previously shown that ammonia and butylamine react
with three and two equivalents, respectively, of the aziridine to
afford 7 and 9, which after deprotection using HBr and phenol,
gave 8 and 10 (Scheme 1). Diamine 3 reacted smoothly with four
equivalents of the aziridine, providing 11 and, after deprotection,
12. In contrast, the more sterically hindered chiral amines 4 and
ent-4 reacted with only two molecules of the aziridine to yield
secondary amines 13 and 15, in analogy to what we have previosuly
observed in the ring opening of N-triflic aziridine.> Although
the yields in these reactions were somewhat lower than those in
reactions with other amines, deprotection occurred smoothly to
provide 14 and 16 in acceptable overall yields. Finally, we were
pleased to discover that reaction of TREN provided a high yield
of hexasubstituted product 17 and, after removal of the tosyl
group, 18.

As a phosphorus containing achiral moiety, 2-(diphenyl-
phosphino)benzoic acid (19a) was used and attached to the
primary amino groups, via amide formation links, as previ-
ously achieved for the preparation of 20 and 21 from 8 and
10, respectively.® The amines prepared were thus reacted with
19a using either DCC-DMAP or EDC-HCI-HOBY, affording
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Scheme 1 Reagents and conditions: (a) (i) amine, MeOH, microwaves 160
(ii) HBr (48% aq.), PhOH, reflux.

phosphines 20-25, with structures analogous to that of the
Trost ligand 28.° We anticipated that the properties of the
ligand might be influenced by the nature of the linker. In
order to explore this possibility, C;-symmetric imine 26 and
amine 27, with a larger degree of freedom, were also prepared.
For the condensation between the chiral TREN derivative 8
and 2-(diphenylphosphino)benzaldehyde (19b), several different
reaction conditions were attempted. In acetonitrile at room
temperature, only 50% conversion was achieved after 48 h, as
determined by *'P NMR spectroscopy, and at reflux temperature
the ligand underwent degradation. However, in CH,Cl,—~CH;OH
(1 : 3)' the aldehyde was totally consumed after 72 h at room
temperature, and the desired ligand 26 was isolated as a yellow
solid.
o}

O
PPh,

19a X = OH
19b X =H
Finally, the imine functions in 26 were reduced by sodium
borohydride to yield phosphine amine ligand 27 in 70%.

Catalytic reactions

Having access to phosphine ligands 20-27, we decided to study
the influence of the chiral core on the reactivity and selectivity in
catalytic reactions. Palladium-catalyzed asymmetric allylic alkyla-
tion of rac-methyl 3-cyclohexenyl and rac-ethyl 3-cyclopentenyl
carbonate with malonate was selected as a suitable reaction
(Scheme 2), providing the opportunity to compare the behavior
of the new ligands with that of Trost’s ligand 28." With the

BU\/

RHN \/\NHR

9R = Ts (85%)
10 R = H (83%)

11R=Ts (71%)
12R = H (86%)

~"

H
N NHR

O:N/INHR

H
13 R = Ts (63%)
14 R = H (82%)

°C; (ii) HBr (48% aq.), PhOH, reflux; (b) (i) amine, MeOH, 0-55 °C;

latter ligand, the nature of the counter ion of the nucleophile
and the solvent was shown to be of significant importance due
to a memory effect.’® Reactions run in methylene chloride using
the tetrahexylammonium salt of the malonate exhibited the
highest enantioselectivity. These conditions were therefore used
in reactions employing 20-27 as ligands. The amount of ligand
used was adjusted to maintain a phosphorus—palladium ratio
of 3: 1in all reactions.™

Use of a catalyst (2.5 mol%, i.e. 5% Pd) containing C;-symmetric
ligand 20 in the alkylation of 29 resulted in full conversion to
product 31 with high enantioselectivity (85% ee) within less than
50 min at room temperature (entry 1, Table 1). A lower reaction
temperature did not provide any advantage (entry 2). A catalyst
containing ligand 21 exhibited somewhat lower reactivity and
selectivity (entry 3). Ligand 22 was also slightly less selective than
20, and the selectivity decreased with the temperature (entries 4—
6). In analogy to what was observed with ligand 28, reactions
in THF in place of methylene chloride (entry 7) and without
addition of tetrahexylammonium bromide (entry 8) resulted in
lower enantioselectivity. The ligands obtained from chiral 1,2-
diaminocyclohexanes and containing secondary amine functions,
23 and 24, resulted in catalysts with poor reactivity (entries 9
and 10). In contrast to these ligands, C;-symmetric ligand 25
resulted in rapid formation of highly enantioenriched product
(entry 11). Ligands 26 and 27, having the amide group replaced
by an imino or amino function, provided inferior results (entries
12-15). Under the conditions we used for ligands 20-27, Trost’s
ligand 28 gave the product with 93% ee at room temperature, which
is somewhat higher then that observed with the most selective
ligand 20 at the same temperature (85%). The reactivity of 28 was
however somewhat lower than that of, e.g., 25, which afforded full
conversion after 10 min at room temperature.
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Scheme2 Allylic alkylation of cyclohexenyl and cyclopentenyl carbonate.

Alkylation of cyclopentenyl carbonate (30) with tetrahexy-
lammonium malonate occurred with the same high rate as the
alkylation of the six-membered carbonate, but with considerably
lower enantioselectivity, the highest ee, 53%, being observed using
ligand 25 (entries 17-19).

The influence of the amount of catalyst was then investigated.
It was found that decreasing the amount of catalyst led to slightly
improved results, although somewhat longer reaction times were
required (Table 2). Thus, up to 88% ee and full conversion
were observed for ligand 20 when merely 1.25 mol% palladium
(0.63 mol% of the dimer) was used (entry 10).

thP
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Conclusions

We have demonstrated that chiral multidentate phosphines are
readily obtained by a modular ligand synthesis. Ring opening
of a chiral activated aziridine with ammonia, primary amines,
diamines, or triamines was used as a key step to provide mul-
tidentate amines, which were substituted with achiral phosphine
building blocks via amide or imine formation. Since a large variety
of amines can be used in the aziridine ring opening, extensive
variation of the ligand structures is possible. In palladium-
catalyzed asymmetric allylic alkylations it was demonstrated that
the structure of the chiral nucleus has a profound influence on the
catalytic properties of metal complexes of the ligands.

Experimental

All reactions were run under an atmosphere of dry nitro-
gen unless otherwise indicated. Anhydrous solvents were trans-
ferred using oven-dried syringes. Glassware was oven- or flame-
dried. Triethylamine was distilled from CaH,. Dichloromethane,
diethyl ether, THF, and DMF were taken from Meyer’s
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Table 1  Allylic alkylation of methyl 3-cyclohexenyl carbonate and ethyl 3-cyclopentenyl carbonate with sodium dimethyl malonate®

Entry Ligand Substrate Solvent Temp (°C) Time Conversion (%)” ee (%0)°
1 20 29 DCM rt 20 min 96 85(S)
50 min 100 85(S)

2 20 29 DCM -3 lh 99 85 (S)
3 21 29 DCM rt 10 min 58 79 (S)
40 min 83 76 (S)

1h 93 76 (S)

2h 97 75(S)

4 22 29 DCM rt 10 min 100 81 (S)
5 22 29 DCM -3 30 min 59 76 (S)
70 min 100 71(S)

6 22 29 DCM —20to —8 100 min 53 62 (S)
7 22 29 THF rt 15 min 100 36 (S)
84 22 29 THF rt 15 min 71 37(S)
lh 100 30 (S)

9 23 29 DCM rt 70 h 5 —

10 24 29 DCM rt 43 h 52 31(R)
11 25 29 DCM rt 10 min 100 72 (S)
12 26 29 DCM rt 30 min 100 5(S)
13 26 29 DCM -3 30 min 43 16 (S)
14 27 29 DCM rt 30 min 100 5(R)
15 27 29 DCM —78 6h 14 5(R)
16 28 29 DCM rt 20 min 85 93 (R)
60 min 95 93 (R)

17 20 30 DCM rt 30 min 100 31(S)
18 22 30 DCM rt 20 min 100 18 (S)
19 25 30 DCM rt 10 min 100 53(S)

“NaH: 0.5 mmol, DMM: 0.6 mmol, THAB: 0.52 mmol, (C;H;PdCl),: 4.2 umol (2.5 mol%), ligand: 12.5 (21, 23, 24); 8.3 (20, 26, 27); 6.3 (22); 4.2 (25)
umol, carbonate: 0.165 mmol, solvent: 3 mL. * Determined by GC-MS. ¢ Determined by HPLC (30) or the combination of optical rotation data'® and 'H

NMR chiral shift experiments (31)."* ¢ No THAB added.

Table 2 The influence of the amount of ligands and palladium to allylic alkylation of methyl 2-cyclohexenyl carbonate with sodium dimethyl malonate®

Entry Ligand (C;H;5PdCl),* (mol%) Time (min) Conversion (%)° ee (%)?
1 22 2.5 10 100 81 (S)
2 22 1.25 10 96 85(S)

30 100 84 (S)

3 22 0.63 30 91 84 (S)
60 100 83(S)

5 25 2.5 10 100 72(S)
5 25 1.25 10 84 77(S)
40 100 75 (S)

7 25 0.63 10 76 75 (S)
40 100 74 (S)

8 20 2.5 20 96 85 (S)
9 20 1.25 30 96 87 (S)
60 100 86 (S)

10 20 0.63 40 95 88 (S)
70 100 88 (S)

“NaH: 0.5 mmol, DMM: 0.6 mmol, THAB: 0.52 mmol, carbonate: 0.165 mmol, DCM: 3 mL, rt.® Pd : Pratio 1 : 3. ¢ Determined by GC-MS. ¢ Determined

by HPLC.

Solvent Dispensing System. Sodium hydride was washed
with pentane and dried in vacuo. Tetrahexylammonium bro-
mide (THAB) was washed with diethyl ether and dried
in vacuo. Methanol and all the other reagents were used as received.

'"H and “C spectra were recorded on a Bruker Advance 400
instrument or a Bruker DMX 500 instrument in CDCl;, using the
residual signals from CHCI; (‘H: 6 7.25 ppm; ®C: 6 77.0 ppm)
as internal standard. P NMR spectra were recorded on a
Bruker DMX 500 instrument in CDCl; using H;PO, as external
standard. Optical rotations were recorded with a Perkin-Elmer

343 polarimeter at the sodium D line at ambient temperature.
Flash chromatography was carried out using SDS silica gel 60
(40-63 pum). Melting points were measured in open capillary
tubes using an electrothermal instrument and were uncorrected.
HRMS was carried out by Instrumentstationen, Kemicentrum,
Lund University, Sweden.

Compounds 21,* 6,2 29, and 30" were synthesized via pub-
lished procedures. Aldehyde 19b was prepared in a two-step reac-
tion from 2-bromoiodobenzene, which was reacted with isopropy-
Imagnesium bromide'” to promote an aryl exchange, followed by
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introduction of the phosphine using chlorodiphenylphosphine,
to form 2-(diphenylphosphino)bromobenzene'® in 60% yield. o-
Lithiation and reaction with DMF afforded 19b.*

Compound 9

Compound 9 was prepared following our previous procedure?
using n-butylamine (1.34 mL, 13.6 mmol) and aziridine 6 (6.6 g,
27.4 mmol) in MeOH (18 mL), giving compound 9 as a white
powder (7.02 g, 85%): R; (hexane-EtOAc 7 : 3) 0.7; [a]5 +29.5
(¢ 1.09 in CHCL); mp 116-117 °C; dy (400 MHz, CDCl;) 0.75
(6H,d,J7.0),0.77 (6H,d,J 7.0),0.86 3H,t,J7.2),1.01-1.31
(4H,m), 1.93 (2 H, dhept, J 7.0 and 4.0), 2.12-2.23 (1 H, m), 2.24—
2.34(1H, m),2.31 (2H,dd, J 13.1 and 5.5), 2.38 (2 H, dd, J 13.1
and 8.8),2.41 (6 H,s),3.26-3.39(2H,m), 5.21 2 H, brs), 7.27 (4 H,
d, J 8.2),7.79 (4 H, d, J 8.2); o (125 MHz, CDCl,) 14.0, 17.7,
20.5,21.5,27.1, 29.7, 53.0, 53.7, 56.0, 127.0, 129.5, 138.6, 143.0.

Compound 10

Compound 10 was prepared in the same way as described
previously’ from 9 (6.82 g, 12.36 mmol), phenol (7.51 g,
79.79 mmol), and HBr (48% aq., 104.5 mL), giving the product
(2.49 g, 83%) as a light brown oil: [a]Z 4+106.5 (¢ 0.76 in CHCL,);
oy (400 MHz, CDCl;) 0.894 (3 H, t, J 7.3), 0.896 (6 H, d, J 6.8),
091 (6 H, d, J 6.8), 1.16-1.45 (4 H, m), 1.50 (2 H, octet, J 6.8),
1.82(4H, brs),2.17-2.27 (1 H,m), 2.22 (2 H, dd, J 12.6 and 10.3),
2.30 (2H, dd, J 12.6 and 3.0), 2.45-2.54 (1 H, m), 2.60-2.68 (2 H,
m); oc (100 MHz, CDCl;) 14.0, 18.7, 18.9, 20.6, 28.0, 31.0, 54.3,
54.6, 56.5.

Compound 11

Compound 11 was prepared analogously to 13 using di-
aminoethane (3, 30 mg, 0.5 mmol), 6 (718 mg, 3 mmol), and
MeOH (2 mL). The precipitate formed was filtered off and rinsed
with MeOH three times to give 11 as a white powder (359 mg,
71%): [a]5 +36.6 (¢ 0.66 in CHCl;); mp 190-191 °C; 6 (400 MHz,
CDCl;)0.70(12H,d,J6.9),0.74 (12 H, d, J 6.9), 1.80 (4 H, dhept,
J 6.9 and 4.0), 2.32-2.50 (10 H, m), 2.38 (12 H, s), 2.74-2.86 (2 H,
m), 3.29-3.39 (4 H, m), 5.67 (4 H, d, J 6.3), 7.25 (8 H, d, J 8.3),
7.80 (8 H, d, J 8.3); 4 (100 MHz, CDCl;) 17.5, 18.0, 21.5, 30.0,
45.8,51.9, 53.6, 56.5, 126.9, 129.4, 139.1, 142.8.

Compound 12

Compound 12 was prepared as described previously’ from 11
(1.01 g, 1.0 mmol), phenol (1.21 g, 12.8 mmol), and HBr (48% aq.,
17 mL), giving the product (343 mg, 86%) as a colorless oil: [a]3
+172.4 (¢ 0.52 in CHCL,); dy (400 MHz, CDCl;) 0.89 (12 H, d,
J 6.8), 0.90 (12 H, d, J 6.8), 1.48 (4 H, octet, J 6.8), 1.5 (8 H,
brs), 2.21 (2 H, dd, J 12.3 and 10.7), 2.33 (2 H, dd, J 12.3 and
2.3),2.37-2.45 (2 H, m), 2.58-2.70 (6 H, m); d (100 MHz, CDCl,)
18.2,19.3, 32.2, 52.8, 53.7, 60.0.

Compound 22

Ligand 22 was synthesized analogously to 23 using 2-
(diphenylphosphino)benzoic acid (19a, 772 mg, 2.52 mmol),
EDC-HCI (483 mg, 2.52 mmol,), HOBt (341 mg, 2.52 mmol),
12 (253 mg, 0.63 mmol), and DMF (11.2 mL). Purification by

chromatography (silica gel, hexane—EtOAc 4 : 1 to hexane-EtOAc
3:1+4 0.25% Et;N and 0.25% MeOH) gave 22 as a white foam
(547 mg, 56%): R; (hexane-EtOAc 3 : 1+ 6% Et;N and 6% MeOH)
0.73; [a]5 —67.4 (¢ 0.26 in CHCL;); mp 115-116 °C; dy (400 MHz,
CDCl;)0.72(12H,d, J 6.8),0.77 (12 H, d, J 6.8), 1.81 (4 H, octet,
J6.8),2.39(2H,dd, J 12.5and 3.9), 2.49-2.61 (2H, m), 2.64-2.76
(2H,m),2.85(4H, appt,J 11.8),4.02-4.15(4H, m), 6.38 (4 H, t,
J7.43),6.55(4H,d,J8.8),6.77(4H,dd, J 6.9 and 3.9), 6.94 (4 H,
t,J7.2),6.99 (8 H,t,J 6.9),7.09( 8 H, t, J 6.8), 7.12-7.27 (28 H,
m); dc (125 MHz, CDCl;) 18.4, 19.3, 30.8, 48.2, 51.6, 55.4, 127.2,
127.3, 128.15-128.25 (multiple signals), 129.4, 133.4, 133.6, 134.0,
134.1, 136.9 (d, J 21.7), 138.3 (d, J 10.5), 138.6 (d, J 14.2), 141.3
(d, J 24.7),169.0; 0, (202 MHz, CDCl;) —8.34 (s); HRMS (FAB+)
caled for CosH,,N4O,P, [M + H] 1553.7148. Found: 1553.7151.

Compound 13

Compound 13 was synthesized in a similar way disclosed
previously? using (1R,2R)-diaminocyclohexane (4, 173 mg,
1.52 mmol), aziridine 6 (731 mg, 3.05 mmol), and MeOH (2.0 mL).
The mixture was exposed to microwave at 160 °C for 75 min. The
solvent was removed and the brown solid obtained was purified
by chromatography (hexane-EtOAc 3 : 1 + 0-1% Et;N and 0-3%
MeOH) to give the product as a yellow foam (578 mg, 63%): R;
(hexane—EtOAc 3 : 1 4+ 1% Et;N and 3% MeOH) 0.13; [a]5 —51.6
(¢ 0. 69 in CHCL,); mp 139-140 °C; Jy (400 MHz, CDCl,) 0.67
(6 H,d,J6.8),0.70 (6 H, d, J 6.8), 1.04-1.23 (4 H, m), 1.65 (2 H,
octet, J 6.8), 1.54-1.74 (4 H, m), 1.88 (2 H, d, J 12.6), 2.17-2.27
(2H, m), 2.40 (6 H, s), 2.57 (2 H, dd, J 11.8 and 7.1), 2.77 (2 H,
dd, J 11.8 and 3.4), 3.12-3.19 (2 H, m), 6.14 (2 H, br s), 7.26
(4H,d,J83),7.78 (4 H, d, J 8.3); 4. (125 MHz, CDCl;) 18.9,
19.0, 21.5, 25.1, 30.3, 31.8, 47.0, 60.15, 60.22, 126.9, 129.4, 139.0,
142.8.

Compound 14

Compound 14 was prepared in the same way described previously®
from 13 (1.40 g, 2.36 mmol), phenol (1.42 g, 15.1 mmol), and HBr
(48% aq., 19.8 mL) giving the product (549 mg, 82%) as a pink
thick oil: [a]? —48.4 (¢ 0.79 in CHCL;); dy (400 MHz, CDCI;) 0.88
(6 H,d,J6.8),0.90 (6 H,d, J 6.8),0.93-1.08 (2 H, m), 1.53-1.78
(4H, m), 1.60 (2 H, dhept, J 6.8 and 5.5),2.00-2.14 (4 H, m), 2.17
(2H,dd,J 11.2and 9.1), 2.46-2.54 (2 H, m), 2.85 (2 H, dd, J 11.2
and 3.5); 6 (100 MHz, CDCl;) 17.8, 19.5, 25.1, 32.1, 32.3, 51.8,
57.5,62.7.

Compound 23

Ligand 23 was synthesized using a modified literature
procedure.® 2-(Diphenylphosphino)benzoic acid (19a, 1.05 g,
3.33 mmol), 1-[3-(dimethylamino)propyl]3-ethylcarbodiimide hy-
drochloride (EDC-HCI) (638 mg, 3.33 mmol), and 1-
hydroxylbenzotriazole hydrate (HOBt) (450 mg, 3.33 mmol) were
stirred in DMF (46 mL) for 30 min at rt. 14 (473 mg, 1.66 mmol)
was added, and the reaction mixture stirred for 24 h. 1 N HCI
(92 mL) was added, and the resulting mixture was extracted with
EtOAc (3 x 90 mL). The combined organic phases were washed
with brine (3 x 90 mL). The solvent was removed in vacuo and the
crude product was purified by chromatography (silica gel, hexane—
EtOAc 3 : 1, + 1-3% Et;N and 2-3% MeOH) to give the 23 as a

548 | Org. Biomol. Chem., 2006, 4, 544-550

This journal is © The Royal Society of Chemistry 2006





white foam (808 mg, 56%): R; (hexane-EtOAc3: 1+ 6% Et;N and
6% MeOH) 0.43; [a]¥ —81.4 (¢ 0.56 in CHCl,); mp 88-90 °C; dy
(400 MHz, CDCl;) 0.77 (6 H, d, J 6.8), 0.81 (6 H, d, J 6.8), 0.83—
094 (2H, m), 1.16 2H, appt, J 10.2), 1.46 (2 H, brs), 1.58-1.71
(2H,m), 1.76 (2 H, octet, J 6.8), 1.91-2.06 (4 H, m), 2.50 (2 H, dd,
J12.3and 5.0),2.67 (2 H, dd, J 12.3 and 4.7), 3.79-3.89 (2 H, m),
6.15(2H,d,J8.8),6.94(2H,dd, J 7.1 and 3.8), 7.18-7.37 (24 H,
m), 7.58 (2 H, dd, J 6.8 and 3.5); d. (125 MHz, CDCl;) 18.4,
19.5, 25.0, 29.2, 31.8, 47.5, 55.2, 62.0, 127.7, 127.8, 128.5, 128.59,
128.60, 128.7,128.8, 128.9, 130.0, 133.6, 133.7, 133.8, 133.9, 134.3,
135.2 (d, J 20.2), 137.1 (d, J 11.2), 137.4 (d, J 12.0), 142.4 (d,
J 27.7), 168.8; J; (202 MHz, CDCl;) —10.4 (s); HRMS (FAB+)
calcd for Cs,H;,N,O,P, [M + H] 861.4426. Found: 861.4412.

Compound 15

Compound 15 was prepared analogously to 13 using (1S5,2S)-
diaminocyclohexane (ent-4, 173 mg, 1.52 mmol), compound 6
(731 mg, 3.05 mmol), and MeOH (2.0 mL). The brown solid
obtained was purified by chromatography (silica gel, hexane—
EtOAc 3 : 1 + 1% Et;N and 2% MeOH) to give the product
as a white-yellowish foam (519 mg, 58%): R; (hexane-EtOAc 3 :
1 + 6% Et;N and 6% MeOH) 0.38; [a]Z +4.5 (¢ 0.67 in CHCL,);
mp 45-46 °C; Jy (400 MHz, CDCl,) 0.64 (6 H, d, J 6.7), 0.75
(6 H,d, J6.7),0.93-1.07 (2 H, m), 1.14-1.23 (2 H, m), 1.56-1.81
(4 H, m), 1.72 (2 H, octet, J 6.7), 1.98 (2 H, d, J 13.1), 2.13-2.22
(2 H, m), 2.40 (6 H, s), 2.59 (2 H, dd, J 12.1 and 3.5), 2.87 (2 H,
dd, J 12.1 and 5.0), 3.01-3.11 (2 H, m), 6.12 (2 H, br s), 7.26
(4 H,d,J83),7.80 (4 H, d, J 8.3); dc (125 MHz, CDCl;) 18.9,
19.4, 21.5, 25.2, 29.8, 31.8, 47.1, 60.0, 61.0, 126.9, 129.5, 138.6,
142.9.

Compound 16

Compound 16 was prepared in the same way described previously®
using compound 15 (1.29 g, 2.17 mmol), phenol (1.32 g,
14.0 mmol), and HBr (48% aq., 18.4 mL), giving the product
(560 mg, 91%) as a clear light yellow oil: [a]Z +115. 9 (¢ 0.73 in
CHC,); oy (400 MHz, CDCl;) 0.88 (6 H, d, J 6.8), 0.90 (6 H, d,
J6.8),0.92-1.04 (2H, m), 1.16-1.25 (2 H, m), 1.39 (6 H, brs), 1.57
(2 H, dhept, J 6.8 and 5.0), 1.64-1.76 (2 H, m), 2.01-2.15 (4 H,
m), 2.46 (2 H, dd, J 12.1 and 9.8), 2.55 (2 H, dd, J 12.1 and 3.5),
2.52-2.60 (2 H, m); o (100 MHz, CDCl;) 17.6, 19.5, 25.1, 31.8,
32.1, 50.9, 56.4, 61.2.

Compound 24

Ligand 24 was synthesized analogously to 23 using 2-
(diphenylphosphino)benzoic acid (19a, 472 mg, 1.54 mmol),
EDC-HCI (295 mg, 1.54 mmol,), HOBt (208 mg, 1.54 mmol),
16 (218 mg, 0.77 mmol), and 19 mL DMF. Purified by chromatog-
raphy (silica gel, hexane-EtOAc 3 : 1 + 1-6% Et;N and 2-6%
MeOH) to give 24 as a white foam (309 mg, 47%): R; (hexane—
EtOAc 3 : 1 + 6% Et;N and 6% MeOH) 0.24; [a]? —6.8 (c 0.30
in CHCl;); mp 81-82 °C; dy4 (400 MHz, CDCl;) 0.69 (6 H, d,
J 6.8),0.78 (6 H, d, J 6.8), 0.80-0.91 (2 H, m), 1.18 (2 H, app t,
J 10.2), 1.52-1.81 (4 H, m), 1.75 (2 H, octet, J 6.8), 1.99 (2 H,
d, J 12.8), 2.08-2.18 (2 H, m), 2.43 (2 H, dd, J 12.4 and 5.0),
2.30 (2 H, dd, J 12.4 and 6.7), 3.84-3.95 (2 H, m), 6.11 (2 H,
d, J 8.8), 6.89-6.97 (2 H, m), 7.15-7.37 (24 H, m), 7.53-7.61

(2 H, m); ¢ (125 MHz, CDCL,) 17.8, 19.4, 24.9, 29.4, 31.4, 47.5,
54.8, 61.2, 127.82, 127.86, 128.50, 128.55, 128.60, 128.65, 128.73,
128.81, 130.0, 133.70, 133.74, 133.86, 133.89, 134.32, 135.5 (d,
J21.1), 137.2(d, J 11.5), 137.4 (d, J 11.5), 143.4 (d, 25.9), 168.9;
Jp (202 MHz, CDCL,) —9.98 (s).

Compound 17

Compound 17 was prepared analogously to 13 using TREN (5,
48.3 mg, 0.33 mmol), 6 (718 mg, 3 mmol), and MeOH (2 mL). The
crude product was purified by chromatography (silica gel, hexane—
EtOAc4:1tohexane-EtOAc3: 1+ 3-6% Et;N and 3-6% MeOH)
to give 17 as a white foam (370 mg, 95%): R; (hexane-EtOAc3: 1+
6% Et;N and 6% MeOH) 0.10; [a]? +34.5 (¢ 1.49 in CHCL;); mp
85-87 °C; 6y (400 MHz, CDCl;) 0.71 (18 H, d, J 6.9), 0.74 (18 H,
d, J 6.9), 1.85 (6 H, dhept, J 6.9 and 3.7), 2.33 (6 H, dd, J 13.5
and 4.1), 2.37 (18 H, s), 2.40-2.47 (3 H, m), 2.44 (6 H, dd, J 13.5
and 10.2), 2.47-2.57 (6 H, m), 2.72-2.86 (3 H, m), 3.29-3.40 (6 H,
m), 5.81 (6 H, brs), 7.23 (12 H, d, J 8.2), 7.77 (12 H, d, J 8.2);
Jc (125 MHz, CDCl;) 17.2, 18.1, 21.5, 30.0, 51.5, 51.7, 53.2, 56.1,
127.0, 129.4, 139.0, 142.7.

Compound 18

Compound 18 was prepared in the same way described previously®
using compound 17 (1.84 g, 1.16 mmol), phenol (2.11 g,
22.4 mmol), and HBr (48% aq., 30 mL), giving the product
(663 mg, 87%) as a whitish semisolid: [¢]¥ +155.0 (0.40 in MeOH);
Ju (400 MHz, CDCl;) 0.89 (18 H, d, J 6.8), 0.90 (18 H, d, J 6.8),
1.48 (6 H, octet, J 6.8), 1.5 (12 H, brs), 2.20 (6 H, dd, J 12.5 and
10.3),2.35(6 H, dd, J 12.5 and 2.8), 2.29-2.41 (3 H, m), 2.47-2.59
(6 H, m), 2.59-2.68 (9 H, m); . (100 MHz, CDCl;) 18.3, 19.4,
32.2,53.1, 53.4, 53.8, 60.2.

Compound 25

Ligand 25 was synthesized analogously to 23 using 2-
(diphenylphosphino)benzoic acid (19a, 184 mg, 0.6 mmol),
EDC-HCI (115 mg, 0.6 mmol,), HOBt (81 mg, 0.6 mmol), 18
(66 mg, 0.1 mmol), and 2.8 mL DMEF. The purification by
chromatography (silica gel, hexane-EtOAc 3 : 1 + 0.5% Et;N and
0.5% MeOH) gave 25 as a white foam (56 mg, 24%): R; (hexane—
EtOAc 3 : 1+ 6% Et;N and 6% MeOH) 0.71; [a]; —190.5(0.23 in
CH,Cl,); mp 127.3-129.5 °C; éy4 (400 MHz, CDCl;) 0.67 (18 H,
d,J6.8),0.71 (18 H, d, J 6.8), 1.50-1.63 (6 H, m), 2.02-2.14 (3 H,
m), 2.27 (6 H, dd, J 12.5 and 3.4), 2.37-2.49 (3 H, m), 2.58-2.70
(6 H,m),2.82 (6 H,appt,J 11.7),3.92-4.04 (6 H, m), 6.29 (6 H, t,
J7.4),6.75(6H,dd,J7.3and 4.0),6.89 (12H,t,J7.2),6.98 (12 H,
t,J 7.7),7.05 (12 H, t, J 7.2), 7.13-7.29 (42 H, m); d (100 MHz,
CDCl,) 18.9, 19.2, 30.2, 51.9, 52.7, 53.3, 56.1, 127.42, 127.45,
128.0, 128.1, 128.23-128.32 (multiple signals), 129.1, 133.6, 133.8,
133.9,134.1,134.3,136.9(d, J 22.4), 138.2 (app t, J 14.2 and 12.7),
141.3 (d, J 22.4), 169.0; 6, (202 MHz, CDCl;) —8.0 (s); HRMS
(FAB+) calcd for C,50H,,,N;,OsPs [M + H] 2386.1183. Found:
2386.1196.

Compound 26

Under nitrogen atmosphere, 8 (0.5 mmol, 0.136 g) and
diphenylphosphine benzaldehyde 19b (1.55 mmol, 0.5 g) were
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dissolved in a solution of anhydrous CH,Cl,—~CH;OH (1 : 3)
(100 mL). The homogeneous solution was stirred at room
temperature for 72 h. The solvents were then evaporated under
vacuum until a yellow precipitate appeared. This was filtered,
washed with cold methanol to yield 26 (60%) as a yellow solid:
[a]Z —44.5 (¢ 0.49 in CHCL); dy (400 MHz, CDCL,) 0.54 (9 H,
d, J 6.8),0.62 (9 H, d, J 6.8), 1.57-1.71 (3 H, m), 2.28 (3 H, dd,
J13.5and 7.4),2.42 (3 H, dd, J 13.5and 4.5), 2.88-2.99 (3 H, m),
6.80-6.88 (3 H, m), 7.17-7.31 (36 H, m), 7.42-7.47 (3 H, m), 8.51
(3 H,d, J4.3); - (100 MHz, CDCl;) 17.7, 20.1, 30.6, 59.2, 75.2,
128.3-128.5 (multiple signals), 129.11, 129.14, 129.4, 133.5, 133.8,
133.99, 134.04,134.2, 137.1 (d, J 21.7), 137.6 (d, J 9.8), 137.8 (d,
J11.9), 139.8 (d, J 17.2), 158.7 (d, J 14.9); 5 (202 MHz, CDCl;)
—11.0.

(S,S,S)-Tris|2-(2'-diphenylphosphinobenzamino)-3-
methylbutyl]amine (27)

NaBH, (3.3 mmol, 0.125 g) was added in two portions to
phosphine imine ligand 26 (1 mmol, 1.09 g) in anhydrous CH,Cl,—
CH,;OH (1 : 2) (20 mL). After stirring overnight at room tem-
perature, diethyl ether (20 mL) and saturated aqueous NaHCO;
were added. The aqueous phase was extracted with diethyl ether.
The combined organic phases were dried over MgSO, and the
solvents were evaporated. A pale yellow solid corresponding to the
amine ligand was obtained in 70%: [a]% +5.4 (¢ 0.26 in CHCL,); 0y
(400 MHz, CDCl;) 0.65 (9 H, d, J 6.9), 0.71 9 H, d, J 6.9), 1.67
(3H,sbr), 1.7-1.87 (3 H, m), 2.16 (3 H, dd, J 12.8 and 5.0), 2.25
(3 H,dd, J 12.8 and 7.8), 2.38-2.47 (3 H, m), 3.86 (6 H, s), 6.74—
6.81 (3 H, m), 6.98-7.11 (6 H, m), 7.13-7.30 (3 H, m), 7.40-7.45
(30 H, m); éc (100 MHz, CDCl;) 17.6, 17.8, 28.1, 50.2, 50.5,
56.2, 60.0, 126.7, 128.4-128.5 (multiple signals), 128.76, 128.81,
128.9, 133.2, 133.7, 133.8, 133.92, 133.98, 135.1 (d, J 13.6), 137.0
(d, J 11.2), 137.2 (d, J 11.2), 145.6 (d, J 23.2); Jp (202 MHz,
CDCl;) —14.8.

Typical procedure for catalytic asymmetric allylic alkylation

Allylic alkylation followed Trost’s procedure with a slight
modification. DCM (0.5 mL) was added to a flask charged with
allylic palladium chloride dimer (4.2 pumol, 1.5 mg) and ligand
22 (6.3 pmol, 9.6 mg). The mixture was stirred for 5 min at rt
before methyl 3-cyclohexenyl carbonate (29, 0.165 mmol, 26 mg)
was added; 2.5 mL DCM was added to another flask charged
with sodium hydride (0.5 mmol, 12 mg) and THAB (0.52 mmol,
225 mg). Then dimethyl malonate (0.6 mmol, 81 mg) was added

dropwise to generate a solution of tetrahexylammonium dimethyl
malonate. The catalytic solution was added to it at once. The
reaction was monitored by GC-MS. The enantiomeric excess was
determined by HPLC (31: 0.25% "PrOH in hexane, 0.5 mL min~!,
Chiralcel OD-H, wavelength: 220 nm, #; = 28.3 min, 5 =
29.8 min, rt).

The same procedure was used for ethyl 3-cyclopentenyl carbon-
ate (30) except the enantiomeric excess was determined by the

combination of optical rotation data’® and '"H NMR chiral shift
study (32).1
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Using Vorbriiggen’s protocol, reaction of persilylated uracil with xylofuranose derivatives having
3B-oxy-3a-alkyl substitution produced both o- and -nucleosides. Only the B-nucleosides were formed
from substrates having the reverse stereochemistry at C-3 or lacking the 3-alkyl substituent.
Participation of the 3B-oxy substituent in stabilizing the incipient C-1 carbonium ion (or oxonium ion)
intermediate has been suggested from analysis of energy-minimized conformations.

Introduction

Since the discovery of human immunodeficiency virus (HIV), the
causative agent for acquired immunodefiency syndrome (AIDS),
there has been intense research for identifying HIV inhibitors,
among which nucleoside analogues remain in the forefront. At
present acyclovir' and ganciclovir® are used clinically for the
treatment of herpes simplex virus (HSV), while AZT,?* ddC,*
ddI,® d4T,* (—)-3TC” and avacavir® have been approved as drugs
for AIDS and AIDS-related diseases. However, the toxicity of
these drugs on prolonged use has emerged as a major concern.
Thus, in search of more effective inhibitors against HIV, various
alterations have been made in the carbohydrate moiety of the
naturally occurring nucleosides.

Virtually all nucleoside inhibitors (NIs) of virally encoded
polymerases described thus far elicit their effect through ‘chain
termination’. In order for a nucleoside triphosphate (NTP) to
effect chain termination, it would need to serve initially as a
substrate for the virus polymerase, leading to its incorporation
and subsequent translocation within the active site in preparation
for extension of the growing RNA chain. Secondly, the NTP
would need to encompass one or more structural elements that
would cause ‘chain termination’ or significantly impede further
elongation of the RNA chain. Structural elements that influence
the 3'-position sterically or electronically would be expected to
affect elongation efficiency because of the fact that the 3'-hydroxyl
group participates directly in phosphodiester formation as part
of the elongation process. Thus, nucleosides carrying a 3-alkyl-
3-OH sugar rather than a 3-deoxy one could prove more useful.
A bulky alkyl group at C-3' will occupy more space affecting the
conformation of the furanose ring, and the product would be
expected to play a different role in biochemical reactions. A survey
of the literature’ reveals that the synthetic C-2'f-methyl-C-2'a-
OH and C-3'B-methyl-C-3'a-OH nucleosides show the ability to
inhibit the growth of many virus cells.’ However, to the best of our
knowledge, nucleosides with a-methyl and B-OH at either C-2' or
C-3 are yet to be reported. The present communication will focus
on the synthesis of C-3a-alkyl-3'B-OH substituted nucleoside
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analogues starting from D-glucose. The role of the tertiary hydroxy
group at the quaternary carbon (C-3') to trigger the formation of
a-nucleosides will also be demonstrated.

Results and discussion

Since 1,2:5,6-di-O-isopropylidene-a-D-ribo-hexofuran-3-ulose (1)
can be easily converted to the 3,3-epoxymethylene derivative 2,
we envisioned a strategy involving its elaboration into a variety
of derivatives with 3a-alkyl substitution through nucleophilic
opening of the epoxide ring. The reaction sequence for the
synthesis of 2 included Wittig reaction of 1 with methylene
triphenylphosphorane and stereoselective epoxidation of the dou-
ble bond using a peracid. We initially decided to generate o-
methyl substitution at C-3 for obtaining the precursor towards
nucleoside synthesis. For this, the epoxide ring in 2 was opened
up by treatment with lithium aluminium hydride in refluxing
diethyl ether to afford C-3 methyl-1,2:5,6-di-O-isopropylidene-
a-D-glucofuranose (3) in 70% yield. Selective removal of the
5,6-acetonide functionality from 3 by treatment with dilute
HOACc (Scheme 1) and subsequent sodium metaperiodate cleavage
followed by reduction with sodium borohydride furnished 4.
Deprotection of the 1,2-hydroxy groups with 4% H,SO, in aqueous
acetonitrile and acetylation thereafter with Ac,O/Py in presence
of 4-dimethylaminopyridine (cat. amount) furnished an anomeric
mixture of peracetylated furanose derivatives 5. Introduction of
a uracil moiety at C-1 of 5 could be smoothly effected under
Vorbriiggen glycosidation™ conditions using persilylated uracil
and TMS-OTT as the Lewis acid, affording a mixture of 6 and 7
in the ratio of 1 : 2 with a combined yield of 70%.

A distinction between o- and B-nucleosides could be made on the
basis of the chemical shift of the H-4' signal, which was observed
at ¢ 540 (dd, J = 6.0, 10.0 Hz) for 6 and at ¢ 6.45 (dd, J =
6.0, 10.8 Hz) for 7 in their '"H NMR spectra taken in pyridine-ds.
Reports in the literature'*¢ reveal that the H-4' signal of the o-
anomer resonates more downfield than the f-anomer, suggesting
6 as the B-nucleoside and 7 as the o-isomer.

We next decided to open the epoxide ring through nucleophilic
attack by azide followed by functional group manipulation to
generate appropriate substrates for nucleoside synthesis. Thus,
treatment of 2 with sodium azide in dry DMF at 60 °C furnished
(Scheme 2) a mixture of the C-3 azidomethyl derivative 8 (42%)
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Scheme 1  Reagents: i, LiAIH,, dry diethyl ether; ii, dil. HOAGc; iii, NalQ,,
aq. MeOH; iv, NaBH,; v, 4% H,SO,, aq. CH;CN; vi, Py/Ac,0/DMAP;
vii, 2,4-bis(trimethylsilyloxy)pyrimidine, TMS-OTf, CH;CN.

Scheme 2 Reagents and conditions: i, NaN;, DMF, 60 °C or 100 °C.

and the pseudo-dimeric compound 9 (28%), which were separated
and purified by column chromatography. The yields of the two
products were almost reversed when the reaction was carried out
at 100 °C. The formation of the dimeric compound 9 could be
explained by assuming that the alkoxide ion generated at C-3 after
the nucleophilic attack of the azide group on the epoxide reacted
in tandem with a second molecule of the epoxide.

Selective removal of the 5,6-O-isopropylidene group of 8 fol-
lowed by vicinal diol cleavage and reduction of the generated alde-
hyde produced 10, which was treated with acid to deprotect the 1,2-
hydroxyl groups (Scheme 3). Acetylation thereafter with Ac,0/Py
at room temperature yielded 11 (as an anomeric mixture).
However, acetylation in the presence of 4-dimethylaminopyridine
(cat. amount) furnished a mixture of peracetylated furanose
derivatives 12.

Introduction of a uracil moiety at C-1 of 11 and 12 under
Vorbriiggen glycosidation conditions afforded a mixture of 13

HO o AcO o
g ki H Qv HbMOAC
— Ho=— 1, T
H ’OX

HO": “OAc
Ny~ 10 NG~ 11

AcO 0
Hw wOAC

AcO” : ‘OAc
N3~ 12

Scheme 3 Reagents: i, dil. HOAc; ii, NalO,, aq. MeOH; iii, NaBH,
MeOH; iv, H,SO, (4%), CH;CN-H,O; v, Py/Ac,0; vi, Py/Ac,O/DMAP.

(30%) and 14 (32%) from 11 and a mixture of 15 (15%) and 16
(48%) from 12 (Scheme 4). The appearance of the H-4' signal at 0
5.06 (partly merged) in the '"H NMR spectrum of 14 and at J 4.41
in the spectrum of 13 identified them as the a- and B-nucleosides
respectively based on literature precedence. Similar differences
were also observed in the '"H NMR spectra of the nucleosides
15 and 16 (H-4' signal of 15 and 16 at 6 4.52 and 6.08 respectively).

Scheme 4 Reagents and conditions: 1,
pyrimidine, TMS-OTf, CH;CN, reflux, 4 h, N,.

2,4-bis(trimethylsilyloxy)-

We then focused our attention on the synthesis of a nucleoside
with C-3p alkyl groups to compare the result with that observed
in the 3o-alkyl series. Thus, Grignard reaction of 1,2:5,6-di-
O-isopropylidene-o-D-ribo-hexofuran-3-ulose 1 (Scheme 5) with
methyl magnesium iodide in dry diethyl ether furnished 17.7
Proceeding from 17 and following similar reaction sequence as
described in Scheme 1 afforded 18, which upon conversion to the
nucleoside afforded only 19.

To test whether the 3-alkyl group has any role in directing
a-nucleoside formation, we submitted the D-glucose derived
tetraacetylated product 20 to the same nucleosidation conditions.
In this case also, only the B-nucleoside 21 was formed (Scheme 6)
to the exclusion of the a-nucleoside.

From mechanistic considerations, it is accepted that the in-
volvement of the 20-OAc substituent results in the formation of
a dioxolanium ion intermediate (Fig. 1), which ensures selective
formation of a B-nucleoside (viz. 13 or 15 from 11 or 12). However,
the 38-OH group present in 11 or the 3f-OAc in 12 might help

552 | Org. Biomol. Chem., 2006, 4, 551-557

This journal is © The Royal Society of Chemistry 2006





OI::.&O 5
|||O e B
/ Xref 17 >j )(
K Mz
(0] [3 BH O
1 17
o} ‘
i-iii
‘ NH
AcO o N/go HO 0
o iv-vi e o
/- N Me™ = iy,
EN o 0
Me BAG OAc OH
19 18

Scheme 5 Reagents: i, dil. HOAc; ii, NalO,, aq. MeOH; iii,
NaBH,, MeOH; iv, 4% H,SO,, aq. CH;CN; v, Ac,0/Py/DMAP; vi,
2.,4-bis(trimethylsilyloxy)pyrimidine, TMS-OTf.

Diacetone-D-glucose

i-v as used
in Scheme 3 NH

AcO

E—

H

oy
AcO OAc

20 21

Scheme 6 Reagents and conditions: vi, 2,4-bis(trimethylsilyloxy)-
pyrimidine, TMS-OTf, CH;CN, reflux, 4 h, N,.

AcO Nu

R = H, SiMes

Fig. 1 B-Nucleoside formation through 2a-acetoxy participation.

to form other intermediates (Fig. 2 or 3), which could furnish
the a-nucleoside 14 or 16. With 11, it is even possible that the 3-
OSiMe; derivative is formed as the intermediate, carrying higher
electron density on the oxygen atom to stabilize the carbonium ion.
N-Glycosidation in the case of 20 must have occurred through
the participation of the 2-OAc group only (Fig. 1), leading to
the formation of the single product; the absence of an a-alkyl
substituent at C-3 prevented the formation of a favorable sugar
conformation to generate the proposed intermediate for an o-
nucleoside.

In order to secure evidence to substantiate the above proposi-
tion, we carried out molecular modeling studies. This revealed that
in the energy-minimized conformation'® (using MM2 followed by
MD) of the C-1 carbonium ion (or oxonium ion) intermediate,

R = H, SiMe,

Fig. 2 o-Nucleoside formation through 3f-hydroxy/silyloxy parti-
cipation.

Fig.3 Formation of a-nucleoside through 3B-acetoxy participation.

the distance between C-1 and the tertiary 3p-OH or 38-OSiMe;
or 3B-acetoxy carbonyl lies in the range of 2.6-3.0 A, almost the
same as the distance from the 20-OAc. It is therefore considered
sufficiently close for the formation of non-isolable intermediates,
leading to a-nucleoside formation. However, this distance is greatly
increased (to ~4.8 A) in the case of the tertiary 3¢-OAc and
also the secondary 3B-OAc substituent, preventing any anchimeric
assistance.

Conclusion

In conclusion, this study describes a convergent approach in
which o- and B-nucleosides with C-3'a-alkyl-3'-OH substitution
can be synthesized from D-glucose derived starting materials.
The role of tertiary 38-OR (R = H, Ac, SiMe;) groups in the
formation of a-nucleosides under Vorbriiggen conditions has been
demonstrated. The results may be extended to other systems
particularly those with 2-deoxy-3B-OH/OR-3a-alkyl substituents,
yielding a-nucleosides in preference to the mixture of a- and -
nucleosides. These nucleosides could be potential antiviral agents
and also used in the synthesis of unnatural oligonucleotides.

Experimental
General

Melting points were taken in open capillaries and are uncorrected.
'H and "C NMR spectra were recorded in CDCIl; or CsD;N as
solvents using TMS as internal standard. Mass spectra (EIMS or
FABMS or ESIMS) of the compounds were taken on JEOL AX-
500 and Micromass Q-Tof Micro spectrometers. Specific rotations
were measured at 589 nm. HPLC was performed on a u Bondapak
Cjs column (7.8 x 300 mm). Flash chromatography was carried
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out on LiChroprep® RP-18. All the solvents including petroleum
ether (60-80 °C) were distilled and purified as necessary.

Syntheses

(3aR,5R,6S,6aR)-5-[(4R)-2,2-Dimethyl[1,3]dioxolan-4-yl]-2,2,6-
trimethyl tetrahydrofuro[2,3-d][1,3]dioxol-6-0l (3). A solution of
the epoxide 2 (1.08 g, 4.0 mmol) dissolved in dry diethyl ether
(30 mL) was added drop-wise to a stirring mixture of LiAlH,
(100 mg) in dry ether (20 mL) under N, and the mixture was
heated at reflux for 1 h. It was cooled and excess LiAIH, was
decomposed by the addition of NH,CIl solution (saturated).
The mixture was filtered and the ether layer was separated.
It was washed with brine (2 x 5 mL), dried, and the solvent
was evaporated. The crude residue was purified by column
chromatography on silica gel using EtOAc—petroleum ether (1 :
19) as eluent to afford 3 (762 mg, 70%). Mp 67 °C (lit."> mp
66-67 °C), '"H NMR (CDCl;, 300 MHz): § 1.33 (s, 3H), 1.36 (s,
3H), 1.44 (s, 3H), 1.47 (s, 3H), 1.52 (s, 3H), 3.81 (d, 1H, J =
7.5 Hz), 4.00 (dd, 1H, J = 5.4, 8.7 Hz), 4.14 (dd, 1H, J = 6.6,
9.0 Hz), 4.24 (d, 1H, J = 3.3 Hz), 4.27 (m, 1H), 5.86 (d, 1H, J =
3.3 Hz). ESIMS, m/z: 297 (M + Na)*.

(3aR,5R,6S,6aR)-5-Hydroxymethyl-2,2,6-trimethyl tetrahydro-
furo[2,3-d][1,3]dioxol-6-0l (4). Compound 3 (1.10 g, 4.0 mmol)
was dissolved in HOAc-H,O (3 : 1) mixture (30 mL) and the
solution was stirred at room temperature for 12 h. Evaporation
of the solvent in vacuo followed by removal of the last traces
of HOAc azeotropically furnished a gummy residue (after drying
over P,Os). The residue (750 mg) was dissolved in CH;OH (20 mL),
the solution was cooled to 10 °C, an aqueous solution (10 mL)
of NalO, (728 mg, 3.4 mmol) was added to it drop-wise, and
the mixture was stirred for 45 min. Usual work up furnished an
aldehyde (IR: v,,,, 1730 cm™"). To a solution of the above aldehyde
(700 mg) dissolved in MeOH (30 mL) at ice cold temperature was
added NaBH, (110 mg) portionwise and the reaction mixture was
stirred at room temperature for 4 h. An aqueous HOAc solution
(50%, 5 mL) was added and the solvent was evaporated under
reduced pressure. The residue was extracted with CHCI; (2 x
25 mL). The extract was washed with water (2 x 20 mL), dried
(Na,SO,) and evaporated to give a crude product. Purification
by column chromatography on silica gel using EtOAc—petroleum
ether (3 : 7) as eluent produced 4 (342 mg, 45%). Thick liquid,
[a]lo® +13.7 (¢ 1.26, CHCL;). IR (neat): v, 3402, 2986, 2937,
1457, 1378, 1217, 1167, 1078, 1007, 875 cm~'. '"H NMR (CDCl,,
300 MHz): 6 1.34 (s, 3H), 1.37 (s, 3H), 1.50 (s, 3H), 2.55 (brs, 2H,
exchangeable), 3.83 (t-like, 1H, J = 2.5 Hz), 3.98 (dd, 1H, J = 2.1,
12.9Hz),4.12(dd, IH, J = 3.1, 12.9 Hz), 4.27 (d, 1H, J = 3.6 Hz),
5.96 (d, 1H, J = 3.6 Hz). *C NMR (CDCl;, 75 MHz): ¢ 18.7
(CH,), 26.2 (CH,), 27.0 (CH;), 59.9 (CH,), 80.6 (C), 81.0 (CH),
86.9 (CH), 104.3 (CH), 112.1 (C). ESIMS, m/z: 227 (M + Na)*.
Anal. Calcd for CoH,Os: C, 52.93; H, 7.90. Found: C, 52.73, H,
7.77%.

(2’R,3' R 4'S.5 R)-1-(5-Acetoxymethyl-3,4-diacetoxy-4-methyl-
tetrahydrofuran-2-yl)-1 H-pyrimidine-2,4-dione (6) and (2'S,3'R,
48,5 R)-1-(5-acetoxymethyl-3,4-diacetoxy-4-methyl-tetrahydro-
furan-2-yl)-1 H-pyrimidine-2,4-dione (7). 1,2-O-Isopropylidene-
3-methyl-D-xylofuranose (4) (270 mg, 1.32 mmol) was dissolved
in 4% H,SO, in CH;CN-H,O (3 : 1) (30 mL) and stirred at

room temperature for 24 h. Evaporation of the solvent gave a
residue, which was acetylated with Py/Ac,O (2 mL/0.5 mL) in
presence of DMAP (catalytic) at 100 °C for 3 h. Usual work
up and purification by column chromatography over silica gel
using EtOAc—petroleum ether (1 : 5) as eluent afforded an
anomeric mixture of tetraacetoxy derivatives (262 mg, 60%) as
a colourless thick oil. To uracil (224 mg, 2.0 mmol) taken in a
dry round bottomed flask fitted with a condenser and a guard
tube containing CaCl, was added hexamethyl disilazane (8 mL)
and TSMCI (4 drops) under N,. The mixture was heated at reflux
for 12 h and the solvent was then evaporated in vacuo to give
a residue. To the residue dissolved in dry CH;CN (4 mL) was
added a solution of the above tetraacetoxy derivatives (220 mg,
0.66 mmol) in CH,;CN (8 mL) followed by TMS-OTf (0.4 mL)
under N,. The mixture was heated at reflux for 4 h. TLC showed
complete disappearance of the starting material. The solution
was neutralized with solid NaHCO;, treated with water (4 drops),
and the solvent was evaporated in a rotary evaporator to give a
gummy material. The material was extracted with CHCl;-MeOH
(97 : 3) mixture (2 x 15 mL); the extract was washed with
brine, dried (Na,SO,), and concentrated. The crude product was
purified by silica gel column chromatography (eluting solvent:
EtOAc—petroleum ether = 3 : 7) to afford a mixture of nucleosides
6 and 7 (180 mg, 70%) as a foamy material. They were separated
by HPLC on Bondapak™ Cs column (7.8 x 300 mm) using a
mixture of H,O-CH;CN (3 : 1) in isocratic mode.

6: mp 94-95 °C, [a]p® +19.0 (¢ 0.26, CHCI;). IR (KBr): vy
3223, 1751, 1697, 1455, 1375, 1221, 1095, 1041 cm™'. '"H NMR
(CsDsN, 300 MHz): 6 1.90 (s, 3H), 2.00 (s, 3H), 2.06 (s, 3H), 2.09
(s, 3H), 4.04-4.16 (m, 2H), 5.40 (dd, 1H, J = 6.0, 10.0 Hz, H-4"),
5.71(d, 1H,J =9.4 Hz, H-2), 5.96 (d, 1H, J = 8.0 Hz, H-5), 6.55
(d,1H,J=9.4Hz H-1'),7.92 (d, 1H, J = 8.0 Hz, H-6), 13.59 (brs,
1H). "C NMR (CDCl;, 75 MHz): § 20.1 (CH,), 20.7 (CH,), 21.0
(CHj;), 22.8 (CH;), 64.1 (CH,), 71.5 (CH), 72.6 (CH), 78.9 (CH),
82.5 (C), 103.8 (CH), 139.7 (CH), 150.7 (C), 162.8 (C), 169.3 (C),
170.3 (C), 170.3 (C). FABMS, m/z: 407 (M + H)*. Anal. Calcd
for C;¢H,N,0,: C, 50.00; H, 5.25; N, 7.29. Found: C, 49.83, H,
5.05, N, 7.00%.

7: mp 74-76 °C, [a]p®® +58.7 (¢ 0.33, CHCL,). IR (KBr): vy
3285, 1750, 1696, 1455, 1375, 1253, 1230, 1028 cm™'. '"H NMR
(CsD;sN, 300 MHz): 6 1.77 (s, 3H), 1.95 (s, 6H), 2.04 (s, 3H), 3.80
(t, 1H,J =11.4Hz, H-5a),4.16 (dd, 1H, J = 6.0, 11.4 Hz, H-5'D),
593 (d, 1H, J = 8.1 Hz, H-5), 6.30 (d, 1H, J = 9.5 Hz, H-2), 6.45
(dd, 1H, J = 6.0, 10.8 Hz, H-4), 6.57 (d, 1H, J = 9.3 Hz, H-1"),
7.74 (d, 1H, J = 8.1 Hz, H-6), 13.59 (s, 1H). "C NMR (CDCl;,
75 MHz): 6 14.1 (CHs;), 20.8 (CHj;), 21.1 (CH;), 22.6 (CHj;), 65.0
(CH,), 68.3 (CH), 69.9 (CH), 80.3 (CH), 83.5 (C), 104.0 (CH),
139.8 (CH), 150.9 (C), 163.0 (C), 169.6 (C), 169.8 (C), 170.7 (C).
FABMS, m/z: 407 (M + H)*. Anal. Calcd for C,;H,N,O,: C,
50.00; H, 5.25; N, 7.29. Found: C, 50.15, H, 5.00, N, 7.18%.

(3aR,5 R,6'S,6'aR)-6-Azidomethyl-5-[(4R)-2,2-dimethyl[1,3]di-
oxolan-4-yl]-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-6-0l (8)
and (3aR,3"aR,SR,5"R,6'S,6”S,6'aR,6”"aR)-6-[6-azidomethyl-5-
[(4R)-2,2-dimethyl[1,3]dioxolan-4-yl]-2,2-dimethyl tetrahydrofuro-
[2,3-d][1,3]dioxol-6-yloxymethyl]-5-[(4’ R)-2,2-dimethyl[1,3]dioxolan-
4'-yl]-2,2-dimethyl tetrahydrofuro|2,3-d][1,3]dioxol-6-0l (9). To
a solution of 2 (200 mg, 0.74 mmol) in dry DMF (5 mL) was
added NaNj (143 mg, 2.2 mmol) and the mixture was heated
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at 60 °C for 4 h. The solvent was removed in vacuo to yield
a gummy residue, which was extracted with CHCI; (30 mL).
The CHCI; solution was washed with water (2 x 10 mL), dried
(Na,S0,) and evaporated to give a crude material. The product
was purified by column chromatography on silica gel. Elution
with EtOAc—petroleum ether (3 : 22) and EtOAc—petroleum ether
(7 : 43) furnished 8 (67 mg, 42%) and 9 (84 mg, 28%) respectively.
However, the same reaction carried out at 100 °C afforded 8
(41 mg, 30%) and 9 (120 mg, 40%).

8: liquid, [a]p®® +28.9 (¢ 1.1, CHCI,). IR (neat): v,,, 3447, 2105,
1560, 1377, 1217, 1072, 1002 cm~'. '"H NMR (CDCl;, 300 MHz):
0 1.35 (s, 6H), 1.42 (s, 3H), 1.53 (s, 3H), 2.45 (brs, 1H), 3.70 (brd,
1H, J = 12.6 Hz), 3.76 (brd, 1H, J = 12.3 Hz), 3.99 (dd, 1H, J =
4.8, 8.7 Hz), 4.13 (dd, 1H, J = 6.4, 8.7 Hz), 4.31 (m, 1H), 4.40
(d, 1H, J = 3.3 Hz), 5.88 (d, 1H, J = 3.3 Hz). "C NMR (CDCl;,
75 MHz): 6 24.9 (CH,), 26.3 (CHj;), 26.6 (CH;), 26.9 (CHs), 53.0
(CH,), 67.4 (CH,), 72.2 (CH), 81.0 (CH), 81.8 (C), 85.2 (CH),
104.4 (CH), 109.5 (C), 112.7 (C). ESIMS, m/z: 338 (M + Na)*.
Anal. Calcd for C;H, N;Oq: C, 49.52; H, 6.71; N, 13.33. Found:
C, 49.38, H, 6.52; N, 13.05%.

9: sticky material, [a],® +23.9 (¢ 0.91, CHCI;). IR (Neat): vy
3471, 2105, 1465, 1376, 1216, 1164, 1072, 1000, 847 cm~' '"H NMR
(CDCl;, 300 MHz): § 1.33 (s, 3H), 1.35 (s, 6H), 1.37 (s, 3H), 1.42
(s, 6H), 1.52 (s, 3H), 1.54 (s, 3H), 3.59 (d, 1 H, J = 13.5 Hz), 3.76
(2 x dd, 2 x 1H, J = 3.0, 8.1 Hz), 3.90 (d, 1H, J = 13.5 Hz),
3.93-3.98 (m, 2H), 4.02 (dd, 1H, J = 4.9, 8.8 Hz), 4.09-4.14 (m,
3H), 4.34-4.38 (m, 2H), 4.41 (d, 1H, J = 3.2 Hz), 4.72 (d, 1H, J =
3.5 Hz), 5.86 (t-like, 2H, J ~ 3.0 Hz). *C NMR (CDCl;, 75 MHz):
025.5(CH;), 25.6 (CH;), 26.8 (CH;), 26.9 (CH;), 27.1 (CH;), 27.2
(CH;), 27.3(CH,;), 27.7 (CH;), 51.9 (CH,), 64.4 (CH,), 67.9 (CH,),
68.4 (CH,), 72.5 (CH), 73.0 (CH), 81.0 (CH), 81.5(C), 83.2 (CH),
83.5(CH), 85.6 (CH), 87.5 (C), 105.0 (CH), 105.3 (CH), 109.6 (C),
109.9 (C), 113.0(2 x C). ESIMS, m/z: 610 (M+ Na)*. Anal. Calcd
for C,sH, N;O,,: C, 53.14; H, 7.03; N, 7.15. Found: C, 52.87, H,
7.05; N, 6.90%.

(3aR,55,6S,6aR)-6-Azidomethyl-5-hydroxymethyl-2,2-dimethyl-
tetrahydrofuro|2,3-d][1,3]dioxol-6-0l (10). Compound 8 (300 mg,
0.95 mmol) was converted to a crude aldehyde (150 mg) (IR:
Vmax 3424, 2106, 1732, 1633, 1379, 1220, 1165, 1074, 998 cm™)
following the procedure described earlier (in the preparation of 4)
using (i) HOAc-H,O (3 : 1) mixture (10 mL) and (ii) an aqueous
solution (5 mL) of NalO, (155 mg, 0.73 mmol). The above
aldehyde dissolved in MeOH (10 mL) at ice cold temperature
was treated with NaBH, (25 mg) portionwise. Stirring at room
temperature for 4 h followed by usual work-up and purification
by column chromatography on silica gel using EtOAc—petroleum
ether (3 : 7) as eluent produced 10 (97 mg, 41%). 10: thick liquid,
[a]lo® +52.9 (¢ 0.99, CHCL). IR (neat): v, 3413, 2105, 1438,
1378, 1218, 1073, 1000, 875 cm~'. '"H NMR (CDCl;, 300 MHz):
0 1.34 (s, 3H), 1.50 (s, 3H), 3.46 (d, 1H, J = 12.7 Hz), 3.64 (d,
1H, J = 12.7 Hz), 3.90 (t, 1H, J = 2.5 Hz), 4.12 (m, 2H), 4.40
(d, 1H, J = 3.6 Hz), 5.98 (d, 1H, J = 3.6 Hz). *C NMR (CDCl;,
75 MHz): § 26.2 (CHj;), 26.8 (CHj;), 53.2 (CH,), 60.9 (CH,), 79.2
(CH), 82.9 (C), 85.4 (CH), 104.3 (CH), 112.7 (C). ESIMS: m/z:
268 (M+ Na)*. Anal. Calcd for CoH5sN;O;s: C, 44.08; H, 6.17; N,
17.13. Found: C, 43.95, H, 6.03; N, 16.90%.

(2’R,3' R 4'S,5 R)-1-(3-Acetoxy-5-acetoxymethyl-4-azidomethyl-
4-trimethylsilanyloxy-tetrahydrofuran-2-yl)-1H -pyrimidine-2,4-

dione (13) and (2'S,3'R.4'S,5 R)-1-(3-acetoxy-5-acetoxymethyl-
4-azidomethyl-4- trimethylsilanyloxy - tetrahydrofuran-2-yl)-1H -
pyrimidine-2,4-dione (14). Following the procedure described
earlier (in the preparation of 6 and 7), the compound 10 (150 mg,
0.61 mmol) was converted to the anomeric mixture of azidomethyl
furanose-triacetate 11 (108 mg, 53%) through treatment with
4% H,SO, in CH;CN-H,0 (3 : 1) followed by acetylation
using a mixture of pyridine (2 mL) and Ac,0O (0.5 mL) at room
temperature overnight. When the above acetylation was carried
out at 100 °C using a catalytic amount of DMAP, it furnished
the tetraacetoxy azidomethyl furanose derivative 12 (55% yield
from 8). A solution of 11 (55 mg, 0.17 mmol) in CH;CN (3 mL)
was added to a solution of 2.4-bistrimethylsilyloxypyrimidine
[prepared from uracil (56 mg, 0.5 mmol), hexamethyl disilazane
(2 mL) and TMSCI (1 drop)] in CH;CN (2 mL) in presence of
TMS-OTTf (0.1 mL) and the solution was heated at reflux for 4 h
under N,. Usual work up (described under the preparation of
6 and 7) and purification by silica gel column chromatography
[eluting solvent: EtOAc—petroleum ether (3 : 7)] furnished 13
(23 mg, 30%) and 14 (25 mg, 32%).

13: sticky material, [a],* +14.1 (¢ 0.56 CHCI,;) IR (neat): vy,
3368, 1748, 1694, 1456, 1222, 1053, 846, 757 cm~'. '"H NMR
(CDCl;, 300 MHz): 6 0.20 (s, 9H), 2.13 (s, 3H), 2.19 (s, 3H),
3.62(d, 1H,J =13.0 Hz), 3.73 (d, 1H, J = 13.0 Hz), 4.24 (dd, 1H,
J =3.8, 6.5 Hz), 432 (dd, 1H, J = 6.5, 11.9 Hz), 441 (dd, 1H,
J =3.8,11.9 Hz), 5.19 (d, 1H, J = 2.4 Hz), 5.76 (brd, 1H, J =
7.9 Hz), 5.88 (d, 1H, J = 2.4 Hz), 7.64 (d, 1H, J = 8.1 Hz), 8.40
(brs, 1H). *C NMR (CDCl;, 75 MHz): 6 2.32 (3 x CHj), 21.09
(CH,), 21.22 (CH,), 53.4 (CH,), 62.8 (CH,), 81.8 (CH), 82.5 (O),
83.0 (CH), 89.2 (CH), 102.9 (CH), 140.1 (CH), 150.5 (C), 163.4
(C), 169.3 (C), 170.9 (C). ESIMS (m/z): 478 (M + Na)*. Anal.
Calcd for C,;H,sN;O4Si: C, 44.83; H, 5.53; N, 15.38. Found: C,
44.95, H, 5.38; N, 15.09%.

14: sticky material, [a]p® +23.6 (¢ 0.49, CHCI;). IR (KBr): vy
3362, 1752, 1696, 1455, 1375, 1218, 1081, 844 cm~'. '"H NMR
(CDCl;, 300 MHz): 6 0.12 (s, 9H), 2.10 (s, 3H), 2.18 (s, 3H), 3.75~
3.87 (m, 3H), 4.14 (dd, 1H, J = 6.0, 11.0 Hz), 5.06 (partially
merged signal, 1H), 5.10 (d, 1H, J = 9.7 Hz), 5.79 (brd, 1H, J =
7.7Hz), 6.18 (d, 1H, J =9.7 Hz), 7.35 (d, 1H, J = 8.1 Hz), 8.44 (s,
1H). "C NMR (CDCl;, 75 MHz): § 2.31 (3 x CH;), 20.9 (CH,),
21.3(CH,), 51.4(CH,), 64.6 (CH,), 73.6 (CH), 74.7 (CH), 77.3 (C,
merged under solvent peak), 79.7 (CH), 103.7 (CH), 139.7 (CH),
150.7 (C), 163.1 (C), 169.7 (C), 170.0 (C). ESIMS, m/z: 478 (M +
Na)*. Anal. Calcd for C;H,sN;O4Si: C, 44.83; H, 5.53; N, 15.38.
Found: C, 44.55, H, 5.47; N, 15.15%.

(2R3 R4'S,5 R)-1-(5-Acetoxymethyl-4-azidomethyl-3,4-diacet-
oxy - tetrahydrofuran-2-yl)-1H -pyrimidine-2,4-dione (15) and
(28,3 R.4'S,5 R)-1-(5-acetoxymethyl-4-azidomethyl-3,4-diacetoxy-
tetrahydrofuran-2-yl)-1 H-pyrimidine-2,4-dione (16). Compound
12 (60 mg, 0.16 mmol)) furnished the nucleosides 15 (11 mg, 15%)
and 16 (35 mg, 48%) as foamy solids adopting the procedure
described above.

15: mp 105-106 °C (decomp.), [a]p? +19.7 (¢ 0.37, CHCL,).
IR (Neat): vy, 3352, 2112, 1747, 1695, 1456, 1374, 1223, 1050,
757 ecm™'. '"H NMR (CDCl;, 300 MHz): § 2.13 (s, 6H), 2.18 (s,
3H), 3.77 (d, 1H, J = 13.5 Hz), 4.12 (d, 1H, J = 13.5 Hz), 4.35-
4.47 (m, 2H), 4.52 (dd, 1H, J = 2.4, 12.0 Hz), 5.58 (d, 1H, J =
5.5Hz), 5.82 (d, IH, J = 8.2 Hz), 5.89 (d, 1H, J = 5.5 Hz), 7.46
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(d, 1H, J = 8.2 Hz), 8.28 (s, I1H). *C NMR (CDCl;, 75 MHz): 6
20.8 (CH;), 21.2 (CH,;), 21.7 (CH,), 51.2 (CH,), 62.8 (CH,), 78.6
(CH), 82.1 (CH), 85.7 (C), 87.2 (CH), 103.9 (CH), 139.1 (CH),
150.4 (C), 162.8 (C), 169.3 (C), 170.2 (C), 170.8 (C). ESIMS, m/ z:
448 (M + Na)*. Anal. Calcd for C,sH,(N;O,: C, 45.18; H, 4.50;
N, 16.46. Found: C, 44.90, H, 4.39; N, 16.18%.

16: mp 73-74 °C, [a]p® +41.8 (¢ 0.79, CHCI;). IR (KBr): vy
3485, 2113, 1754, 1697, 1375, 1218, 1090 cm~"'. "H NMR (CDCl,,
300 MHz): 6 2.00 (s, 3H), 2.10 (s, 3H), 2.17 (s, 3H), 3.87 (d, 1H,
J = 12.8 Hz), 3.94 (d, 1H, J = 12.8 Hz), 3.94 (dd-like, 1H, J =
10.4, 11.4 Hz), 4.10 (dd, 1H, J = 6.5, 11.5 Hz), 5.80 (dd, 1H, J =
2.0, 8.2 Hz), 6.07 (d, 1H, J = 9.6 Hz), 6.08 (dd, 1H, J = 6.5,
10.2 Hz), 6.17 (d, 1H, J = 9.6 Hz), 7.38 (d, 1H, J = 8.2), 8.23 (s,
1H). *C NMR (CDCl;, 75 MHz): 6 20.3 (CHj;), 20.6 (CHj;), 21.9
(CH,), 49.5 (CH,), 64.7 (CH,), 67.5 (CH), 69.4 (CH), 79.5 (CH),
82.6 (C), 103.7 (CH), 139.0 (CH), 150.3 (C), 162.7 (C), 169.2 (C),
169.3 (C), 169.9 (C). ESIMS, m/z: 448 (M + Na)*. Anal. Calcd
for C,¢H;y)N;O,: C, 45.18; H, 4.50; N, 16.46. Found: C, 45.02, H,
4.52; N, 16.32%.

(3aR,5R,6R,6aR)-5-|(4R)-2,2-Dimethyl|1,3]dioxolan-4-yl]-2,2,6-
trimethyl tetrahydrofuro[2,3-d][1,3]dioxol-6-0l (17). A solution
of  1,2:5,6-di-O-isopropylidene-a-D-ribo-hexofuran-3-ulose 1
(1.03 g, 4 mmol) [dried by heating at 100 °C under vacuum] in
dry diethyl ether (30 mL) was added to a solution (50 mL) of
CH;Mgl (prepared from 200 mg of Mg, 1.42 g of CH;I and cat.
amount of I,) and the mixture was stirred at room temperature
for 2 h. Usual work up followed by purification on silica gel using
EtOAc—petroleum ether (1 : 19) as eluent afforded 17 (710 mg,
65%). Mp 106-107 °C (lit."* mp 105-106 °C), '"H NMR (CDCl;,
300 MHz): 6 1.28 (s, 3H), 1.35 (s, 3H), 1.36 (s, 3H), 1.45 (s, 3H),
1.59 (s, 3H), 2.67 (brs, 1H), 3.78 (d, 1H, J = 7.0 Hz), 3.92 (dd, 1H,
J = 8.3, 11.1 Hz), 4.07-4.13 (m, 2H), 4.17 (d, 1H, J = 3.6 Hz),
5.70 (d, 1H, J = 3.6 Hz). ESIMS, m/z: 297 (M + Na)*.

(3aR,5R,6R,6aR)-5-Hydroxymethyl-2,2,6-trimethyl tetrahydro-
furo[2,3-d][1,3]dioxol-6-0l (18). The compound 18 was prepared
(in 48% yield) from 17 using the same procedure and protocol
as described for the preparation of 4. Liquid, [a]p® +21.5 (¢ 0.71,
CHCl,). IR (neat): vy, 3404, 1457,1378,1167,1078,1007,875 cm'.
'"H NMR (CDCl;, 300 MHz): 6 1.17 (s, 3H), 1.36 (s, 3H), 1.59 (s,
3H), 2.65 (brs, 2H, exchangeable with D,0), 3.75 (dd, 1H, J =
7.2, 11.7 Hz), 3.82 (dd, 1H, J = 3.3, 11.7 Hz), 3.89 (dd, 1H, J =
3.6, 6.9 Hz), 4.12 (d, 1H, J = 3.6 Hz), 5.78 (d, 1H, J = 3.6 Hz).
"C NMR (CDCl;, 75 MHz): 6 18.1 (CH3), 26.2 (2 x CH,), 60.3
(CH,), 76.6 (C), 81.7 (CH), 84.1 (CH), 103.1 (CH), 112.3 (O).
ESIMS, m/z: 227 (M + Na)*. Anal. Calcd for CoH,Os: C, 52.93;
H, 7.90. Found: C, 52.66, H, 7.83%.

(2R3 R4 R,S R)-1-(5-Acetoxymethyl-3,4-diacetoxy-4-methyl-
tetrahydrofuran-2-yl)-1 H-pyrimidine-2,4-dione (19). The com-
pound 18 (300 mg, 1.47 mmol) was converted to a mixture of
1,2,3,5-tetraacetoxy-3-methyl allofuranose (302 mg, 62%) as a
colourless liquid using a procedure similar to that described
earlier (under the preparation of 4). The material was used for the
introduction of uracil base using the procedure as described in the
preparation of 6 and 7 and the following reactants: (i) tetraacetoxy
allofuranose derivative (200 mg), (ii)) TMS-OTf (0.4 mL), (iii)
CH;CN (10 mL), and (iv) 2,4-bistrimethylsilyloxypyrimidine
[prepared from uracil (202 mg, 1.80 mmol), hexamethyl disilazane

(8 mL), and TMSCI (4 drops)]. Usual work up followed by silica
gel column chromatography [eluting solvent: EtOAc—petroleum
ether = 8 : 17] furnished 19 (265 mg, 76%). Foamy solid, mp
65-66 °C. IR (KBr): vy, 3300, 1750, 1697, 1633, 1456, 1375, 1228,
1095, 1042 cm~'. '"H NMR (CDCl;, 300 MHz): ¢ 1.71 (s, 3H),
2.07 (s, 3H), 2.13 (3H), 2.19 (s, 3H), 3.85 (m, 2H), 4.94 (d, 1H,
J =9.6 Hz), 4.96 (dd, 1H, J = 6.0, 10.2 Hz), 5.76 (dd, 1H, J =
1.5, 8.1 Hz), 6.04 (d, 1H, J = 9.6 Hz), 7.30 (d, 1H, J = 8.1 Hz),
8.64 (brs, 1H). C NMR (CDCl;, 75 MHz): 6 19.5 (CH;), 20.1
(CH;), 20.4 (CHs;), 22.2 (CH,), 63.4 (CH,), 70.8 (CH), 71.9 (CH),
78.2 (CH), 81.9 (C), 103.2 (CH), 139.3 (CH), 150.5 (C), 163.0
(C), 168.8 (C), 169.7 (C), 169.9 (C). ESIMS, m/z: 407 (M+ Na)*.
Anal. Calcd for C,¢H,N,O,: C, 50.00; H, 5.25; N, 7.29. Found:
C, 50.11, H, 5.23; N, 7.00%.

(2’R,3'R.4'S,5 R)-1-(5-Acetoxymethyl-3,4-diacetoxy-tetrahydro-
furan-2-yl)-1 H-pyrimidine-2,4-dione (21). The anomeric mixture
of tetraacetoxy derivatives 20 (318 mg, 1.0 mmol) (derived from
1,2:5,6-di-O-isopropylidene-a-D-glucofuranose in 30% overall
yield, following the procedure used in the preparation of 11)
was transformed into the nucleoside analogue 21 (260 mg, 70%)
adopting the method similar to that described in Scheme 1 (for
the generation of 6 and 7). Foamy solid; 'H NMR (CDCl;,
300 MHz): ¢ 2.01 (s, 3H), 2.05 (s, 3H), 2.07 (s, 3H), 3.53 (t, IH,
J =11.0 Hz), 4.22 (dd, 1H, J = 5.7, 11.5 Hz), 5.04 (m, 1H), 5.10
(t, IH, J = 9.5 Hz), 543 (t, I1H, J = 9.5 Hz), 5.78 (d, I1H, J =
9.5 Hz), 5.81 (merged dd, 1H, J = 2.0, 8.4 Hz), 7.32 (d, IH, J =
8.1Hz), 8.84 (s, 1H). FABMS, m/z: 371 (M + H)".
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A practical, efficient and scalable formal total synthesis of (rac)- and (S)-camptothecin is described,
which proceeds via the known DE ring building blocks 19 and (S)-19, respectively. The racemic
synthesis starts from diethyl oxalate and uses straightforward carbonyl chemistry in order to generate
the pyridone ring system. 19 was formed in 8.4% overall yield over 9 linear steps avoiding any
chromatographic purification. The asymmetric version of this approach encompassed a
diastereoselective Grignard addition to the enantiomerically pure a-ketoester 30 in order to generate
the (S)-configured quaternary stereocenter. The auxiliary could be recycled in high yield and was
successfully reused multiple times. The final steps paralleled the racemic approach. (S)-19 was thus

prepared in 9.4% overall yield (er = 95 : 5) over 10 steps.

Introduction

The alkaloid camptothecin (CPT, 1), which was isolated for
the first time in 1958 by Wani and Wall from the Chinese tree
Camptotheca accuminata,' shows potent antiproliferative activity
and continues to serve as a very attractive and promising lead
structure for the development of new anti-cancer drugs.

CPT (1)

Despite exhaustive attempts to develop efficient syntheses of
camptothecin and derivatives thereof, there is from a technical
point of view still no practical synthesis available.> The currently
known synthetic approaches suffer either from very low yields
(undue waste generation), expensive or commercially not available
reagents (cost and time factor), or highly toxic reagents (health
hazard and environmental problems) and in most cases the
extensive need for column chromatography.

The overall goal of this work was to develop a scalable and
practical synthesis of camptothecin due to the importance of CPT
derivatives in anti-cancer therapy. We will first briefly describe a
route which at the end failed, but which provided important infor-
mation to develop a racemic and finally an asymmetric approach.

Results and discussion

Initial attempts

Our initial plan was based on the retrosynthetic analysis shown in
Scheme 1. The utility of the Friedldnder condensation in the final

F. Hoffmann-La Roche Ltd, Pharmaceuticals Division, Safety and Technical
Sciences, Synthesis and Process Research, Grenzacherstr. 124, CH-4070
Basel, Switzerland. E-mail: peters@org.chem.ethz.ch

T Current address: ETH Ziirich, Laboratory of Organic Chemistry,
Wolfgang-Pauli-Str. 10, Honggerberg HCI E111, CH-8093 Zirich,
Switzerland.

step using the tricyclic ketone 3 (CDE ring) had been demonstrated
before.* This concept would have required a chemoselective
lactone reduction of the tricyclic key intermediate 4.

Despite various efforts, all attempts toward this goal remained
fruitless mainly due to preferential reduction of the pyridone
ring system of 4 (Scheme 2) in preference to the lactone moiety.
This unexpected selectivity might be explained by the partial
acyliminium character of 4 expressed by the mesomeric formula
4a shown in Scheme 2. However, due to the novelty of the
pyridone formation reaction, this approach will be briefly
described: inexpensive B-ketoester 7 was first hydroxylated at the
a-position by air furnishing tertiary alcohol 6,° which underwent
a tandem Knoevenagel condensation/lactonization reaction
with diethyl malonate giving access to o,f-unsaturated y-lactone
5. Bromination of the allylic methyl group and subsequent
nucleophilic displacement by thioamide 9 yielded the crystalline
hydrobromide salt 10 serving as starting material for a tandem
vinylogous sulfide contraction reaction/d-lactam formation
providing 11 thus representing a novel reaction for pyridone
formation.

After screening of various bases, phosphines, phosphites,
stoichiometries and solvents for this transformation, the combi-
nation pentamethylpiperidine (1.1 eq.), triethylphosphite (1.1 eq.)
and DMF was found to work very efficiently.® This step is
practical, since the crude reaction product (ratio of regioisomers:
11/15 = 6.7 : 1) can be easily purified by product precipitation
from EtOAc/hexane (isolated yield of the desired regioisomer 11:
64%) thus removing the undesired regioisomer 15, side products,
unreacted starting material 10, DMF and S=P(OEt);, which is
formed during the desulfurization.

The mechanism of this reaction is assumed to be related to
the alkylative Eschenmoser sulfide contraction reaction’ and is
initiated by deprotonation of the CH,S carbon atom in 10, which
is triply activated by the ester, the lactone and the iminothioether
moiety (Scheme 3). The carbanion 16 thus formed apparently
attacks the imino group resulting in a subsequent d-lactam
formation. The generated tetracyclic episulfide 17 is desulfurized
by the phosphite reagent giving rise to pyridone 11. The undesired
regioisomer is formed by intramolecular attack of the carbanion
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16 at the imino group and a subsequent nucleophilic attack of the
negatively charged N atom at the sterically more hindered ester
group.

Synthesis of the racemic DE ring building block: a formal total
synthesis of (rac)-CPT

In anticipation to overcome the selectivity problem in the reduc-
tion of pyridone 11, we sought access to pyridone intermediate 20,

in which the pyridone nitrogen is not alkylated thus allowing for
deprotonation during the treatment with a hydride reducing agent
thereby significantly deactivating the pyridone system toward
reduction. The retrosynthetic strategy is depicted in Scheme 4
and is based on the coupling of DE fragment 19 with quinoline
derivative 18 via a Mitsunobu alkylation and a subsequent Heck
cyclization. This coupling strategy was previously established by
Comins et al. for the total synthesis of (S)-CPT.?

Our synthetic route started from diethyl oxalate 23 used to
prepare o-ketoamide 25 over two steps via a known procedure
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(Scheme 5).° (E/Z)-1-Methyl-1-propenylmagnesium bromide was
subsequently added to 25 at low temperature in THF. This
Grignard addition suffers from competing enolate formation thus
decreasing the conversion and explaining the low yield of 46% after
high vacuum distillation.” Oxidative cleavage of the C=C double
bond of 26 smoothly furnished o-hydroxy-p-keto amide 22."
Despite steric hindrance, the ketone functionality in 22 is rather re-
active toward nucleophiles due to activation by the o-hydroxy moi-
ety. It was thus possible to apply crude 22 to a tandem Knoevenagel
condensation/lactonization reaction providing o,B-unsaturated y-
lactone 21, representing a vinylogous malonate. The reasonably
acidic allylic B-methyl group therefore allows for a condensation
reaction with tris(dimethylamino)methane or dimethylformamide

l Mitsunobu alkylation

A
—Z
N

dimethyl acetal (DMFMDA) in DMF furnishing enamine 27,
which is a push—pull electron system. The amino residue can thus
be easily replaced by a nucleophile like ammonia. Treatment of
crude 27 with NH,OAc in DMF at 80 °C gave direct access to pyri-
done 20, which was obtained from 22 in 53% yield over four steps
after purification by trituration. The chemoselective reduction of
the lactone ring to diol 28 was accomplished by a modification
of a protocol previously reported by Ciufolini ez al.** The NaBH,
reduction of 20 required Lewis acid activation by CeCl; and the use
of excess NaBH,. Since the reduction did not run to completion
even under these forcing conditions, the remaining 2 to 5% of
both lactol diastereomers still contained in the crude product,
were efficiently removed by trituration with DCM/TBME (2 : 1).
Without CeCl;, the reaction proceeded very sluggishly and
resulted largely in decomposition of starting material 20. Other
reducing reagents such as LiBH,/EuCl;, CaBH, or K-Selectride
gave complex product mixtures.

While the subsequent acid promoted cyclization giving rise to
the a-hydroxylactone system 19 was remarkably efficient already
at room temperature using various mineral acids like conc. HCI,
HBr or sulfuric acid, product isolation by aqueous workup (acidic,
neutral or basic) was hampered by severe decomposition. Using
acidic ion exchange resins such as amberlyst 15 did not efficiently
solve this problem, since the product was strongly absorbed on
the polymer and large amounts of MeOH were required to elute
19, which was isolated with low purity ('H-NMR). The best
conditions found involved treatment of 28 with 10 eq. concentrated
HCI in DME at room temperature. After disappearance of the
starting material (HPLC monitoring), the mixture was evaporated
to dryness. The diethylammonium chloride salt side product was
finally removed by trituration with MeOH furnishing racemic DE
fragment 19 in nearly quantitative yield and in 8.4% overall yield
from 22 over 9 steps without any chromatographic purification.

Synthesis of the optically active DE ring key building block for the
preparation of (5)-camptothecin
An asymmetric version relying on the racemic approach described

above required the stereoselective access to (S)-22 (Scheme 6) for

reduction
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which an auxiliary based approach was found. According to the
literature, enantiomerically pure o-ketoester 30 was prepared from
2-oxobutyric acid 29 and (—)-8-phenylmenthol 31."* The stereo
determining step entailed a diastereoselective Grignard addition to
30 using isopropenylmagnesium bromide (dr =93 : 7, '"H-NMR)."*
Cleavage of the auxiliary using aqueous LiOH in MeOH/THF
required heating in an autoclave to 110 °C in order to obtain full
conversion after 24 h resulting in a clean hydrolysis. Separation of
the resulting carboxylic acid 33 and the auxiliary 31 became feasi-
ble by pH-controlled extraction thus allowing a facile recycling of
the rather expensive chiral auxiliary, which was successfully reused
multiple times. The subsequent diethylamide formation procedure
was based on a protocol developed by Merck Process Research
for the formation of related o-hydroxy pyrrolidine amides.”® In
contrast to the Merck procedure, the amide formation required in
our case a deprotonation of the carboxylic acid moiety by a tertiary
amine like ethyldiisopropylamine (Hiinig’s base) prior to exposure
to thionyl chloride (er of 34: 93 : 7). To avoid massive decompo-
sition, the secondary amine had to be added slowly by a syringe
pump over 1 h. All attempts to prepare diethylamide 34 directly
from 32 were unsuccessful owing to the low reactivity of ester 32
presumably due to steric hindrance, which also prevented transes-
terification reactions. 34 was purified by column chromatography,
since amide formation resulted in formation of various unidenti-
fied side products.’® Ozonolytic C=C double bond cleavage then
gave access to optically active a-hydroxy-B-keto amide (S)-22.
The following steps [tandem Knoevenagel condensation/y-lactone
formation (er of (S)-21: 94 : 6], enamine formation and pyridone

formation [trituration of crude (S)-20 with TBME, er: 93 : 7]
paralleled the racemic approach described above. The subsequent
reduction furnishing (S)-28 proceeded significantly faster than
in the racemic series. The hydrolysis of the initially formed
product—boron complex—was, however, significantly slower for
the optically active material. Due to the higher purity and also
due to the higher solubility of (S)-28 as compared to (rac)-28, the
crude product was not purified by trituration prior to the d-lactone
formation. The trituration procedure, which was used to purify the
racemic DE fragment, was not directly applicable to (S)-19, since
the racemate is much less soluble in MeOH than the optically
active form."” The diethylammonium chloride side product was
finally removed by column chromatography (CHCL;/MeOH =10
1). (S)-19 was thus prepared in 9.4% overall yield over 10 steps
(er =95 : 5) requiring only two chromatographic purifications.

Conclusion

A novel, efficient and scalable approach toward (rac)-19, which is
the DE ring key building block for the synthesis of camptothecin
derivatives, is described. This synthesis uses straightforward
carbonyl chemistry in order to generate the pyridone ring system.
DE fragment 19 was formed in 8.4% overall yield over 9 linear
steps avoiding any chromatographic purification.

The asymmetric version of this approach leading to (S)-
19 encompassed a diastereoselective Grignard addition to the
enantiomerically pure a-ketoester 30 in order to generate the
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the racemic approach. (S)-19 was thus prepared in 9.4% overall
yield (er = 95 : 5) over 10 steps including two chromatographic
purifications. This synthesis should provide a good basis for
further process development.

In addition, an unprecedented novel pyridone forming reaction
via a tandem vinylogous sulfide contraction reaction/d-lactam
formation was established.

Experimental

Unless otherwise noted, solvents and reagents were used as is. All
reactions were carried out under an argon atmosphere in oven-
dried glassware. Thin-layer chromatography (TLC) was performed
on silica gel 60 F254 plates, 0.25 mm (Merck). Qualitative HPLC
was performed on a Hewlett-Packard Series 1050 system with UV
detection at a wavelength of 210 nm using Chromolith Perfor-
mance columns (100 x 4.6 mm) with gradient eluent H,O/MeCN
containing 10% of a phosphate buffer at pH 3.0. 'H NMR were
recorded using CDCl; as a reference peak. Spectra are given in
ppm (6) and coupling constants J are reported in Hz. Peaks in the
IR spectra are reported in cm™'. Low resolution electron impact
mass spectra (EI-MS) were obtained at an ionization voltage of
70 eV. Data are reported in the form of m/z (intensity relative to
base = 100).

2-Ethyl-2-hydroxy-3-oxo-butyric acid ethyl ester (6). To a
solution of ethyl 2-ethylacetoacetate (7, 25.00 g, 142.2 mmol) in
DMF (250 mL) was added at room temperature Cs,CO; (4.656 g,
14.22 mmol, 0.1 eq.). Subsequently, O, was bubbled through
the solution and the reaction was monitored by HPLC. After
three days, the reaction was quenched by addition of water
(750 mL) and the pH was adjusted to 5 by dropwise addition
of conc. aqueous HCI at 0 °C. The mixture was extracted with
ethyl acetate (3 x 500 mL). The combined organic phases were
washed with water (7 x 250 mL), saturated aqueous NaHCO;
(250 mL), brine (250 mL) and were afterwards dried over sodium
sulfate (50 g, 30 min) and filtered. The filter cake was washed
with 100 mL ethyl acetate. After evaporation of the solvent in a
rotary evaporator (50 °C, 5 mbar), the crude product (22.08 g,
89% by weight) was obtained as an orange liquid, which was
purified by column chromatography with hexane/ethyl acetate
(9 : 1) furnishing product 6 (12.76 g, 73.25 mmol, 51% by
weight) as a yellow liquid. '"H NMR (300 MHz, CDCl,): § 4.26
(2H, m, OCH,), 4.13 (1H, s, OH), 2.28 (3H, s, MeC=0), 2.35
(1H, dq, J = 14.3, J = 7.4, CCHHCH;), 2.00 (1H, dq, J =
14.3, J = 7.4, CCHHCH;), 1.30 (3H, t, J = 7.1, OCH,CH,),
0.88 (3H, t, J = 7.4, CCH,CH;) ppm; "C NMR (100 MHz,
CDCly): 0 204.5 (MeC=0), 170.4 (OC=0), 84.0 (COH), 62.0
(OCH,), 27.8 (CCH,CH;), 24.1 (H;CC=0), 13.5 (OCH,CH,),
6.8 (CCH,CH;) ppm; IR (MIR) 3475, 2983, 1740, 1720, 1249,
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1198, 1156, 1097 cm™'; MS (EI) m/z (rel. intensity) 175 (8), 157
(5), 132 (100), 104 (32), 89 (16), 57 (66); HRMS (ESI POS) calcd
for CgH,,O,Na (MNa*) 197.0790, found 197.0788; Anal. Calcd
for CgH,,O,: C, 55.2; H, 8.1. Found: C, 55.0; H, 7.8%.

2-Ethyl-3-methyl-5-0x0-2,5-dihydro-furan-2,4-dicarboxylic acid
diethyl ester (5). To a solution of 6 (10.50 g, 60.28 mmol) in
THF (200 mL) was added diethyl malonate (9.63 mL, 61.49 mmol,
1.02 eq.) and subsequently portionwise NaH (2.46 g, 61.49 mmol,
1.02 eq.). The reaction was monitored by HPLC. After 4 h,
the mixture was cooled to 0 °C and saturated aqueous NH,CI
(200 mL) was added. THF (180 mL) was subsequently removed
in a rotary evaporator (50 °C, 5 mbar) and ethyl acetate (200 mL)
was added. The organic phase was washed with brine (200 mL)
and was thereafter dried over sodium sulfate (15 g, 30 min) and
filtered. The filter cake was washed with ethyl acetate (30 mL).
After evaporation of solvent in a rotary evaporator (50 °C,
Smbar), the crude product (17.00 g, 104% by weight) was obtained
as a yellow liquid, which was purified by column chromatography
with hexane/ethyl acetate (4 : 1) furnishing product 5 (11.67 g,
43.18 mmol, 72% by weight) as a yellow liquid. '"H NMR
(300 MHz, CDCl,): 6 4.36 (2H, q, J = 7.1, OCH,), 4.24 (2H,
m, OCH,), 2.37 (3H, s, Me), 2.34 (1H, dq, J = 14.7, J = 7.4,
CCHHCH,), 1.96 (1H, dq, J = 14.7, J = 7.4, CCHHCH,), 1.38
(3H, t, J = 7.1, OCH,CH), 1.28 (3H, t, J = 7.0, OCH,CH,),
0.90 (3H, t, J = 7.4, CCH,CH;) ppm; “C NMR (100 MHz,
CDCl;):6 173.4(C=CCH;), 167.2(0C=0), 167.1 (OC=0), 161.1
(0C=0), 120.5 (C=CCH,), 89.6 (CCH,CH,;), 63.0 (OCH,), 61.6
(OCH,), 27.4 (CCH,CH,;), 14.2 (OCH,CH,), 14.0 (OCH,CH,),
13.4 (C=CCH;), 7.2 (CCH,CH;) ppm; IR (MIR) 2981, 1780,
1733, 1718, 1239, 1037 cm™'; MS (EI) m/z (rel. intensity) 271 (6),
214 (18), 197 (15), 168 (18), 152 (100), 151 (57); HRMS (ESI POS)
calcd for C3H;;0O¢Na (MNa*) 293.1001, found 293.1001; Anal.
Calcd for C;;H;5O4: C, 57.8; H, 6.7. Found: C, 57.5; H, 6.6%.

3-Bromomethyl-2-ethyl-5-ox0-2,5-dihydro-furan-2,4-dicarboxylic
acid diethyl ester (8). To a clear yellow solution of 5 (5.000 g,
18.50 mmol) in tetrachlorocarbon (75 mL) was added bromine
(975 pL, 18.87 mmol, 1.02 eq.) at room temperature. The
solution was heated to reflux and the reaction was monitored
by HPLC. After 37 h, additional bromine (300 pL, 5.809 mmol,
0.314 eq.) was added. After refluxing overnight, the reaction
mixture was cooled to room temperature and was then evaporated
to dryness in a rotary evaporator (40 °C, 10 mbar). The crude
product was obtained as an orange oil (7.24 g, 112% by weight),
which was purified by column chromatography with hexane/ethyl
acetate (4 : 1) furnishing product 8 (5.258 g, 15.06 mmol, 81%
by weight as violet crystals. '"H NMR (300 MHz, CDCl,): 6 4.54
(1H, d, J = 10.0, CHHBYr), 4.51 (1H, d, J = 10.0, CHHBr), 4.42
(2H, q, J = 7.1, OCH,), 4.27 (2H, m, OCH,), 2.45 (1H, dq, J =
14.6, J = 7.2, CCHHCH,), 2.05 (IH, dq, J = 14.6, J = 7.2,
CCHHCH,), 1.41 (3H, t, J = 7.1, OCH,CH;), 1.31 (3H, t, J =
7.1, OCH,CH,;), 0.98 3H, t, J/ = 7.2, CCH,CH;) ppm; “C NMR
(100 MHz, CDCl,): 6 166.8 (C=CCH,Br), 164.7 (OC=0), 164.1
(0C=0), 158.0 (OC=0), 120.7 (C=CCHs;), 86.8 (CCH,CHj),
61.4 (OCH,), 60.3 (OCH,), 26.5 (CCH,CH,), 15.9 (C=CCH,Br),
12.1 (OCH,CH,), 12.0 (OCH,CH,), 5.8 (CCH,CH;) ppm; IR
(MIR) 2983, 1784, 1730, 1239, 1041 cm™'; MS (EI) m/z (rel.
intensity) 351 (20), 349 (20), 277 (16), 275 (17), 232 (25), 231 (25),
230 (21),229 (21), 197 (30), 151 (100); HRMS (ESI POS) calcd for

C;H;BrO¢Na (MNa*) 371.0106, found 371.0107; Anal. Calcd
for C,;H;BrOy: C, 44.7; H, 4.9. Found: C, 44.7; H, 4.8%.

3-(4,5-Dihydro-3 H -pyrrol-2-ylsulfanylmethyl)-2-ethyl-5-0xo0-2,5-
dihydro-furan-2,4-dicarboxylic acid diethyl ester hydrogen bromide
salt (10). To a clear yellow solution of 8 (39.85 g, 114.1 mmol)
in toluene (390 mL) was added 9 (11.54 g, 114.1 mmol) at room
temperature. After 5 min, the product started to precipitate.
The suspension was stirred overnight and the solid was finally
collected by filtration. The filter cake was washed with toluene
(50 mL) furnishing product 10 as white crystals (48.29 g, 94%
by weight). Mp: 127 °C (decomp., gas evolution); '"H NMR
(300 MHz, CDCl;): ¢ 14.31 (1H, br. s, NH), 5.24 (1H, d, J =
12.8, CHHS), 5.03 (1H, d, J = 12.8, CHHS), 4.39 (2H, q,
J =17.2, OCH,), 4.24 (4H, m, OCH, & NCH,), 3.15 (2H, m,
N=CCH,), 2.52 (1H, dq, J = 14.9, J = 7.4, CCHHCH;), 2.37
(3H, m, CCHHCH; & CH,CH,CH,), 1.39 (3H, t, J = 7.2,
OCH,CH,), 1.31 (3H, t, J = 7.2, OCH,CH,;), 0.92 3H, t, J =
7.4, CCH,CH;) ppm; “C NMR (100 MHz, CDCl;): § 187.5
(N=C), 167.4 (C=CCH,S), 166.8 (OC=0), 165.0 (OC=0), 160.3
(0OC=0), 124.5 (C=CCH,), 89.3 (CCH,CH,), 63.6 (OCH,),
62.7 (OCH,), 54.3 (NCH,), 38.8 (N=CCH,), 30.6 (C=CCH,S),
27.8 (CCH,CH;), 21.3 (NCH,CH,), 14.1 (OCH,CH;), 14.1
(OCH,CH,), 7.4 (CCH,CH;) ppm; IR (Nujol) 2923, 2712, 1783,
1757, 1736, 1712, 1606, 1231 cm™'; MS (ESI) m/z 392.2 (MNa* —
HBr); Anal. Caled for C;H,,BrNO,S: C, 45.3; H, 5.4; N, 3.1.
Found: C, 45.1; H, 5.25; N, 3.4%.

1-Ethyl-3,4-diox04,6,7,8-tetrahydro-1 H ,3 H-furo|3,4-f |indolizine-
1-carboxylic acid ethyl ester (11). To a solution of 10 (12.00 g,
26.65 mmol) in DMF (240 mL) was rapidly added triethylphos-
phite (5.26 mL, 29.32 mmol, 1.10 eq.) at room temperature.
Subsequently, 1,2,2,6,6-pentamethylpiperidine  (5.35 mL,
29.32 mmol, 1.10 eq.) was added dropwise (addition time 5 min).
After the addition of 4 mL, the color of the solution changed
from yellow to orange. The reaction was allowed to stir overnight.
After 18 h, the dark greenish-brown solution was poured onto
dichloromethane (1.5 L) and was washed with aqueous HCI
(750 mL, 0.5 M) and with water (5 x 1 L). The organic phase was
dried over sodium sulfate (50 g, 30 min) and filtered. The filter cake
was washed with dichloromethane (100 mL). The organic phase
was evaporated to dryness in a rotary evaporator (50 °C, 1 mbar).
The crude product was obtained as a brown oil (14.02 g, 181%
by weight, regioselectivity: 6.7 : 1). The residue was dissolved in
ethyl acetate (280 mL) at reflux temperature (oil bath temperature
100 °C). Hexane (433 mL) was added to the heated solution
resulting in the formation of a few crystals. The mixture was
allowed to slowly cool to room temperature overnight and was then
kept in a freezer at —22 °C for 3 days. The crystals were collected
by filtration and washed with 30 mL hexane furnishing product
11 (4.99 g, 17.13 mmol, 64% by weight, regioselectivity >50 :
1) as slightly yellow crystals. Mp: 146 °C; '"H NMR (300 MHz,
CDCl): 0 6.36 (1H, s, C=CH), 4.22 (4H, m, OCH, & CH;N),
3.21 2H, t, J = 7.8, C=CCH,), 2.32 (3H, m, CCHHCH; &
CH,CH,CH,), 2.00 (1H, dq, J = 14.5,J = 7.3, CCHHCH;), 1.28
(3H,t,J =7.2,0CH,CH;),0.92 (3H,t,J = 7.4, CCH,CH;) ppm;
BC NMR (100 MHz, CDCL,): 6 168.1 (OC=0), 166.4 (OC=0),
165.6 (O=CC=C), 159.9 (NC=CH), 156.3 (NC=0), 110.3
(O=CC=C), 95.2 (NC=CH), 85.9 (CCH,CH;), 62.8 (OCH,),
49.0 (NCH,), 32.9 (NCCH,), 29.8 (CCH,CH;), 21.3 (NCH,CH,),
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14.0 (OCH,CH;), 7.6 (CCH,CH;) ppm; IR (Nujol) 2923, 1776,
1750, 1667, 1586, 1554, 1230 cm™'; MS (EI) m/z (rel. intensity)
291 (6), 218 (100); HRMS (ESI POS) calcd for C;sH,;;NOsNa
(MNa*) 314.1004, found 314.1004; Anal. Calcd for C,sH;;NOs:
C, 61.85; H, 5.9; N, 4.8. Found: C, 61.6; H, 6.0; N, 4.8%.

11-Ethyl-1-(pyrrolidine-1-carbonyl)-7,8-dihydro-1H,6 H-furo|3,4-
flindolizine-3,4-dione (4). To a solution of pyrrolidine (1.22 mL,
13.90 mmol, 4.05 eq.) in dichloromethane (4.8 mL)
trimethylaluminium (6.95 mL, 14.75 mmol, 4.30 eq.) was added
dropwise at 0 °C. The cooling bath was then removed and stirring
was continued for 2.5 h at room temperature. Subsequently,
a solution of 11 (1.000 g, 3.433 mmol) in dichloromethane
(6.4 mL) was added dropwise (addition time 5 min) and the clear
solution was heated for 1.5 h to 50 °C and then for 24 h to 55 °C
(reaction control by HPLC). The reaction mixture was allowed
to cool to room temperature and was poured on aqueous HCI
(80 mL, 1.0 M). The biphasic system was vigorously stirred for
4 h at room temperature. The aqueous phase was extracted with
dichloromethane (3 x 50 mL). The combined organic phases were
dried over sodium sulfate (15 g, 30 min) and filtered. The filter
cake was washed with dichloromethane (30 mL). The organic
phase was evaporated to dryness in a rotary evaporator (40 °C,
10 mbar). The crude product was obtained as a yellow foam
(1.058 g, 97% by weight), which was dissolved in ethyl acetate
(20 mL) at reflux temperature (oil bath temperature 100 °C).
Hexane (5 mL) was added to the heated solution. The mixture was
allowed to slowly cool to room temperature overnight. Additional
hexane (16 mL) was added at room temperature and stirring was
continued for 15 min. The crystals were collected by filtration and
washed with hexane (2 mL). The filtrate was afterward filtered
again. Product 4 (823.0 mg, 2.601 mmol, 76% by weight) was
obtained as dark green crystals. Mp: 180 °C; '"H NMR (300 MHz,
CDCl;): ¢ 6.64 (1H, s, C=CH), 4.22 (2H, m, CH,NC=CH),
3.90 (IH, m, O=CNCHH), 3.48 (3H, m, O=CNCHH), 3.20
(2H, t, J = 7.8, C=CCH,), 2.40 (IH, dq, J = 142, J =
7.0, CCHHCH;), 2.28 (2H, pent, J = 7.5, NCH,CH,CH,C),
2.01 (1H, dq, J = 14.2, J = 7.0, CCHHCH;), 1.91 (2H, m,
NCH,CH,CH,CH,), 1.78 (2H, m, NCH,CH,CH,CH,), 0.89
(3H, t, J = 7.0, Me) ppm; “C NMR (100 MHz, CDCl;):
0 1664 (O=CC=0C), 1653 (OC=0), 164.6 (C,H{NC=0),
158.0 (NC=CH), 155.1 (NC=0C=C), 108.7 (O=CC=C), 96.0
(NC=CH), 86.7 (CCH,CHj;), 47.5 (NCH,), 47.2 (NCH,), 46.6
(NCH,), 31.5 (NCCH,), 30.1 (CCH,CH;), 25.5 (NCH,CH,),
21.7 (NCH,CH,), 20.0 (NCH,CH,), 6.3 (CCH,CH;) ppm; IR
(Nujol) 2925, 2854, 1775, 1662, 1623, 1586, 1557, 1458, 1436,
1404, 1052, 804 cm™'; MS (EI) m/z (rel. intensity) 316 (68), 218
(88), 98 (100); HRMS (ESI POS) calced for C\;H, N,0, (MH*)
317.1501, found 317.1501; Anal. Caled for C;sH,;NOs: C, 64.5; H,
6.4; N, 8.9. Found: C, 64.3; H, 6.1; N, 8.9%.

2-Pyrrolidinethione (9). Thioamide 9 was produced according
to a modified literature procedure:® to a suspension of P,S;
(213.2 g, 959.2 mmol, 1.63 eq.) in THF (3.0 L) Na,CO; (59.77 g,
563.9 mmol, 0.96 eq.) was added at room temperature. The
mixture was stirred for 40 min at 60 °C. 2-Pyrrolidinone (50.00 g,
587.0 mmol) was then added and stirring was continued at 60 °C
for 19 h. The solid was removed by filtration and the filter cake was
washed with THF (200 mL) and dichloromethane (200 mL). The
filtrate was evaporated to dryness in a rotary evaporator (40 °C,

10 mbar). The crude product was obtained as a slightly brown solid
(122.5 g, 206% by weight), which was stirred with dichloromethane
(400 mL) at room temperature. The mixture was filtered and the
filter cake was washed with dichloromethane (2 x 60 mL). The
filtrate was evaporated to dryness in a rotary evaporator (40 °C,
10 mbar) providing a beige solid (95.0 g, 160% by weight), which
was stirred with toluene (150 mL) under reflux conditions. The hot
mixture was filtered and the filtrate was evaporated to ca. 75 mL in
arotary evaporator (50 °C, 10 mbar) and was then allowed to stand
overnight at 0 °C. The mixture was filtered and the crystals were
washed with toluene (2 x 20 mL) furnishing product 9 as white
crystals (28.1 g, 47% by weight). '"H NMR (300 MHz, CHCL,): 6
8.43 (1H, br. s, NH), 3.67 (2H, t, J/ = 10.0, CH,N), 2.92 2H, t, J =
10.0, S=CCH,), 2.23 (2H, pent, J = 10.0, CH,CH,CH,) ppm.

N,N-Diethyl-oxalamic acid ethyl ester (24)°. To diethyl oxalate
(23, 30.00 g, 203.2 mmol) diethylamine (42.2 mL, 406.4 mmol,
2.0 eq.) was added at room temperature. The colorless clear
solution was heated to reflux (oil bath temperature: 90 °C) and
the reaction was monitored by HPLC. After 2.5 h, the resulting
yellow-orange liquid was cooled to room temperature and all
volatile compounds (ethanol, diethylamine) were removed in a
rotary evaporator (50 °C, 10 mbar) furnishing the crude product
(35.073 g, 100% by weight) as a yellow liquid. Purification was
achieved using a high vacuum distillation (bp 85 °C at 0.08 mbar,
oil bath temperature 111 °C, 40 cm Vigreux column) furnishing
product 24 (30.216 g, 174.4 mmol, 86% by weight) as a colorless
liquid. '"HNMR (300 MHz, CDCl;):04.34(2H, q,J =7.1, OCH,),
343 (2H, q, J = 7.2, NCH,), 3.29 (2H, q, J/ = 7.2, NCH,), 1.37
(3H,t,J =7.1,0CH,CH), 1.23 3H, t,J = 7.2, NCH,CH,), 1.19
(3H,t,J = 7.2, NCH,CH;) ppm.

N,N-Diethyl-2-oxo butyramide (25)°. A solution of ethyl mag-
nesium bromide in diethyl ether (3.0 M, 63.95 mL 191.8 mmol,
1.10 eq.) was diluted with diethyl ether (183 mL). The solution was
cooled to —15 °C and a solution of 24 (30.20 g, 174.4 mmol) in
diethyl ether (60 mL) was added dropwise (addition time: 30 min).
The resulting viscous suspension was stirred for an additional
75 min at —15 °C. Subsequently, the reaction was quenched by
addition of acetic acid (14.96 mL, 261.6 mmol, 1.5 eq.). 5 min
later, water (35 mL) was added to dissolve all salts and the cooling
bath was removed. After 15 min, the mixture was washed with
pH-7-buffer (2 x 200 mL) and the organic phase was dried over
Na,SO, (20 g, 30 min) and filtered. The filter cake was washed
with diethyl ether (40 mL). After evaporation of solvent in a rotary
evaporator (40 °C, 10 mbar), the crude product (26.33 g, 96% by
weight) was obtained as a yellow liquid. Purification was achieved
using a high vacuum distillation (bp 86 °C at 2.5 mbar, oil bath
temperature 110 °C, 40 cm Vigreux column) furnishing product
25 (18.66 g, 118.7 mmol, 68% by weight) as a colourless liquid.
'HNMR (300 MHz, CDCl;): 6 3.40 (2H, q, J = 7.1, NCH,), 3.25
(2H, q, J = 7.2, NCH,), 2.78 (2H, q, J = 7.3, O=CCH,), 1.18
(3H, t,J =72, Me), 1.16 BH, t, J = 7.1, Me), 1.18 BH, t, J =
7.3, Me) ppm.

2-Ethyl-2-hydroxy-3-methyl-pent-3-enoic acid diethylamide (26).
A solution of 1-methyl-1-propenyl magnesium bromide (500 mL,
250.0 mmol, 3.0 eq.) in THF was cooled to —78 °C prior to
slow addition of a precooled solution (—78 °C) of 25 (13.10 g,
83.2 mmol) in diisopropyl ether (260 mL) via canula (addition
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time: 10 min). After 60 min, saturated aqueous ammonium
chloride (250 mL) was added and the mixture was extracted with
dichloromethane (3 x 250 mL). The combined organic phases
were dried over sodium sulfate (25 g, 30 min) and filtered. The filter
cake was washed with dichloromethane (50 mL). After removal of
solvent in a rotary evaporator (40 °C, 10 mbar), the crude product
(18.05 g, 102% by weight) was obtained as a yellow liquid (E/Z =
5.3 : 1), which was purified by high vacuum distillation (bp 65 °C
at 0.28 mbar, oil bath temperature 110 °C, 40 cm Vigreux column)
furnishing product 26 (8.145 g, 38.18 mmol, 46%) as a light yellow
liquid in the form of E/Z isomers (E/Z = 5.1 : 1). An analytical
sample of the (E)-isomer was obtained by column chromatography
with hexane/ethyl acetate (4 : 1). 'H NMR (300 MHz, CDCl,):
0 5.68 (1H, q, J = 6.8, C=CH), 5.28 (1H, s, OH), 3.40 (4H, m,
NCH,), 1.96 (1H, dq, J = 13.8, J = 7.3, CCHHCH,), 1.87 (1H,
dq,J=13.8,/=7.3,CCHHCH,), 1.67 (3H,d, J = 6.8, CHCH,),
1.57 (3H, br.s, HC=CCH,), 1.15(3H, t, J = 6.8, NCH,CH;), 1.08
(3H,t,J =6.9,NCH,CH,), 0.86 (3H, t,J = 7.3, CCH,CH,;) ppm;
BCNMR (100 MHz, CDCl,) of the (E)-isomer: 0 173.0 NC=0),
137.7 (C=CH), 120.1 (C=CH), 78.5 (COH), 41.4 (NCH,), 41.2
(NCH,), 28.1 (CCH,CH,), 13.5 (C=CHCH,), 13.3 (NCH,CH,),
12.8 (HC=CCH,), 12.4 (NCH,CH,), 8.0 (CCH,CH;) ppm; IR
(MIR) 3353, 2974, 1616, 1380, 1362, 1019 cm™'; MS (EI) m/z (rel.
intensity) 214 (5), 196 (23), 113 (100); HRMS (ESI POS) calcd for
C,,H;;NO,Na (MNa*) 236.1626, found 236.1629; Anal. Calcd for
C,,H;NO,: G, 67.6; H, 10.9; N, 6.6. Found: C, 67.3; H, 10.9; N,
6.55%.

2-N,N -Triethyl -2 - hydroxy - 3- oxo-butyramide  (22). O,
(150 L h™'") was bubbled through a stirred solution of 26 (8.000 g,
37.50 mmol) in dichloromethane (400 mL) at —78 °C until a
blue colour appeared (after 18 min). Subsequently, argon was
bubbled through the solution for 10 min. Dimethyl sulfide (28 mL,
375 mmol, 10.0 eq.) was subsequently added and the solution
was allowed to slowly warm to room temperature overnight. The
mixture was washed with 750 mL water (3 x 250 mL). The organic
phase was dried over Na,SO, (20 g, 30 min) and filtered. The solid
was washed with dichloromethane (40 mL). After evaporation
of solvent in a rotary evaporator (40 °C, 10 mbar), the crude
product (7.85 g, 104% by weight) was obtained as a yellow oil.
An analytical sample was obtained by column chromatography
(pentane/diethyl ether 10 : 1). '"H NMR (300 MHz, CDCl;): ¢
5.19 (1H, s, OH), 3.41 (2H, m, NCH,), 3.29 (2H, q, J = 7.0,
NCH,), 2.19 (3H, s, O=CMe), 2.01 (1H, dq, J = 15.0, J = 7.4,
CCHHCH,), 1.96 (1H, dq, J = 15.0, J = 7.4, CCHHCH,), 1.15
(3H, t, J = 7.0, NCH,CH,;), 1.12 (3H, t, J/ = 7.0, NCH,CH,),
0.83 (3H, t, J = 7.4, CCH,CH;) ppm; “C NMR (100 MHz,
CDClL): ¢ 208.2 (MeC=0), 170.2 (NC=0), 84.8 (COH), 43.1
(NCH,), 42.9 (NCH,), 28.9 (CCH,CH,), 26.1 (H,CC=0), 15.0
(NCH,CHj;), 13.6 (NCH,CH;), 8.6 (CCH,CHj;) ppm; IR (film)
3314, 2978, 1719, 1632, 1466, 1384, 1211, 1136, 1084 cm™'; MS
(EI) m/z (rel. intensity) 202 (2), 158 (50), 100 (100); HRMS (ESI
POS) caled for C,,H,)NO; (MH*) 202.1443, found 202.1445%;
Anal. Calcd for C,yH,,NO;: C, 59.7; H, 9.5; N, 7.0. Found: C,
59.4; H, 9.3; N, 7.0%.

(S)-2-N,N-Triethyl-2-hydroxy-3-oxo-butyramide ((5)-22). O,
(150 L h~") was bubbled through a stirred solution of 34 (595.0 mg,
2.985 mmol) in dichloromethane (30 mL) at —78 °C until a blue
colour appeared (after 6 min). Subsequently, argon was bubbled

through the solution for 20 min. Dimethyl sulfide (2.21 mL,
200.7 mmol, 10.0 eq.) was subsequently added and the solution
was allowed to slowly warm to room temperature overnight (16 h
40 min). The mixture was washed with water (3 x 20 mL) and
the organic phase was dried over Na,SO, (5 g, 30 min) and
filtered. The solid was washed with dichloromethane (10 mL).
After evaporation of solvent in a rotary evaporator (24 °C,
10 mbar), the product (S)-22 (587.3 mg, 98% by weight) was
obtained as a yellow oil. An analytical sample was obtained by
column chromatography (pentane/diethyl ether 3: 1). [a]p® (c =g
dL-', CHCl;) = +77.1. The other analytical data are in accordance
with (rac)-22.

5-Diethylcarbamoyl-5-ethyl-4-methyl-2-oxo-2,5-dihydro-furan-3-
carboxylic acid ethyl ester (21). To a solution of 22 (2.500 g,
12.42 mmol) and diethyl malonate (9.73 mL, 62.10 mmol, 5.0 eq.)
in ethanol (100 mL), Cs,CO; (16.27 g, 49.68 mmol, 4.0 eq.)
was added at room temperature. The reaction was monitored
by HPLC. After 26 h, the yellow suspension was cooled to 0 °C
and aqueous HCI (0.5 M, 200 mL, 65.25 mmol, 5.0 eq.) was
added dropwise over 60 min. Ethanol (95 mL) was subsequently
removed in a rotary evaporator (50 °C, 5 mbar) and, ethyl acetate
(200 mL) was added. The organic phase was washed with brine
(2 x 150 mL), and was afterwards dried over sodium sulfate
(20 g, 30 min) and then filtered. The filter cake was washed with
ethyl acetate (40 mL). After evaporation of the solvent in a rotary
evaporator (50 °C, 5 mbar), volatile components were removed
in a Kugelrohr apparatus (55 °C, 0.08 mbar). The crude product
(6.758 g, 183% by weight) was obtained as a yellow liquid. An
analytical sample was obtained by column chromatography
(hexane/ethyl acetate 9 : 1). '"H NMR (300 MHz, CDCl;): 6 4.36
(2H, q, J = 7.1, OCH,), 3.58 (1H, m, NCHH), 3.12-3.48 (3H,
m, NCHH), 2.50 (3H, s, CCH;), 2.35 (1H, dq, J = 144, J = 1.3,
CCHHCH,), 2.00 (1H, dq, J = 14.4, J = 7.3, CCHHCH,), 1.38
(3H,t,J =7.1, OCH,CH), 1.21 (3H, m, NCH,CH,), 1.15 (3H,
m, NCH,CH), 0.86 (3H, t, J = 7.3, CCH,CH;) ppm; "C NMR
(100 MHz, CDCl,): 6 177.0 (C=CCHs;), 166.5 (OC=0), 164.8
(NC=0), 160.5 (OC=0), 119.0 (C=CCHs;), 90.9 (CCH,CH,),
60.8 (OCH,), 42.2 (NCH,), 42.1 (NCH,), 29.1 (CCH,CH,),
14.5 (C=CCH,), 13.8 (NCH,CH;), 13.4 (OCH,CH,), 11.8
(NCH,CH,), 6.5 (CCH,CH;) ppm; IR (MIR) 2977, 1777, 1718,
1632, 1320, 1241, 1212, 1035 cm™'; MS (EI) m/z (rel. intensity)
297 (1), 282 (2), 100 (100), 72 (21); HRMS (ESI POS) calcd
for C;sH;NOsNa (MNa*) 320.1474, found 320.1472; Anal.
Calcd for CsH;NOs: C, 60.6; H, 7.8; N, 4.7. Found: C, 60.7;
H, 7.7; N, 4.6%.

(S)5-Diethylcarbamoyl-S-ethyl-<4-methyl-2-0xo0-2,5-dihydro-furan-
3-carboxylic acid ethyl ester ((S)-21). According to the
preparation of 21, a solution of (S)-22 (587.3 mg, 2.918 mmol)
and diethyl malonate (2.29 mL, 14.59 mmol, 5.0 eq.) in ethanol
(23 mL) was treated with Cs,CO; (3.822 g, 11.67 mmol, 4.0 eq.)
yielding the crude product (1.224 g, 141% by weight) as a yellow
liquid (er = 94.15 : 5.85, chiral GC Method [carrier gas: H,,
110 kPa (split ratio 1/20), equipment: HP5890_1A, column: BGB-
175, 30 m x 0.25 mm, temperature: 155 °C (isotherm), injector
temperature: 200 °C, detector temperature: 220 °C, retention
time: 58.16 min (S)-21, 57.02 min (R)-21]). An analytical sample
was obtained by column chromatography (heptane/ethyl acetate
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7 : 3). [alp® (¢ = 1.025 g dL-', CHCl;) = —134.8. The other
analytical data are in accordance with (rac)-21.

5-Diethylcarbamoyl<4-(( E)-2-dimethylamino-vinyl)-5-ethyl-2-oxo-
2,5-dihydro-furan-3-carboxylic acid ethyl ester (27). To a
solution of 21 (500.0 mg, 22.73 mmol) in DMF (3.0 mL),
tris(dimethylamino)methane (3.0 mL, 17.3 mmol, 10.3 eq.) was
added at room temperature. The color of the reaction mixture
changed from orange to brown to green. The reaction was
monitored by HPLC. After 17 h, the mixture was diluted with
dichloromethane (50 mL) and washed with aqueous HCI (25 mL,
1.0 M) and subsequently with brine (3 x 50 mL). The organic
phase was dried over sodium sulfate (2 g, 30 min) and filtered.
The filter cake was washed with dichloromethane (4 mL). After
evaporation of solvent in a rotary evaporator (50 °C, 5 mbar), the
crude product was obtained as an orange oil (627.0 mg, 106% by
weight), which was liberated from residual DMF in a high vacuum
rotary evaporator (50 °C, 0.5 mbar) yielding product 27 (536.0 mg,
1.517 mmol, 90% by weight) as orange crystals. Mp: 105 °C; 'H
NMR (300 MHz, CDClL;): 6 7.97 (1H, br., NCH=CH), 6.47 (1H,
br.,, NCH=CH), 4.32 (2H, m, OCH,), 3.52 (1H, dq, J = 13.2,
J =7.0,NCHH), 3.18 (3H, s, NCH,), 3.17 (2H, m, NCH,), 3.00
(3H, s, NCH,), 2.99 (1H, m, NCHH), 2.41 (1H, dq, J = 14.3,J =
7.2, CCHHCH,;), 2.03 (1H, dq, J = 14.3, J = 7.2, CCHHCH,),
1.39(3H,t,J =7.1,0CH,CH,), 1.20 (3H, t,J = 7.0, NCH,CH,),
1.08 3H, t,J =7.0, NCH,CH,), 0.84 3H, t, J = 7.2, CCH,CH)
ppm; “C NMR (100 MHz, CDCl;): 6 171.8 (O=CC=C), 169.6
(0C=0), 168.0 (NC=0), 164.4 (OC=0), 154.3 (NCH=CH),
99.3 (0O=CC=0), 91.9 (NCH=CH), 87.7 (CCH,CH,;), 60.1
(OCH,), 45.7 (NMe), 43.0 (NCH,CH;), 42.4 (NCH,CHs;), 36.8
(NMe), 34.6 (CCH,CH;), 14.4 (OCH,CHs;), 14.0 (NCH,CHs),
12.3 (NCH,CHj3), 7.3 (CCH,CH,;) ppm; IR (MIR) 2973, 1745,
1677, 1630, 1613, 1541, 1393, 1177, 1024, 976 cm™'; MS (ESI)
m/z 353.3 (MH*); HRMS (ESI POS) calcd for C,sH;xN,O5 (M*)
352.1998, found 352.2003; Anal. Calcd for C,sH,sN,Os: C, 61.3;
H, 8.0; N, 7.95. Found: C, 61.0; H, 8.1; N, 8.0%.

(S)-5-Diethylcarbamoyl-4-(( E)-2-dimethylamino-vinyl)-5-ethyl-2-
0x0-2,5-dihydro-furan-3-carboxylic acid ethyl ester ((5)-27).
According to the preparation of 27, a solution of (S)-21
(1.220 g, 4.103 mmol) in DMF (7.3 mL) was treated with
tris(dimethylamino)methane (7.55 mL, 42.26 mmol, 10.3 eq.)
yielding the crude product as an orange oil (1.463 mg, 101% by
weight). An analytical sample (yellow oil) was prepared starting
from (S)-21, which had been purified by column chromatography
prior to use. The sample was liberated from residual DMF in
a high vacuum rotary evaporator (50 °C, 0.5 mbar). [a]p® (¢ =
1.020 g dL-!, CHCI;) = —238.9. The other analytical data are in
accordance with (rac)-27.

Synthesis of 5-diethylcarbamoyl-4-((E)-2-dimethylamino-vinyl)-
5-ethyl-2-ox0-2,5-dihydro-furan-3-carboxylic acid ethyl ester (27)
using DMFDMA. To a solution of 21 (6.758 g, 22.73 mmol) in
DMF (40 mL), dimethylformamide dimethyl acetal (DMFDMA,
40.0 mL, 285.1 mmol, 12.5 eq.) was added at room temperature.
The color of the reaction mixture changed from orange to brown
to green. The reaction was monitored by HPLC. After 2.5 h,
the mixture was diluted with dichloromethane (150 mL) and
washed with aqueous HCI (150 mL, 1.0 M) and subsequently with
brine (3 x 150 mL). The organic phase was dried over sodium

sulfate (20 g, 30 min) and filtered. The filter cake was washed
with dichloromethane (40 mL). After evaporation of the solvent
in a rotary evaporator (50 °C, 5 mbar), the crude product was
obtained as a red-brown liquid (10.632 g, 144% by weight), which
still contains DMF and which was directly used for the preparation
of 20 without further purification.

1-Ethyl-3,4-dioxo-1,3,4,5-tetrahydro-furo[3,4-c|pyridine-1-car-
boxylic acid diethylamide (20). To a solution of crude 27
(10.63 g, 30.17 mmol) in DMF (85 mL), ammonium acetate
(23.7 g, 301.7 mmol, 10.0 eq.) was added at room temperature
resulting in the formation of a shiny red solution, which was
heated to 80 °C. The reaction was monitored by HPLC. After
19 h, the mixture was diluted with dichloromethane (150 mL) and
successively washed with water (130 mL), aqueous HCI (130 mL,
0.5 M) and subsequently with brine (3 x 130 mL). The organic
phase was dried over sodium sulfate (20 g, 30 min) and filtered.
The filter cake was washed with dichloromethane (40 mL). After
evaporation of solvent in a rotary evaporator (50 °C, 5 mbar),
the crude product was obtained as a red liquid (6.611 g, 79% by
weight). All volatile components were removed in a Kugelrohr
distillation apparatus. The residue was purified by trituration for
18 h at room temperature with heptane/TBME (1 : 1, 12 mL),
then with heptane/TBME (1 : 1, 8 mL) and finally with TBME
(10 mL) furnishing product 20 (1.797 g, 6.46 mmol, 21% by
weight (yield over 4 steps (26 — 20): 53%) as violet crystals.
Mp: 177 °C; '"H NMR (300 MHz, CDCl;): ¢ 13.03 (1H, br. s,
NH), 7.78 (1H, d, J = 6.6, HNCH=CH), 6.93 (1H, d, J = 6.6,
HNCH=CH), 3.94 (1H, dq, J = 13.8, J = 6.9, NCH,), 3.50 (1H,
dq, J = 13.8,J = 6.9, NCH,), 3.28 (1H, dq, J = 13.8, J = 6.9,
NCH,), 3.17 (1H, dq, J = 13.8, J = 6.9, NCH,), 2.39 (1H, dq,
J =145, J = 7.3, CCHHCH,), 2.09 (1H, dq, J = 14.5, J =
7.3, CCHHCH,), 1.24 (3H, t, J = 6.9, NCH,CH,), 1.14 (3H, t,
J =6.9, NCH,CH,), 0.89 (3H, t, J = 7.3, CCH,CH,;) ppm; “C
NMR (100 MHz, CDCl): ¢ 169.2 (O=CC=C), 166.6 (OC=0),
166.2 (Et,NC=0), 160.3 (HNC=0), 141.9 (HNCH=CH),
112.7 (O=CC=C), 104.5 (HNCH=CH), 89.0 (CCH,CH,), 42.7
(NCH,), 31.7 (CCH,CH;), 14.7 (NCH,CH;), 12.4 (NCH,CH,),
7.6 (CCH,CH;) ppm; IR (Nujol) 3123, 2924, 1776, 1662, 1637,
1609, 1560, 1459, 1247 cm™'; MS (ESI) m/z 279.1 (MH*); HRMS
(ESI POS) caled for C,,H;N,O,Na (MNa*) 301.1164, found
301.1164; Anal. Calcd for C,,H;sN,O,: C, 60.4; H, 6.5; N, 10.1.
Found: C, 60.4; H, 6.7; N, 9.7%.

(S)1-Ethyl-3,4dioxo-1,3,4,5-tetrahydro-furo[3,4-c|pyridine-1-car-
boxylic acid diethylamide ((S$)-20). According to the preparation
of 20, a solution of (S5)-27 (1.462 g, 4.148 mmol) in DMF
(11.7 mL) was treated with ammonium acetate (3.263 g,
41.48 mmol, 10.0 eq.) yielding the crude product as a red liquid
(3.175 g, 275% by weight). All volatile components were removed
in a Kugelrohr distillation apparatus (50 °C, 0.05 mbar). The
residue (402.8 mg, 35% by weight) was purified by trituration
for 18 h at room temperature with 4.8 mL TBME furnishing
product (S5)-20 (329.2 mg, 1.18 mmol, 29% by weight (yield
over 4 steps (34 — (S)-20): 41%), er = 93.3 : 6.7 (chiral HPLC,
sample preparation: ethanol, equipment: Agilent 1100, column:
Chiralpak-ADH, 250 x 4.6 mm, temperature: 25 °C, mobile
phase: 90% heptane, 10% ethanol/trifluoroacetic acid (99 : 1),
flow: 0.8 mL min™', injection volume: 5 pL, detection: UV
326 nm, retention time: 29.78 min (5)-20, 26.01 min (R)-41) as
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yellow crystals. Mp: 199 °C; [a]p® (¢ = 0.364 g dL~!, CHCl;) =
—67.9. The other analytical data are in accordance with (rac)-20.

N,N-Diethyl-2-hydroxy-2-(3-hydroxymethyl-2-oxo-1,2-dihydro-
pyridin-4-yl)-butyramide (28). To a solution of 20 (1.000 g,
3.595 mmol) in ethanol (40 mL), ground cerium(t) chloride
(2.215 g, 8.99 mmol, 2.5 eq.) was added at room temperature.
The suspension was placed in an ultrasonic bath for 10 min and
was then cooled to 15 °C by a water bath. Sodium borohydride
(2.40 g, 61.1 mmol, 17 eq.) was added in 6 portions over 3 h. After
each addition, the water bath was removed immediately. After an
additional 2 h at room temperature, the suspension was poured
onto saturated aqueous NaHCO;/brine (1 : 1, 800 mL) and the
mixture was vigorously stirred for 13 h prior to extraction with
dichloromethane/ethanol (4 : 1, 5 x 400 mL). The combined
organic extracts were evaporated in a rotary evaporator (50 °C,
5 mbar). The crude product was obtained as a purple-red solid
(879.6 mg, 87% by weight), which was purified by trituration
with dichloromethane/TBME (2 : 1, 5.25 mL) yielding product
28 (623.2 mg, 2.21 mmol, 61% by weight) as a white solid.
Mp: 193 °C; '"H NMR (300 MHz, DMSO): 6 11.68 (1H, br. s,
NH), 7.32 (1H, d, J = 7.1, HNCH=CH), 6.41 (1H, d, J = 7.1,
HNCH=CH), 6.06 (1H, s, COH), 4.68 (1H, br. s, CH,OH), 4.37
(2H, s, CH,0OH), 3.05-3.40 (4H, m, NCH,), 2.07 (1H, dq, J =
14.3, J = 7.3, CCHHCH,;), 1.86 (1H, dq, J = 143, J = 7.3,
CCHHCH,;), 1.01 (3H, t, J = 7.0, NCH,CH;), 0.74 3H, t, J =
7.0, NCH,CH;), 0.68 (3H, t, J = 7.3, CCH,CH;) ppm; *C NMR
(100 MHz, DMSO): ¢ 171.5 (Et,NC=0), 163.3 (HNC=0),
152.5 (O=CC=0), 132.3 (NCH=CH), 126.8 (O=CC=C), 103.8
(HNCH=CH), 77.9 (COH), 55.6 (OCH,), 40.9 (NCH,), 32.8
(NCH,), 12.6 (NCH,CH,;), 12.2 (NCH,CH,;), 7.5 (CCH,CH;)
ppm; IR (Nujol) 3315, 3104, 2922, 2725, 1639, 1596, 1526, 1466,
1376, 1145, 1070, 1021 cm™'; MS (ESI) m/z 283.0 (MH"), 305.3
(MNa*); HRMS (ESI POS) caled for C,;H»,N,O,Na (MNa*)
305.1477, found 305.1476; Anal. Calcd for C,,H,,N,O,: C, 59.5;
H, 7.85; N, 9.9. Found: C, 59.2; H, 8.0; N, 9.6%.

(S)-N,N-Diethyl-2-hydroxy-2-(3-hydroxymethyl-2-oxo-1,2-di-
hydro-pyridin-4-yl)-butyramide ((S)-28). According to the pre-
paration of 28, a solution of (S)-20 (694.0 mg, 2.494 mmol) in
ethanol (28 mL) was treated with ground cerium(1) chloride
(1.537 g, 6.235 mmol, 2.5 eq.) and sodium borohydride (1.081 g,
27.4 mmol, 11 eq., added in 4 portions over 1 h, reaction
time: 4 h 50 min) yielding the crude product as a beige solid
(576.0 mg, 82% by weight), which was redissolved in methanol
(10 mL) at 60 °C. The solution was poured on saturated aqueous
NaHCO;/brine (1 : 1, 88 mL) and the resulting suspension
was stirred for an additional 24 h prior to extraction with
dichloromethane/ethanol (4 : 1, 5 x 88 mL). The combined
organic extracts were evaporated in a rotary evaporator (50 °C,
5 mbar) yielding product (S)-28 (461.5 mg, 1.63 mmol, 66%
by weight) as an off-white solid. Mp: 174 °C (decomp.); [a]p*
(¢=0.253 gdL"', CHCl;) = —81.8. The other analytical data are
in accordance with (rac)-28.

4-Ethyl-4-hydroxy-1,7-dihydro-4H -pyrano|3,4- c|pyridine-3,8-
dione (19). To a suspension of 28 (560.0 mg, 1.983 mmol) in
DME (11.2mL), conc. aqueous HCI (36.5%, 1.68 mL 19.83 mmol,
10.0 eq.) was added dropwise at 0 °C. The ice bath was removed
after 15 min and the triphasic mixture was vigorously stirred. The

reaction was monitored by HPLC. After 4 h, the mixture was
evaporated to dryness in a rotary evaporator (27 °C, 1 mbar). The
crude product was obtained as an off-white semisolid (805.4 mg,
194% by weight). 333.3 mg of the crude product were purified by
trituration with 0.7 mL methanol at room temperature for 18 h
furnishing product 19 (168.7 mg, 0.425 mmol, 98% by weight)
as white crystals. Mp: 227 °C (decomp.). '"H NMR (300 MHz,
CDCI;/MeOH (1:1)):0 7.18 (1H, d, J = 6.9, HNCH=CH), 6.44
(1H, d, J = 6.9, HNCH=CH), 5.31 (1H, d, J = 16.2, OCHH),
497 (1H,d, J =16.2, OCHH), 1.65 (2H, m, CH,CH,), 0.76 (3H,
t,J = 7.3, CH,CH;) ppm; '"H NMR (400 MHz, DMSO): 6 11.80
(1H, s, NH), 7.43 (1H, d, J = 6.8, HNCH=CH), 6.36 (1H, d,
J = 6.8, HNCH=CH), 6.22 (1H, s, OH), 5.24 (1H, d, J = 16.2,
OCHH), 5.19 (1H, d, J = 16.2, OCHH), 1.75 (2H, m, CH,CH,),
0.80 3H, t, J = 7.4, CH,CH;) ppm; “C NMR (100 MHz,
DMSO0): ¢ 171.9 (OC=0), 158.2 (NC=0), 149.2 (O=CC=0),
134.0 (NCH=CH), 118.4 (O=CC=C), 101.4 (HNCH=CH),
71.3 (COH), 64.5 (OCH,), 29.8 (CH,CH,), 7.0 (CH,CH;) ppm;
IR (Nujol) 3308, 3122, 2923, 1751, 1641, 1620, 1556, 1460, 1156,
1031, 842 cm™'; MS (EI) m/z (rel. intensity) 209 (68), 180 (34),
165 (55), 136 (100); HRMS (ESI POS) caled for C,(H,,NO,
(MH*) 210.0766, found 210.0765. Anal. Calcd for C,,H,,NO,: C,
57.4;H,5.3; N, 6.7. Found: C, 57.5; H, 5.4; N, 6.7%.

(S)4-Ethyl-4-hydroxy-1,7-dihydro-4 H-pyrano|3,4-c|pyridine-3,8-
dione ((S)-19). According to the preparation of 19, a suspension
of (S5)-28 (461.0 mg 1.633 mmol) in DME (9.2 mL) was treated
with conc. aqueous HCI (36.5%, 1.38 mL, 16.33 mmol, 10.0 eq.)
yielding the crude product as an off-white solid (722.8 mg, 212%
by weight, er = 94.1 : 5.9 [chiral HPLC, sample preparation:
ethanol/ethyl acetate solution, equipment: Agilent 1100, column:
Chiralcel-ODH, 250 x 4.6 mm, temperature: 25 °C, mobile
phase: 90% heptane, 10% ethanol/trifluoroacetic acid (99 : 1),
flow: 0.8 mL min™', injection volume: 5 pL, detection: UV
305 nm, retention time: 30.00 min (S)-19, 24.52 min (R)-19],
which was stirred with 2.2 mL methanol at room temperature
overnight. The mixture was filtered and product (S)-19 was
washed with additional methanol (2.2 mL) furnishing white
crystals (117.4 mg, 34% by weight), er = 95.0 : 5.0 (chiral HPLC).
The filtrate was evaporated to dryness furnishing an off-white
solid (564.0 mg, 165% by weight), which was purified by column
chromatography with chloroform/methanol (10 : 1) giving rise to
product (S)-19 (153.7 mg, 0.735 mmol, 45% by weight), er =95.5:
4.5 (chiral HPLC) as white crystals. Mp: 230 °C (decomp.); [a]p*
(¢=0.168 gdL™', MeOH) = +102.6 (for a sample with er =98.1 :
1.9). The other analytical data are in accordance with (rac)-19.

2-Oxo-butyric acid (1R,2S,5R)-5-methyl-2-(1-methyl-1-phenyl-
ethyl)-cyclohexyl ester (30)"*. According to the literature,”® a
solution of 2-oxobutyric acid (2.28 g, 29, 22.11 mmol, 1.3 eq.),
(—)-8-phenylmenthol (31, 4.04 g, 17.02 mmol, 1.0 eq.) and
para-toluenesulfonic acid monohydrate (169.9 mg, 0.884 mmol,
0.52 eq.) in benzene (48 mL) was heated to reflux for 20.5 h
(HPLC control). After cooling down to room temperature, the
solution was washed twice with saturated aqueous NaHCO; (2 x
100 mL), and subsequently with water (50 mL) and brine (50 mL).
The organic phase was dried over sodium sulfate (5 g, 30 min) and
filtered. The filter cake was washed with benzene (10 mL). The
organic phase was evaporated to dryness in a rotary evaporator
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(40 °C, 20 mbar) yielding product 30 as colorless solid (4.98 g,
92% by weight). An analytical sample was obtained by column
chromatography (hexane/TBME 96 : 4). [a]p® (¢ = 0.827 g dL',
CHCl;) = +1.3; "H NMR (300 MHz, CDCl,): ¢ 7.19-7.27 (4H,
m, Ar), 7.09 (1H, m, Ar), 4.95 (1H, td, J = 10.7, J = 4.5, OCH),
2.36 (1H, dq, J = 194, J = 7.1, CHHCH,), 2.19 (1H, dq, J =
19.4, J = 7.1, CHHCH,), 2.14 (1H, m, aliphatic), 1.84 (2H, m,
aliphatic), 1.69 (1H, m, aliphatic), 1.50 (1H, m, aliphatic), 1.31
(3H, s, CCHj;), 1.22 (3H, s, CCH;), 1.10-1.40 (3H, m, aliphatic),
094 3H, t, J = 7.1, CH,CH;), 0.89 (3H, d, J = 6.4, CHCH,)
ppm. The other analytical data are in accordance with the data
reported in the literature.’®

(25)-2-Ethyl-2-hydroxy-3-methyl-but-3-enoic acid (1R,25,5R)-
5-methyl-2-(1-methyl-1-phenyl-ethyl)-cyclohexyl ester (32). To a
solution of 30 (4.200 g, 13.27 mmol) in THF (168 mL), isopro-
penylmagnesium bromide (39.8 mL, 19.91 mmol, 1.5 eq.) was
added dropwise at —78 °C (addition time: 30 min). After an
additional 50 min (HPLC control), the reaction mixture was
quenched by addition of saturated aqueous NH,CI (110 mL) and
was extracted with ethyl acetate (2 x 110 mL). The combined
organic phases were washed with brine (110 mL). The organic
phase was dried over sodium sulfate (15 g, 30 min) and filtered.
The filter cake was washed with ethyl acetate (30 mL). The organic
phase was evaporated to dryness in a rotary evaporator (40 °C,
8 mbar) yielding product 32 as a yellow oil (4.790 g, 101% by
weight, dr = 93 : 7). An analytical sample was obtained by column
chromatography (heptane/ethyl acetate 95 : 1, dr = 94 : 6). [a]p*
(¢=0.615gdL"", CHCl;) = —44.0; "H NMR (300 MHz, CDCl;):
0 7.15-7.29 (5H, m, Ar), 5.11 (1H, br., C=CHH), 4.97 (1H, m,
C=CHH), 4.84 (1H, td, J = 10.8, J = 4.2, OCH), 2.83 (1H, br. s,
OH), 2.09 (1H, m, Me,CCH), 1.97 (1H, m, OCHCHH), 1.74
(3H,s,H,C=CCH,), .31 (3H, s, PhCCH;), 1.21 (3H, s, PhCCH,),
0.90-1.80 (8H, m, aliphatic), 0.87 (3H, d, J = 6.4, CHCH;), 0.80
(3H, t, J = 7.4, CH,CH;) ppm; “C NMR (100 MHz, CDCl;):
0 173.9 (C=0), 151.0 (ipso-C¢Hs), 144.5 (C=CH,), 128.2 (meta-
C¢Hs), 125.4 (ortho-C4Hs), 125.4 (para-C4Hs), 113.1 (C=CH,),
79.7 (COH), 77.8 (OCH), 49.9 (PhCCH), 41.0 (OCHCH,), 39.9
(PhC), 34.5 (MeCHCH,CH,), 31.4 (MeCH), 28.8 (CH,CH,),
27.3 (H;CCCH,), 27.1 (MeCHCH, CH,), 26.4 (H;,CCCH,), 21.7
(CHCH,), 19.3 (H;CC=CH,), 7.8 (CH,CH;) ppm; IR (MIR)
3516, 2961, 1717, 1653, 1457, 1228, 1149, 907, 764, 702 cm™';
MS (EI) m/z (rel. intensity) 359 (1), 215 (7), 119 (100), 105 (92);
Anal. Caled for C;H,,0,: C, 77.05; H, 9.6. Found: C, 76.8; H,
9.2%.

(S)-2-Ethyl-2-hydroxy-3-methyl-but-3-enoic acid (33). A solu-
tion of 32 (3.025 g, 8.435 mmol) in MeOH/THF (1 : 1, 40 mL)
was treated with aqueous LiOH (1.0 M, 16.9 mL, 16.9 mmol,
2.0 eq). The resulting colorless suspension was heated to 110 °C
for 18.5 h providing a slightly brown solution (HPLC control).
After cooling to room temperature, the reaction mixture was
diluted with TBME (150 mL) and aqueous LiOH (150 mL). The
aqueous phase was extracted with TBME (150 mL) to remove the
auxiliary (the combined TBME phases were evaporated to dryness
furnishing 31 in >95% yield). Subsequently, the pH was adjusted
to 2 by addition of 10% aqueous KHSO,. The aqueous phase
was extracted with 400 mL CHCIL;/EtOH (4 : 1, 4 x 100 mL).
The combined organic phases were evaporated to dryness in a
rotary evaporator (40 °C, 10 mbar). The product was obtained as

a yellow solid (931.4 mg, 77% by weight). An analytical sample
was obtained by semipreparative HPLC (Zorbax Extend C18,
21.2 x 150 mm). Despite these efforts, a satisfactory microanalysis
could not be not obtained. [a]p* (¢ = 0.251 g dL~!, CHCL;) =
—11.9; mp: 77 °C; '"H NMR (300 MHz, CDCl;): 6 5.26 (1H, s,
C=CHH), 5.06 (1H, br. s, C=CHH), 2.04 (1H, dq, J = 14.3,
J =74, CHHCH;), 2.04 (1H, dq, J = 14.3, J = 7.4, CHHCH,),
1.85 (3H, s, H,C=CCH;), 0.94 (3H, t, J = 7.4, CH,CH;) ppm.
BC NMR (100 MHz, DMSO): § 179.4 (C=0), 144.3 (C=CH,),
113.5(C=CH,), 79.9 (COH), 29.1 (CH,CH,), 19.1 (H;CC=CH,),
7.7 (CH,CHj;) ppm; IR (film) 3439, 2924, 2627, 1722, 1643, 1295,
1230, 1140 cm™"'; MS (EI) m/z (rel. intensity) 126 (4), 119 (9), 99
(100), 43 (26), 41 (9); HRMS (ESI NEG) calcd for C;H,,0; (M —
H)~ 143.0708, found 143.0707.

(S)-2-Ethyl-2-hydroxy-3-methyl-but-3-enoic acid diethylamide
(34). o asolution of 33 (1.000 g, 6.95 mmol) in dichloromethane
(30 mL), N-ethyldiisopropylamine (2.50 mL, 14.6 mmol, 2.1 eq.)
and after an additional 8 min thionyl chloride (1.53 mL,
20.85 mmol, 3.0 eq.) were added dropwise at —15 °C. After 50 min,
a solution of diethylamine (7.22 mL, 69.5 mmol, 10.0 eq.) in
dichloromethane (20 mL) was added dropwise using a syringe
pump (addition time: 60 min). The reaction mixture was allowed
to slowly warm to room temperature overnight. After dilution
with dichloromethane (50 mL), the solution was washed with
aqueous HCI (50 mL, 1.0 M). The organic phase was dried
over Na,SO, (5 g, 30 min) and filtered. The solid was washed
with dichloromethane (10 mL). After evaporation of solvent in
a rotary evaporator (40 °C, 10 mbar), the crude product (1.36 g,
98% by weight) was obtained as a yellow oil, which was purified
by column chromatography with heptane/ethyl acetate (9 : 1)
yielding product 34 (0.900 g, 4.515 mmol, 65% by weight, er =
93.4 : 6.6, chiral GC [carrier gas: H,, 90 kPa (split ratio 1/20),
equipment: HP6890_2A, column: BGB-176, 30 m x 0.25 mm,
injector temperature: 200 °C, detector temperature: 220 °C,
retention time: 15.50 min (S)-34, 15.72 min (R)-34]) as yellow oil.
[a]p® (¢ = 0.990 g dL-', CHCl;) = +63.3; '"H NMR (300 MHz,
CDCL): 6 5.27 (1H, s,), 5.12 (1H, br. s,), 5.03 (1H, m,), 3.42 (4H,
m,), 2.00 (1H, dq, J = 13.9, J = 7.4), 1.91 (1H, dq, J = 14.0,
J=69), 171 3H,s,), 1.16 BH, t, J = 6.9), 1.12 3H, t, J =
6.9), 0.88 (3H, t, J = 7.4) ppm; “C NMR (100 MHz, CDCl,):
0 172.3 (NC=0), 146.9 (C=CH,), 111.5 (C=CH,), 77.5 (COH),
41.4 (NCH,), 41.1 (NCH,), 28.2 (CCH,CH,), 18.9 (H,C=CCH,),
13.1 (NCH,CH,;), 12.2 (NCH,CH;), 7.8 (CCH,CH;) ppm; IR
(MIR) 3365, 2973, 1615, 1381, 1363, 1124, 1081, 903 cm™'; MS
(EI) m/z (rel. intensity) 200 (21), 182 (31), 170 (9), 142 (26), 100
(100), 72 (60); Anal. Calcd for C,;H,,NO,: C, 66.3; H, 10.6; N, 7.0.
Found: C, 66.0; H, 10.75; N, 7.0%.
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A novel synthetic dopamine receptor bearing bidentate binding sites were prepared by covalent
imprinting using a disulfide linkage which is cleaved and oxidized to a non-covalent sulfoxide
recognition group. The used templates have dopamine-like structures connected to an allyl moiety via a
disulfide and to a 4-vinylphenyl group via a cyclic boronic diester. After the polymerization, the ester
bonds were hydrolyzed and the disulfide bond was reduced to remove the template moiety from the
polymer matrix, followed by the oxidation to transform the thiol residues into sulfonic acid (post
imprinted process). The imprinted polymer adsorbed dopamine selectively in aqueous solution with the
two-point interaction, i.e. the formation of cyclic boronic diester and electrostatic interaction with the

sulfonic acid residue.

Introduction

Molecular imprinting has been widely recognized as a technique
for the construction of materials containing binding sites that can
recognize a given target molecule.! The most attractive aspect of
this technique is the use of molecular templates to assemble func-
tional monomers around them into complementary orientations,
forming tailor-made binding sites for the target molecules within
a synthetic polymer matrix. The resulting imprinted polymers
show specific binding behaviors for the target molecules. Template
analog—functional monomer complexes were fashioned using
covalent and non-covalent interactions in which all or part of the
template analog is removed after polymerization, yielding a three
dimensional cavity. In this manner, not only molecular recognition
but also catalytic and signalling functionality can be easily intro-
duced into the synthetic polymers, using appropriately designed
template molecules.? Unlike low-molecular weight synthetic recep-
tors, in which proper design of the binding site is the most crucial
aspect, binding sites of imprinted polymers are automatically
constructed according to the template molecules designed.

Here, we report on a novel synthetic dopamine receptor bearing
two-point binding sites prepared by a covalent imprinting system
using disulfide templates followed by a post-imprinting treatment,
in which the original functional groups are chemically transformed
into other functional groups that can form strong non-covalent
interactions.

The target molecule, dopamine, has 3,4-dihydroxyphenyl and
amino groups in its structure that were utilized to form a
cyclic diester with a boronic acid and non-covalent electrostatic
interactions with acidic functional groups such as sulfonic acid.
Therefore, we designed a molecularly imprinted polymer contain-
ing both a boronic acid and a sulfonic acid in the binding site by
using covalent molecular imprinting. This polymer differs from

“‘Graduate School of Science and Technology, Kobe University, Kobe, 657-
8501, Japan. E-mail: takeuchi@scitec.kobe-u.ac.jp; Fax: +81-788036158;
Tel: +81-788036158

*PRESTO, Japan Science and Technology Agency (JST), Kawaguchi, 332-
0012, Japan

previous reported catecholamine-imprinted polymers prepared by
non-covalent imprinting using organic® and inorganic materials.*
Because an excess of functional monomers, usually used in non-
covalent imprinting, may generate nonspecific binding sites upon
being randomly grafted into the polymer matrix, we employed a
covalent molecular imprinting strategy for the introduction of
minimum amounts of boronic acid and sulfonic acid into the
polymer matrices (Fig. 1, step 1).

1. Polymerization with styrer

C Ij/\/s SN\ and divinyl benzene / C Ij/\/s S\/\/
Template 1
- 2. Reduction by NaBH,
_@_ OH HS\/\/ 3. Hydrolysis by HCI
y B,
/ 3
\‘ OH \Post imprinting oxidation by H,0,

OH Binding swteHOﬂs\/\
y 4 idor dcpammf,

»

O™~

Template 2

S /

B‘mdmg siteH103S
fcrdopamme

Fig. 1 Schematic diagram of dopamine imprinting with the post-
imprinting oxidation.

Results and discussion

We designed a template molecules 5-[2-(allyldithio)ethyl]-2-(4-
vinylphenyl)benzo[1,3,2]dioxaborole, (Template 1) that has a
dopamine-like core connected to an allyl moiety via a disulfide
group and to a cyclic boronic diester via 4-vinyl phenylboronic
acid. For the introduction of the boronic acid moiety, we employed
a conventional imprinting method as previously reported by Wulff
et al. for imprinting carbohydrates.® Disulfides are easily cleaved
from polymer matrices under reducing conditions (Fig. 1, step
2)% and the cyclic boronic diesters can be hydrolyzed under
acidic conditions (Fig. 1, step 3). The cleavage would create a
cavity complementary to dopamine and the imprinting process is
completed at this point.”
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The corresponding reduced polymer contains the thiol residues
located in the proper position in the binding site that can interact
with the amino group of dopamine, after being transformed
into a sulfonic acid by oxidation with H,O, (post-imprinting
treatment, Fig. 1, step 4).° Finally, after completing all of the
treatments, phenylboronic acid and sulfonic acid residues are
assembled suitably for the binding of dopamine, meaning that the
dopamine binding sites can be generated, in which dopamine will
be captured with two-point binding. A reference template, 5-[2-
(allyldithio)ethyl]-2-(phenyl)benzo[1,3,2]dioxaborole (Template 2)
was prepared, in order to verify the formation of binding sites
capable of two-point binding in the imprinted polymers prepared
using Template 1.

The two imprinted polymers IP(T1) and IP(T2) were prepared
by co-polymerizing styrene, divinylbenzene and either Template 1
or Template 2. A blank polymer (BP) was also prepared without
any template. After all the post-imprinting chemical modifications
were completed, the binding sites in the polymer prepared using
Template 1 (IP(T1-SO;H)) consist of both boronic acid and
sulfonic acid residues, and the polymer prepared using Template
2 (IP(T2-SO;H) has binding sites with only sulfonic acid residues.
Styrene/divinylbenzene based polymers were used as the matrix
because it was resistant to the redox reaction conditions that were
employed. The numbers of thiol groups in the polymers (IP(T1-
SH) and IP(T2-SH)) after the cleavage by the NaBH, treatment
were estimated to be 175 umol g~ for the both polymers, which
corresponds to about 70% of the templates used in the imprinting
process. Following oxidation of the thiol groups into sulfonic acid
residues® the loading of sulfonic acid residues in the polymers
were 120 umol g! IP(T1-SO;H) and 110 umol g=' IP(T2-SO;H),
respectively, meaning that about 70 to 80% of the thiol residues
were converted to sulfonic acids and the overall yields of the
binding sites were about 50%.

In order to examine effects of the post-imprinting treatment,
the binding of dopamine was investigated by HPLC method using
columns packed with IP(T2-SO;H) and IP(T2-SH), which have
no boronic acid residues. The retention factors were 13.08 £ 0.24
for IP(T2-SO;H) and 0.03 4 0.01 for IP(T2-SH) (n = 3) at pH 9.5.
The binding of dopamine became dramatically strengthened after
the post-imprinting treatment. This reveals that the sulfonic acid
residues in the binding sites of IP(T2-SO;H) can form strong
electrostatic interactions with the positively charged amino group
of dopamine under the testing conditions. From these results,
the effectiveness of the post-imprinting treatment was clearly
demonstrated by the enhancement in affinity of the post-modified
polymer.

With IP(T2-SO;H), dopamine and tyramine showed the
strongest binding at pH 9.5. pK, values of both amino and
phenolic hydroxyl groups are around 10,® therefore, at pH 9.5,
the compounds may exist as zwitter ions and the cooperation
of ion-exchange and hydrophobic effects could contribute to the
stronger binding. At pH 6.8 and 11, the binding may occur via a
simple ion-exchange process (Fig. 2). Catechol has no functional
group capable of forming an electrostatic interaction with the
sulfonic acid residues, therefore, the binding was weak and the
pH dependence was not clearly observed.

The introduction of boronic acid residues to the imprinted
binding sites using Template 1 (IP(T1-SO;H)) provided an
enhancement in binding affinity at higher pHs, because of the

Retention factor (k')

Dopamina §

Tyramine

Catechol ;

Tyramine §

BpH 11
BpHS5

Catechol &N moHES

IP(T2-S0:H)

Fig. 2 pH Dependence of the retention in IP(T1-SO;H) and
IP(T2-SO;H).

effective formation of cyclic boronic diester in alkaline solutions.’
Dopamine and catechol were strongly bound by IP(T1-SO;H)
especially at higher pHs. In contrast, tyramine that has no
dihydroxyl group showed a similar ion-exchange profile to that
of IP(T2-SO;H). At pH 11.0, the binding of dopamine for IP(T1-
SO;H) was the strongest among the tested compounds, and the &’
value of dopamine was approximately given by adding up those
of tyramine (to a sulfonic acid binder) and catechol (to a boronic
acid binder), suggesting that dopamine could be bound via two-
point binding to the boronic acid and sulfonic acid residues. The
blank polymer prepared without the templates showed almost
no binding under all the conditions employed. Therefore, the
imprinting effect clearly appears to be dominant, demonstrating
that the template molecules worked well to generate binding sites
selective for dopamine.

The relative selectivity of IP(T1-SO;H) and IP(T2-SO;H) at
pH 11.0 is summarized in Table 1. In IP(T1-SO;H), dopamine
showed the strongest binding because it has cis-diol and amino
group. Tyramine has a primary amine but no cis-diol and
catechol has no amine, and therefore, these two compounds had
lower retention factors than dopamine. The compounds having
carboxylic acid such as 3,4-dihydroxyphenylacetic acid (DOPAC)
and homovanillic acid (HVA) showed lower affinity; of the two,

Table 1 Relative selectivity” of IP(T1-SO;H) and IP(T2-SO;H)
HOL o N o NHy HOL o HO o~ -OH
J_ 1 I I J !
HO™ HO™ HO” T~ HOT
Dopamine Tyramine Catechol DOPAC
OH OH
I
HCO. s~ OH HO A A N HO o~ A NH;
do b I
HO™ HO™ HO™
HVA Epinephrine Norepinephrine
Sample IP(T1-SO;H) IP(T2-SO;H)
Dopamine 1.00 1.00
Tyramine 0.54 1.02
Catechol 0.45 0.05
DOPAC 0.36 0.02
HVA 0.08 0.00
Epinephrine 0.05 0.12
Norepinephrine 0.35 0.05

“The relative selectivity is expressed as ratios of retention factors of the
tested samples to a retention factor of dopamine at pH 11.0.
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DOPAC was better retained because it possesses a catechol
structure. In IP(T2-SO;H), negatively charged compounds having
no amino groups such as catechol, DOPAC and HVA showed
almost no affinity due to the electrostatic repulsion. Finally, it was
notable that IP(T1-SO;H) showed higher affinity for dopamine
than IP(T2-SO;H).

Although epinephrine and norepinephrine have also the both
functional groups, the binding was weaker. Epinephrine showed
especially low affinity to IP(T1-SO;H). The basicity of the
secondary amine of epinephrine is higher than that of nore-
pinephrine, thus epinephrine should be more strongly bound to
IP(T1-SO;H) than norepinephrine, but the opposite trend was
observed. In IP(T2-SO;H), epinephrine was more retained than
norepinephrine, as expected. This trend can be explained by the
binding sites in IP(T2-SO;H) being large enough to fit these
compounds and can bind them by an ion-exchange mechanism,
since it was generated by using Template 2, which generates a larger
cavity than Template 1 due to the presence of unpolymerizable
boronic acid moiety in Template 2. In contract, norepinephrine
was retained longer than epinephrine by IP(T1-SO;H), suggesting
that epinephrine does not fit as well into the imprinted cavity gen-
erated by Template 1 as norepinephrine has a less bulky primary
amine. These results suggest that the selectivity is affected not only
by the functional groups but also by the size of imprinted cavities.

Conclusions

The polymers with the post-imprinting treatment showed en-
hanced affinity without loss of the imprinting effect in aqueous
solution. The present results prove that the proposed imprinting
system involving the post imprinting oxidation can generate
binding cavities as intended with two functional groups positioned
in the binding site and work cooperatively. Tailoring the binding
sites after constructing preferable molecularly imprinted binding
sites by using organic chemistry shown here would open a new
strategy to design more desirable molecular recognition and/or
catalytic materials.

Experimental
Preparation of Templates 1 and 2

S-[2-(3,4-Dimethoxyphenyl)ethyl]thioacetate 1. A mixture of
3,4-dimethoxystyrene (5.00 g, 30.5 mmol) and thioacetic acid
(2.62 mL, 36.6 mmol) was stirred for 7 h at room temperature
while irradiating with a 500 W bulb. The resulting mixture was
purified by a silica-gel column chromatography (ethyl acetate—n-
hexane = 1 : 3) to give 1 (6.14 g, 84%); oy (300 MHz; CDCl;;
Me,Si) 2.34 (3H, s, CH,), 2.80 (2H, t, CH,), 3.11 (2H, t, CH,),
3.86 (3H, s, OCH,), 3.88 (3H, s, OCH;) and 6.74-6.81 (3H, m,
Ar-H).

S-[2-(3,4-Dihydroxyphenyl)ethyl]thioacetate 2. To a solution
of 1(6.00 g, 25.0 mmol) in CH,Cl, (80 mL) was added dropwise
a solution of boron tribromide (4.10 mL, 42.4 mmol) in CH,Cl,
(20 mL) at —78 °C. Then the resulting mixture was refluxed for
7 h and was further stirred for 24 h at room temperature. To
the mixture was added 10 mL of water. After separating the
CH,Cl, layer, the aqueous layer was washed with diethyl ether
(80mL x 4). The combined organic layer was dried over anhydrous

sodium sulfate and the solvent was removed. The residue was
purified by a silica-gel column chromatography (ethyl acetate-n-
hexane = 1 : 2) to give 2 (4.56 g, 86%); oy (300 MHz; CDCl;;
Me,Si) 2.33 (3H, s, CH,), 2.73 (2H, t, CH,), 3.06 (2H, t, CH,),
6.19 (2H, brs, 2 x OH) and 6.63-6.81 (3H, m, Ar-H).

1,2-Dihydroxy-4-(2-mercaptoethyl)benzene 3. Under a nitro-
gen atmosphere, 2 (4.24 g, 20.0 mmol) was dissolved in 0.2 mol L™
aqueous sodium hydroxide—ethanol (80 mL, 1 : 1, v/v) and the
resulting solution was stirred for 5 h at room temperature. After
neutralization with 1 mol L' hydrochloric acid, the resulting
mixture was extracted with ethyl acetate (50 mL x 5). The
combined extracts were dried over anhydrous sodium sulfate and
the solvent was removed. The residue was purified by a silica-gel
column chromatography (ethyl acetate-n-hexane = 1 : 2) to give
3 (3.11 g, 92%); o (300 MHz; CDCl;; Me,Si) 1.41 (1H, t, SH),
2.72-2.83 (4H, m, 2 x CH,), 5.83 (2H, brs, 2 x OH) and 6.61-6.82
(3H, m, Ar-H).

4-[2-(Allyldithio)ethyl]catechol 4. To a mixture of 3 (3.00 g,
17.6 mmol) and diallyldisulfide (25.7 g, 176 mmol) was added
dropwise 5 mL of triethylamine and the resulting mixture was
stirred for 8 h at 60 °C under a nitrogen atmosphere. The mixture
was cooled to room temperature and then n-hexane was added.
The resulting precipitate was collected and purified by a silica-gel
column chromatography (ethyl acetate-n-hexane = 1 : 2) to give
4 (1.96 g, 46%); oy (300 MHz; CDCl;; Me,Si) 2.72-2.94 (4H, m,
CH,CH,), 3.37 (2H, d, CH,), 5.15-5.25 (2H, m, CH=CH,), 5.56
(2H, br s, 2 x OH), 5.83-5.94 (1H, m, CH=CH,) and 6.63-6.83
(3H, m, Ar-H).

5-[2-(Allyldithio)ethyl]-2-(4-vinylphenyl)benzo[1,3,2]dioxaborole
(Template 1). A solution of 4-vinylphenylboronic acid (1.48 g,
10.0 mmol) in toluene (80 mL) was refluxed for 3 h and then the
solvent was removed. A part of the resulting anhydride (351 mg,
0.90 mmol) and 4 (654 mg, 2.7 mmol) was dissolved in toluene
(80 mL) and the mixture was refluxed for 3 h. The resulting
insoluble precipitate was removed by filtration and the filtrate
was evaporated to give Template 1 (774 mg, 81%); oy (300 MHz;
CDCl;; Me,Si) 2.69-2.91 (4H, m, CH,CH,), 3.36 (2H, d, CH,),
5.14-5.28 (2H, m, CH=CH,), 5.35 (1H, d, CH=CH,), 5.83-5.94
(2H, m, CH=CH, and CH=CH,), 6.63-6.83 (4H, m, Ar-H and
CH=CH,), 7.51 (2H, d, Ar-H) and 8.15 (2H, d, Ar-H).

5-[2-(Allyldithio)ethyl]-2-(phenyl)benzo[1,3,2]dioxaborole (Tem-
plate 2). A solution of phenylboronic acid (1.22 g, 10.0 mmol)
in toluene (80 mL) was refluxed for 3 h and then the solvent was
removed. A part of the resulting anhydride (281 mg, 0.90 mmol)
and 4 (654 mg, 2.7 mmol) was dissolved in toluene (150 mL) and
the mixture was refluxed for 3 h. The resulting insoluble precipitate
was removed by filtration and the filtrate was evaporated to give
Template 2; 4 (300 MHz; CDCl;; Me,Si) 2.63-2.89 (4H, m,
CH,CH,), 3.28-3.35 (2H, d, CH,), 5.09-5.26 (2H, m, CH=CH,),
5.78-5.94 (1H, m, CH=CH,), 6.60-6.78 (3H, m, Ar-H) and 7.30-
8.20 (5H, m, Ar-H).

Preparation of IP(T1) and IP(T2)

Either Template 1 or Template 2 (2 mmol) was dissolved in
chloroform (5 mL) with divinylbenzene (50 mmol), styrene
(10 mmol) and 2,2’-azobis(isobutyronitrile) (500 mg). The mixture
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was purged with nitrogen gas for 5 min. The glass tube was sealed
and placed under UV light (XX-15L, UVP, Upland, CA) for 24 h
at 5 °C, followed by heating for 3 h at 80 °C. A blank polymer
(BP) was prepared without the template molecules.

Removal of the template molecule to yield IP(T1-SH) and
IP(T2-SH)

The obtained polymers were crushed roughly, then the particles
were suspended in methanol (100 mL) with NaBH, (20 mmol).
The mixture was stirred for 12 h to cleave the disulfide bond of the
template and the NaBH, treatment was carried out three times.
The particles were then treated with a diluted HCI solution
containing 50% (v/v) methanol to hydrolyze the boronic acid ester
of the template. The particles were washed twice with 50% (v/v)
methanolic aqueous solution, then washed with methanol. Finally
the particles obtained were dried in vacuo.

To determine the amounts of thiol groups,' polymer particles
(200 mg) were suspended in 80% (v/v) methanolic aqueous
solution containing 10 mM silver(1) nitrate (20 mL), and stirred for
3 h. After the filtration, the filtrate was adjusted to be 100 mL with
water. An appropriate amount of iron (1) nitrate nonahydrate
was added and a 10 mL aliquot was titrated with 2 mM potassium
thiocyanate methanolic solution.

Post-imprinting treatment to yield IP(T1-SO;H) and
IP(T2-SO;H)

Polymer particles (200 mg) were suspended in acetic acid con-
taining ca. 15% hydrogen peroxide, and stirred for 12 h. After
the filtration, the particles were washed twice with 50% (v/v)
methanolic aqueous solution containing 50 mM sulfonic acid,
then washed twice with methanol.

The particles (200 mg) were treated with 1 M sodium chloride
(100 mL) and pH in the supernatant was measured. This treatment
was carried out three times and an amount of hydrogen released
from sulfonic acid residues by ion exchange was calculated.

HPLC conditions

An HPLC used consisted of two pumps (Gilson model 305
and 306), an auto-injector (Gilson model 234) and a UV/VIS
detector (Gilson model 119). The eluents used (I mL min™')
were acetonitrile-10 mM phosphate buffer pH 11.0 (1 : 1 v/v),
acetonitrile-10 mM glycine buffer pH 9.5 (1 : 1 v/v) or acetonitrile—
10 mM phosphate buffer pH 6.8 (1 : 1 v/v). The detection was

carried out at 254 nm. The sample size was 10 pL. Retention
factors were calculated using the equation k' = (¢ — t,)/t,, where
tr 18 the retention time of the solutes and ¢, is the retention time
of potassium nitrate used as a void marker. The measurement of
each sample was performed in triplicate.
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Tertiary aromatic amides bearing stereogenic centres ortho to the amide group may adopt two
diastereoisomeric conformations which interconvert slowly on the NMR timescale at ambient
temperature, and are therefore detectable by NMR. Certain classes of stereogenic centre—particularly
sulfoxides, ephedrine-derived oxazolidines, and proline-derived imidazolidines—strongly bias the
population of the two conformers. We propose a model, supported by molecular mechanics
calculations, which rationalises the sense and magnitude of the conformational selectivity attained in
terms of the steric and electronic properties of the controlling centre. The control over conformation
may be exploited either by trapping the favoured conformer as an atropisomer, or by using it to relay

information about the stereochemistry of the controlling centre.

Introduction

Tertiary aromatic amides bearing at least one ortho substituent,
such as 1, adopt conformations in which the ring and the amide
group lie more or less perpendicular.? Given an unsymmetrically
substituted aromatic ring, this feature gives rise to enantiomeric
conformers P-1 and M-1 (Scheme 1) and we*® and others'®" have
studied the rate at which these conformers interconvert. In many
2,6-disubstituted amides,!? the rate of conformer interconversion
is, in principle’ (and in many cases, in practice®>*1%13-16)  slow
enough for them to become atropisomers, separable into axially
chiral stereoisomers. 2-Substituted benzamides 1 with only one
ortho substituent are typically not atropisomeric (Scheme 1),
but Ar—CO rotation in such compounds is nonetheless slow on
the NMR timescale (a half-life for Ar—CO rotation of the order of
0.01 s), a feature which allows dynamic NMR methods to be used
as a means of determining rotational barriers.>*

oy o

X' diasterecisomers X
for chiral X

enantiomers
for simple X

M-1

P

typ=ca.0.01s

Scheme 1 Conformers of tertiary benzamides.

Given an unsymmetrically and chirally substituted ring, the
two conformers of 1 about the Ar-CO bond become di-
astercoisomeric, with their relative stability and therefore the
ratio in the equilibrating mixture determined by the relative
importance of the diastereoisomeric interactions between the
chiral axis and chiral substituent X. In previous publications
we have reported scattered observations that this effect can lead

School of Chemistry, University of Manchester, Oxford Road, Manchester,
UK M 13 9PL. E-mail: clayden@man.ac.uk; Fax: +44 161 275 4939

+ The principal exceptions are peri-substituted naphthamides. See ref. 5.

to surprisingly high levels of conformational control, mainly
in 1-naphthamides."” These observations have covered such chi-
ral groups as l-silylethyl'® and I-stannylethyl®*?' groups, 1-
hydroxyalkyl*¢ and 1-aminoalkyl®*** groups, sulfinyl groups®!***
and oxazolidinyl'**?¢ and imidazolidinyl***’ groups derived by
condensation of aldehydes with (—)-ephedrine or with a diamine
derived from (—)-proline. In this paper, we now report in full
our studies of the ability of these and other chiral groups to
control the orientation of tertiary aromatic amides in general,
and offer a qualitative and quantitative rationalisation for some
of the observations by molecular modelling, and we show how
the conformational control achieved can be applied to the use of
amides to relay stereochemical control.

Earlier observations

We have previously shown, in a series of publications,-6:1921.22.28:29

that the perpendicular architecture of an aromatic amide is able
to exert kinetic stereochemical control over the formation of
new stereogenic centres, leading to the synthesis of atropisomeric
diastereoisomers with high levels of stereoselectivity. Among the
best of these stercoselective reactions is the lateral lithiation—
electrophilic substitution of 2-ethyl naphthamide 2,"*! which on
stannylation gives the anti product anti-3 (Scheme 2).*! The first
indication that the newly formed stereogenic centre was able to
reverse the sense of stereocontrol in the reaction which formed
it came when we were isolating the stannane anti-3:***' even
gentle heating was enough to promote its equilibration, by Ar—
CO rotation, to the apparently more stable syn isomer. After 48 h
at 65 °C in toluene, a 97 : 3 ratio of atropisomers in favour of the
syn isomer was observed by integration of the NMR spectrum of
the equilibrated mixture.*!

2-Substituted tertiary naphthamides such as 2 typically exhibit
barriers to Ar—CO rotation of >100 kJ mol~':*° their Ar—CO
conformers are atropisomeric (with a half-life for diastereoiso-
meric interconversion at room temperature typically of the order
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o 1. s-BuLi
2. BusSnCl
™
2 anti-3 (89:11 anti: syn)
65 °C
48 h I
quant.

syn-3 (97 : 3 syn: anti)
Scheme 2 Equilibration between diastereoisomeric atropisomers.

of hours or more) and equilibrate only on heating. 2-Substituted,
6-unsubstituted tertiary benzamides 1 by contrast have barriers to
Ar—CO rotation typically of only around 70 kJ mol~': their Ar—
CO conformers interconvert rapidly at room temperature (¢,,, ca.
0.01 s).® This rate is however still slow on the NMR timescale,*
and NMR analysis of the benzamides 473! bearing a chiral 2-
substituent confirmed that indeed two conformers (Scheme 3) were
clearly discernible in the NMR spectrum at, or for 4b just below,
room temperature. The ratio of conformers was easily established
by integration of the spectra: 4a shows two conformers in the ratio
88 : 12 at 23 °C, 4b two conformers in the ratio 78 : 22 at —20 °C.
Fig. 1 shows a portion of the NMR spectrum (the upfield CHMe,
signal) of 4a.

)\ )\ fast at 25 °C )\ )\

o= H (tp=ca0.ls) .

SiMe3 SiMe;

syn-4a (R=Me) 88:12 anti-4a (R = Me)
syn-4b (R = H) 78:22 anti-4b (R = H)

Scheme 3 Conformers of 2-(1-silyl)ethyl benzamide 4.
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Fig. 1 A portion of the 'H NMR spectrum of 4, illustrating the presence
of two diastereoisomeric conformers.

The X-ray crystal structure of 4a led us to put forward a model to
account for the conformational preference of 4a™'7 which we now
propose to refine and use to rationalise conformational preferences
in both 2-substituted benzamides of the general structure 6 and in

o= S
r:_ e L M —_—
RO
5A (naphthamide) 5B
6A (benzamide) 6B

“"Ar—X* bond" \

M
B
R.
—_— r-N o
< --- "Ar—X* bond"
L M
S
B

Fig. 2

2-substituted naphthamides of the general structure 5 (Fig. 2a—c).
In this model, S, M and L are the smallest, medium-sized and
largest groups at the stereogenic centre, respectively. We propose
that the favoured conformation, shown in Fig. 2 as A, is one in
which the smallest group S more or less eclipses the amide Ar-CO
bond while the largest group L occupies a position as far as possible
from the amide’s bulky N-substituents. Similar conformations are
well established for chiral centres next to alkene «t systems.*? Fig. 2a
illustrates the way we shall usually draw this conformer of 5 and 6;
Fig. 2b represents a perspective view of the same conformer; Fig. 2¢
represents this conformer in the form of a Newman projection
along what we will term the “Ar-X* bond”; Fig. 2d shows the
same conformation as a Newman projection along the Ar—CO
bond. The angle § may lic anywhere in the region of 90-120° and
¢ anywhere in the region of 90°: the difference in 6 between Fig. 2b
and 2c is due to the need for representational clarity and is not
intended to carry any significance (i.e., while the two show slightly
different conformations they are intended to represent the same
conformer*®).

Results and analysis

Conformational control in aromatic amides bearing chiral
2-substituents

Several naphthamides 5 bearing chiral 2-substituents were avail-
able from diverse research projects, and Table 1 summarises
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Table 1 Conformational preferences in naphthamides S bearing chiral 2-substituents

S
A
L

Entry Compound R Ratio of diastereoisomers A : B Solvent T/°C Reference
1 5a H — 60 : 40 Toluene 65 21
2 5b H — 94:6 Toluene 65 20

Aone

SiMe3
3 5¢ H Me 88:12 Toluene 60 21

‘Me

SnRy
4 5d Bu 97:3 Toluene 65 21
5 Se H Me 62:38 Dioxane 62 3

'R

OH
6 56 : 44« Dioxane 60 3
7 5f Et 58:42 Dioxane 55 3
8 5¢g Bu 51:49 Toluene 60 3
9 64 : 36 Dioxane 61.5 3

10 63:37° Dioxane 61.5 3

11 65:35 EtOH 60 3

12 5h Ph 64 :36 Dioxane 60 3

13 59 : 41¢ Dioxane 62 3

14 5i t-Bu 11:89 Toluene 110 34

15 5§ H Me 82:18 CDCl, 60 22

e
NHMe
16 5k Bu 80:20 CDCl, 60 22
17 51 H Me 62 :38 CDCl, 60 22
A
NBnMe
18 5m Bu 47:53 CDCl, 60 22
19 5n H — >90:10 Toluene 110 14
)vrﬁ
N
Ph
20 — >90:10 Toluene 110 14
21 50 H — >95:5 Toluene 110 14
/lvo’(\Ph
=N
22 — >95:5¢ Toluene 110 14
23 5p fé‘O Me 99.5:0.5 CDCl, 25 24
R

24 5q t-Bu >98:2 CDCl, 25 24

25 5r Ph >98:2 CDCl, 25 24

26 5s p-Tol >99:1 CDCl, 25 24

“ N,N-Diethylamide.

the ratios obtained when the atropisomeric diastereoisomers of
these naphthamides were thermally equilibrated by heating in
solution.

1. 2-Alkyl, 2-(1'-trialkylsilyl)ethyl and 2-(1'-trialkylstannyl)-
ethyl substituents. The equilibrated ratios of atropisomers of the
naphthamides in Table 1, entries 1-4, suggest that steric contrast
between M and L is essential for good selectivity in these groups

of compounds bearing electronically similar S, M and L groups.
For example, while 5b-d, with L = SiR; or SnR; and M = Me
show high selectivity, in 5a, with L = Et and M = Me, selectivity
is poor. We made 8, the benzamide analogue of 5Sa, by lateral
lithiation and ethylation of 7 (Scheme 4); its NMR spectrum at
23 °C in C4D4 showed two sets of peaks in a predictably almost
unbiased ratio of 55 : 45. We confirmed that these represented
diastereoisomeric conformers by variable temperature NMR (VT
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8A ratio=55:45 8B

Scheme 4 Conformers of a 2-sec-alkyl benzamide 8.

NMR): coalescence between the pairs of peaks was observed at
temperatures approaching 70 °C.

In order to investigate the validity of the conformational model
shown in Fig. 2 when applied to compounds 4a and 8 (and hence,
by extension, Sa-d) we modelled the two Ar—CO conformers A
and B of 4a and 8 using Macromodel (MM2%).%® Fig. 3a shows
a dihedral drive plot of energy against 6 for the two Ar-CO
conformers of 8 (A and B) and Fig. 3b the two Ar—CO conformers
of 4a (A and B)

Energy / kJ mol-
65.0

55.0 1
45.017f
35.0 1
25.0 1

15.0 |

5.0

0 60 120 180 240 300 360
Angle (degrees
(a) gle (deg )

Energy / kJ mol-
85.0

65.01 4
45.0
25.0

5.0

-15'00 60 120 180 240 300 360

(b) Angle (degrees)

Fig. 3 (a) Plot of E vs. 0 (see Fig. 2c) for 8A (solid circles) and 8B (open
circles); (b) plot of E vs. 0 (see Fig. 2¢) for 4aA (solid circles) and 4aB (open
circles).

The calculations confirm two features of our model. Firstly, for
both Ar-CO conformers of both compounds, there are two stable

conformations both with L more or less perpendicular to the plane
of the ring. Of these, the favoured conformation approximates to
that shown in Fig. 2, with 100° < 6 < 130° in both cases, in
other words, H almost but not quite eclipsing the Ar—CO bond.
Secondly, it confirms that in 4a with L = SiR;, the most stable
conformations of the two Ar—CO conformers differ in energy by
4.05 kJ mol™', corresponding to a conformational ratio at 25 °C
of 80 : 20. The same is not true for 8 with L = Et, in which the
most stable conformations of the two Ar—CO conformers differ
by only 1.51 kJ mol™!, corresponding to a ratio of 55 : 45 at
25 °C. The absolute values of these figures are remarkably close to
the experimentally determined ratios of 88 : 12 for 4a and 55 : 45
for 8.

In further support of the model in Fig. 2, though only insofar
as the crystalline state gives an impression of conformation
in solution, analysis of the X-ray crystal structures of some
benzamides 4a (shown in Fig. 4),” 6-diphenylphosphanyl-4a’ and
the related naphthamides 5a*! and 5¢*' showed that the values of 0
and ¢ (Figs. 2c, 2d) favoured by these compounds in the crystalline
state (Table 2, entries 1-4) were more or less in agreement with
our modelling. We are confident therefore that the model shown
in Fig. 2 is fundamentally sound.

Fig. 4 View of X-ray crystal structure of 4a’ along the Ar-X* bond.

2. 2-(1'-Hydroxy)alkyl substituents. In the naphthamide
series, thermal equilibration of the atropisomeric alcohols Se-Sh
(Table 1, entries 5-14) indicated a weak thermodynamic preference
for atropisomer A, with the amide C=0 and OH group syn when
drawn as the conformer shown in Fig. 2.> The ratios showed a
weak solvent dependence. Only in 5i, in which R is a #-butyl group
(Table 1, entry 14) was the “anti” atropisomer B favoured.

To establish the effect of a chiral 2-substituent on the conforma-
tion of benzamides or the analogous nicotinamides, we made the

Table 2 Dihedral angles in selected X-ray crystal structures (see Fig. 2c,
2d)

Entry Compound 0 (deg) ¢ (deg) Reference
1 4a 107.4 78.3 7

2 6-PPh,4a 101.3 88.3 7

3 5a 106.2 88.7 21

4 5¢ 99.5 89.7 21

5 50 134.3 89.4 14

6 33b 132.8 86.9 This work
7 33f 133.2 80.8 This work
8 33g 127.9 86.4 This work
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Table 3 Conformational preferences in benzamides and nicotinamides with hydroxyl-bearing 2-substituents

Entry Compound R' R? Yield (%) Ratio of diastereoisomers A : B Solvent
1 12a Ph H 67 50:50 CDCl;
2 10b Et Me 59 50:50 CDCl;
3 12b Et Me 83 50:50 CDCl,
4 10c Ph Me 60 90:10 CDCl;
5 12¢ Ph Me 61 90:10 CDCl;
6 85:15 80 : 20 CDCL;-CD;0OD
7 80:20 60 : 40 CDCL;-CD;0OD
8 70 : 30 CD,;0D
9 60 : 40 ds-DMSO
10 50:50 D,0
11 10d @ 59 50:50 CDCl,
12 10e 59 50:50 CDCl,
/\
13 13 Ph Me 85 30:70 CDCl,
14 30:70 CD;OD
15 14 CH,0OR H 40 34: 66 CDCl,

alcohols 10 and 12 by ortholithiation of 9% or 11* and addition
to benzaldehyde, 2-butanone, acetophenone, norbornanone or
fenchone (Scheme 5). Alcohol 12¢ was methylated to give 13.
We also investigated the ether 14, made from 9 by sequential
double lithiation and quench with SEMCL* Interconversion of
the diastereoisomeric conformers is slow on the NMR timescale
and integration of the NMR spectra of the products in a variety
of solvents gave the conformational ratios shown in Table 3.
We were unable to identify unambiguously the structure of the
major conformer: assignments are made by analogy with the
atropisomeric diastereoisomers in entries 5—14 of Table 1 and by
assuming that the X-ray crystal structure of 10c (Fig. 5) represents
its favoured conformation in solution.

G

9(X= CH)

Ak

NaH, O=

Mel '
AN Ph
12¢c — | OMe

1. s-BulLi
or LITMP

2. R1R20 o] ;\j/{

10A (X = CH)
12A (X = N)

-

10B (X = CH)
12B (X = N)

13A

/L&NJ\
o= H
O\/\SIMeg

/\/SI ey —_—

14A

Scheme 5

Fig. 5 X-Ray crystal structure of 10c.

In cases where analogous pairs were made, the nicotinamides
and benzamides had essentially identical conformational prefer-
ences, and comparing the nicotinamide 10a with the naphthamide
5h in Table 1, entry 12, showed a comparable lack of conforma-
tional bias. Neither was any significant conformational preference
evident in the alcohols 10b, 10d, 10e or 12b, obtained by addition
to ketones 2-butanone, norbornanone or menthone. However,
addition of 9 or 11 to acetophenone gave alcohols 10¢ and 12¢
which showed a relatively strong bias towards one conformer in
CDCI;. Moving successively to more polar solvents (entries 5—
10) gradually decreased the bias to, in water, just 1 : 1. This
bias seems to be due principally to hydrogen bonding, rather
than solely dipole effects, because alkylation to give 13 reduced
(and possibly—we cannot be sure of the assignment—inverted)
the preference from 90 : 10 to 30 : 70.} Furthermore, the X-ray
crystal structure (Fig. 5) of 10c shows the molecule adopting a
conformation in the solid state approximating to 10cA with an

1 Hydrogen-bonding seems to have a powerful role to play in the
conformational preferences of analogous compounds with the chiral
hydroxyalkyl substituent in the 8-position. See ref. 6.
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intramolecular hydrogen bond evident between the hydroxyl group
and the amide carbonyl oxygen atom.

The surprisingly weak conformational preference in most of
these compounds is presumably due to a balance between the
conflicting demands of steric encumbrance, hydrogen bonding
and dipole repulsion. We propose the model shown in Fig. 6 as
a means of accounting for these effects, though the orientation
of the groups R!, R? and OH, particularly for conformer B,
remains very much open to question. Two main features are clear.
Firstly, intramolecular hydrogen bonding favours conformation
A, and for 12¢ the more hydrogen-bonding the solvent the less
populated is conformer A (entries 5-10). Similarly, methylation
of 12¢ to yield 13 reduces the population of A (Table 3, entries
5 and 13) and removes this solvent dependence (Table 3, entries
8 and 14). Secondly, steric contrast seems relatively unimportant
in this series, except when R! is -Bu, when conformer B becomes
favoured (Table 1, entry 14), presumably because of its more severe
interaction with NR, in conformer A. Finally, in compounds
13 and 14, where two of the substituents differ principally in
electronegativity only, rather than size, the conformer with the
C=0 and C-O dipoles opposed appears to be weakly favoured
(Table 3, entries 13-15). In general, stereogenic centres of these
types offered relatively weak conformational preferences, and we
did not pursue further the use of chiral alcohols or their derivatives
as a means of attaining conformational control.

Fig. 6 Conformational preferences in 2-hydroxyalkyl benzamides and
their derivatives.

3. 2-(I’-Amino)alkyl substituents. Comparing the conforma-
tional preference of the naphthamides 5j and 5k in entries 15 and
16 of Table 1 with those in entries 5 and 8, which differ only in the
substitution of an NHMe for an OH substituent, shows that the
preference for conformer A is stronger in the amine than in the
alcohol. Increasing the bulk of the amino group by benzylation
to yield 51 and 5m (entries 17, 18) has an effect contrary to
what would be expected on steric grounds. It seems reasonable
to propose therefore that the conformational preference of 5j and
5k is dictated by the potential for hydrogen bonding between C=0
and N-H (Fig. 7) (though it is worth noting that no intramolecular

N__O
T T
R'MeN
R2 R2
A B

« favoured if R' = H « favoured if R = alkyl
« favoured if R is large

Fig.7 Conformational preferences in 2-aminoalkyl benzamides and their
derivatives.

Fig. 8 View of X-ray crystal structure of 5§ along the Ar-CH(Me)-
NHMe bond.

hydrogen bond is evident in the X-ray crystal structure of 5j:*
Fig. 8 shows the X-ray crystal structure of 5§ viewed along the
Ar-CH(Me)NHMe bond). Removing the potential for hydrogen
bonding decreases the conformational preference, and indicates
that the NMeBn group behaves as though it were relatively small.§

4. Proline-derived imidazolidines. Mukaiyama has demon-
strated the use in asymmetric synthesis of imidazolidines formed
by condensation of aldehydes with the proline-derived diamine
16.*>** The R group of the aldehyde RCHO invariably lies exo on
the bicylic imidazolidine.*® In the naphthamide series, imidazoli-
dine 5n, derived by condensation of a 2-formylnaphthamide with
diamine 16, displays a strong (>90 : 10) conformational preference
(Table 1, entry 19, 20) and is isolated as a single diastereoisomer
at both the aminal centre and at the Ar—CO axis. Similarly,
the room temperature NMR spectrum of the imidazolidine 17
contains a single set of sharp peaks strongly suggesting not only
that the amide is a single diastereoisomer at the aminal centre,
but also that it essentially adopts one Ar—-CO conformation in
solution, presumably (by analogy with the related naphthamide)
17A (Scheme 6). Fig. 9 illustrates our rationalisation for this
preference in both naphthamide 5n and benzamides 17 and for
comparison Fig. 10 shows the X-ray crystal structure of 5n'
viewed along the Ar—X* bond.

R.,.R R, .R R .R
N N N
0 o= H ol
CHO 81% N N
— N == N
16 Ph Ph
15 N 17A ratio=>95:5 17B
H  NHPh
toluene, A

Scheme 6 Conformational control with a proline-derived diamine (R =
Et).

The imidazolidine 17 (R = i-Pr) was modelled using the
Macromodel** implementation of the MM2*, MM3 and MMFF
forcefield. Two 5000-step Monte-Carlo conformational searches
were carried out for each forcefield, the first search starting from
17A, the second from 17B. In each case the Ar—CO dihedral

§In an accompanying paper (ref. 41) we show how the apparent small
size of the NMeR group can be exploited to relay conformational control
between remote atropisomeric axes.
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« disfavoured by steric hindrance

Fig.9 Conformational preference in a proline-derived aminal.

Fig. 10 View of the X-ray crystal structure of 5n** along the Ar-X* bond
(0=142.0; ¢ = 76.7°).

was constrained to £90°. In this way two sets of conformers
were generated, one set with Ar—CO orientation approximating to
conformer A and one set with Ar—CO orientation corresponding
conformer B. While all three force fields predict 17A to be the
lower energy conformer by at least 3.5 kJ mol~', only in MMFF is
the energy difference (16.5 kJ mol™") sufficient to account for the
observed thermodynamic selectivity (>95 : 5).

5. (—)-Pseudoephedrine- and (—)-ephedrine-derived oxazoli-
dines. Condensation of (—)-ephedrine 18 or (+)-pseudoe-
phedrine 19 with aldehydes is typically diastereoselective,** and
with aromatic aldehydes the reaction creates a new stereogenic
centre adjacent to the aromatic ring. Scheme 7 shows the reported
products from condensation of ArCHO with (—)-ephedrine 18:
the major product (>90%) from benzaldehyde is exo-20, in
which all of the substituents around the oxazolidine ring may
lie pseudoequatorial. The minor product (<10%) is endo-20.
Selectivity for the exo isomer is thermodynamic in nature,**” and
endo-20 has been observed as the kinetic product of reactions with
electron-deficient ArCHO, especially in alcoholic solvents.’

HO,j/Ph HOj/Ph

Me” “NHMe Me” “NHMe
(1R2S)-(-)-ephedrine 18 (1S,2S)-(+)-pseudoephedrine 19

(-)-ephedrine 18 H_ O PN H O—Ph
ACHO —— & Nj,, + A'_<N],,
Me Me Me Me
exo-20 endo-20

Scheme 7 Diastereoselective condensation of (—)-ephedrine with
aldehydes.

We condensed the aldehydes 15, 21 and 26 with (—)-ephedrine
18 or (+)-pseudoephedrine 19 by refluxing in toluene for 24 h
(Scheme 8). The oxazolidines 22, 23 and 24 were formed from
15 and 21 as single diastereoisomers by NMR: there was no
evidence for the presence of endo diastereoisomers (the distinctive
NMR spectra of which* are discussed below). Moreover, the
NMR spectra of the products showed single sharp sets of
signals, indicating that the Ar—-CO bond adopts essentially a
single conformation, as is known to be the case when the Ar—
CO atropisomers of the naphthamide analogues 50 are allowed
to equilibrate (Table 1, entries 21, 22). By analogy with the
naphthamides 50, we assume the major Ar—CO conformers of
22 and 23 are as shown, and this conformation is evident in the
X-ray crystal structure of derivatives of 22 (Table 2, entries 5—
8). The conformation of the pseudoephedrine-derived product 23
was not assigned unambiguously, though the configuration of the
new stereogenic centre at C2 of the oxazolidine ring is presumably
controlled by the stereochemistry at the CHMe group, as is known
for related compounds.*

R\N, R
= H
9<\Ph
—y
(-)-ephedrine N
s

R“N’R
(0] 22 (R=EY)

CHO 23 (R = iPr)

R‘N'R
_ (+)-pseudo- :
;? 22 _ E}g)r) ephedrine O= H PN
19
B

24 (R = i-Pr)

Scheme 8 Condensation of an amidoaldehyde with ephedrine and
pseudoephedrine.

The condensation of the diamide 26, made via lithiation
of 25, with (—)-ephedrine was less straightforward. When the
condensation was carried out simply by refluxing in toluene for
24 h, a single diastereosiomer of the product was formed which
X-ray crystallography confirmed was the exo oxazolidine exo-27
(Fig. 11a). The NMR spectrum of this compound was sharp
and clean (see Fig. 12a) and it appears to exist in solution as
a single conformer (>95 : 5), much like 23. However, if the
condensation was carried out using a Dean—Stark apparatus to
remove water from the mixture, the crude product contained
two diastereoisomers of the product in a 3 : 1 ratio, which were
separable by flash chromatography. The major diastereoisomer
was exo-27, but the minor diastereoisomer was shown by X-
ray crystallography to be endo-27. The NMR spectra of the
two oxazolidines 27 are shown in Fig. 12. The most distinctive
differences (shown boxed in Fig. 12) between the two are the
signals for H2 and HS5 of the oxazolidine rings (Scheme 9). This
spectroscopic feature has been noted previously,”’ and we now
routinely make use of it to identify endo and exo oxazolidines.***

The differing stereoselectivities of the two condensations of
26 are presumably the result of kinetic vs. thermodynamic
control. Agami*’ showed that condensation of aldehydes with (—)-
ephedrine gives exo oxazolidines as the thermodynamic products
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Scheme 9 Condensation of a diamidoaldehyde with ephedrine: kinetic
and thermodynamic control.

Fig. 11 (a) X-Ray crystal structure of exo-27; (b) X-ray crystal structure
of endo-27.

but that reactions in polar solvents or with electron-deficient
aldehydes yield initially endo oxazolidines, which only slowly
epimerise to exo. The additional electron-withdrawing amide
group of 26, coupled with the rapid removal of water by the
Dean-Stark apparatus, which would otherwise perhaps increase
the rate of general acid catalysed epimerisation of the oxazolidine,
must both contribute to the formation of the unexpected endo
diastereoisomer. Resubjecting the endo oxazolidine endo-27to 1 h
in refluxing toluene led to incomplete epimerisation to a 1 : 1
mixture of endo and exo-27.

il

6 5 4 3
(b)
7
;El/ M
J
L B e e LA i T T T T
8 7 5 4 3 2 1 ppm

Fig. 12 (a) NMR spectrum of exo-27; (b) NMR spectrum of endo-27.

In order to clarify the reason for the preferred orientation of
the amide bond in the amidooxazolidines 50, 5p, 22-24 and exo-
27, we used Macromodel® to carry out a Monte Carlo search
of the conformations of 50 with 3000 steps, finding 63 unique
conformations, of which 26 minimised with good convergence.
The global minimum of 34.1 kJ mol™" was found 8 times, and
corresponded to the conformation shown in Fig. 13a. The lowest
energy conformation of opposite relative stereochemistry at the
Ar-CO axis was 10.1 kJ mol™' higher in energy, an energy
difference corresponding to a conformational selectivity at 25 °C
of >98 : 2 or at 110 °C of >96 : 4. Interestingly, the 10 kJ mol™!
difference in energy was made up almost entirely of a contribution
from the electrostatic term. We therefore propose Fig. 13" as our
rationalisation of the preferred Ar—CO conformation in So, Sp,
21-23 and exo0-27, in which dipole repulsion between the amide

o N T
e H \l/ \r H)(
Me. ME‘N 3
H
MHh
A B

Fig. 13 Conformational preference in an ephedrine-derived oxazolidine.
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C=0 and the oxazolidine C-O is the principal factor governing
the conformation. For comparison, Fig. 14 shows a corresponding
view of the X-ray crystal structure of 50. We assume that a strong
preference to place C=0 anti to C-O is also at the root of the
single conformation exhibited by endo-27.

Fig. 14 View of X-ray crystal structure of 50'* along Ar-X* bond (0 =
134.3; ¢ = 89.4°).

6. 2-Sulfinyl substituents. Naphthamides bearing 2-sulfinyl
substituents are not atropisomeric because of the poor barrier
to rotation offered by second row substituents,” but they exhibit
extremely high levels of conformational control: for Sp we found
that one Ar—CO conformer is populated to a degree of >99.5% at
ambient temperature.®

We made enantiomerically enriched sulfoxide 28 by or-
tholithiation of N,N-diisopropylnaphthamide 9 and reac-
tion with (1R,2S,5R,Ss)-(—)-menthyl p-toluenesulfinate 29
(Scheme 10).%%5'q The variable temperature NMR spectrum of 28
showed a single clean set of peaks at temperatures down to —50 °C
in CDCl;, and from this we deduce that 28, like 5p, exhibits a
strong preference for the same single Ar—CO conformer, which we
rationalise by proposing (on the basis of modelling studies?*) that

Scheme 10  Synthesis of 2-sulfinyl benzamide 28.

9§ Sulfoxide 25 has an optical rotation but we have not established beyond
doubt that it is enantiomerically pure. Sulfoxide synthesis from 29 is not
always reliably stereospecific: see ref. 52.

this conformation minimises interactions between the S-O and
C=0 dipoles (Fig. 16). The X-ray crystal structure of 28° (Fig. 15)
shows that this conformer is the one populated in the solid state.

(a) Py

(b)

Fig. 15 (a) X-Ray crystal structure of 28;° (b) view of the X-ray crystal
structure of 28 along the Ar—S bond [reflected image shown for consistency
with Fig. 16] (8 = 93.0; ¢ = 87.7°).

ot o
gﬁr T

Fig. 16 Conformational preference in a 2-sulfinyl benzamide (for con-
sistency, with other conformational diagrams in the paper, compounds
shown are enantiomeric with 24).

7. Oxathiolanes, oxathianes and oxathiolane S,S-dioxides.
The outstanding levels of conformational control achieved with
sulfoxides prompted us to investigate whether the electonegativity
difference between S and O would similarly be able to control the
orientation of an amide, opening up the possibility of using chiral
hydroxythiols*® to control amide stereochemistry in a manner
analogous to our use of (—)-ephedrine. Aldehydes 21 and 30%
were condensed with 2-mercaptoethanol or 3-mercaptopropanol
in the presence of NBS or indium triflate to yield the oxathianes
and oxathiolanes 31a—c (Scheme 11). The NMR spectrum of all
three compounds showed two sets of peaks in a 1 : 1 ratio. For
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Scheme 11 Formation of S,0-heterocycles.

31a, these must correspond to diastereoisomeric conformers (and
indeed coalescence of the peaks at high temperature indicated
that this was the case), indicating a total lack of conformational
control. In 31b and 31c additional steric hindrance offers the
possibility that the two sets of peaks are diastereoisomers,*>* and
indeed two spots were visible in both cases by TLC. Separation by
flash chromatography however did not give pure samples of each
diastereoisomer, and within a few hours in chloroform, the ratio
in each case returned to 1 : 1.

Oxathiolane 31a was oxidised to the S,S-dioxide 32 with
m-CPBA. The NMR spectrum of 32 in CDCIl; showed two
conformers in a ratio of 89 : 11 which coalesced on running the
spectrum at higher temperatures. The ratio was lower in more polar
solvents—76 : 24 in DMSO and 74 : 26 in methanol—suggesting
that the conformational selectivity originates in dipole repulsion
rather than steric hindrance, and we tentatively suggest that 32A
is favoured over 32B (Fig. 17).

T
4

/O /o
(@) =0 (@) S/:
\
1 |
32A

« disfavoured by d|pole repulsion

Fig. 17 Conformational preference in a 2-oxathiolanylbenzamide
S,S-dioxide 32.

Summary: achieving conformational control in benzamides

High levels of conformational control in benzamides 6 were
achieved with (a) 2-(1-trialkylsilyl)ethyl groups (4); (b) 2-
imidazolidinyl groups (17); (c) 2-oxazolidinyl groups (22-24, 27)
and (d) 2-sulfinyl groups 28. In all cases, the chiral substituent is, or
can easily be made, enantiomerically enriched or enantiomerically
pure. The remainder of the paper describes “proof-of-concept”
studies of some ways in which the controlled conformational
preference of such amides may be exploited.

Fig. 18 (a) X-Ray crystal structure of 33b; (b) X-ray crystal structure of
33f; (c) X-ray crystal structure of 33g.

Trapping conformational preference as atroposelectivity ||

While the two orientations of the amide group in a 2-substituted
benzamide merely define two conformers of a single compound,
in a 2,6-disubstituted benzamide the two orientations define two
diastereoisomeric atropisomers. We therefore set out to convert
the conformational selectivity exhibited by 17, 22, 23 and 28 into
atroposelectivity by using ortholithiation®***%¢ to introduce a 6-
substituent ortho to the amide, trapping the preferred conformer
as an atropisomer. A similar strategy has proved successful with
enantiomerically pure amide 4b,” and has been used to study the
conformation of intermediates in atroposelective reactions."

Of 17, 22, 23 and 28, only the oxazolidines 22 and 23 could be
successfully ortholithiated. Treatment of 17 or 28 with s-BuLi and
a variety of electrophiles gave only complex mixtures of products.

[[Preliminary report: see ref. 26.
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Table 4 Trapping conformers as atropisomers

Entry R E* E Yield 33 (%) Yield 34 (%) Ee 34 (%)
1 Et Mel Me 33a 58 — —
2 i-Pr Mel Me 33b 55 34b 82 8
3 i-Pr Etl Et 33c¢ 69 34¢ 87 28
4 i-Pr Me,NCHO CHO 33d 89% — —
5 i-Pr Me,C=0 Me,COH 33e 89 — —
6 i-Pr Me,S, SMe 33f 39 34f 20 0
7 i-Pr Ph,S, SPh 33g 53 — —

Sulfoxide 28 is presumably susceptible to nucleophilic attack at
sulfur,®” and was insufficiently acidic to be deprotonated by LiTMP
or LDA.5 Amides bearing additional organolithium-coordinating
sites are known to behave problematically in ortholithiation
reactions, often requiring large excesses of lithiating agent.*®

Treatment of 22 or 23 with s-BuLi followed by the electrophiles
listed in Table 4 however generally gave good yields of the 2,6-
disubstituted benzamides 33a—-g which were isolated as single
atropisomers with no traces of other diastereoisomers in the NMR
spectra of the crude reaction mixtures (Scheme 12). The X-ray
crystal structures of three of these products confirmed the expected
orientation of the amide group, and are shown in Figs. 18a—c (see
also Table 2, entries 5-8).

Ro-R R...R
1.sBuli 0= H ; SF%%OzH o="
22 2 E* - NaBHy
2 2B E NNg<\f>h > NaBFy - g oH
23
33 34

Scheme 12  Atroposelective synthesis via ephedrine-derived oxazolidines.

We hoped that hydrolysis under mild conditions would allow us
to remove the ephedrine “auxiliary” and permit isolation of the
2,6-disubstituted amides in enantiomerically enriched form.!**
The sequence of reactions starting with 22 or 23 and culminating in
such a deprotection would amount to a dynamic thermodynamic
resolution.® The problem with the strategy is that, as noted
previously,' while ephedrine-derived oxazolidines are rather stable
to hydrolysis, the aldehyde products are relatively configurationally
unstable at the Ar-CO bond. We therefore tried hydrolysing
the oxazolidines 33b, 33c¢ and 33f with trifluoroacetic acid at
0 °C for as brief a time as possible, before neutralising and
reducing the product aldehyde, still at 0 °C, and isolating the
alcohols 34 (atropisomers carrying ortho-hydroxymethyl groups
are typically more configurationally stable about their stereogenic
axis than their aldehyde congeners*'*%?). Unfortunately, the best
result which could be obtained was 28% ee for 34c. Racemisation
of the aldehyde intermediate is evidently still fast and further
extension of this work was abandoned.

Using conformational preference to relay stereochemistry from
centre to centre via an axis*

While it generally proved difficult to trap a conformational
preference as a single atropisomer, we proposed that the induced
conformational preference could still make its presence felt by

*Preliminary reports: see refs. 26 and 61.

its influence over the formation of a new sterecogenic centre. It
is well known that the orientation of an atropisomeric amide
can exert powerful kinetic control over nucleophilic®!**?* and
electrophilic®* addition reactions. It seemed reasonable to
suppose therefore that the conformation of an amide which,
though lacking a kinetic barrier to Ar—CO rotation sufficiently
high to be atropisomeric itself, is held in a preferred orientation,
might allow the stereochemistry of the controlling centre to be
relayed via the amide to control a new stereogenic centre relatively
remote from the source of stereochemical information. We first
reported on such a concept early in 1998,¢' and Davies,** Renaud®
and Sibi®® have since published conceptually related stereoselective
reactions involving what they have termed “chiral relay”. The
strategy is illustrated schematically in Scheme 13.

stereogeniccentreat R_ R
X* governs preferred N
orientation of amide ( o=

X Y

[~

relayed 1,5-stereocontrol

amide in turns governs
stereoselectivity of
reactions at Y

Scheme 13  Stereochemical relay.

We decided to make use of two reactions known to be diastereos-
elective in the naphthamide series, namely (a) the diastereoselective
lateral lithiation—electrophilic quench of 2-ethyl amides,'**® and
(b) the chelation-controlled nucleophilic addition of aryl Grignard
reagents to 2-formyl amides.**** We employed derivatives of the
conformationally uniform amides 4a and 23 to probe this idea.

The racemic silane 4a was treated with s-BuLi and the or-
tholithiated product quenched with ethyl iodide to yield 35 as
a single diastereoisomer (Scheme 14). Diastereoselective lithiation
with s-BuLi and electrophilic quench with Me;SiCl gave a product
36, again as a single diastereoisomer by NMR and with >10 : 1
selectivity by HPLC. The simplicity of the NMR spectrum of 36
(only two 6H doublets for the Ni—Pr, group) indicated the presence
of a plane of symmetry, and from the known conformational
preference of 4a’ it is evident that 36 has the structure shown,
in which information about the stereochemistry of the first

LA AN PPN

SiMes SiMes Me;SiO=" SiMe,
— —
1. s-BuLi 1. s-BuLi
2. Etl 2. Me,SiCl
4a 52% 35 60% 36

Scheme 14 Remote stereoselective silylation.
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Scheme 15

Remote stereoselective ethylation.

.

S e
o= H Phmger HOO= H
OHC\ED/\%\IQ(\Ph o Ph)\ED/\%Ng(Ph
33e 38
Scheme 16 Remote stereoselective addition to a carbonyl group.
silyl-bearing centre has been relayed through the amide axis to
the second.

The same sequence of reactions starting from the conforma-
tionally uniform amide 23 gave, via 33b, the oxazolidine 37,
again as a single diasterecoisomer (Scheme 15). The sense of the
stereoselective silylation was assumed to be the same as in the
formation of 36."° In both of these reactions, it is probable that
the laterally lithiated derivative of 35 or 33b has very low kinetic
configurational stability about the Ar—CO bond on the timescale
of the silylation,®® and that the overall stereoselectivity is in fact
the result of the continued thermodynamic influence of the fixed
stereogenic centre over the amide axis in the lateral lithiation step.

Chelation-controlled nucleophilic addition of phenylmagne-
sium bromide* to the conformationally uniform aldehyde 33e gave
38 (Scheme 16), again as a single diastereoisomer by NMR, with
stereochemistry deduced from precedent.?

In all three of these reactions, 1,5-stereocontrol is delivered by
relaying stereochemical information from a starting centre via
the amide axis to a new centre in the final product 1,5-related
to the source of stereochemical information. The operation of a
stereochemical relay (also termed “chiral relay”) effect has been
deduced in other contexts, for example the alkylation of amino-
acid derived diazines,® and in asymmetric Diels Alder reactions.®®
Uniquely in the reactions of these amides, however, is it possible
to be certain, by NMR, of the conformational preference at the
root of the relay effect. In future papers we shall show how amides
can relay stereochemistry not only to new centres but also to
further amide axes, leading to much more remote transmission of
stereochemical information.

X-Ray crystallography

X-ray crystal structures described in this paper have been
deposited with the Cambridge Crystallographic Database
(ccdc@cam.ac.uk).ff Details are as follows:

4a,” 5§,* 5n," 50, 33b,2 33f,* 33g,% ex0-27* and 28° were
published previously.

10c. Crystal data C,;H,;NO,; M = 325.44; triclinic P-1; a =
7.3320(14) A; b = 8.9703(18) A; ¢ = 14.588(3) A; a = 73.464(4)°;
b = 84.682(3)°; g = 77.268(3)°; V = 896.7(3) A%; T = 100(2) K;

11 CCDC reference numbers 286005-286006. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b514557k

Z =2;m=0.076 mm™'; 5134 reflections; R,,, = 0.0348; R(F) =
0.0405. CCDC reference number 286005

endo-27. Crystal data C;; Hy;sN;O;; M = 507.70; monoclinic P2;
a=10.547(8) A; b = 12.605(5) A; ¢ = 12.023(4) A; b = 96.44(4)°;
V =1588.3(15) A% T =296.2 K; Z = 2; m = 0.535 mm™"; 3456
reflections; Ry, = 0.0540; R(F) = 0.0500. CCDC reference number
286006

Experimental

General methods have been published previously.” Flash chro-
matography was performed by the method of Still, Kahn and
Mitra.%

Published elsewhere

The synthesis of the naphthamides detailed in Table 1, along with
benzamides 4a,” 4b*' 17, 22, and 23" have been published
previously. Benzamide 14 is published in the following paper,* and
diamide 25 will be published in the context of related research
shortly.

2-(1-Methylpropyl)-V,/N-diisopropylbenzenecarboxamide  (8).
sec-Butyllithium (1.1 equiv.,, 1.3 M solution in hexane)
was added dropwise to a stirred solution of 2-ethyl-N,N-
diisopropylbenzenecarboxamide 77 (0.2 g, 0.857 mmol) in THF
under nitrogen at —78 °C. The burgundy solution was allowed
to stir at this temperature for an hour and ethyl iodide (0.1 ml,
1.286 mmol) was added. The solution became colourless. The
reaction mixture was allowed to warm to ambient temperature.
Saturated aqueous ammonium chloride solution was added,
the precipitate dissolved with a small amount of water, and
the majority of the THF removed under reduced pressure. The
aqueous suspension was extracted into dichloromethane (x3),
and the combined organic extracts were washed with distilled
water, dried (MgSO,), and evaporated under reduced pressure
to yield the pale yellow crude product. Purification by flash
chromatography (7.5% ethyl acetate in light petroleum) afforded
the pure amide 8 as white solid. (0.0202 g, 9%), R; (10% ethyl
acetate-light petroleum) 0.36, (plus a mixture of 7 and 8); dy
(300 MHz; CDCl,) Signals for major conformer: 6.98-7.27 (4H,
m, Ar-H), 3.65 (1H, sept, J 6.5, NCH(Me),), 3.40 (1H, m,
NCH(Me),), 2.65 (1H, m, CHCH,), 1.65 (2H, m, CH,), 1.56
(3H, d, J 7.0, NCHMe,Mey), 1.55 (3H, d, J 7.0, NCHMe, Me;),
1.19 (3H, d, J 7.0, MeCH), 1.05 (6H, m, NCHMe,), 0.8 (3H, m,
MeCH,); o (75 MHz; CDCl;) 175.0, 128.5, 128.1, 125.6, 124.7
(Ar-C); 50.6 (-NC(Me),), 45.6 (NC(Me),), 25.6 (CH,CH,),
20.7, 20.6, 20.5, 20.4 (2xNC(Me),), 15.0 (-CH,CHj;); m/z CI
262 (6%, M + H"), 234 (100%, C;sH;;NO + H*), EI 234 (2%).
Found M* 261.2101. C,;H,;NO requires M 261.20925.

2-(1-Hydroxy-1-methylethyl)- NV, N-diisopropylbenzamide (10b).
sec-Butyllithium (1.41 ml, 1.3 mol dm™ solution in hex-
ane) was added dropwise to a stirred solution of N,N-
diisopropylbenzamide 9*7 (0.25 g, 1.22 mmol) in dry THF (5 ml)
under nitrogen at —78 °C. After 20 min at —78 °C, butanone
(0.218 ml, 2.44 mmol) was added and the mixture was allowed
to reach room temperature, quenched with saturated ammonium
chloride solution, and extracted with ether (10 ml). The combined
ether extracts were washed with aqueous ammonium chloride
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(3 x 25 ml), dried (MgSO,) and evaporated under reduced
pressure. The compound was purified by flash chromatography
(petroleum ether—ethyl acetate, 90 : 10) to give the alcohol 10b
(0.200 g, 59%) as a yellow oil; R; (ether—ethyl acetate, 90 : 10) 0.26;
Vmax (film)/cm™ 1633 (C=0), 2970 (CH), 3420 (OH); d,; (300 MHz;
CDCly), 7.6-7.2 (4H, m), 3.72 (1H, sept, J 7), 3.40 (1H, sept, J 7),
1.80 (3H, s, Me), 1.5-1.3 2H, m, CH,), 1.2-0.9 (15H, 5 x d, J 7,
Me x 5)and 0.70 3 H, t, J 7); m/z C1276 (10%, M*), 147 (98%),
105 (85%).

2-(1-Hydroxy-1-methylbenzyl)-/V,/N-diisopropylbenzamide (10c).
In a similar way, N,N-diisopropylbenzamide 9% and acetophe-
none gave the alcohol 10c¢ (0.240 g. 60%) as a yellow oil; R; (ether—
ethyl acetate, 90 : 10) 0.39; v, (film)/cm™ 1604 (C=0), 2977
(C-H), 3270 (O-H); 4 (300 MHz; CDCl;) 7.8-6.9 (9H, m, Ar),
3.9 (1H minor, sept, J 7), 3.5 (1H minor, sept, J 7), 3.3 (1H major,
sept, J 7) 3.15 (1H major, sept, J 7), 2.03 (3H minor, s), 1.79 (3H
major, s), 1.6-1.4 (12H minor, 4 x d, J 7), 1.39, 1.10, 1.02, 0.30
(4 x 3H major, 4 x 4, J 7); m/z 325 (10%, M*), 105 (50%), 77
(45%).

2-(2-Hydroxy-bicyclo[2.2.1]hept-2-yl)-N,N-diisopropyl-benza-
mide (10d). sec-Butyllithium (1.5 equiv., 2.9 mL, 3.73 mmol,
1.3 M solution in cyclohexane), was added to a stirred solution of
N,N-diisopropylbenzamide 9% (0.51 g, 2.49 mmol) in THF (40 ml)
under a nitrogen atmosphere at —78 °C. The resultant orange
solution was left to stir for 1.5 h at —78 °C. 2-Norbornanone (1.6
equiv., 0.44 g, 3.98 mmol) in THF (10 ml) was added at —78 °C
and stirred for 10 min. The mixture was allowed to warm to
room temperature and the solution became colourless. Water was
added and the mixture was extracted with dichloromethane. The
organic fractions were washed with brine, dried over magnesium
sulfate, filtered and concentrated under reduced pressure to
afford the crude product as a white solid. Purification by flash
chromatography eluting with [4 : 1 petrol (bp 40-60 °C)-EtOAc]
afforded a single diastereoisomer of the product 12d as a white
solid (0.46 g, 59%), mp 110.3-111.9 °C; R; [4 : 1 petrol (bp
40-60 °C)-EtOAc] 0.46; vy, (film)/cm™' 3341, 2964, 1606, 1442,
1341, 1031, 762; oy (300 MHz; CDCl;) (mixture of major and
minor conformers) 7.66-7.60 (1H, d, J 7.8, major & minor
ArH), 7.42-7.19 (3H, m, major & minor ArH), 6.09 (1H, s,
major CHOH), 5.01 (1H, s, minor CHOH), 4.06-3.85 (1H, m,
major & minor NCHMe,), 3.58 (1H, sept, J 6.7, major & minor
NCHMe,), 2.04-1.96 (1H, m, major & minor COHCH), 1.71(1H,
d, J 3.0, major & minor COHCH,), 1.67 (1H, d, J 3.0, major &
minor COHCH,), 1.63 (3H, d, J 6.7, major & minor NCHMe,),
1.59 (3H, d, J 6.7, minor NCHMe,), 1.57 (3H, d, J 6.7, major
NCHMe,), 1.54-1.50 (1H, m, major & minor COHCH,CH),
1.50-1.43 (4H, m, major & minor COHCHCH,), 1.42-1.34 (2H,
m, major & minor COHCHCH,), 1.28 (3H, d, J 6.6, major &
minor NCHMe,), 1.19 (3H, d, J 6.6, major NCHMe,), 1.18 (3H,
d, J 6.7, minor NCHMe,); d: (75 MHz; CDCl;) 173.9 (C=0),
147.7, 136.1, 128.8, 127.1, 125.9, 124.8 (aromatic) 79.4 (COH),
51.1, COHCH), 48.2 (COHCH,), 46.1, 43.9 (NCH(CH,),), 38.2
(COHCHCH,), 29.0 (COHCHCH,), 27.1 (COHCH,CH), 21.71
(COHCHCH,), 20.57, 20.312, 20.16, 20.05 (NCHMe,); m/z (CI)
316 (100%, M + H*) (Found (EI): M*, 315.2200. C,H»xNO,
requires M, 315.2198).

2-(1-Hydroxy-2-isopropyl-5-methylcyclohexyl)-V, N-diisopropyl-
benzamide (10e). sec-Butyllithium (1.5 equiv., 1.4 mL,
1.83 mmol, 1.3 M solution in cyclohexane), was added to
a stirred solution of N,N-diisopropylbenzamide 9% (0.25 g,
1.22 mmol) in THF (20 ml) under a nitrogen atmosphere at
—78 °C. The resultant orange solution was left to stir for 90 min
at —78 °C. Menthone (1.6 equiv., 0.34 mL, 1.952 mmol) was
added at —78 °C and stirred for 10 min. The mixture was then
allowed to warm to room temperature and the solution became
colourless. Water was added and the mixture was extracted
with dichloromethane. The organic fractions were washed with
brine, dried over magnesium sulfate and concentrated under
reduced pressure to afford a white crude solid. Purification by
flash chromatography using 3 : 1 petrol (bp 40-60 °C)-EtOAc
as eluent afforded a single diastereoisomer of the product 10e
as a colourless oil (0.26 g, 59%) (1 : 1 mixture of conformers),
Vmax (film)/cm™' 2952, 2927, 1765, 1612, 1447, 1342, 1033, 757;
ou (300 MHz; CDCl;) 7.38-7.18 (6H, m, ArH), 7.12-7.02 (2H,
m, ArH), 3.88 (1H, sept, J 6.7, NCHMe,), 3.73 (1H, sept,
J 6.7, NCHMe,), 3.51 (2H, sept, J 6.7, NCHMe,), 2.88 (1H, d,
J 2.8, COH), 2.70 (1H, s, COH), 2.41-2.30 (2H, m, CHCHMe,),
1.88-1.82 (2H, m, CHCHMe,), 1.78-1.70 (4H, m, CCH,),
1.61-1.52 (8H, m, CCH,), 1.38-1.32 (2H, m, CHMe), 1.29
(6H, s, CHCH;), 1.02 (6H, d, J 6.7, NCHMe,), 0.90-0.86 (12H,
m, menthone CHCHMe,), 0.96 (6H, d, J 6.7, NCHMe,), 0.82
(6H, d, J 6.9, NCHMe,), 0.76 (6H, d, J 6.9, NCHMe,); m/z
CT 360 (100%, M + H*) (Found (ET) M*, 359.2831. C,;;H;NO,
requires M, 359.2824).

N,N-Diisopropylnicotinamide (11)®. Nicotinic acid (1.0 g,
8.1 mmol) was heated to reflux in thionyl chloride (5 ml) for 30 min
until all of the solid had dissolved. The mixture was cooled to room
temperature and excess thionyl chloride removed under vacuum.
The resulting yellow solid was dissolved in dichloromethane
(25 ml) and diisopropylamine (1.4 ml, 10.0 mmol) added. After
stirring for 3 h the mixture was diluted with dichloromethane
(25 ml), washed with saturated ammonium chloride solution (3 x
20 ml) and solvent removed under reduced pressure. The residue
was purified by flash chromatography (SiO,; EtOAc) to give the
amide (1.44 g, 90%) as a orange crystals; R; (70 : 30 petrol-EtOAc)
0.09; 0 (300 MHz; CDCl,) 1.44 (6H, m (broad), CH;), 1.33 (6H,
m (broad), CHj;), 3.60 (2H, m (broad), CH;), 7.17 (1H, m, ArH),
7.55 (1H, m, ArH), 8.42-8.54 (2H, m, ArH). Spectroscopic data
were in agreement with the literature.*®

4-(1-Hydroxybenzyl)- N,N -diisopropylnicotinamide  (12a).
N,N-Diisopropylnicotinamide 11 (312 mg, 1.0 mmol) was
dissolved in dry THF (3 ml) and added dropwise to a solution of
LiTMP (3.0 mmol in 3 ml THF) at —78 °C under nitrogen giving
a bright red solution. After stirring for 3 h, distilled benzaldehyde
(3.5 mmol, 0.36 ml) was added dropwise at —78 °C and the
mixture was left to warm to room temperature and quenched
with saturated ammonium chloride solution (1 ml). The THF
was removed under reduced pressure and the mixture dissolved in
dichloromethane (30 ml) and washed with saturated ammonium
chloride solution (3 x 15 ml), dried (MgSO,) and solvents
evaporated under reduced pressure. The residue was purified
by flash chromatography (SiO,; EtOAc) to give the alcohol 12a
(325 mg, 67%) as yellow prisms, mp 38-40 °C; R; (EtOAc) 0.33;
Vmax/Cm~" 3307 (O-H), 2972 and 2933 (C-H), 1627 (C=0); 5u
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(300 MHz; CDCl;) (1 : 1 mixture of conformers), 0.51 (3H, d,
J 7, CH;), 0.66 (3H, d, J 7, CH,), 1.16 (3H, d, J 7, CH;), 1.18
(3H,d,J 7, CH;), 1.33 (3H,d, J 7, CH,), 1.46 (3H, d, J 7, CH;),
1.53(3H, d, J 7, CH;), 1.55(3H, d, J 7, CH;), 3.34 (1H, sept, J 7,
CH), 3.45-3.60 (3H, m, CH), 5.76 (1H, s, CH), 6.10 (1H, s, CH),
7.25-7.38 (10H, m, ArH), 7.46 (2H, d, J 5, ArH), 8.39 (1H, s,
ArH), 8.45 (1H, s, ArH), 8.59 (1H, d, J 5, ArH), 8.64 (1H, d, J 5,
ArH); . (75 MHz; CDCl;) 20.4, 20.4, 20.6, 20.6, 20.8, 20.9, 21.0,
46.7, 46.8, 51.7, 51.7, 72.1, 76.1, 76.9, 122.4, 125.4, 126.3, 127.5,
128.0, 128.5, 128.7, 129.0, 132.3, 132.5, 141.0, 142.7, 145.8, 147.7,
150.2, 150.9, 151.1, 151.4, 168.5, 169.6; m/z (CI) 313 (100%,
MH"); Found (M*) 312.1832. C,yH,,N,0O, requires (M) 312.1832.

4-(2-Hydroxybut-2-yl)-NV,N-diisopropylnicotinamide (12b). In
the same way, N,N-diisopropylnicotinamide 11 (312 mg,
1.0 mmol) and butan-2-one (3.5 mmol, 0.31 ml) gave the alcohol
12b (349 mg, 83%) as a colourless oil, R; (6 : 4 EtOAc—petrol) 0.15;
Vma /€M~ 3367 (O-H), 2971, 2934 and 2878 (C-H), 1620 (C=0);
on (300 MHz; CDCI;) (1 : 1 mixture of conformers), 0.80 (3H,
t, J 7, CH;), 0.89 (3H, t, J 7, CH;), 1.17-1.22 (12H, m, CH;),
1.50 (3H, s, CH;), 1.56-1.60 (15H, m, CHj;), 1.82-2.02 (4H, m,
CH,), 3.19 (1H, s (broad), OH), 3.42 (1H, s (broad), OH), 3.54
(1H, sept, J 7,CH), 3.54 (1H, sept, J 7, CH), 3.71 (1H, sept, J 7,
CH), 3.77 (1H, sept, J 7, CH), 7.14 (1H, d, J 5, ArH), 7.18 (1H, d,
J 7, ArH), 8.33 (1H, s, ArH), 8.36 (1H, s, ArH), 8.51 (1H, d, J 6,
ArH), 8.52 (1H, d, J 6, ArH); m/z (CI) 278 (100%, MH"); Found
(M*) 277.1905. C,;HxN,O, requires (M) 277.1911.

4-(1-Hydroxy-1-methylbenzyl)-NV,N -diisopropylnicotinamide
(12¢). Inthe same way, N,N-diisoproylnicotinamide 11 (312 mg,
1.0 mmol) and distilled acetophenone (3.5 mmol, 0.41 ml) gave
the alcohol 12¢ (301 mg, 61%) as a colourless oil, R; (6 : 4
EtOAc—petrol) 0.30; v,,./cm™' 3261 (O-H), 2978 (C-H), 1604
(C=0); oy (300 MHz; CDCL;) (9 : 1 mixture of conformers :
signals for major conformer), 0.44 (3H, d, J 7, CH;), 1.15 (3H, d,
J 7, CH;), 1.19 (3H, d, J 7, CH,), 1.42 (3H, d, J 7, CH,), 1.84
(3H, s, CH,), 3.26 (1H, sept, J 7, CH), 3.38 (1H, sept, J 7, CH),
6.76 (1H, s (broad), OH), 7.20-7.41 (5H, m, ArH), 7.66 (1H, d,
J 5, ArH), 8.43 (1H, s, ArH), 8.69 (1H, d, J 5, ArH); . (75 MHz;
CDCl;) 20.2, 20.5, 20.6, 20.9, 31.6, 46,8, 51.5 122.0, 126.0, 127.0,
128.6, 148.0, 151.0, 154.9, 170.7; m/z (CI) 327 (100%, MH");
Found (M*) 326.1986: C, H,,N,O, requires (M) 326.1989.

4-(1-Methoxy-1-methylbenzyl)- N,/ -diisopropylnicotinamide
(13). Alcohol 12¢ (105 mg, 0.32 mmol) in THF (1 ml) was added
to a solution of 60% NaH (26 mg, 0.64 mmol) in THF (3 ml) at
0 °C. After 5 min, the solution was raised to 45 °C, stirred for
10 h and quenched with saturated ammonium chloride (1 ml).
The THF was removed under reduced pressure and the mixture
dissolved in ether (30 ml) and washed with saturated ammonium
chloride solution (3 x 15 ml), dried (MgSO,) and solvents
evaporated under reduced pressure. The residue was purified by
flash chromatography (SiO,; EtOAc) to give the methyl ether 13
(93 mg, 85%) as a clear oil, R; (EtOAc) 0.54; v,,./cm™" 2976,
2933 (C-H), 1632 (C=0); 4 (300 MHz; CDCl;) 3 : 1 mixture of
conformers, 1.16 (3H, d, J 7, CH,), 1.25 (3H, d, J 7, CH,), 1.60
(3H,d,J 7, CH,), 1.62 (3H, d, J 7, CH;), 1.98 (3H, s, CH;), 3.09
(3H, s, CH), 3.54 (1H, sept, J 7, CH), 3.81 (1H, sept, J 7, CH),
6.47 (1H, d, J 5, ArH), 7.29-7.41 (5H, m, ArH), 8.26 (1H, d, J 5,
ArH), 8.35 (1H, s, ArH), 8.41 (1H, d, J 5, ArH); m/z (CI) 341

(100%, MH*); Found (M*) 341.2222 (C,;H;3N,O, requires (M)
341.2224).

(Ra,2’S . 4'S,5 S)-N,N-Diisopropyl-2-[3,4-dimethyl-5-phenyl-1,3-
oxazolan-2-yllbenzamide  (24). (1S,2S5)-(4)-Pseudoephedrine
(1.75 equiv., 1.24 g, 7.51 mmol) in toluene (80 ml) was added
to aldehyde 21% (1.0 g, 4.29 mmol) and heated at reflux using a
Dean-Stark apparatus. The solution was then allowed to cool to
room temperature. Toluene was removed under reduced pressure.
The reaction mixture was extracted with dichloromethane,
organic fractions washed with water, dried over MgSQO,, filtered
and concentrated under reduced pressure to afford the crude
product as a white solid. Purification by flash chromatography
eluted with [3 : 1 petrol (bp 40-60 °C)-EtOAc] afforded the
product 24 as a yellow oil (1.21 g, 75%), [a]y = + 14.4 (¢ =
1.37, CH,CL); R; [3 : 1 petrol (bp 40-60 °C)-EtOAc] 0.31;
Vmex (film)/cm~" 2968, 1632, 1440, 1374, 1338, 1036, 755; dy
(300 MHz; CDCl,) 7.78 (1H, dd, J 7.7 and 1.1, Ar-H), 7.38-7.12
(7H, m, Ar-H (2H), Ph (5H)), 7.05 (1H, dd, J 7.6 and 1.2, Ar-H),
5.10 (1H, s, CHPh), 4.63 (1H, d, J 8.7, OCH), 3.61 (1H, sept,
J 6.7, NCHMe,), 3.45 (1H, sept, J 6.7, NCHMe,), 2.43 (1H,
dq, J 8.7 and 5.9, NCHMe) 2.17 (3H, s, NMe), 1.58 (3H, d,
J 6.7, NCHMe,), 1.52 (3H, d, J 6.7, NCHMe,), 1.14 (3H, d,
J 6.0, NCHMe), 1.00 (3H, d, J 6.9, NCHMe,), 0.97 (3H, d, J
6.7, NCHMe,); 6 (75 MHz; CDCl,), 169.6 (C=0), 140.4, 139.5,
135.5, 128.8, 128.5, 128.2, 128.1, 127.7, 126.6, 124.2 (aromatics),
95.1 (NCO), 86.8 (NMe), 68.9 (OCHPh), 51.0, 45.7 (NCHMe,),
35.3 (NCHMe), 20.5, 20.4, 20.1 (NCHMe,), 14.2 (NCHMe);,
m/z (CI) 381 (100%, M + H*) (Found (EI) M + H*, 381.2543.
CH3;,N,O, requires M + H, 381.2542).

N,N,N',N'-Tetraisopropyl-4-formylisophthalamide (26). sec-
Butyllithium (2 equiv., 43.0 mL, 60.2 mmol, 1.4 M solution in
cyclohexane) was added to a solution of 25% (10.0 g, 30.1 mmol)
in THF (100 ml) at —78 °C under a nitrogen atmosphere. The re-
sultant yellow solution was stirred at —78 °C for 1 h and quenched
with N,N-dimethylformamide (4 equiv., 9.3 mL, 120.4 mmol) and
allowed to warm to room temperature. Water (50 ml) was added
and the mixture was extracted with dichloromethane, organic
fractions washed with brine, dried over MgSO,, filtered and
concentrated under reduced pressure to afford the crude product as
a white solid. Purification by flash chromatography eluted with [1 :
1 petroleum ether (bp 40-60 °C)-EtOAc] gave the aldehyde 26 as
a white solid (8.45 g, 78%), mp 137.1-139.3 °C; R;[3 : 1 petrol (bp
40-60 °C)-EtOAc] 0.31; vy, (film)/cm™" 2969, 2934, 1701, 1627,
1440, 1340, 1211, 1034, 778; Jy (300 MHz; CDCl;), 10.17 (1H, s,
CHO), 7.97 (1H, dd, J 7.7 and 1.4, ArH) 7.55 (1H, t, J 7.7, ArH),
7.45(1H,dd, J 7.6 and 1.4, ArH), 3.72 (2H, sept, J 6.7, NCHMe,),
3.56 (2H, sept, J 6.7, NCHMe,), 1.63 (3H, d, J 6.9, NCHMe,),
1.55-1.60 (9H, m, NCHMe,), 1.31 (3H, d, J 6.6, NCHMe,), 1.26
(3H, d, J 6.6, NCHMe,), 1.10 (3H, d, J 6.7, NCHMe,), 1.04 (3H,
d, J 6.6, NCHMe,); d. (75 MHz; CDCl;), 190.1 (CHO), 167.8,
166.0 (C=0), 137.5, 136.8, 131.8, 130.7, 128.4, 127.9 (aromatics)
51.5,51.2,46.3, 45.8 (4 x NCHMe,), 20.4, 20.4, 20.3, 20.3, 20.1,
20.0, 19.9, 19.7 (4 x NCHMe,); m/z (CI) 361 (100%, M + H*)
(Found (EI): M + H*, 361.2486. C,;H;,N,0; requires M + sH,
361.2491).

(Ra,Sa,2’S,4'S,5 R)-N,N,N',N'-Tetraiisopropyl-3-|3,4-dimethyl-
5-phenyl-1,3-oxazolan-2-yl|phthalamide (exo-27) and (Ra,Sa,2'R,
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48,5 R)-N,N,N',N’-Tetraisopropyl-3-|3,4-dimethyl-5-phenyl-1,3-
oxazolan-2-yl|phthalamide  (endo-27). (1R,2S)-(—)-Ephedrine
(1.5 equiv., 2.35 g, 14.4 mmol) in toluene (100 ml) was added to
26 (3.45 g, 9.6 mmol) and heated at reflux using a Dean—Stark
apparatus for 2 d under nitrogen (until no starting material
was present on TLC). The solution was then allowed to cool
to room temperature. Toluene removed under reduced pressure.
The reaction mixture was extracted with dichloromethane,
organic fractions washed with water, dried over MgSQ,, filtered
and concentrated under reduced pressure to afford the crude
product as a white solid. NMR of the crude product showed
that the 2 diastereoisomers were present. Purification by flash
chromatography eluting with [4 : 1 petrol (bp 40-60 °C)-EtOAc]
afforded the oxazolidine exo-27 as a white powder (2.53 g, 64%),
[aly = — 74.5 (¢ = 1.02, CH,Cl,); mp 147.6-149.2 °C; R; [4 : 1
petrol (bp 40-60 °C)-EtOAc] 0.58; v, (film)/cm™" 2965, 2931,
1618, 626, 1440, 1341, 1049; 5y (300 MHz; CDCl;) 8.00 (1H, dd,
J 7.8 and 1.0, Ar-H), 7.54-7.28 (7H, m, Ar—H (2H), Ph (5H)),
7.22 (1H, dd, J 7.4 and 1.1, Ar-H), 5.14 (1H, d, J 8.4, CHPh),
4.83 (1H, s, OCH), 3.82-3.65 (2H, m, NCHMe,), 3.61-3.44
(2H, m, NCHMe,), 2.94 (1H, dq, J 8.4 and 6.5, NCHCH,) 2.21
(3H, s, NMe), 1.63 (3H, d, J 6.7, NCHMe,), 1.50-1.58 (9H, m,
NCHMe,), 1.28 (3H, d, J 6.6, NCHMe,), 1.24 (3H, d, J 6.6,
NCHMe,), 1.16 (3H, d, J 6.6, NCHMe,), 1.08 (3H, d, J 6.7,
NCHMe,), 0.83 (3H, d, J 6.5, NCHMe); . (75 MHz; CDCl,),
168.9, 167.2 (C=0), 139.3, 135.8, 135.3, 134.5, 128.2, 128.0,
127.9, 127.9, 127.7, 125.7 (Ar) 94.1 (NCO), 82.2 (NMe) 64.2
(OCHPh) 51.3, 50.9, 45.8, 45.5 (NCHMe,), 36.2 (NCHMe) 20.5,
20.4, 20.3, 20.3, 20.2, 20.1, 20.2 (NCHMe,), 15.4 (NCHMe);
m/z (CI) 508 (100%, M + H*) (Found (EI): M + H*, 508.3538.
C;HysN;O; requires M + H, 508.3539).

The aminal endo-27 was also isolated as a white solid (1.22 g,
25%), [aly = — 39.6 (¢ = 1.02, CH,CL,); mp 159.9-161.3 °C; R;
[4 : 1 petrol (bp 40-60 °C)-EtOAc] 0.47; 4 (300 MHz; CDCl;)
7.81 (1H, dd, J 7.8 and 1.1, Ar-H), 7.47-7.28 (7TH, m, Ar-H
(2H), Ph (5H)), 7.18 (1H, dd, J 7.6 and 1.2, Ar-H), 5.73 (1H, d,
J 4.8, CHPh), 5.39 (1H, s, OCH), 3.90-3.42 (5H, m, NCHMe,
and NCHMe), 2.28 (3H, s, NMe), 1.63 (3H, d, J 6.7, NCHMe,),
1.57 (3H, d, J 6.9, NCHMe,), 1.53 (6H, d, J 6.7, NCHMe,),
1.33 (3H, d, J 6.5, NCHMe,), 1.35 (3H, d, J 6.5, NCHMe,), 1.24
(3H, d, J 6.6, NCHMe,), 1.09 (3H, d, J 6.6, NCHMe,), 0.68 (3H,
d, J 6.7, NCHMe); . (75 MHz; CDCl;), 168.9, 167.3 (C=0),
138.8, 136.7, 135.2, 134.9, 128.0, 128.0, 127.9, 127.7, 125.9, 125.3
(aromatics) 90.4 (NCO), 83.0 (NMe) 61.6 (OCHPh) 51.2, 50.8,
45.8,45.5 (NCHMe,), 32.8 (NCHMe) 20.4, 20.4, 20.2, 20.2, 20.1,
20.0, (NCHMe,), 7.3 (oxazolidine NCHMe).

N,N-Diisopropyl-2-(toluene-4-sulfinyl)benzamide (28). Amide
9 (2.00 g, 9.25 mmol) in THF (50 ml) at —78 °C was treated
with sec-butyllithium (1.5 equiv., 10.67 mL, 13.8 mmol, 1.3 M
solution in cyclohexane). After 30 min, (1R,2S,5R)-(—)-menthyl
p-toluenesulfinate 295" (2 equiv., 5.74 g, 18.5 mmol) in THF
(10 ml) was added. The solution was stirred for a further
30 min, warmed to room temperature and quenched with saturated
aqueous ammonium chloride. The aqueous phase was extracted
with dichloromethane (x3) and the combined organic extracts
were dried using magnesium sulfate, filtered and concentrated
under reduced pressure to afford the crude product. Purification
by recrystallisation from petrol (bp 40-60 °C) and a few drops of

EtOAc gave the sulfoxide 28 as colourless crystals (2.57 g, 81%),
mp 89.3-92.5 °C; R; [2 : 1 petrol (bp 40-60 °C)-EtOAc] 0.12;
[a] = —85.2(¢=1.00, CH,CL); vy (film)/cm™" 2962, 2361, 1628,
1440, 1340, 1042; 6,; (300 MHz; CDCl;) 7.86 (1H, d, J 7.6, ArH),
7.72 2H, d, J 8.0, sulfoxide ArH), 7.52-7.42 (2H, m, sulfoxide
ArH), 7.30-7.22 (3H, m, ArH), 3.86-3.72 (1H, m, NCHMe,),
3.66-3.52 (1H, m, NCHMe,), 2.37 (3H, s, ArCHj;), 1.63 (3H, d,
J 6.9, NCHMe,), 1.59 (3H, d, J 6.7, NCHMe,), 1.30 (3H, d,
J 6.3, NCHMe,), 1.10 (3H, broad s, NCHMe,); d. (75 MHz;
CDCl,) 167.4 (C=0), 143.4, 141.0, 140.9, 131.1, 129.8, 129.7,
125.4,125.1, 124.8 (Ar) 51.3, 46.2 (NCHMe,), 30.8 (ArMe), 21.2,
20.7, 20.5, 20.1 (NCHMe,); m/z (CI) 344 (100%, M + H*); m/z
(EI) 343 (41%, M*) and 227 (100%) (Found (EI): M*, 343.1611.
CH,sNO,S requires M, 343.1606).

N,N-Diisopropyl-2-(1,3-oxathiolan-2-yl)benzamide (31a). By
the method of Kamal, 2-mercaptoethanol (0.26 cm?, 3.86 mmol,
1.00 equiv.) was added dropwise to a stirred solution of N-
bromosuccinimide (0.14 g, 0.77 mmol, 0.30 equiv.) and 2-formyl-
N,N-diisopropylbenzamide 21 (0.60 g, 2.58 mmol, 1.50 equiv.) in
dry CH,Cl, (20 cm?) at room temperature. The mixture was stirred
at this temperature for 8 h. An aqueous solution of 2.0 mol dm™
NaOH (10 cm?) was added and the resulting mixture extracted
with CH,Cl, (2 x 15 cm®). The combined organic phases were
washed with brine (30 c¢cm?®), dried (Na,SO,) and concentrated
under reduced pressure. The crude product was purified by
flash chromatography (SiO,, petrol-EtOAc, 8 : 1) to give the
oxathioacetal 31a (0.61 g, 81%) as a white solid, mp 93-96 °C. R;
(4: 1 petrol-EtOACc) 0.22 & 0.10; v, (film)/cm~': 2969, 2934, 2872
(C-H), 1629 (C=0), 1438, 1338. '"H-NMR (300 MHz, CD;0D):
0 =1 : 1 mixture of conformers, 7.78 (1H, dd, J/ = 7.5 and 1.5 Hz,
ArH), 7.69 (1H, dd, J = 7.8 and 1.5 Hz, ArH), 7.48-7.36 (4H, m,
ArH),7.19(2H, m, ArH), 6.21 (1H,s,SCHO), 6.04 (1H, s, SCHO),
4.63-4.54 2H, m, OCH,), 3.95-3.81 (2H, m, OCH,), 3.74-3.61
(4H, m, NCH(CH,),), 3.31-3.18 (4H, m, CH,S), 1.58 (3H, d,
J =6.9 Hz, NCH(CH;),), 1.57 (6H, d, J = 6.9 Hz, NCH(CH;),),
1.56 (3H, d, J = 6.6 Hz, NCH(CH;),), 1.26 (3H, d, J = 6.6 Hz,
NCH(CH;),), 1.18 (3H, d, J = 7.2 Hz, NCH(CH,;),), 1.15 (6H, d,
J = 6.9 Hz, NCH(CH;),); *C-NMR (75 MHz, CD;0D): ¢ =
170.8, 170.7, 137.3, 136.8, 136.3, 135.6, 128.9, 128.9,128.8, 128.3,
127.4, 124.9, 124.5, 83.8, 83.3, 72.3, 72.1, 51.8, 51.6, 46.2, 46.1,
33.6, 33.5, 19.6, 19.5, 19.4, 19.4, 19.3; m/z CI: 294 (100%, M* +
H) m/z EI: 294 (18%, M + H). (Found: M + H, 294.1522.
CH,,O,NS, requires M + H 294.1522).

N,N-Diisopropyl-2-methoxy-6-[1,3]oxathiolan-2-yl-benzamide
(31b). 2-Mercapoethanol (0.20 ml, 2.85 mmol, 1.5 equiv.) was
added to a stirred solution of indium triflate (0.053 g, 5 mol%)
and 2-formyl-5-methoxy-N,N-diisopropylbenzamide 307 (0.50 g,
1.90 mmol) in toluene (40 ml). The mixture was heated under
a Dean-Stark condenser for 1 h. The mixture was allowed to
cool to room temperature and the solvent was evaporated under
reduced pressure. Flash chromatography yielded a mixture of
two diastereoisomers of the oxathiolane 31b (0.55 g, 90%),
mpl68-172 °C; R; (petrol-EtOAc 5 : 3) 0.55 and 0.45; v
(NaCl)/em™' 2963, 2929, 1627 (s, C=0); dy (500 MHz; CDCl,),
7.34-7.27 (4H, m), 6.82 (IH, dd, J 7.5, 2.0), 6.80 (1H, dd, J 8.0,
1.5), 6.10 (IH, s), 6.00 (1H, s), 4.60-4.52 (2H, m), 3.84 (2H, sept,
J 6.0), 3.80 (3H, s), 3.79 (3H, s), 3.64 (IH, sept, J 6.5), 3.59 (IH,
sept, J 6.5), 3.51 (2H, dt, J 6.5, 3.0), 3.48 (2H, dt, J 6.5, 3.0), 1.58
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(3H, d, J 6.5), 1.56 (6H, d, J 6.5), 1.55 (3H, d, J 6.5), 1.17 (3H, d,
J6.5), .13 3H, d, J 6.5), 1.12 3H, d, J 6.5), 1.05 3H, d, J 6.5);
¢ (500 MHz; CDCl,) 166.9 (C=0), 137.9 (C), 136.9 (C), 129.8
(C), 120.3 (C), 111.3 (C), 110.8 (C), 56.0 (*CH), 51.5 (OCH,),
46.5 (OCH,), 46.3 (OCH.), 34.7 (CH), 34.3 (CH), 22.3 (CH,),
21.0 (CH,), 20.8 (CH,), 20.4 (CH,); m/z 324 (MH*); (found:
MH", 324.1629, C,;H,sNO,S. MH"* requires 324.1629).

N,N-Diisopropyl-2-methoxy-6-[1,3]-oxathian-2-yl benzamide
(31c). Similarly, aldehyde 30, indium triflate, and 3-mercapto-1-
propanol (0.16 ml, 2.85 mmol, 1 equiv.) gave two diastereoisomers
of the amide 31¢ (0.57 g, 90%). Mpl168-172 °C; R; (petrol-EtOAc
5:3)0.67 and 0.55; v,,,, (NaCl)/cm™ 2964, 2360, 1628 (s, C=0);
Jn (500 MHz; CDCl,), 7.32-7.30 (4H, m), 6.89-6.80 (2H, m),
5.82 (IH, s), 5.77 (IH, s), 4.29-4.23 (2H, m), 3.79 (6H, s), 3.79-
3.66 (2H, m), 3.64-3.55 (2H, m), 3.54-3.49 (2H, m), 3.15 (IH, dt,
J 13.0, 2.5), 3.10 (IH, dt, J 13.0, 3.0),2.84-2.78 (2H, m), 2.12—
2.04 (2H, m), 1.75-1.70 (2H, m), 1.61 (3H, d, J 6.5), 1.60 (6H, d,
J 6.5),1.59 3H, d, J 6.5), 1.16 (3H, d, J 6.5), 1.14 (3H, d, J 6.5),
1.11 (3H, d, J 6.5), 1.03 (3H, d, J 6.5); d (500 MHz; CDCl;),
166.9 (C=0), 137.7 (C), 129.8 (C), 120.3 (C), 120.3 (C), 111.3 (O),
110.8 (C), 55.9 (*CH), 51.5 (OCH3), 46.4 (OCH,), 46.2 (OCH,),
29.9 (CH), 29.5 (CH), 26.3 (CHs;), 26.1 (CH;), 21.2 (CHs;), 20.8
(CH;); m/z 338 (MH"); (found: MH, 338.1783, C,sH,;NO,S + H*
requires M 338.1783).

N,N-Diisopropyl-2-(1,3-oxathiolan-2-yl)benzamide-S,S-dioxide
(32). The oxathioacetal 31a (0.25 g, 0.85 mmol, 1.00 equiv.)
in dry CH,Cl, (3.0 cm®) was added dropwise to a solution
of 3-chloroperoxybenzoic acid (ca. 50%, 0.74 g, 2.13 mmol,
2.50 equiv.) in dry CH,Cl, (15 cm?) at 0 °C and the reaction was
stirred at this temperature for 1 h. 10% Aqueous sodium sulfite
(10 cm®) was added and the mixture was extracted with CH,Cl,
(2 x 20 cm®). The combined organic phases were washed with
saturated NaHCO; (30 cm®), brine (30 cm?, dried (MgSO,) and
concentrated under reduced pressure. The residue was purified
by flash chromatography (petrol-EtOAc, 6 : 1) to yield the
sulfone 32 (0.21 g, 74%) as a white solid, mp 134-137 °C. R,
(4 : 1 petrol-EtOAc) 0.34™ & 0.21™"; vy, (film)/cm~": 2968,
2930, 2880, 1624 (C=0), 1340, 1320 (S=0), 1158, 1130 (S=0);
'"H-NMR (300 MHz, CDCl;) (7.9 : 1 mixture of conformers):
0 = 7.68 (IH™i+mn m_ ArH), 7.53-7.43 QH™*™" m, ArH),
7.27 (1H™ ™" 'm, ArH), 5.73 (IH™, s, SCHO), 5.26 (IH™™, s,
SCHO), 4.70 (1H™i+m dd, J = 10.2 and 10.2, OCH,), 4.45-
4.35 (1H™*™ m, OCH,), 3.83 (1IH™*™" sept, J = 6.3 Hz,
NCH(CH,),), 3.57 (1IH™*mi" gept, J = 6.6 Hz, NCH(CH,),),
3.48-3.28 2H™i* ™ m, CH,SO,), 1.64 (6H™*™" d, J = 6.9 Hz,
NCH(CH;),), 1.59 (6H™i+™n d, J = 6.6 Hz, NCH(CH),), 1.23
(6H™i+min " d. J = 6.0 Hz, NCH(CH),), 1.21 (6H™i*™ d, J =
6.0 Hz, NCH(CH;),); *C-NMR (75 MHz, CDCl;): 6 = 169.2,
138.4,129.7,129.2, 128.3, 127.2, 125.8, 90.7, 64.7, 51.7,49.1, 46.5,
21.2,20.7, 20.6, 20.4; m/z CI: 326 (20%, M* 4+ H). (Found: M +
H*, 326.1420. C;4H,,O,NS, M + H* requires 326.1420).

(2'S, 4S8, 5R)-N,N-Diethyl-2-[3,4-dimethyl-5-phenyl-1,3-oxa-
zolan-2-yl]-6-methylbenzamide (33a). A solution of oxazolidine
22 (99.7 mg) in THF (10 ml) was added dropwise to a stirred
solution of sec-butyllithium (3.0 equiv.) and TMEDA (3.0 equiv.)
in dry THF (40 ml) at —78 °C under an atmosphere of nitrogen.
After 60 min at —78 °C, methyl iodide (12.0 equiv.) was added.

The mixture was warmed to ambient temperature (colour change
from dark yellow/orange to colourless solution) and was stirred
overnight. Water was added and the organic layer was separated.
The reaction mixture was reduced pressure at room temperature
to half of its origin volume. It was extracted with diethylether
(3 x 30 ml). The organic fractions were combined and washed
with brine (50 ml), water (50 ml), dried (MgSQO,) and evaporated
under reduced pressure to afford the crude product. Purification
by flash chromatography, eluting with petroleum ether bp (40—
60°)-EtOAc (11 : 1) to afford amide 33a as an oil (60 mg,
57.7%). oy (400 MHz; CDCl;) 7.81 (1H, d, J 8, ArH), 7.49
(2H, d, J 8, ArH), 7.35-7.21 5H, m, ArH), 5.07 (1H, d,
CHOCHPh), 4.75 (1H, s, CHO), 3.68 (2H, m, NCH,CH;), 2.91—
2.84 (1H, dqn, J 2 and 7, CHPhCHCH,;), 2.43-2.23 (2H, m,
NCH,CH,), 2.33 (3H, s, NCH;), 2.15 (3H, s, ArCH;), 1.62 (3H,
dt, J 2 and 7, NCH,CH,), 0.72 (3H, t, J 7, NCH,CH,), 0.71
(3H, d, J 7, CHPhCHCH;); . (75MHz, CDCl,) 169.1 (C=0),
139.8, 139.0, 137.9, 133.9 (Cq), 128.7-125.1 (aromatics), 94.8
(CHOCHPh), 82.3 (OCHPh), 63.7 (CHPhCCH;), 51.0 (Benz-
CH;),43.0(NCH,), 35.7(NCH,), 14.7,13.4 (2 x NCH,CH,), 12.6
(CHCHj;). Vo (thin film)/cm~" 1620 (C=0); (found; M 366.5124;
C,sH3, N, O, requires M 366.5078); m/z (CI) 367 (100%, M + H*);
m/z (EI) 367 (15.4%, M + H"), 366 (100%, M); [a]s — 14.9 (c =
0.99, CHCL,).

General method for the preparation of oxazolidines 33b—g from 23

sec-Butyllithium (1.3 equiv.) was added dropwise to a stirred
solution of amide 23 (1.0 equiv.; 3.92 mmol) in dry THF (40 ml)
at —78 °C under an atmosphere of nitrogen. After 60 min at
—78 °C, the electrophile (2.0 equiv.) in THF (10 ml) was added
dropwise to the reaction mixture. The mixture was warmed to
ambient temperature and water was added. Most of the THF
was removed under reduced pressure at room temperature and
the mixture extracted with diethyl ether (3 x 30 ml). The organic
fractions were combined and washed with brine (50 ml) and water
(50 ml), dried (MgSO,) and evaporated under reduced pressure to
afford the crude product.

(28,4'S,5 R)-N,N-Diisopropyl-2-|3,4-dimethyl-5-phenyl-1,3-
oxazolan-2-yl]-6-methylbenzamide (33b). In this way, benzamide
23 (250 mg) and methyl iodide (2.0 equiv.) gave a crude oil.
Purification by flash chromatography, eluting with petroleum
ether (40-60°)-EtOAc (11 : 1) gave a single diastereoisomer 33b
as crystalline white solid (142.5 mg, 55%), mp 153.4-155.3 °C.
Jn (400 MHz; CDClL,) 7.81 (1H, d, J 7, ArH), 7.49 2H, d, J 7,
PhH), 7.35 B3H, m, ArH and PhH), 7.30-7.24 (1H, m, PhH),
7.21 (1H, d, J 7, benz-H), 5.07 (1H, d, J 8, OCHPh), 4.72 (1H, s,
CHOCHPh), 3.68 (1H, septet, J 7, NCHCH,;CHj;), 3.54 (1H,
septet, J 7, NCHCH;CH,), 2.91-2.84 (1H, m, CHPhCHCH,),
2.33 (3H, s, NCH;), 2.15 (3H, s, ArCH;), 1.62 (6H, d, J 7,
NCHCH;CH;), 1.11 (3H, d, J 7, NCHCH,;CH;), 1.07 (3H,
d, J 7, NCHCH,CH;), 0.78 (3H, d, J 7, CHPhCHCH,;); J.
(100 MHz, CDCl;), 169.3 (C=0), 140.0, 139.3, 133.9, 134.3, 133.9,
130.9, 128.3, 128.0, 127.7, 125.7 (Ar), 94.8 (CHOCHPh), 82.3
(OCHPh), 64.1 (CHPhCCH;), 51.0 (ArCHs;), 46.0 (NCHMe,),
35.8 (CHNCH,), 20.9, 20.6, 20.4, 18.9 (4 x NCHCH,CH,;), 15.2
(CHCHj;); vy (thin film)/ecm™" 1626 (C=0); Found: M + H*
395.2714; C,sHyuN, O, requires M + H* 395.2699); m/z (CI) 395
(100%, M + H*), 176 (11%); m/z (EI) 395 (15%, M + H*), 176
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(55%); CssHuN, O, requires C, 76.2; H, 8.78; N, 6.86. Found: C,
76.10, H, 8.69, N, 7.10; [a]Z — 47.9 (¢ = 0.31, chloroform).

(2’S, 4S, 5R)-N,N-Diisopropyl-2-|3,4-dimethyl-5-phenyl-1,3-
oxazolan-2-yl]-6-ethylbenzamide (33c). In the same way, amide
23 (250 mg) and ethyl iodide (2.0 equiv.) gave a crude oil. Purified
by flash chromatography on silica, eluting with petroleum ether
(40-60°)-EtOAc (11 : 1) gave the corresponding oxazolidine 33c
as a waxy oil (251.2 mg, 69%). 6, (300 MHz; CDCl;) 7.82 (1H, d,
J7,ArH),7.47(2H,d,J 7,PhH),7.40 (1H,t,J 7, ArH), 7.37-7.33
(2H, m, ArH and PhH), 7.30-7.26 2H, m, ArH and PhH), 5.70
(1H, d, J 8, OCHPh), 4.72 (1H, s, CHOCHPh), 3.67 (1H, septet,
J 7, NCHMe,), 3.54 (1H, septet, J 7, NCHMe,), 2.91-2.84 (1H,
m, CHPhCHCH,), 2.70 (1H, dq, J 14 and 7, CH,CH3), 2.58 (1H,
dq, J 14 and 7, CH,CHj;), 2.15 (3H, s, NCH;), 1.62 (3H, d, J 7,
NCHMe), 1.61 (3H, d, J 7, NCHMe), 1.26 (3H, t, J 7, CH,Me),
1.11 (3H,d,J 7, NCHCH,;CH;), 1.05(3H, d, J 7, NCHCH,CH),
0.77 (3H, d, J 7, CHCH,;). . (100 MHz, CDCl,), 168.9 (C=0),
139.8, 139.1, 139.0, 133.9, 128.9, 128.5, 128.0, 127.7, 125.8 (Ar),
94.8 (CHOCHPh), 82.3 (OCHPh), 64.1 (CHPhCCHj;), 50.9 and
46.0(NCH), 35.9(NCH,), 25.5(CH,CHj;), 20.9-20.3 (NCHCH,),
15.2 (CHCH,), 15.0 (CH,CH};). Ve (thin film)/cm™ 1627 (C=0);
(found; M 4+ H* 409.5901; C,H3xN,O, requires M + H* 409.5969);
m/z (CI)409 (100%, M + H*), 190 (11%); m/z (EI) 409 (12%, M +
H"), 190 (100%); [a]5 — 56.7 (¢ = 0.04, chloroform).

(2'S, 4S8, 5R)-N,N-Diisopropyl-2-[3,4-dimethyl-5-phenyl-1,3-
oxazolan-2-yl]-6-(1-hydroxyl-1-methylethyl)benzamide (33e). In
the same way, benzamide 23 (250 mg) and dry acetone (2.0 equiv.)
gave a crude oil. Purification by flash chromatography on silica,
eluting with petroleum ether (40-60°)-EtOAc (11 : 1), gave the
oxazolidine 33e as a waxy oil (197.9 mg, 69%). 4 (300 MHz;
CDCl;) 7.94 (1H, d, J 8, ArH), 7.55-7.28 (7H, m, ArH and
PhH), 5.13 (1H, d, J 9, OCHPh), 4.87 (1H, s, CHOCHPh), 3.74
(1H, septet, J 7, NCHCH,), 3.59 (1H, septet, J 7, NCHCH;),
2.29-2.86 (2H, m, CHPhCHCH; and OH), 2.15 (3H, s, NCH,),
1.64 (12H, m, CCH(CH;), and NCHCH,;CH;), 1.09 (3H, d, J 7,
NCHCH;), 1.08(3H,d,J 7, NCHCH;),0.80 (3H,d, J 7, CHCH);
dc (75 MHz, CDCl,), 171.9 (C=0), 145.0, 139.5, 135.1, 134.6,
128.1, 128.0, 127.9, 127.9, 127.6, 127.0 (Ar), 93.5 (CHOCHPh),
82.1 (OCHPh), 74.5[COH(CH,),], 64.1 (CHPHhCCH,), 51.3 and
46.0 (NCH), 35.8 (NCH;), 34.6 and 31.298 [COHC(CH;).], 20.1
[COH(CH;),], 19.8 and 19.3 (NCHMe,), 15.3 (CHCHj;); vy (thin
film)/cm~" 3421 (OH), 1621 (C=0); (found; M + H* 439.2963;
C;HxN,O; requires M + H* 439.2961,) m/z (CI) 439 (100%, M +
H*); m/z (EI) 439 (45%, M + H"), 381 (100%), 263 (57%); [a]} —
21.3 (¢ = 0.14, chloroform).

(2’S, 4S, 5R)-N,N-Diisopropyl-2-|3,4-dimethyl-5-phenyl-1,3-
oxazolan-2-yl]-6-(methylsulfanyl)benzamide (33f). In the same
way, benzamide 23 (250 mg) and methyl disulfide (2.0 equiv.)
gave a yellow oil. Flash chromatography on silica, eluting with
petroleum ether (40-60°)-EtOAc (12 : 1), gave the oxazolidine 33f
as a white crystalline solid (109.3 mg, 69%) mp 135.1-136.6 °C. o
(400 MHz; CDCl,) 7.81 (1H, dd, J 8 and 1, ArH), 7.47-7.25 (7TH,
m, ArH), 5.07 (1H, d, J 8, OCHPh), 4.74 (1H, s, CHOCHPh),
3.63 (1H, septet, J 7, NCHCH,;CH;), 3.55 (1H, septet, J 7,
NCHCH;CH;), 2.93-2.85 (1H, m, CHPhCHCH;), 2.47 (3H, s,
SCH;), 2.17 (3H, s, NCH;), 1.63 (3H, d, J §, NCHCH;), 1.62
(3H, d, J 8, NCHCH,;), 1.19 (3H, d, J 7, NCHCH;), 1.09 (3H,

d, J 7.0, NCHCH;), 0.77 (3H, J 7, CHCH;); é. (100 MHz,
CDCl,), 167.3 (C=0), 140.0, 139.7, 135.3, 134.3, 128.8, 128.5,
128.0,127.7,125.9 (aromatics), 94.4 (CHOCHPh), 82.4 (OCHPh),
64.1 (CHPhCCH,), 51.4, 46.2 (NCH), 35.9 (NCH,), 20.8, 20.6,
20.4, 20.1 (NCHCH,;), 17.1 (SCH;), 15.2 (CHCH,;); vy (thin
film)/cm™"' 1627 (C=0). (Found; M + H* 427.2412; C,;H;xN,O;
requires M + H* 427.2387) m/z (CI) 427 (100%, M + H*); m/z
(ED 427 (100%, M + sH"); C,sHu,N,O,S requires C, 70.10; H,
8.11; N, 6.41; S, 6.41. Found: C, 70.38; H, 8.03; N, 6.41; S, 6.57.
[a] — 104.4 (¢ = 0.228, chloroform).

2'S, 4S8, 5R)-N,N-Diisopropyl-2-|3,4-dimethyl-5-phenyl-1,3-
oxazolan-2-yl]-6-(phenylsulfanyl)benzamide (33g). In the same
way, benzamide 23 (250 mg) and phenyl disulfide (2.0 equiv.) gave a
yellow oil. Purification by flash chromatography on silica, eluting
with petroleum ether (40-60°)-EtOAc (9 : 1), gave oxazolidine
33g as a crystalline pale yellow solid (170.2 mg, 53%) mp 147—
149.1 °C. 6y (400 MHz; CDCl;) 7.88 (1H, dd, J 8 and 1, ArH),
7.73-7.42 (2H, m, ArH), 7.2-7.4 (10H, m, Ph x 2), 5.09 (1H, d,
J 8, OCHPh), 4.78 (1H, s, CHOCHPh), 3.76 (1H, septet, J 7,
NCHCH;CH,), 3.56 (1H, septet, J 7, NCHCH;CH,), 2.95-2.87
(1H, m, CHPhCHCH,), 2.19 (3H, s, NCH;), 1.63 3H, d, J 7,
NCHCH;CH,;), 1.18 (3H,d, J 7, NCHCH,;CH;), 1.13(3H,d, J 7,
NCHCHCH;), 0.78 (3H, J 7, CHCH,); . (100 MHz, CDCl,),
167.0 (C=0), 141.3, 139.3, 1354, 127.9, 132.7, 131.5, 129.2,
129.0, 128.0, 127.7, 127.3, 127.2 (aromatics), 94.4 (CHOCHPh),
82.4 (OCHPh), 64.0 (CHPHhCCH;), 51.4 and 46.2 (NCH),
35.9 (NCH,), 20.8, 20.6, 20.4, 20.1 (NCHCH,), 15.2 (CHCH,).
Vmax(thin film)/cm=' 1620 (C=0); (found; M + H* 489.6987;
C;H3N,O,S requires M + H* 489.7055) m/z (CI) 489(100%, M +
H*); m/z (EI) 489 (20%, M + H*), 488 (100%, M); [a]3 — 123.4
(¢ =0.421, chloroform).

General procedure for the deprotection-reduction of oxazolidines 33

A solution of trifluoroacetic acid (20.0 equiv.) and water
(2.0 equiv.) was added dropwise to a solution of oxazolidine
(1.51 mmol) dissolved in THF (30 ml) at 0 °C (ice-bath). After
60 min, small batches of sodium methoxide (33 equiv.) were added
slowly until pH 6 was attained, followed by a slurry of sodium
borohydride (10 equiv.) in ethanol (20 ml) at 0 °C. The mxture
was allowed to warm to room temperature. Evaporation under
reduced pressure without external heating reduced the solution
to half its original volume. It was extracted with diethyl ether
(3 x 30 ml), washed with brine (2 x 30 ml), dried (MgSO,)
and filtered. Evaporation under reduced pressure without external
heating afforded the crude alcohol 34.

(R,)-N,N -Diisopropyl-2-methyl-6-(hydroxymethyl)benzamide
(34b). In this way oxazolidine 33b (157 mg) was reduced to give
the crude alcohol. Purification by flash column chromatography
eluting with petroleum ether—EtOAc (5 : 1) gave enantiomerically
enriched alcohol 34b as an oil (81.2 mg, 82%). Integration of the
'"H NMR spectrum of this material in the presence of Pirkle’s
chiral shift reagent” indicated an enantiomeric excess of 8%.
Jou (300 MHz; CDCly), 7.41-7.08 (2H, m, Ar-H), 7.04 (1H, d,
J 7, Ar-H), 4.55 (1H, d, J 13, CH,HzOH), 4.30 (1H, d, J 13,
CH,H;OH), 3.54 (1H, sept, J 7, NCH), 3.47 (1H, sept, J 7,
NCH), 2.22 (3H, s, ArCH;), 1.54 (3H, d, J 7, NCHCH;), 1.50
(3H, d, J 7, NCHCH;), 1.09 (3H, d, J 7, NCHCH;), 0.87 (3H, d,
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J 7, NCHCH;); é: (75 MHz, CDCl;) 170.3 (C=0), 139.3, 137.0,
136.6, 128.5, 127.4, 126.6 (Ar), 63.5 (CH,OH), 50.9 (NCH,),
46.2 (ArCHs;), 46.0 (NCH,), 20.9, 20.6, 20.4, 20.3 (NCHCH;);
Vmax(thin film)/cm=" 3510 (br, OH), 1617 (C=0). (Found: M +
H* 250.3567; C,sH,;;NO, requires M + H* 250.3601); m/z (CI)
250 (100%, M + H*), 235 (11%); m/z (EI) 250 (22%, M + H*),
235 (100%), 104 (15%).

(R,)-N,N -Diisopropyl-2-ethyl -6 - (hydroxymethyl )benzamide
(34c). In the same way, oxazolidine 33c¢ (259 mg) was reduced
to give a crude alcohol. This was purified by flash column
chromatography eluting with petroleum ether (40-60°)-EtOAc
(5 : 1) to afford enantiomerically enriched alcohol 34c as white
powder (145.2 mg, 87%). Integration of the "H NMR spectrum
of this material in the presence of Pirkle’s chiral shift reagent™
indicated an enantiomeric excess of 28%. dy (300 MHz; CDCl;),
7.39-7.26 2H, m, ArH), 7.23 (1H, d, J 7, ArH), 4.69 (1H, d,
J 13 and 3, CH,HzOH), 4.42 (1H, d, J 13 and 2, CH,H;OH),
3.65 (1H, sept, J 7, NCH),3.22 (1H, sept, J 7, NCH), 2.70
(1H, dq, J 14 and 7, CH,HyCH;), 2.60 (3H, dq, J 14 and
7, CH,H,CH;), 1.66 (3H, d, J 7, NCHCH;), 1.62 (3H, d,
J 7, NCHCH,;), 1.28 (3H, t, J 8, CH,CH;), 1.19 (3H, d, J 7,
NCHCH;), 0.08 (3H, d, J 7, NCHCH); d. (75MHz, CDCl;)
170.3 (C=0), 139.3, 137.0, 136.6, 128.5, 127.4, 126.6 (aromatics),
63.5 (CH,OH), 50.9, 46.0 (NCH,), 25.5 (CH,CHs;), 20.9, 20.6,
20.4, 20.3 (NCHCH,), 14.9 (CH,CH,); vy, (thin film)/cm™" 3488
(br, OH), 1613 (C=0); (found; M + H* 264.1967; C,sH»;NO,
requires M + H* 264.1964); m/z (CI) 264 (100%, M + H*), 234
(5%); m/z (EI) 264 (100%, M + H*), 234 (31%), 133 (13%)).

(S.)-N,N -Diisopropyl - 2-hydroxymethyl - 6 - (methylsulfanyl ) -
benzamide (34f). In the same way, oxazolidine 33f (78 mg) was
reduced to give a crude alcohol. This was purified by flash column
chromatography eluting with petroleum ether (40-60°)-EtOAc
(5 : 1) as to afford enantiomerically enriched alcohol 34f as
an oil (10.9 mg, 20%). Integration of the 'H NMR spectrum
of this material in the presence of Pirkle’s chiral shift reagent™
indicated an enantiomeric excess of <1%. dy (300 MHz; CDCl;),
7.43 (2H, m, ArH), 7.26 (1H, dd, J 7 and 3, ArH), 5.8 (1H, d,
J 13, CH,HzOH), 5.06 (1H, d, J 13, CH,H;OH), 3.54 (2H,
septet, J 7, NCH), 2.49 (3H, s, S-CH;), 1.65 3H, d, J 7,
NCHCH;), 1.61 (3H, d, J 7, NCHCH;), 1.29 3H, d, J 7,
NCHCH;), 1.13 (3H, d, J 7, NCHCH,;); é: (75 MHz, CDCl,)
170.0 (C=0), 139.0, 137.1, 136.6, 129.0, 128.3, 127.1 (aromatics),
64.1 (CH,OH), 50.7 (NCH,), 47.1 (SCH,), 46.0 (NCH,), 20.9,
20.6, 20.4, 20.3 (NCH, CHs;).

N,N-Diisoproyl-2-ethyl-6-(1-trimethylsilyl)ethylbenzamide (35).
sec-Butyllithium (0.83 ml, 1.3 M solution in cyclohexane,
1.08 mmol) was added dropwise to a solution of N, N-diisopropyl-
2-(1-trimethylsilyl)ethylbenzamide (300 mg, 0.982 mmol) in THF
(80 ml) cooled to —78 °C under an atmosphere of nitrogen. The
resultant orange-pink solution was stirred for 1 h at —78 °C before
the addition of ethyl iodide (0.16 ml, 1.96 mmol). The solution was
allowed to warm to 0 °C, water (40 ml) was added and the THF was
removed under reduced pressure. The aqueous phase was extracted
with dichloromethane (3 x 40 ml) and the combined organic
extracts were washed with water (40 ml), dried over magnesium
sulfate and filtered. The solvent evaporated and the residue was
purified by column chromatography (3% ethyl acetate in light

petroleum, R; 0.31) to give the silane 35 as a colourless oil which
crystallised on standing in the freezer (171 mg, 52%). M* 333.2488
(CH;5sNOSi requires 333.2488); vy, (thin film) 1632 cm™; oy
(300 MHz; CDCly), 7.23 (1H, t, J 7.7, p-ArH), 7.02 (1H, d, J 7.7,
m-ArH), 6.97 (1H, d, J 7.7, m-ArH), 3.67 (1H, sept, J 6.7, NCH),
3.52 (1H, sept, J 6.7, NCH), 2.77-2.45 (2H, m, ArCH,CH,;), 2.16
(1H, q, J 7.4, ArCH), 1.63 (3H, d, J 6.7, NCHMe), 1.61 (3H, d,
J = 6.7 Hz, NCHMe), 1.36 (3H, d, J 7.4, ArCHMe), 1.26 (3H,
t, J 7.6, ArCH,Me), 1.14 3H, d, J 6.7, NCHMe), 1.08 (3H, d, J
6.7, NCHMe), 0.00 (9H, s, Si(CHs)5); dc (75 MHz; CDCl;), 169.8
(s, CO), 142.3 (s, Ar), 139.6 (s, Ar), 135.9 (s, Ar), 127.4 (d, Ar),
123.9 (d, Ar), 123.3 (d, Ar), 50.0 (d, NCH), 45.6 (d, NCH), 25.8
(d, ArCH), 25.3 (t, ArCH,), 20.9 (q, NCHMe), 20.8 (q, NCHMe),
20.3 (q, NCHMe), 20.2 (q, NCHMe), 16.3 (q, CH;), 15.0 (q, CH,),
—2.9 (g, Si(CHj;);); m/z CI + 336 (6%), 335 (23%), 334 (100%),
304 (8%), 290 (4%), 233 (4%), 161 (10%), 90 (5%), 73 (4%).

(1RS,1'SR)-N,N-Diisopropyl-2,6-bis-{ (1-trimethylsilyl)ethyl } -
benzamide (36). sec-Butyllithium (0.25 ml, 1.3M solution in
cyclohexane, 0.323 mmol) was added dropwise to a solution of
benzamide 35 (92 mg, 0.276 mmol) in dry THF (30 ml) at —78 °C,
under an atmosphere of nitrogen. The resultant orange solution
was stirred at —78 °C for 1.5 h and trimethylsilyl chloride (56 ul,
0.441 mmol) was added. The solution was then allowed to warm
to 0 °C, water (30 ml) was added and the THF was removed
under reduced pressure. The aqueous phase was extracted with
dichloromethane (3 x 30 ml), the combined extracts were washed
with water (40 ml), dried over magnesium sulfate, filtered and
the solvent was evaporated. The symmetrical amide was obtained
pure following column chromatography (2% ethyl acetate in
light petroleum, R; 0.48) as a white crystalline solid (67 mg,
60%) in addition to starting material, R; 0.24 (25 mg, 27%). Mp
113.5-114 °C; M 405.2889 (C»;H,;NOSI, requires 405.2883); vyux
1619 cm™'; 4 (300 MHz; CDCl;), 7.20 (1H, t, J 7.7, p-ArH),
6.89 (2H, d, J 7.7, 2 x m-ArH), 3.73 (1H, sept, J 6.7, NCH), 3.52
(1H, sept, J 6.7, NCH), 2.15 (2H, q, J 7.4, 2 x CHSIi), 1.61 (6H,
d, J 6.7, NCHMe,), 1.36 (6H, d, J 7.4, 2 x ArCHMe), 1.11 (6H,
d, J 6.7, NCHMe,), 0.00 (18H, s, 2 x Si(CH;);); dc (75 MHz;
CDCl,), 170.1 (s, CO), 142.8 (s, 2 x 0-Ar), 134.7 (s, CCON, 127.3
(d, p-ArH), 122.1 (d, 2 x m-ArH), 49.5 (d, NCH), 45.5 (d, NCH),
25.5(d, 2 x ArCH), 20.9 (q, NCHMe,), 20.2 (q, NCHMe,), 16.4
(q, 2 x ArCHMe), 2.8 (q, 2 x Si(CH;);); m/z CI+ 407 (33%), 406
(100%). HPLC analysis of the crude product (Phenosphere 80 A
100 x 8.00 mm 5 pum silica column, Merck—Hitachi system, eluent
1% ethanol in hexane, flow rate 2 ml min~', showed 36 room
temperature 1.65 min (64.5%), 35 2.13 min plus further peaks of
6 and 4% intensity.

2'S, 4S5, 5R)-N,N-Diisopropyl-2-|3,4-dimethyl-5-phenyl-1,3-
oxazolan-2-yl]-6-(1-trimethylsilylethyl)benzamide (37). In a simi-
lar way, amide 33b (150 mg, 0.37 mmol) was lithiated with sec-BuLi
and quenched with ethyl iodide. Chromatography (SiO,; EtOAc)
gave the alcohol 37 (77 mg, 50%) as a yellow oil, R; (9 : 1: 0.1
petrol-EtOAc-NEt;) 0.30; [a]p = — 132.0° (¢ = 2.0, acetone);
Vaax/CM ™! 2963, 2930 and 2873 (CH), 1628 (C=0); Jy (300 MHz;
CDCl;, 0.81 (3H,d, J 7, CH;), 0.90 3H, t,J 7, CH;), 1.12 (3H, d,
J17,CH;), 1.17(3H,d,J 7,CH,), 1.29 (3H, d, J 7, CH;), 1.65 (3H,
d,J7,CH,), 1.69 (3H, d, J 7, CH;), 2.21 (3H, s, NMe), 2.72 (2H,
m, CH), 2.92 (1H, m, CH), 3.56 (1H, sept, J 7, CH), 3.76 (1H,
sept, J 7, CH), 4.78 (1H, s, CH), 5.11 (1H, d, J 8, CH), 7.30-7.53
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(7H, m, ArH), 7.87 (1H, dd, J 7 and 1, ArH); é. (75MHz; CDCl;)
12.5, 15.6, 20.5, 20.6, 20.7, 21.1, 32.9, 36.3, 37.5, 46.3, 51.0, 64.4,
82.5, 95.1, 126.3, 126.8, 127.9, 128.2, 128.3, 128.8, 134.1, 138.9,
140.1, 143.6, 169.1; m/z (CI) 437 (20%, MH"); 218 (60%); Found
(M*) 436.2988; C,sHy N, O, requires (M) 436.3090.
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The orientation of a tertiary amide group adjacent to an aromatic ring may be governed by the
stereochemistry of an adjacent chiral substituent. With a chiral substituent in both ortho positions,
matched/mismatched pairs of isomers result. Evidence for matched stereochemistry is provided by the
clean NMR spectra of single conformers, while mismatching gives poor or unexpected selectivities in

the formation of chiral substituents, or mixtures of amide conformers. Attempts to use the match—

mismatch effect to select for racemic pairs of enantiomeric substituents, and hence develop a
“racemate-sequestering” reagent, are described, along with the use of “matching” to scavenge a single
enantiomer of a diamine from material of incomplete enantiomeric purity.

Introduction

In the previous paper,! we showed that a chiral 2-substituent can
exert powerful control over the conformational preference of the
Ar—CO axis of a tertiary benzamide. We now describe molecules
in which two chiral substituents are placed ortho to an amide
axis.T Both have the opportunity to influence the orientation of the
axis, and instances can be envisaged either in which both centres
exert a reinforcing influence on the conformation—the “matched”
case—or in which they compete for control of the amide axis—the
“mismatched” case. For “mismatched” steregenic centres, the axial
conformation which results might be considered a measure of the
relative power of the two centres to influence conformation. In the
event, we found that molecules carrying truly mismatched chiral
centres are generally difficult to synthesise, and that the favourabil-
ity of “matching” stereochemistry led to some unusual diastereos-
electivities in the condensation reactions by which the stereogenic
centres are formed. Pairs of identical groups displaying “matched”
control will have opposite absolute configuration, and we also
attempted to exploit this fact in developing a racemate-selective
sequestering agent as a means of enhancing enantiomeric excess.
We present this work as a series of “competition/cooperation”
experiments (thus, “A vs. B”) between pairs of stereogenic centres
of various types, all of which were introduced in the previous

paper.’
Results and discussion

1. Ephedrine-derived oxazolidines vs. ephedrine-derived
oxazolidines

Among the simplest to construct of the stereogenic centres which
are known to exert a high degree of control over conformational

“School of Chemistry, University of Manchester, Oxford Road, Manchester,
UK M 13 9PL. E-mail: clayden@man.ac.uk; Fax: +44 161 275 4939
*GlaxoSmithKline Medicines Research Centre, Gunnels Wood Road, Steve-
nage, Herts, UK SGI 2NY

T A small part of this work has been communicated in preliminary form:
see ref 2.

preference are ephedrine-derived oxazolidines such as that in 3.>¢
The aldehyde 4 was available by lithiation” and formylation® of
1, followed by condensation of the resulting aldehyde 2 with (+)-
ephedrine to give oxazolidine 3, and then a second lithiation and
formylation to yield 4 (Scheme 1).

PPN LA

;' i\s/l_gul\%iCH o o= (+)-ephedrine
C2 OHC toluene, A
—_—
97% 100%
1 2
)\NJ\‘I. s-Buli )\NJ\
HO 2. Me;,NCHO HO
Ph o) Ph/p CHO
Me N 89% Me N
3 4
Scheme 1 Synthesis of aldehyde 4.

Condensation of aldehyde 4 with a second equivalent of
ephedrine should allow the synthesis of either a matched or
mismatched bis(oxazolidinyl)benzamide, according to which an
enantiomer of ephedrine is used. Because the two faces of
the amide group are enantiotopic, the stereochemically-matched
compound must carry enantiomeric ephedrine molecules, and
indeed condensation of 4 with (—)-ephedrine gave a good yield
of the meso-compound 5. The X-ray crystal structure (Fig. 1) of 5
confirmed the stereochemistry of the two oxazolidine rings and the
orientation of the amide group, which adopts the conformation
observed in all related compounds, with the amide C=0 and
oxazolidine C-O bonds lying anti, probably for electronic reasons.!

The slow reaction of 4 with a second equivalent of (4)-ephedrine
in the presence of catalytic toluenesulfonic acid gave an unstable
unsymmetrical compound which we initially assumed to be 7,
in which the orientation of the pseudoasymmetric Ar—CO axis
would make the oxazolidine rings diastereotopic. However, the
product’s NMR spectrum (Fig. 2¢) contained a distinctive 1H
doublet (J = 5.0 Hz) and 1H singlets at 6 = 5.71 and 5.39 ppm,
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Fig.1 X-ray crystal structure of 5.

o
o

!
(© endo
oxazolidine

«—o
«—o
P

T —TT T T T T T T T T T

5.0 4.5

Fig. 2 Portions of the NMR spectra of (a) 4; (b) 5; (c) 6, contaminated
with isomers/hydrolysis products. Major peaks corresponding to 6 are
labelled, including the distinctive endo-oxazolidine signals at & = 5.71 and
5.39 ppm.

further downfield than the typical signals for H2 and HS in,
for example, unsymmetrical mono-oxazolidine 4 (Fig. 2a) or
symmetrical bis-oxazolidine 5 (Fig. 2b). We have established from
the NMR spectrum of crystalline 8' that such signals can be
assigned to an endo oxazolidine, in which the C-2 aryl substituent
is anti rather than syn to the two substituents at C-4 and C-
S, and we therefore assign the structure 6 (Scheme 2) to this
product. The inequivalence of the two downfield aromatic 1H
doublets furthermore confirms that the product lacks symmetry.
Rapid hydrolysis or incomplete oxazolidine formation meant that
quantities of other isomers or hydrolysis products were also
observed in the NMR spectrum of 6, as seen in Fig. 2c.

U

(-)-ephedrine K
toluene, A Ho=
—> Ph 0 0 Ph
88% N— =~ I
Me ﬂ ﬂ Me

(+)-ephedrine
toluene,
TsOH (cat.)
A

68%

6

exo oxazolidine endo oxazolidine

Scheme 2 Bis-oxazolidinyl benzamides.

Endo oxazolidines may be formed as the major kinetic product
during the condensation of ephedrine with aromatic aldehydes, ¢
but inversion at C2 by equilibration, especially in non-polar
solvents, typically leads quickly to the more stable exo oxazolines.
In 6, however, the usual thermodynamic driving force for inversion
at C2, which would form 7, is overcome by the fact that while the
probablef most stable conformer of 6 has two favourable anti
alignments between the C—O and C=O0 dipoles, 7 will have only
one, and in addition incurs steric hindrance between the Ni-Pr,
groups and one of the NMe groups (Fig. 3).

PN NENPN

Ho= H No= H FPh

\ Me
Ph’)Q NZ‘Me 0
, (o)
Me N © Ph

=N
i
7 8

endo oxazoline

exo oxazolidine R R exo oxazolidine
\

Ph,, O-]~ N lo WPh
Me‘“[N\ To /Nj"Me

5
matched stereochemistry

exo oxazolidine R R endo oxazolidine  exo oxazolidine
1

RR exo oxazolidine
: ! \: I s
Ph, o N o_Ph  Ph~ o N N_..Me
Me“‘[N T NIMe Me‘“EN T Jfoj"'Ph
\ o / o)
7

mismatched: favoured configuration
despite formation of endo oxazoline

disfavoured configuration suffers
by dipole/steric repulsion

Fig. 3 Dipole orientation in 6 and 7.

2. Attempts to develop a racemate-sequestering agent

Bis-oxazolidines 5 and 6 can alternatively be viewed as products
of the condensation of dialdehyde 9 with two equivalents of either
racemic ephedrine (for 5) or enantiomerically pure ephedrine (for
6). Dialdehyde 9 was readily made simple by hydrolysis of 4
(Scheme 3). An attempt to form dialdehyde 9 without protection
via successive double lithiation and quenching with SEMCl failed,
giving instead a poor yield of 11 by lateral, rather than ortho,
lithiation of the ether 10 (Scheme 4).§

LA

OHC CHO

CF4COH,
H,0

91%
9

Scheme 3 Synthesis of dialdehyde 9.

1 In previous work we have shown that the conformer in which the C—
H bond at the stereogenic centre eclipses the amide is the most stable.
See ref 1.

§ The route to 9 via 4 illustrates the utility of (—)-ephedrine-derived
oxazolidines as protecting groups for aldehydes during ortholithiation
reactions. For a discussion of the favourability of lateral over ortho
lithiation, which leads to selective formation of 11, see ref. 9, pp. 90-96.
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o~ SiMes

10
1. s-Buli,

THF,-78°c~ N

2.SEMCI O=

_—

20%

O siMe,
o~ SiMeg

11
Scheme 4 Failed double ortholithiation route to 4.

Condensation of dialdehyde 9 with (+)-ephedrine is compli-
cated by the fact that both 5 and 6 are possible products depending
on the “enantioelectivity”q (i.e., whether the second molecule of
ephedrine to be incorporated is homochiral or enantiomeric with
the first) of the second condensation reaction. Dialdehyde 9 was
treated with (£)-ephedrine and the mixture was heated to reflux in
toluene for 3 d (Scheme 5). Comparison of the NMR spectrum of
the crude product mixture with those in Fig. 2 indicated that the
reaction had formed a 1.65 : 1 mixture of stereoisomers 5 and 6.

(z)-ephedrine
(2 equiv.)
9 —= 4+5+6

conditions in
Table 1

Scheme 5 Condensation with racemic ephedrine.

We expected 5 (derived from condensation of 9 with one
molecule of (+)- and one molecule of (—)-ephedrine), because
it carries two exo oxazolidines in a matched arrangement with
the amide axis, to be more stable than 6 (Fig. 2). The possibility
that the product of condensing enantiomeric pairs of (4)- and
(—)-ephedrine with dialdehyde 9 might be more favourable than
condensing mismatched homochiral pairs offered the intriguing
possibility that 9 might be considered as a racemate-sequestering
agent, selectively trapping racemic pairs from solution, and
therefore offering a method for the improvement of enantiomeric
excess in samples of moderate ee.|| Scheme 6 illustrates the idea: if

100% ee
SO%y\eId

bifunctional

racemate-

sequestering

0
S agent 20 mol% + R
90 : 10

separate then
ac\d wash

o

Scheme 6 A racemate-sequestering agent for improvement of ee.

R S 20%racemic

9 A useful term which could be employed here, where the selectivity
results not purely from choice in the formation of a new stereogenic
centre, but from choice in the incorporation of alternative stereoisomers.
Enantioelectivity describes the propensity of chiral polymerising systems
to incorporate one enantiomer from a racemic mixture. See ref. 10.

||For related methods, relying not on racemate sequestration, but instead
on a form of asymmetric amplification, see ref 11.

an appropriate amount of a racemate-sequestering agent were
added to an enantiomerically enriched, but impure, sample, then
an increase in ee in the remaining unreacted substrate can be
expected.

Since exo oxazolines are favoured products only under ther-
modynamic control,® it seemed possible that the persistence of
endo oxazolines in the reaction mixture was due to incomplete
equilibration between the possible product stereoisomers. Equili-
bration between exo and endo oxazolines, shown in the solid box in
Scheme 7, is known to be fast in refluxing toluene,** However, this
is insufficient to interconvert 5 and 6: for this the exchange of (+)-
and (—)-ephedrine shown in the dotted box of Scheme 7 also needs
to be rapid. To estimate the rate of this interconversion, we mixed
each of 5 and 6 separately with one equivalent of (—)-ephedrine
(so that the two mixtures contain the same, though enantiomeric,
1 : 3 ratio of amide to ephedrine of 50% ee) and heated them in
refluxing toluene (Scheme 8). Even after 5 d, NMR showed that
the product mixtures from the two experiments were different,
indicating that the ephedrine exchange shown in the dotted box of
Scheme 7 is slow, and confirming this as a possible reason for our
inability to convert 9 + (£)-ephedrine entirely to 5.

fast in refluxing toluene
H® H H®
Ph Ph .Ph
(o (o~ O,
Arden —= Ar—\ — Ar-<
N""Me C\J\é ‘Me N""'Me
/ / /
| (-)-ephedrine ﬂ H,0 E
: Ph :
E HO—w o Ph E
P MeHNT g === AT ]
: HO N™"Me |
' ArCHO 1 slow in refluxing toluene
: HOIPh A HO Ph i
E —n
i MeHN" g HO /N Me !
! (+)-ephedrine \
: ]L H0 |

Ar<I

Interconversions between stereoisomers of ephedrine-derived

H@
Ar—gI — Ar—(oj
N we O

% ‘Me

Scheme 7
oxazolines.

equivalentto 9

+ 3 x ephedrine 50% ee
-2xH,0

NMR of crude mixture

toluene,
A, 5d

Ph NMR of crude mixture

equivalentto 9

Me \H(ﬁ\ Phl+3x ephedrine 50% ee
N —2xH,0

(-)-ephedrine

(+)-ephedine  ©

(+)-ephedrine

Scheme 8 Attempted ephedrine exchange.
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Table 1 Reaction of 9 with (+)-ephedrine

Entry Solvent exo : endo25°C, 24 h exo : endo 45°C, 24 h exo :endo 70 °C, 3d exo : endo 67 °C + Sc(OTf);, 7d
1 Toluene 0.40 0.62 4.3 6

2 CHCl, 0.33 0.53 5.8 6

3 Dioxane 0 0.52 4.6 —

4 Dioxane-H,O 0 0.31 — 7

5 MeCN 0.29 0.45 4.0 5

6 MeCN-H,0 0 0.45 2.6 —

7 EtOAc 0 0.42 4.1 —

8 EtOH 0 0.42 32 5

9 EtOH-H,0 — — — 6

We made extensive attempts to increase the rate of the ephedrine
exchange reaction by changing the solvent, or adding water, protic
acids or Lewis acids. In each case, a mixture of 9, (+)-ephedrine
and the additive were heated together (Scheme 5) and the outcome
of the reaction assessed by determining the overall ratio of exo
to endo oxazolines in the mixture by integration of the NMR
spectrum in the regions of = 5.75-5.25 and 5.25-4.75 (see Fig. 2):
the more successful the reaction, the greater the ratio. Results are
shown in Table 1. At lower temperatures (25 and 45 °C), even
epimerisation is slow, and endo oxazolines are the major products
in every case, particularly in polar solvents, in agreement with
the literature. At higher temperatures, epimerisation is fast, and
the exo : endo ratio increases to a maximum of around 5. Only
the addition of scandium triflate allowed any advance to be made
beyond this figure, but even then the proportion of endo oxazoline
never decreases below about 12%, the figure expected from a still
disappointing 3 : 1 ratio of 5 : 6.

3. Proline-derived imidazolidine vs. proline-derived imidazolidine

The lack of rapid exchange between the enantiomers of ephedrine
led us to abandon attempts to synthesise 5 under thermodynamic
control in favour of trial condensations with the proline-derived
diamine 12, a compound whose imidazolidine derivatives'*!®
are powerful controllers of amide conformation,** just like the
ephedrine-derived oxazolidines. Aminals derived from 12 or other
1,2-diamines are both formed and hydrolysed readily,” and we
hoped that this increased lability would give the thermodynamic
control we were seeking. In addition, the bicyclic structure of
the imidazolines derived from 12—13, for example—makes the
formation of endo epimers highly unlikely, increasing the chance
of a stereoselective condensation.

Dialdehyde 9 was treated with one equivalent of the diamine
(S)-12** to yield the imidazolidine 13 in good yield as a single
stereoisomer.> This compound was condensed with a second
equivalent of diamine, either (S)-12 or (R)-12, and the results
obtained are shown in Scheme 9. With a second equivalent of
(S)-12 only one diasterecoisomer of the bis-imidazolidine, 14, is
possible. However a second, unstable, compound was obtained in
addition, to which we tentatively assign, on the basis of its NMR
spectrum, the hemiaminal (carbinolamine) structure 16.

**Diamine 12 is commercially available but can be made in four steps by the
method of Mukaiyama (ref. 12) or two steps by the method of Iriuchijima
(ref. 16). In the context of the present work the latter method has the
“advantage” of producing either enantiomerically enriched or partially
(or even fully) racemised diamine according to reaction conditions.

O\‘H(S“z )\ /k

NHPh (s)
9 OHC
toluene, A

(S)-17 \\an
PPN

pr OS] H S) (R)
N
A

(S'H 14
+ (2:
16 12 (4:2:1)
+
16
HOo_
PhHN 16

Scheme 9 Imidazolidines from proline-derived diamine 12.

Condensation of 13 with (R)-12 was suprisingly unselective. In
addition to the expected symmetrical meso bis-imidazolidine 15,
we obtained significant amount of the unsymmetrical bis-aminal
(£)-14 along with further hemiaminal products again tentatively
assigned as diastereoisomers of 16, the three components being
presentina4:2: 1 ratio

The formation of (£)-14 from 13 plus (R)-12 is only possible if
the (S)- and (R)-diamines 12 can exchange under the conditions
of the reaction, something we failed to achieve with (+)- and (—)-
ephedrine. This suggests that the condensation of 13 with 12 is
indeed not under kinetic but under thermodynamic control, as
we had hoped. However, the fact that both 15 and (+)-14 are
present also suggests that the thermodynamic preference for 15
is relatively weak. We had expected 15 to be favoured for steric
reasons' (Fig. 4), since it can avoid any interaction between N-Ph

£ 3@

Fig. 4 Expected favourability of 15 over 14.

RR
i ’/]2
N

15
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and the amide Ni-Pr, groups which we believe to be at the
root of the conformational selectivity exhibited by the related
amidomonoimidazolidines. The reason for the weakness of the
selectivity here relative to the naphthamides may lie in the fact that
these amides have relatively little flexibility: the energy minimum
for amide Ar—-CO bond rotation in the congested 14 and 15 is
likely to be a steeper sided well than for the related naphthamides?
and benzamides,! which show excellent control.

To confirm that equilibration between imidazolidines derived
from enantiomeric diamines is possible, we treated 14 with one
equivalent of (R)-12 (Scheme 10). Over 50% of the product mixture
was the meso compound 15, which can be formed only if (R)-12
has displaced some of (S)-12 from 14.

(R)12 x 1 ()12 x 2
14 — 15+14+16 =~—— 9
toluene, A 4:2:1  toluene, A

Scheme 10 Confirming thermodynamic control.

Treatment of dialdehyde 9 with two equivalents of racemic 12,
the constitutional equivalent of the reaction in Scheme 10 between
13 and (R)-12 gave as expected the same thermodynamically
controlled 4 : 2 : 1 ratio of 15: 14 : 16 (Scheme 10)

4. Racemate sequestration with diamines

Although the selectivity for the meso over chiral bis-imidazolidine
15 over 14 is weak, at 2 : 1 it is better than statistical (which would
give a 1 : 1 ratio of chiral : meso bisimidazolidines), though the
presence of the hemiaminal 16 complicates the analysis. Aiming to
investigate possible improvements to ee by racemate sequestration,
we treated diamine 12 of 50% ee with a deficit of the dialdehyde
9 (25 mol%, i.e. a molar ratio of 2 diamines to each formyl
group). Purification returned unreacted the diamine 12 whose
ee we determined by '"H NMR in the presence of Pirkle’s chiral
solvating agent TFAE" of its imidazolidine condensation product
with benzaldehyde 17** (Scheme 11). The reaction was repeated in
a wide range of solvents, but in no case was the ee of 12 improved.

9
(S)12 25 mol%

15+ 14 +16
52% ee toluene, A 1. purify )Q\
“
2 S Pncho P

toluene, A

17 39 52%

Scheme 11 Attempted improvement of ee by racemate sequestration.

In all these reactions, the selectivity for meso bis-imidazolidine
15 over chiral imidazolidine 14 was low—often little better than
1 : 1—contrary to our expection, detailed in Fig. 4, that 14
would be disfavoured for steric reasons. Aiming to exacerbate
steric crowding in the chiral bis-imidazolidine, we made the N,N-
dicyclohexyl dialdehyde 21 by sequential ortholithiation of 18 as
shown in Scheme 12, using ephedrine to protect the aldehyde
during the second lithiation and described above. Repeating the
reaction in Scheme 11 using 21 in the place of 9 gave a small,
though probably insignificant, ee increase of around 3%. The
synthesis of an even more hindered dialdehyde based on N-
benzoyltetramethylpiperidine ran into difficulties because of a
competing, though interesting, dearomatising addition of s-BuLi
to the aromatic ring.'®

L

1. s-BuLi (-)-ephedrine
2. Me2N0H0 CHO _toluene, A
quant. 99%

OMe 18 OMe 19
1. s-BuLi
2. Me,;NCHO
N (60%) N
0 H o

Ph 3. CF4CO,H, OHC CHO
0,
N"ye  H20 €5%)

OMe 20 21 OMe
Scheme 12 A more hindered dialdehyde.

5. Ephedrine-derived oxazolidine vs. diamine-derived
imidazolidine

Both the ephedrine-derived oxazolidines and the diamine-derived
imidazolidines have an Achilles” heel: the oxazolidines act brave,
exert consistently high thermodynamic control over the adja-
cent axis, but turn coward in mismatched cases, being readily
epimerised to the endo isomers. The imidazolidines on the other
hand look weaker, but at least stand their ground. Pitting the two
groups against one another in a battle for control over the axis
would reveal whether it might be possible to use one to resolve the
other. We took monooxazolidine 4 and treated it with a mixture
of (R) and (S) diamine 12 in two experiments: firstly with (R)-
12 of 50% ee; secondly (S)-12 of 38% ee. We expect (S)-12 to
condense to form a “matched” derivative with 4; (R)-12 would
form a “mismatched” derivative with 4 but, on the basis of the
discussion above, this mismatched derivative could be transformed
into a matched derivative by epimerisation of the exo oxazolidine
to an endo oxazolidine (Scheme 13).

PPN

Ho=" H
Ph 0 N
me M 1
(+)-ephedrine (S)-12 (+)-ephedrine
exo exo (R)-12
22, matched exo-23, mismatched

AJ\

Me nHo:

Ph&/

(+)-ephedrine
endo (R)12

endo-23, matched

Scheme 13 Matched and mismatched imidazolidinyloxazolidines.

Both reactions proceeded to completion, and the products
contained a mixture of at least two unstable compounds which
we were unable to characterise but which contained both exo- or
endo-oxazolidines by NMR. The ratio of exo : endo depended on
the ratio of (R)- to (S)-12 used in the reaction. 4 : 1 (S) to (R)
(i.e. 50% ee S) gave 13 : :2.2(S) to (R) (i.e. 38%
ee R) gave 2 : 1 exo : endo. Since the amount of endo product
is dependent at least to some degree on the ee of the diamine, it

1 exo : endo; 1
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is clear that the diamine is able to influence, via the amide, the
preferred stereochemistry of the oxazolidine. That said, however,
even with mainly (R)-12, the major product is still exo, suggesting
that there is a significant amount of exo-23 present and therefore
that the mismatched isomer is not heavily disfavoured. However,
no quantitative conclusions can be made regarding the relative
degree of control exerted by the competing influences.

6. Sulfoxide vs. 1-(trimethylsilyl)ethyl

Of all of the groups we have shown to exert an influence over
the amide’s orientation, a 2-sulfinyl group has been the most
powerful.’*" We therefore made three compounds (24, 25 and 26)
in which we pitted the sulfinyl group against three other groups
of slightly lower rank! in terms of conformational control: a
1-(trimethylsilyl)ethyl group,” an ephedrine-derived oxazolidine
and a diamine-derived imidazolidine. Low temperature NMR
experiments had shown that despite the high thermodynamic
selectivity for a single amide conformer, the kinetic selectivity in
the oxidation of an amido sulfide to an amido sulfoxide is low."
We reasoned therefore that the oxidations of the corresponding
sulfides to sulfoxides should proceed with poor stereoselectivity,
and give a mixture of two diastereoisomers, one matched and one
mismatched with regard to control over the amide

-

y  mCPBA -15°C,

PhS &,
SiMes
24 )\ J\
N
o= H
. .
O.; 'y, ph.;S
PH SiMes
25a 25b

Scheme 14 Matched and mismatched sulfinylsilanes.

The known sulfide 24* was oxidised with m-CPBA to yield
two separable diastereoisomers 25a and 25b in a 2 : 1 ratio
(Scheme 14).17 While we were unable to assign unequivocally
the stereochemistry or conformation of the two compounds,
we propose that the major product is 25a using the precedent
that kinetic control has previously generated the analogous
amide-sulfoxide relative stereochemistry with comparable
stereoselectivity. Sulfoxide 25a is the matched diastereoisomer;
in 25b the stereogenic centres are mismatched, but still the 'H
NMR spectrum consists of a single set of peaks at ambient
temperature, suggesting that the amide adopts a single Ar—-CO
conformation. Since, individually, the sulfoxide group is able
to exert conformational control at the 200 : 1 level,’ while the
silylethyl group usually achieves control of around 90 : 10,"* we
assume that the sulfoxide wins the battle hands down in this case,
and the conformation of the product is as shown.

11 The fact that this chiral compound and the related 26 oxidised with
much lower selectivity than that apparent in the room temperature oxi-
dation of simple achiral alkylthionapthamides gave us our first indication
that the stereochemistry of such oxidations, when there are no other chiral
centres in the molecule, are under thermodynamic and not kinetic control.
See ref. 2.

7. Sulfoxide vs. ephedrine-derived oxazolidine

The silyl-bearing centre in 25b has no choice but to capitulate
to the sulfoxide. However, as shown above, ephedrine-derived
oxazolidines are more fickle: forcing them into a situation where
their stereochemistry is mismatched with that of a more powerful
stereogenic centre, and by epimerising to endo stereochemistry
they are able to defect to an alternative “matched” arrangement.
Known sulfide 26' was therefore treated with m-CPBA and gave
two diastercoisomeric sulfoxides 27, again in a 2 : 1 ratio. The ma-
jor has the distinctive signals of an exo oxazolidine, and we assign
the stereochemistry 27a to this diastereoisomer (Scheme 15). The
second is however clearly an endo oxazolidine by NMR, presum-
ably 27b. We can account for the formation of this diastereoisomer
by assuming that the initial oxidation of the sulfide yields a mixture
of 27a (matched) and 27¢ (mismatched), but that epimerisation of
27c takes place rapidly under the reaction conditions, allowing the
formation of a “quasi-matched” diasterecoisomer 27b.

-

m-CPBA, —15 °C,
\ CH.Cl,
MeS ,\fMe _—
o Ph

27b

27c¢ not seen

Scheme 15 Matched and mismatched sulfinyloxazolidines.

This result appears to suggest again that sulfoxide is much
more powerful than the oxazolidine in its ability to control the
amide axis, but it is important not to read too much into these
results, since the mismatched 27¢ can become more stable only
by epimerisation of the oxazolidine and not of the sulfinyl group,
whatever the relative controlling power of the two centres in the
absence of epimerisation.

8. Sulfoxide vs. diamine derived imidazolidine

Given that the sulfoxide of 27 can enforce preferred stereochem-
istry on the benzylic centre of the oxazolidine ring, it seemed
posssible that by pairing an imidazolidine with a sulfoxide it might
be possible to achieve a reaction in which the stereochemistry of
the diamine precursor to the imidazolidine determines whether
or not the imidazolidine forms. In other words, by using an
enantiomerically pure sulfoxide, we hoped to develop a reagent
which would selectively scavenge a single enantiomer of the
diamine.§§

86 Scavengers of single enantiomers have been described—see for example
ref. 21.
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We therefore made formyl sulfoxide 29 (Scheme 16), mindful of
the fact that the dicyclohexylamides had given very slightly higher
stereoselectivities than diisopropylamides in earlier reactions.
Lithiation of 20 and addition of (1R,2S,5R,Ss)-(—)-menthyl p-
toluenesulfinate (the method of Andersen*?*) gave sulfoxide 28
in good yield. 28 is, as it happens, the matched compound,
though this is incidental in this case—as indicated before, ephedrine
is simply a useful protecting group during lithiation reactions.
However the fact that 28 is a single diastereoisomer confirmed
that the new sulfur stereogenic centre is enantiomerically pure.
Deprotection of 28 with TFA gave aldehyde 29.

1. s-BuLi O\N/O

2. Men*OTs s
O= H
Ph 70% 0..s gz\Ph
Me p-Tol H Me

OMe 20 OMe 28
CF3COH, N
HOTHE s
65% 5.8 CHO
p-Tol
OMe 29

Scheme 16 Synthesis of a potential stereoselective diamine scavenger.

To establish the reactivity of 29 towards enantiomeric diamines
12, we treated it separately with 1 equiv. (R) and 1 equiv. (S)
diamine (Scheme 17). As expected, the (S) sulfoxide and (S)
diamine are a matched pair, and the sulfinylimidazolidine 30
formed as a single diastereoisomer and conformer in quantitative
yield. By contrast, the mismatched (R) diamine formed the
imidazolidine 31 in lower yields and the crude NMR specctrum,
contained significant amounts of what we assume to be the

hemiaminal 32.
29
(S)-y \%)42
o0 Q0
.o O= H . O= H Ph
oS NIH o

‘S
- N p-Tol
p-Tol Ph
H
OMe 30 78% OMe 31
quant. +

@*Q

22% OMe 32 NHPh

Scheme 17 Matched and mismatched sulfinylimidazolidines.

In order for 29 to be an effective scavenger of (R)-12,
imidazolidine formation needs to take place principally under
thermodynamic control. The time taken for a mixture of 30 plus
(R)-12 or 31 + (S)-12 (constitutionally equivalent to a mixture of

Table 2 Equilibration of sulfinylimidazolidines

Entry  Starting material ~Additive  Time/h 30« 31¢ 32¢
1 30 + (S)-12 — 24 90 1 9
2 48 78 5 17
3 31 + (R)-12 — 24 38 16 46
4 48 61 12 27
5 72 72 6 22
6 31 + (R)-12 TsOH 20 72 10 17
7 31 + (R)-12 Sc(OTf), 20 75 7 17

“% in NMR spectrum of crude mixture.

29 with two equiv. (£)-12) to reach an equilibrium mixture of 30,
31 and 32 (Scheme 18) was investigated by NMR, and the results
are shown in Table 2. In the absence of additives, both mixtures
reach an apparent equilibrium ration of about 75:7: 18 30 : 31: 32
in 58-72 h, though the time taken to reach this equilibrium drops
to under 20 h in the presence of toluenesulfonic acid or scandium
triflate. The equilibrium ratio represents a selectivity of 10 : 1 in
favour of formation of the desired aminal, but only 3 : 1 in favour
of reaction of (S) vs. (R)-12, since it is likely that all of 32 arises
from addition of (R)-12.

(R12
additive

(S)-12
additive
30 + 31+ 32

+12

0o — -~—F— 31
toluene, A toluene, A

Scheme 18 Equilibrating matched and mismatched sulfinylimidazo-
lidines.

Aldehyde 29 was condensed with an two equivalents of (R)-
diamine of varying enantiomeric enrichment (Scheme 19) and the
ratio of 30 : 31 : 32 was determined by NMR. After filtration, the
ee of the remaining diamine was determined by HPLC on a chiral
stationary phase (Chiracel OD-H) and the results are shown in
Table 3.

(R)-12, 15-71% ee
additive

0 ——— 30+31+32
toluene, A .
determine ee

by HPLC

+12—
Scheme 19  Scavenging (S)-12.

The best increases in ee—an enhancement of 20-23% —were
observed with diamine close to racemic. As the ee of the starting
diamine is increased there is a corresponding drop in the extent to
which ee is enhanced, though the ratio of 30 : 31 : 32 appears to
be linked to ee in a more complex way that we had imagined. The
ee enhancement, though the best we obtained by any method, is
nonetheless moderate, and although we still believe there is merit

Table 3 Enhancement of ee by scavenging (S)-12

Entry Eel2  Additive  30° 31¢ 324 Ee enhancement
1 15 — 46 12 42 +23

2 15 Sc(OTf); 59 12 29 +20

3 60 — 65 6 29 +12

4 60 Sc(OTf); 47 12 40 +17

5 71 — 39 11 50 +8

“% in crude reaction mixture by NMR.
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in the idea we have now abandoned efforts to develop scavenging
or sequestering agents based on these structures. The ability of
tertiary amide groups to relay information under kinetic control
is much more powerful than these thermodynamic effects, and
future publications will report our results in this area in detail.

X-Ray crystallographyq¢

5: Crystal data C3;HysN;O;; M = 555.74; monoclinic P21/n; a =
14.361(3) A; b = 7.2093(13) A; ¢ = 31.922(5) A; f = 92.459(14)°;
V =3301.9(10) A% T =296.2 K; Z = 4; u = 0.558 mm™'; 6543
reflections; R; = 0.0486; R;,, = 0.0213; CCDC reference number
286090.

Experimental

General methods have been described before.® Flash chromatogra-
phy refers to chromatography carried out on silica by the method
of Still, Kahn and Mitra.* Experimental data for 24 and 27 has
been reported previously.

N,N-Diisopropyl-2-[(2R,4R,5.5)-3,4-dimethyl-5-phenyloxazolidin-
2-yl]-6-formylbenzamide (4)

sec-Butyllithium (0.9 mL, 1.4 M, 1.1 equiv.) was added to a
solution of oxazolidine 3**(420 mg) in THF (50 mL) at —78 °C
under nitrogen. The reaction mixture became purple. After stirring
at —78 °C for 1 h, dry DMF (0.2 mL) was added, and the reaction
was allowed to warm to room temperature. Aqueous ammonium
chloride (saturated, excess) was added, and the resulting mixture
was extracted into EtOAc. The organic layer was separated,
washed with water, and then dried over magnesium sulfate.
Purification by flash chromatography (silica gel, petrol-EtOAc
2 : 1) gave the aldehyde 4 (401 mg, 89%) as a powdery white solid,
mp 167-168 °C, R; 0.26 (petrol-EtOAc 2 : 1), [a]}f = +111.2[c =
1.0, CHCI,), v, (chloroform film)/cm="' 2980, 2877, 2846, 2792,
1706, 1621;dy (300 MHz, CDCl;) 0.81 (3H, d, J 6.5), 1.02 (3 H, d,
J6.5),1.13(3H,d,J6.5),1.66(3H,d, J6.5),1.67(3H,d, J6.5),
2.19(3H,s),2.96 (1 H, dq, J 6.5, 8.5), 3.60 (2 H, sept, J 6.5), 4.87
(1H,s),5.12(1 H,d, J 8.5),7.30-7.45(5H, m), 7.63 (1 H, t, J 7.5),
7.99(1 H,dd,J1.0,7.5),8.28 (1H,dd, J 1.0,7.5),10.12 (1 H, s);
(75 MHz, CDCl;) 15.1,20.0, 20.2, 20.2, 20.4, 35.7, 46.5, 51.4, 63.9,
82.5,93.4, 127.8, 128.0, 128.9, 130.1, 131.7, 134.8, 135.4, 139.3,
141.7, 166.5, 190.4; m/z (CI) 409 (MH"*, 100%) [Found (MH")
409.2490, C,sH;;N,O; (MH?Y) requires 409.2491 (0.2 ppm)].

On a 6 g scale, this reaction gives a crude product which can be
purified by recrystallisation to yield amide 4 in 81% yield.

N,N-Diisopropyl-2-[(2R,4R,55)-3,4-dimethyl-5-phenyloxazolidin-
2-yl]-6-[(25,4S,5R)-3,4-dimethyl-5-phenyloxazolidin-2-
yl|benzamide (5)

A solution of oxazolidine 4 (408 mg, 1 mmol) and (1R,2S5)-(—)-
ephedrine (164 mg, 1 mmol, 1 equiv.) in toluene (100 mL) was
heated at reflux using a Dean-Stark apparatus. After 3 d, the
solvent was removed in vacuo to leave a clear oil, which was purified
by flash chromatography (silica gel, petrol-EtOAc 4 : 1) to give the
meso bisoxazolidine 5 (489 mg, 88%) as a white, crystalline solid,

99 CCDC reference numbers 286090. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b514558a

mp 141-142 °C, R; 0.27 (petrol-EtOAc 4 : 1), v, (film)/cm™
2966, 2932, 2878, 2791, 1627; 64 (300 MHz, CDCI;) 0.80 (6 H,
d, J 6.5),1.09 (6 H, d, J 6.5), 1.66 (6 H, d, J 6.5), 2.20 (6 H, s),
2.92 (2 H,dq, J 6.5, 8.5), 3.59 (1 H, sept, J 6.5), 3.74 (1 H, sept,
J6.5),481 (2H,s),5.11(2H,d, J8.5),7.30-7.49 (10 H, m), 7.61
(1H,t,J7.5),8.04 (2H,d, J 8.0); dc (75 MHz, CDCl;) 15.3, 20.2,
20.4, 36.0, 46.2, 51.3, 64.1, 82.2, 94.4, 127.6, 127.9, 127.9, 128.9,
129.4, 133.7, 139.7, 140.5, 167.9; m/z (CI) 556 (MH*, 100%), 407
(30%), 148 (70%) [Found (MH*) 556.3535, C;sH,N;O; requires
556.3539 (0.7 ppm)].

N,N-Diisopropyl-2,6-bis|(2R,4R,5S)-3,4-dimethyl-5-
phenyloxazolidin-2-yl]benzamide (6)

A solution of oxazolidine 4 (204 mg, 0.5 mmol), (1S,2R)-(+)-
ephedrine monohydrate (174 mg, 1 mmol, 2 equiv.) and p-
toluenesulfonic acid (one crystal) in toluene (100 mL) was heated
at reflux using a Dean—Stark apparatus. After 7 d, the solvent was
removed in vacuo to leave a clear oil, which was purified by flash
chromatography (silica gel, petrol-EtOAc4 : 1) to give the unstable
bisoxazolidine 6 (188 mg, 68%) as a white, crystalline solid, mp
197-200 °C (dec), R; 0.16 (petrol-EtOAc 4 : 1), vy, (chloroform
film)/cm="' 2968, 2881, 2794, 1631; §,; (300 MHz, CDCl;) signals
for 6: 0.69 (3 H, d, J 6.5), 0.82 3 H, d, J 6.5), 1.17 (3 H, d,
J6.5),1.29(3H,d,/6.5),1.69(3H,d, J6.5),1.70 3H, d, J 6.5),
2.21 (6 H, s),2.89-3.01 (2 H, m), 3.65 (1 H, sept, J 6.73) 3.77-3.86
(1 H, m), 483 (1 H, s), 5.14 (1 H, d, J 8.4), 5.39 (1 H, s), 5.71
(1H,d,J5.0),7.27-7.61 (11 H, m), 7.88 (1 H, d, J 8.0), 8.04 (1 H,
d, J 7.5); m/z (CI) 556 (MH*, 55%), 409 (32%) 148 (100%) [Found
(MH") 556.3550, C;5H,sN;0; requires 556.3539 (2.0 ppm)].

N,N-Diisopropyl-2,6-diformyl benzamide (9)

A solution of oxazolidine 4 (4.08 g, 10 mmol) in THF (100 mL)
was treated with water (3.6 mL, 20 equiv.) and TFA (22.8 g,
15.4 mL, 20 equiv.) at room temperature. The reaction mixture
was stirred for 4 h, and then concentrated in vacuo. The crude
mixture was then passed through a short column of silica gel
(eluting with petrol-EtOAc 1 : 1) (this step is essential to
prevent partial re-formation of the oxazolidines during work-
up), concentrated and redissolved in EtOAc. After washing with
saturated aqueous sodium bicarbonate, drying over magnesium
sulfate, and concentration in vacuo, the product was further
purified by flash chromatography (silica gel, petrol-EtOAc2: 1) to
give the dialdehyde 9 (2.38 g, 91%) as an off-white solid, mp 110—
111 °C, R; 0.15 (petrol-EtOAc 2 : 1), v, (chloroform film)/cm™!
2980, 2930, 2874, 2749, 1693, 1622; Jy (300 MHz, CDCl;) 1.08
(6 H, d, J 6.5), 1.67 (6 H, d, J 7.0), 3.47 (1 H, sept, J 6.5), 3.63
(1 H, sept, J 7.0), 7.68 (1 H, t, J 7.5), 8.19 (2 H, d, J 7.5); dc
(75 MHz, CDCI;) 20.1, 20.4, 46.9, 51.6, 129.0, 132.6, 134.6, 142.4,
165.2,189.5;m/z (CI) 262 (MH*, 100%). [Found (MH*) 262.1438,
CisHyNO; requires 262.1443 (1.9 ppm)].

N,N-Diisopropyl-2-(2-trimethylsilylethoxymethyl)benzamide (10)

sec-Butyllithium (1.57 mL, 1.4 M, 1.1 equiv.) was added to a
stirred solution of N,N-diisopropylbenzamide 1 (410 mg, 1 equiv.)
in THF (20 mL) at —78 °C. The reaction mixture was stirred
for 30 min, and SEM-CI (0.39 mL, 1.1 equiv.) was added.
After warming to room temperature, the reaction mixture was
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poured into saturated aqueous ammonium chloride and extracted
into EtOAc. The combined organic fractions were then washed
with water, dried over magnesium sulfate, and concentrated.
Purification by flash chromatography (petrol-EtOAc 19 : 1) gave
the amide 10 (112 mg, 17%) as a viscous clear oil, oy (300 MHz,
CDCl;) 0.01 (9 H, s), 1.00 (2 H, ddd, J 1.0, 7.5,9.5), 1.09 (3 H, d,
J6.5),1.10(3H,d,J6.5),1.55(3H,d, J 6.5),1.58 3H, d, J 6.5),
3.52 (1 H, sept, J 6.5), 3.56 (2 H, dt, J 1.0, 9.5), 3.72 (1 H, sept,
J6.5),445(1 H,d,J 11.5),4.54 (1 H,d, J 11.5), 7.11 (1 H, dd,
J1.5,7.5),7.26 (1 H,dt,J 1.5,7.5),7.32 (1 H,dt, J 1.5, 7.5), 7.46
(1H,d,J7.5).

2-[1,2-Bis-(2-trimethylsilylethoxy)ethyl]-V,/V -
diisopropylbenzamide (11)

sec-Butyllithium (0.26 mL, 1.4 M, 1.1 equiv.) was added to a stirred
solution of benzamide 10 (112 mg, 1 equiv.) in THF (20 mL)
at —78 °C. The reaction mixture was stirred for 30 min, and
SEM-CI (0.09 mL, 1.5 equiv.) was added. After warming to room
temperature, the reaction mixture was poured into aqueous ammo-
nium chloride (saturated, excess), and extracted into EtOAc. The
combined organic fractions were then washed with water, dried
over magnesium sulfate, and concentrated. Purification by flash
chromatography (petrol-EtOAc 19 : 1) gave the amide 11 (25 mg) as
a viscous clear oil, ,; (300 MHz, CDCl;) (mixture of conformers?)
—0.04 (9 H, s), —0.01 (9 H, s), 0.86-1.01 (4 H, m), 1.13 (3 H, d
J 6.5), 1.15(3H,d, J6.5), 1.56 (3 H, d, J 6.5), 1.59 (3 H, d,
J 6.5), 3.33-3.80 (8 H, m), 4.53 and 4.74 (1 H, 2 signals, one for
each conformer, dd, J 2.0, 8.5 and dd, J 3.5, 8.0), 7.11 (1 H, d,
J1.5),727(1H,t,J7.5),736 (1 H,t,J7.5),7.57 (1 H,d,7.5).

(S)-2-(Anilinomethyl)pyrrolidine ((5)-12)

A modification of the method of Iriuchijima'® was used. A mixture
of L-glutamic acid (3.300 g, 22.4 mmol) and aniline (25 mL)
was heated at 195-200 °C under Dean-Stark condenser. After
40 min, the reaction mixture was cooled to room temperature and
the aniline was removed by distillation under reduced pressure.
(Further heating leads to racemisation of the product.) The residue
was dissolved in acetone and the resulting solution was cooled with
ice/water bath to afford yellow crystals. After filtration, yellow
crystals were dissolved in hot methanol and cooled to —15 °C
to yield the pyroglutanilide as white crystals (2.142, 47% yield).
[a]} = +19.8 (¢ = 1.17, methanol). 64 (300 MHz, CDCl,). m/z
205 (MH*, 100%), 101 (18), 84 (52). Found 204.0897; C,;H,N,0O,
requires 204.0898.

LiAlIH, (0.787 g, 20.70 mmol) was added to a solution of the
pyroglutanilide (1.695 g, 8.30 mmol) in THF (25 mL). The solution
was heated at reflux for 2 h and was cooled with an ice bath.
Water (5 mL) was slowly added with stirring followed by 2.5M
aqueous sodium hydroxide (20 mL). The solution was extracted
with CH,Cl, (3 x 50 mL) and combined organic phases were
dried over MgSO, and concentrated under reduced pressure. The
resulting oil was distilled under reduced pressure to give the (S)-
anilinomethylpyrrolidine 12 as yellow oil (1.090 g, 75% yield).
[a]d = +14.8 (¢ = 0.225, methanol). v,,,/cm™" 3367, 2961, 1603,
1503. 6y (300 MHz, CDCl;) 1.50 (1H, m, CH,CH,CH,), 1.70-2.02
(3H,m,CH,CH,CH,),2.97 (3H, m, NCH,CH,, CH,NHPh), 3.20
(1H, dd, J 4.7, 12, CH,NHPh), 3.42 (1H, m, NCHCH,N), 6.68
(2H, dd, J 1.0, 8.6), 6.74 (1H, t, J 0.8, 7.3), 7.21 (1H, ddd, J 1.7,

6.6, 7.3). 6 (75 MHz, CDCl;) 25.7, 29.5, 46.4, 48.6, 57.6, 112.9,
117.2, 129.1, 148.5. m/z (EI) 176 (M, 56%), 106 (100), 70 (99).
Found 176.1318; C;,H 4N, requires 176.1313.

N,N-Diisopropyl-2-formyl-6-|(2' R,4' S)-2-phenylperhydropyrrolo-
(1,2¢)-imidazol-3-yl]benzamide (13)

A solution of dialdehyde 9 (0.319 g, 1.22 mmol) and (S)-diamine
12 (0.215 g, 1.22 mmol) in toluene (20 mL) was heated at reflux for
20 h. After cooling to room temperature, the mixture was poured
onto a column of neutral alumina and eluted (5-20% EtOAc-
petroleum ether solvent gradient) to produce the imidazolidine 13
as waxy yellow solid (0.353 g, 69% yield). v,../cm™ 2971, 1697,
1624, 1503. 6y (300 MHz, C,D¢) 0.41 (3H, d, J 6.6 Hz), 0.55 (3H,
d,J6.6Hz),1.15-1.50 (10H, m), 1.98 (1H, q, J 8.9 Hz), 2.58 (1H, t,
J 8.9 Hz), 2.75-2.96 (3H, m), 3.18 (2H, m), 5.78 (1H, s), 6.38 (3H,
m), 6.58 (1H, t, J 7.7 Hz), 6.83-6.96 (3H, m), 7.49 (1H, dd, J 1.1,
7.7 Hz), 10.08 (1H, s). dc (75 MHz, CDCl;) 19.4, 19.6, 20.8, 23.3,
27.4,46.1, 50.8, 51.9, 52.6, 60.4, 78.9, 112.2, 116.6, 126.7, 128.0,
129.2,131.9, 132.8, 139.6, 140.6, 145.9, 167.2, 189.7. m/z (EI) 420
(MH?*, 100%). Found 419.2571; C,sH3;N;0, requires 419.2573.

N,N-Dicyclohexyl-p-anisamide (18)

4-Methoxybenzoyl chloride (1.8 mL, 13.29 mmol) was added
slowly to a solution of dicyclohexylamine (5.8 mL, 29.25 mmol)
and DMAP (1 crystal) in CH,Cl, (20 mL) at 0 °C. The reaction was
stirred for 1 h and allowed to warm to room temperature. After
1 h of stirring, water (20 mL) was added and the resulting mixture
was extracted with CH,Cl,. The combined organic fractions
were washed 1 M hydrochloric acid (20 mL), water (30 mL),
dried over MgSO, and concentrated under reduced pressure.
Recrystallization from petrol ether to gave the amide 18 as white
crystals (4.035 g, 96% yield). v, /cm™' 2928, 1611, 1511, 1433.
Jon (300 MHz, CDCl;) 1.12 (8H, br), 1.50-1.79 (12H, br), 3.76
(3H, OCH,), 6.84 (2H, d, J 8.6 Hz), 7.22 (2H, d, J 8.6 Hz). J.
(75 MHz, CDCl;) 25.2, 26.1, 30.7, 55.1, 113.4, 127.2, 131.3, 159.7,
171.0.m/z (CI) 315 (M, 38%), 232 (47), 135 (100). Found 315.2198;
CyHyNO, requires 315.2198.

N,N-Dicyclohexyl-2-formyl-p-anisamide (19)

sec-BuLi (0.905 mL, 1.24 mmol) was added to a solution of amide
18 (0.325 g, 1.03 mmol) in dry THF (10 mL) at —78 °C and the
solution was stirred for 1 h. DMF (0.11 mL, 1.44 mmol) was slowly
added at —78 °C. After 30 min the solution was allowed to warm
to room temperature. After 1 h, saturated ammonium chloride
(10 mL) was added and the resulting mixture was extracted with
EtOAc. The combined organic phases were washed with water (20
mL), brine (20 mL), dried over MgSO, and concentrated under
reduced pressure to produce the pure aldehyde 19 as colourless
0il (0.356 g, quantitative yield). v,../cm™' 2927, 2853, 1695, 1631,
1452, 1435, 1366, 1315, 1273, 1250, 732. y (300 MHz, CDCl,)
0.92 (3H, br m), 1.23 (3H, br m), 1.45 (3H, br m), 1.60 (7H, br
m), 1.79 (2H, br), 2.62 (2H, br), 3.08 (2H, br), 3.82 (3H, s, OCH}),
7.09 (1H, dd, J 2.6, 8.4 Hz, H-5), 7.17 (1H, d, J 8.4 Hz, H-6),
7.38 (1H, d, J 2.6 Hz, H-3), 10.02 (1H, s, CHO). . (75 MHz,
CDCl;) 24.8, 25.2, 25.4, 26.4, 29.7, 30.9, 55.4, 56.2, 60.0, 111.4,
120.9, 127.0, 133.5, 134.8, 159.4, 159.4, 168.3, 190.1. m/z (CI) 344
(MH*, 100%). Found 343.2145; C,,H,NO; requires 343.2147.
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N,N-Dicyclohexyl-2-[(2S,4S,5R)-3,4-dimethyl-5-
phenyloxazolidin-2-yl]-6-formyl-p-anisamide (20)

A solution of aldehyde 19 (2.469 g, 7.19 mmol) and (1R,2S)-(—)-
ephedrine (2.376 g, 14.38 mmol) in toluene (90 mL) was heated
at reflux for 20 h. After cooling to room temperature, the mixture
was poured on a column of neutral alumina and eluted (5-20%
EtOAc—petroleum ether solvent gradient) to yield the oxazolidine
20 as yellow oil (3.502 g, 99%). Jy (300 MHz, C,D,) 0.35 (3H,
d, J 6.3 Hz, NCHCH,), 0.48 (3H, br m), 1.02 (8H, br m), 1.30
(2H, br), 1.44 (1H, br d, J 12.1 Hz), 1.59 (3H, br), 1.72 (1H, br d,
J 11.3Hz), 1.88 (3H, s, NCH;), 2.39 (1H, q, J 6.5 Hz, NCHCH,;),
2.74 (1H, br m), 2.94 (2H, br m), 3.09 (3H, s, OCH,), 3.18 (1H,
br m), 4.68 (1H, d, J 8.1 Hz, OCHPh), 4.94 (1H, s, CH(O)N),
6.53 (1H, dd, J 2.6, 8.4 Hz, H-5), 6.83 (4H, m, 3 x H,,, H-6), 7.12
(2H, d, J 6.9 Hz), 7.55 (1H, d, J 2.5 Hz, H-3). 6 (75 MHz, C;Dy)
14.9,24.9,25.1, 254, 25.5, 26.7, 29.9, 30.0, 30.8, 31.2, 35.7, 54.3,
55.7,59.3,63.7,82.3,94.4,112.8, 114.8, 126.0, 133.8, 136.4, 140.2,
159.6, 169.5.

N,N-Dicyclohexyl-2,6-diformyl-p-anisamide (21)

sec-Bulii (1.08 mL, 1.40 mmol) was added to a solution of
oxazolidine 20 (0.577 g, 1.17 mmol) in dry THF (11 mL) at —78 °C
and the solution was stirred for 1 h. DMF (0.127 mL, 1.64 mmol)
was slowly added at —78 °C. After 1 h, water (10 mL) was added
and the mixture was extracted with EtOAc. The combined organic
phases were washed with water (20 mL) and brine (10 mL),
dried over MgSO, and concentrated under reduced pressure.
Purification by flash chromatography (10% EtOAc—petroleum
ether) gave the oxazolidinoaldehyde as a yellow oil (0.362 g, 60%)
as a mixture of endo and exo oxazolidines Jy (300 MHz, CDy)
0.33 (6H, m, 3 x H onx» NCHCHj), 0.95 (9H, br m), 1.30 (3H,
br), 1.54 (4H, br), 1.84 (1H, br), 1.85 (3H, s, exo NCH,), 1.88
(3H, s, endo NCH,;), 2.34 (1H, q, J 6.4, NCHCH;), 2.76 (2H, br),
2.92 (3H, s, OCH;), 4.64 (1H, d, J 8.2, exo OCHPh), 4.68 (1H,
d, J 8.2, exo OCHPh), 4.84 (1H, s, endo CH(O)N), 4.94 (1H, s,
endo CH(O)N), 6.84 (3H, m, 3 x H,,), 7.09 (2H, d, J 7.0), 7.31
(1H,d, J 2.7 Hz, H-3), 7.79 (1H, d, J 2.7, H-5), 10.08 (1H, s, endo
CHO), 10.17 (1H, s, exo CHO). d (75 MHz, CsDy) 14.9, 24.7,
25.0, 25.2, 25.4, 26.6, 26.6, 26.7, 29.4, 29.8, 30.7, 30.9, 35.5, 54.5,
56.4,59.9,63.7,82.4,93.6,112.2,120.9, 127.0, 133.6, 136.2, 137.5,
139.6, 159.7, 166.5, 189.3.

Trifluoroacetic acid (0.732 mL, 9.5 mmol) and water (0.171 mL,
9.5 mmol) were added to a solution of this oxazolidinoaldehyde
(0.246 g, 0.47 mmol) in THF (5 mL). The reaction mixture was
stirred for 2 h and concentrated under reduced pressure. The
residue was quickly purified by flash chromatography (EtOAc—
petroleum ether 1 : 1) to remove the ephedrine. The resulting
residue was dissolved in EtOAc and the solution was washed
saturated sodium carbonate, dried over MgSO, and concentrated
under reduced pressure. Purification by flash chromatography
(20% EtOAc—petroleum ether) gave the dialdehyde 21 as colourless
oil (0.148 g, 85% yield). vy, /cm™' 2931, 2856, 1700, 1629, 1436,
1364, 1317, 1285, 732. 6y (300 MHz, CDCl;) 0.83 (3H, m), 1.22
(3H, br m), 1.46 (5H, br m), 1.61 (5H, br m), 1.80 (2H, br m), 2.65
(2H, br m), 2.93 (1H, m), 3.08 (1H, brm), 3.87 (3H, s, OCH,), 7.61
(2H, s, H-3 and H-5), 10.08 (2H, s, CHO). é. (75 MHz, CDCl;)
24.8, 25.1, 25.4, 26.4, 29.5, 30.7, 55.9, 56.9, 60.6, 118.8, 133.9,

135.9, 159.6, 165.5 (C, CON(cHex),), 189.1 (C, 2 x CHO). m/z
(CI) 372 (MH", 100%).

N,N-Dicyclohexyl-2-[(2S5,4S,5R)-3,4-dimethyl-5-
phenyloxazolidin-2-yl]-6-[(S)-p-toluenesulfinyl]-p-anisamide (28)

sec-BuLi (1.00 mL, 1.30 mmol) was added to a solution of
oxazolidine 20 (0.531 g, 1.08 mmol) in dry THF (11 mL) at
—78 °C and the solution was stirred for 1 h. (—)-Menthyl p-
toluenesulfinate® (0.636 g, 2.16 mmol) was slowly added at
—78 °C. After 1 h, water (10 mL) was added and the mixture
was extracted with EtOAc. The combined organic fractions were
washed with water (20 mL) and brine (10 mL), dried over MgSO,
and concentrated under reduced pressure. Purification by flash
chromatography (10% EtOAc—petroleum ether) gave the sulfoxide
28 as a colourless 0il (0.476 g, 70% yield). d; (300 MHz, C,Dy) 0.33
(3H,d, J 6.5Hz, NCHCH;), 0.47 (3H, br m), 1.04 (9H, br m), 1.30
(3H, br), 1.52 (4H, br), 1.62 (3H, s, ArCH,;), 1.80 (3H, s, NCH,),
1.83 (1H, br), 2.03 (1H, br), 2.37 (1H, q, J 6.4 Hz, NCHCH,),
2.88 (4H, s, Huonex and OCHj), 3.37 (1H, br m), 4.67 (2H, d,
J 8.1 Hz, OCHPh), 4.81 (1H, s, CH(O)N), 6.65 (1H, d, J 8.1),
6.83(3H,m,3x H,),7.10(2H,d, J 6.9),7.42 (1H, d, J 2.6, H-3),
7.58 (1H, d, J 2.6), 7.92 (2H, d, J 8.2). d¢ (75 MHz, C,Dy) 13.8,
14.9, 20.6, 24.9, 25.1, 25.4, 25.5, 26.5, 26.6, 29.4, 30.0, 30.9, 31.4,
35.5, 54.4, 56.5, 59.6, 60.3, 63.6, 82.4, 93.9, 109.8, 118.0, 124.3,
129.6, 131.4 136.9, 139.6, 139.9, 143.8, 146.1, 160.5, 166.5.

N,N-Dicyclohexyl-2-formyl-6-[(.S)-p-toluenesulfinyl]-p-anisamide
(29

Trifluoroacetic acid (0.770 mL, 10.00 mmol) and water (0.180 mL,
10.00 mmol) were added to a solution of oxazolidine 28 (0.318 g,
0.50 mmol) in THF (5 mL). The mixture was stirred for 2 h and
concentrated under reduced pressure. Rapid filtration thrrough
silica (EtOAc—petroleum ether 1 : 1) removed the ephedrine. The
residue was dissolved in EtOAc and the solution was washed with
saturated sodium carbonate, dried over MgSO, and concentrated
under reduced pressure. Purifiation by flash chromatography (20%
EtOAc—petroleum ether) gave the aldehyde 29 as pale yellow oil
(0.156 g, 65%). 0y (300 MHz, CDCl;) 0.91 (3H, br m), 1.21 (3H, br
m), 1.53 (8H, br m), 1.75 (3H, br m), 1.97 (1H, br m), 2.25 (3H, s,
ArCH;), 2.63 (2H, br m), 3.12 (2H, br m), 3.74 (3H, s, OCH,),
7.11 (3H, m), 7.41 (1H, d, J 2.7 Hz, H-3), 7.52 (1H, d, J 2.7 Hz,
H-5),7.60 (1H, d, J 8.2 Hz), 9.97 (1H, s, CHO).

N,N-Dicyclohexyl-2—[(2' R,4'S)-2-phenylperhydropyrrolo-(1,2¢)-
imidazol-3-yl]-6-[(S)-p-toluenesulfinyl]-p-anisamide (30)

A solution of aldehyde 29 (0.120 g, 0.28 mmol) and (.S)-diamine 12
(0.070 g, 0.4 mmol) in toluene (3 mL) was heated at reflux for 20 h.
After cooling to room temperature, the mixture was poured onto a
column of neutral alumina and eluted (5-20% EtOAc—petroleum
ether solvent gradient) to produce the imidazolidine 30 as waxy
yellow solid (0.172 g, quantitative yield). y (300 MHz, C,Dy) 0.62
(3H, br m), 0.80-1.48 (20H, m), 1.55 (3H, s, ArCH), 1.72 (2H,
m), 2.00 (1H, q, J 8.9 Hz), 2.33 (1H, br m), 2.58 (1H, t, J 8.9 Hz),
2.65 (3H, s, OCH;), 2.86 (2H, br m), 3.26 (2H, br m), 5.75 (1H, s),
6.37 (2H, d, J 8.2 Hz), 6.66 (1H, d, J 2.6 Hz, H-3), 6.87 (5H, br
m), 7.23 (1H, d, J 2.6 Hz, H-5), 7.89 (2H, d, J 8.2). d. (75 MHz,
CDCl;) 20.5,23.4,25.2,25.5,25.7,25.8,26.6,27.4,29.0, 30.8, 30.9,
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31.0, 51.9, 52.7, 54.1, 56.4, 60.5, 60.6, 79.2, 105.5, 112.1, 116.5,
117.8,124.0, 129.1, 129.7, 140.0, 141.1, 144.1, 146.1, 146.3, 160.2,
167.8.
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Addition of laterally lithiated tertiary aromatic amides to benzaldimines controls the formation of a
new stereogenic centre adjacent to the benzaldimine aromatic ring. Drawing on the fact that such
amino-substituted stereogenic centres may themselves control the conformation of amides, with
amido-substituted benzaldimines we found it becomes possible to relay stereochemistry from one amide
to another via this intervening stereogenic centre. A group of dihydrostilbene-2,2'-dicarboxamide
derivatives bearing one or two stereogenic axes are made by this method, which demonstrates the use of
combined kinetic and thermodynamic control for the relay of stereochemical information.

Introduction

A stereogenic amide axis can both control’® and be controlled
by*® a nearby stereogenic centre,” and in an accompanying
publication® we reported the details of how relayed stereocontrol
may result from combining these two features of amide stereo-
chemistry: a stereogenic axis controls the conformation of the
amide, which in turn controls the formation of a new sterecogenic
centre. In this paper we show that it is also possible to combine
these two aspects of stereochemical control in reverse order, i.e.
to allow an amide axis to control a new centre and then to allow
that centre to control a new amide axis. This strategy allows axial
stereochemistry to be relayed, via a stereogenic centre, to a new
stereochemically defined axis, and allows the diastereoselective
synthesis of atropisomers bearing more than one non-biaryl
stereogenic axis.{"

The addition of laterally lithiated amides 1 and 2 to imines
(e.g., Scheme 1) generates, highly stereoselectively, amines 3 and
4 with a new stereogenic centre adjacent to an aromatic ring, a
necessary requirement for using the stereochemistry of that centre
to control a new amide axis.>* That centre bears an NHMe group,
which we know to be at least moderately effective in governing the
conformation of an adjacent atropisomeric amide.* We therefore
chose to use the addition of laterally lithiated amides 1 and 2
to 2-amidobenzaldimines 9-12 to investigate the potential of an
axis-to-axis stereochemical relay.

Four imines 9-12 were made by condensing the corresponding
aldehydes®’” with aqueous methylamine (Scheme 2)* Aldehydes 7
and 8 were made in moderate yield from aldehyde 57 by ortholithi-

“School of Chemistry, University of Manchester, Oxford Road, Manchester,
UK M 13 9PL. E-mail: clayden@man.ac.uk; Fax: +44 161 275 4939
*Department of Chemistry, University of Southampton, Highfield,
Southampton, UK SO17 1BJ

F Preliminary communication: ref. 10.

i The stereoselective synthesis of atropisomers containing several biaryl
axes have been reported recently: see ref. 11. For diastereoisomeric
naphthamides with two atropisomeric axes, see ref. 12.

PPN

1. s-BuLi
2. PhCH=NMe
SO
1 (R = Me) 3 (R = Me) 64%
2 (R=H) 4 (R=H)74%

Scheme 1 Diastereoselective lateral lithiation-imine addition.>*
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MeN"™
)
O U Nue, | O MeNTY tegui©
CHO NMe, | — . R CHO
Q 2. Mel or Etl
Li

5 6 7 (R = Et) 34%
8 (R = Me) 31%
MeNH,,
H0 MeNH,,
H,0
LA PN PN
o) o o
~ ~ R ~
NMe OO NMe NMe
987% 10 11 (R = Et) 96%

12 (R=Me) 72%
Scheme 2 Synthesis of 2-imino benzamides.

ation, protecting the formyl group as its trimethylethylenediamine
adduct 6.§'®

Lithiation of 1* and of 2! and additions to the imine 9 proceeded
stereoselectively and gave, as expected,’® a single diastereoisomer of
13 and of 14 with respect to the atropisomeric Ar—CO axis (marked
“axis a” in Scheme 3) and the new stereogenic centre(s).q The 'H

& We have previously published (ref. 7) an approach to similar compounds
by formylation of an alkylated benzamide, a method which required silyl
protection of the alkyl group from lateral lithiation (ref. 15 and 16) and
which suffers equally from poor yields. Our currently favoured method
for similar syntheses involves protection of the aldehyde as its ephedrine-
derived oxazolidine (see accompanying paper, ref. 17).

€ Short reaction times gave the best results: after 3 h the product consists
mainly of the corresponding lactam formed by attack of the lithioamine
on the amide carbonyl group (see ref. 3).
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NMR spectrum of the products clearly showed that they exist as
mixtures of conformers about the non-stereogenic benzamide Ar—
CO axis marked “axis b”, though one conformer was preferred to
the extent of 91 : 9 for 13 and 92 : 8 for 14.

OO

MeNH =

YY

15 (R = Me or n-Bu)
(favoured conformer)

AN AJ\

1 s BuLi
axls a-

conformer A \r \l/ conformer B \r Y
13

ratio of conformers (CDCl3) = 9:91
A LA PPN
o 1. s-BuLi s O="

2.9  axisa---»
- F

OO 73% O O aXIS b
2 conformer A \r j/ conformer B \r j/
14

ratio of conformers (CDCl;) = 8:92

68%

<-—— axis b

Scheme 3 Relaying stereochemistry form a naphthamide axis to a
benzamide axis.

Comparable imines 15® have showed an apparently hydrogen-
bond directed conformational preference for the isomer shown
here as conformer A.* However, in compounds 13 and 14 the alkyl
substituent at the NHMe-bearing stereogenic centre is significantly
larger than the R = methyl or n-butyl group of 15. In the X-ray
crystal structure of 14 (Fig. 1) axis b adopts the orientation shown
in conformer B, and on the basis of this evidence, in conjunction
with further results presented below, we propose that 13 and 14
exist as >90% conformer B, with steric factors and not hydrogen-
bonding governing the preferred orientation of axis b (Fig. 2). The

Fig. 1

X-ray crystal structure of 14.

« disfavoured by steric hindrance

Fig. 2 Conformational preference at axis b of 13, 14, 17, 18 and 19.

X-ray crystal structure of 14 also confirms that the new stereogenic
centre is governed by axis a in the same sense as 4.°

These results indicate that an amide Ar—CO axis is indeed, as
hoped, able to govern the preferred orientation of another axis 5
bond lengths away. In order to use convert this conformational
preference into a “relayed” diastereoselective reaction, and to
allow the formation of a new stereogenic axis, rotation about the
benzamide axis (axis ») needs to be prevented by the presence
of a 6-substituent (we have employed a similar strategy in
our asymmetric synthesis of atropisomers under thermodynamic
control®®). We attempted functionalisation of 13, first protecting
the amine nitrogen as its N-benzyl derivative (Scheme 14). Tertiary
amine 16 was formed as an 80 : 20 mixture of conformers
(presumably the NMeBn group now comes closer to rivalling
the substituted benzyl group on steric grounds?), but attempted
ortholithiation (Scheme 4) of 16 failed.

S

BnBr, K,COs;,  O=T
EtOH, reflux

79%

-

80:20 mixture \r \(

of conformers
1. s-Buli or +-BuLi
2. Etl

Scheme 4 Attempted ortholithiation.

YY

We therefore proceeded to carry out additions of laterally lithi-
ated derivatives of amides 1 and 2 to imines 10-12, which already
bear ortho substituents. Diastereoisomeric pairs of products of the
diamides 17-19 were formed, as shown in Scheme 5.

Necessarily, in these reactions, at least two diastereosiomers of
17-19 arise because both 10-12 and lithiated 1 and 2 are chiral,
racemic compounds, at least on the timescale of their addition.?*!
Two forms of diastereoselectivity are now operative, because both
axis a and axis b can exert kinetic control over the face-selectivity
of the addition to the imino group.® However, it is evident that
the stereoselectivity of the electrophilic attack on lithiated 1 and
2% wins out over the stereoselectivity of nucleophilic attack on 10—
123 because the products are formed as single diastereoisomers
with respect to axis ¢ and the stereogenic centre(s) but as mixtures
of diastereoisomers at axis b with respect to the same centre.
The kinetic products of the reaction are ca. 1 : 1 mixtures of
diastereoisomers. However, from the precedent of 13 and 14, it
seemed likely that one of each pair of diastereosiomers would
be favoured at equilibrium. The atropisomeric mixtures were
therefore heated in CDCI; at 60 °C for 2 d. In all three cases
rotation about axis b resulted in a single diastereoisomer of the
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Scheme 5 Atropisomeric stilbene-2,2'-dicarboxamides.

products. An X-ray crystal structure (Fig. 3) confirmed the relative
orientation of the amides in 17B, whose stereochemistry is in
accordance with the proposed dominance of steric over hydrogen-
bonding effects (Fig. 2) in these systems.

Fig.3 X-ray crystal structure of 17B.

Kinetically, axis a is also presented with the possibility of
epimerisation under these conditions. However, it finds itself
adjacent to a stereogenic centre bearing H, Me and a bulky
group, which, in accordance with precedent,® presumably exerts a
thermodynamic control over axis ¢ which as a result maintains its
relative orientation.

These syntheses represent the first diastereoselective synthe-
ses of compounds bearing two non-biaryl stereogenic axes.
Diastereoisomeric atropisomers in which stereochemistry is
defined by the configuration of more than one stereogenic
axis are known in the biaryl series, for example the michel-
lamine alkaloids®®> and the octinaphthalenes synthesised by
Fuji et al.®

This paper has shown that stereochemistry may be relayed
from one axis to another, via intervening centres (though one
of the centres is inessential to the method, as the synthesis of
19B shows). Further iterative extension of the relay method was
hampered by our inability to lithiate 18 or 19, even after protection
of the amino group as a tertiary amine 20 or a tertiary amine—
borane complex 21 (Scheme 6).* Attempted hydrogenolysis of
the C-N bond to remove altogether the amino group led to the
tetralin 22. However, the strategy shows how a combination of
kinetic and therodyamic control may be used to relay stereo-
chemistry through simple molecules, and future publications will
describe full details of how this strategy can be harnessed more
effectively.*

63:37 mixture
of atropisomers

60°C,3d [

(CH,0),, NaBH,, /L J\

CFCOH, THF O
188 ———
74%

1. s-Buli
r t-BuLi
2.E*

A

BH3, THF, 0°C O’

J
20 Y \( 1. sBuLlorlBuLl* Y \r

2.E*
1. s-BuLi H,, RaNi,
or t-BuLi EtOH, H,0
£+

33%

L

66 : 33 mixture of atropisomers \r Y
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X-Ray crystallography+t

14. Crystal data C;;Hy;sN3;O;3; M = 515.74; monoclinic P21/n; a =
7.626(4) A; b = 20.455(4) A; ¢ = 19.100(6) A; f = 93.27(4)°; V =
2974(1) A% T =296.2 K; Z = 4; u = 0.555 mm™"; 6639 reflections;
R, = 0.02020; CCDC reference number 286019

17B. Crystal data CyHs N;O,; M = 581.82; orthorhombic
Pna2l; a = 15.1793) A; b = 7.728Q2) A; ¢ = 28.337(6) A;
v =33243(12) A% T =123(1) K; Z = 4; 1 = 0.071 mm~'; 32058
reflections; Ry, = 0.0335; R(F) 0.0442; CCDC reference number
286020

* This work has been published in preliminary form: ref. 25.
1+ CCDC reference numbers 286019 and 286020. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b514561a
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Experimental
General methods have been published previously’

N,N-Diisopropyl-2-ethyl-6-formylbenzamide (7). A solution
of N,N,N-trimethylethylenediamine (2.43 ml, 19.15 mmol) in
THF (90 ml) at —78 °C under an atmosphere of nitrogen was
treated with n-butyllithium (11.3 ml, 18.04 mmol; 1.6 M solution
in hexanes) and stirred for a further 10 min. To the reaction vessel
was added a solution of aldehyde 57 (4.056 g, 17.41 mmol) in
THF (30 ml) and stirred for a further 35 min to give a pale
yellow coloured solution. To the reaction mixture was added fert-
butyllithium (12.3 ml, 20.89 mmol; 1.7 M solution in pentane)
to give a red-brown coloured solution, and stirred for a further
3 h. The reaction mixture was treated with ethyl iodide (2 ml,
25 mmol) to give a yellow solution and stirred for a further 10 min
and allowed to warm to ambient temperature. Water (30 ml) was
added to the solution and allowed to stir overnight. The THF was
removed under reduced pressure and the aqueous was extracted
with diethylether (3 x 30 ml). The combined organic extracts were
washed successively with aqueous 2 M hydrochloric acid (3 x
20 ml), saturated aqueous sodium hydrogen carbonate (2 x 20 ml),
water (20 ml), dried (MgSO,), filtered and concentrated under
reduced pressure to give the crude product as an oil. Purification
by flash chromatography on silica gel [2 : 1 petrol (bp 40—
60 °C)-EtOAc] and recrystallisation from ethyl acetate afforded
benzamide 11 (1.545 g, 34%) as colourless oil that crystallised on
standing, R; 0.48[1 : 1 petrol (bp 40-60 °C)-EtOAc], mp 89-90 °C,
Vmax (film)/cm™" 3067, 2971, 2936, 2876, 2822, 2749, 1702, 1631,
1591;64(300 MHz, CDCI;) 10.07 (1H, s, CHO), 7.77 (1H, d, J 7.6,
ArH),7.54 (1H,d, J 7.1, ArH), 7.44 (1H, t, J 7.6, ArH), 3.54 (2H,
m, 2 x NCH), 2.77 (1H, m, CHHCHs;), 2.63 (1H, m, CHHCH,),
1.66 (3H, d, J 6.9, NCHCH,), 1.62 (3H, d, J 6.9, NCHCH,), 1.29
(3H,t,J 7.6, CH,CHj;), 1.13(3H, d, J 6.7, NCHCH,), 1.04 (3H, d,
J 6.7, NCHCHy;); (75 MHz, CDCl;) 190.8, 167.5, 140.7, 139.9,
134.3, 131.9, 128.3, 126.7, 51.0, 46.2, 25.0, 20.7, 20.4, 20.4, 20.1
and 14.8; m/z (CI) 262 (100%, M + H*); m/z (EI) 261 (1%, M*),
161 (4%, M-N'Pr,) and 49 (100%) (found: C, 73.41; H, 8.69; N,
5.31%; M + H*, 262.1809. C,sH,;NO, requires C, 73.6; H, 8.8; N,
5.4%; M + H, 262.1807). Also obtained was recovered benzamide
5(2.555 g, 63%).

N,N-Diisopropyl-2-formyl-6-methylbenzamide (8). In a simi-
lar way, N,N, N-trimethylethylenediamine (2.29 ml, 18.04 mmol)
in THF (90 ml), n-butyllithium (11.3 ml, 18.04 mmol; 1.6 M
solution in hexanes), aldehyde 5% (3.821 g, 16.40 mmol) in THF
(30 ml), zerz-butyllithium (11.6 ml, 19.68 mmol; 1.7 M solution in
pentane) and methyliodide (2 ml, 32 mmol) gave the crude product
as an oil. Purification by flash chromatography on silica gel [2 :
1 petrol (bp 40-60 °C)-EtOAc] afforded nearly pure product.
Further purification was achieved by recrystallisation from ethyl
acetate to afford pure benzamide 12 (154 mg, 31%) as a colourless
blades, R;0.41[1 : 1 petrol (bp 40-60 °C)-EtOAc], mp 107-109 °C,
Amaxs 1M (€0) (CH,CLy) 246 (32150) 302 (7900), vy, (film)/cm™
2978, 2934, 1707, 1623; 64(300 MHz, CDCl;) 10.07 (1H s, CHO),
7.76 (1H, d, J 7.6, ArH), 7.47 (1H, d, J 7.0, ArH), 7.40 (1H, t,
J 7.6, ArH), 3.65-3.45 (2H, m, 2 x NCH), 2.39 (3H, s, ArCHs),
1.67 (3H, d, J 6.9, NCHCH;), 1.63 (3H, d, J 6.7, NCHCH,),
1.16 (3H, d, J 6.6, NCHCH,), 1.05 (3H, d, J 6.6, NCHCH,);

0c(75 MHz, CDCl,) 190.8, 167.7, 140.3, 136.2, 134.7, 132.0, 128.1,
126.9, 51.1, 46.2, 20.8, 20.5, 20.4, 20.1 and 18.3; m/z (CI) 248
(100%, M + H*); m/z (EI) 248 (0.004%, M*) and 49 (100%)
(found: C, 72.75; H, 8.78; N, 5.55%; M*, 248.1650. C,;sH,,NO,
requires C, 72.9; H, 8.5; N, 5.7%; M, 248.1650). Also obtained
was recovered benzamide 5 (252 mg, 53%).

N,N-Diisopropyl-2-[(methylimino )methyl]benzamide (9). 2-
Formyl-N,N-diisopropyl-1-benzamide (5)"*' (4.831 g, 20.73 mmol)
was treated with 40% aqueous methylamine (60g, 770 mmol).
The usual work-up gave imine 9 (4.454 g, 87%) as a white solid
that required no further purification, mp 73-75 °C (EtOAc);
Vax (film)/cm™" 2988, 2972, 2939, 2905, 2869, 1649, 1621, 1596;
ou(300 MHz, CDCl;) 8.37 (1H, bq, J 1.7, CH=NCH,), 7.95 (1H,
m, ArH), 7.40 2H, m, ArH), 7.21 (1H, m, ArH), 3.64 (1H, septet,
J 6.6, NCH), 3.54 (1H, m, NCH), 3.51 (3H, d, J 1.7, CH=NCH,),
1.61 3H, d, J 6.7, NCHCH,), 1.59 (3H, d, J 6.6, NCHCH,),
1.08 (6H, m, 2 x NCHCH,); d-(75 MHz, CDCl;) 169.4, 159.7,
139.2, 132.1, 130.3, 128.3, 126.9, 125.2, 50.9, 48.3, 45.9, 20.6,
20.5, 20.3 and 20.2; m/z (CI) 247 (100%, M + H*); m/z (EI)
246 (2%, M*) and 203 (11%, M—CHCH;) 49 (100%) (found: M*,
246.1735. C;sH,N,O requires M, 246.1732).

6-Ethyl-2-[(methylimino)methyl]-/V,/N-diisopropyl-1-benzamide
(11). In the same way, aldehyde 7 (910 mg, 3.49 mmol) was
refluxed with 40% aqueous methylamine (12 g, 150 mmol).
Work up in the usual manner afforded imine 11 (919 mg, 96%)
which required no further purification, mp 84-86 °C, ...
nm (&n.,) (CH,Cly) 234 (11200) 252 (11790) 288 (1582), vy
(film)/cm~"' 2967, 2936, 2903, 2876, 2836, 2768, 1650, 1623, 1589;
on(300 MHz, CDCl;) 8.38 (1H, bq, J 1.5, CHNCHj;), 7.83 (1H,
m, ArH), 7.34 (2H, m, ArH), 3.52 (2H, m, 2 x NCH), 2.74
(1H, m, CHHCH,), 2.60 (1H, m, CHHCH;), 1.65 (6H, m, 2 x
NCHCH;), 1.30 (3H, 3H, t, J 7.4, CH,CH,), 1.11 (3H, d, J 6.7,
NCHCH;), 1.02 (3H, d, J 6.6, NCHCH,); 6.(75 MHz, CDCl;)
168.6, 160.5, 139.7, 138.2, 131.8, 130.2, 128.7, 123.8, 50.8, 48.3,
46.0, 25.3, 20.8, 20.4, 20.2 and 14.9; m/z (CI) 275 (100%, M +
H*) and 174 (4%, M-N'Pr,); m/z (EI) 174 (39%, M-N'Pr,) and
49 (100%) (found: M + H*, 275.2032. C,;H,,5N,O requires M +
H, 275.2023).

6-Methyl-2-[(methylimino)methyl]-1-benzamide (12). In the
same way as for compound 9, benzamide 8 (700 mg, 2.83 mmol)
was treated with 40% aqueous methylamine (10 g, 130 mmol).
Work-up in the usual manner afforded imine 12 (565 mg, 77%) as a
white solid that required no further purification, mp 81-83 °C, vy«
(film)/cm™"' 2968, 2934, 2878, 1629, 1592; 5,;(300 MHz, CDCl;)
8.37 (1H, bq, J 1.7, CHNCHs;), 7.82 (2H, m, ArH), 7.28 (1H, m,
ArH), 3.57(2H, m, 2 x NCH), 3.51 (3H, d, J 1.7, CHNCH,), 2.35
(3H, s, ArCHj;), 1.65 (6H, m, 2 x NCHCH;), 1.13 (3H, d, J 6.7,
NCHCH,;), 1.03 (3H, d, J 6.7, NCHCH,); 0.(75 MHz, CDCl,)
168.8, 160.3, 138.7, 133.6, 132.1, 131.9, 127.9, 123.8, 50.9, 48.3,
46.1, 20.9, 20.5, 20.4, 20.3 and 18.5; m/z (CI) 261 (100%, M +
H*) and 160 (4%, M-N'Pr,); m/z (EI) 160 (92%, M-N'Pr,) and 49
(100%) (found: M*, 261.1969. C,;H,,N,O requires M, 261.1967).

(aR’)-N,N-Diisopropyl-2-[(15",25")-2-{ 2-[diisopropylamino)-
carbonyl]phenyl } - 1-methyl-2-(methylamino]ethyl-1-naphthamide
(13). A solution of naphthamide 1* (190 mg, 0.67 mmol)
in THF (10 ml) at —78 °C under an atmosphere of nitrogen
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was treated with sec-butyllithium (0.60 ml, 0.67 mmol; 1.12 M
solution in hexanes) to give a dark green-blue solution and
stirred for a further 60 min. The lithiated intermediate was treated
with a solution of imine 9 (165 mg, 0.67 mmol) in THF (5 ml)
to give a red-brown solution and stirred for a further 15 min,
quenched with saturated aqueous ammonium chloride (5 ml)
and warmed to ambient temperature. The THF was removed
at ambient temperature and the aqueous was extracted with
dichloromethane (5 x 10 ml). The combined organic extracts
were dried (MgSO,), filtered, and concentrated under reduced
pressure to the crude product as a solid. Purification by flash
chromatography on silica gel [3 : 1 petrol (bp 40-60 °C)-EtOAc +
1% triethylamine] afforded naphthamide 13 (261 mg, 74%) as a
white solid. "H NMR showed 13 to consist of two conformers in
aratioof 11 :1, R; 0.43[1 : 1 petrol (bp 40-60 °C)-EtOAc + 1%
triethylamine]; v, (film)/cm™" 3323, 3053, 2968, 2934, 2891, 2876,
1624; 64(300 MHz, CDCl;) 7.91-7.67 (5SH, m, ArH), 7.56-7.40
(3H, m, ArH), 7.29 (1H, m, ArH), 7.18 (1H, m, ArH), 3.83 (1H, d,
J 8.9, CH(NHCHj,)™¥r), 3.82 (1H, m, NCH™#°r), 3.74-3.50 (3H,
m, 3 x NCH™"), 3.29 (1H, bm, CH(CH;)CH(NCHCH;)™"r),
(3.07 (1H, m, CH(CH;)CH(NCHCH;)™r), 2.23 (1H, bs, NH™r),
1.85 (3H, d, J 6.6, CH;™), 1.84 (3H, d, J 6.6, CH;™%°r), 1.73
(3H, d, J 6.9, CH;™"), 1.69 (3H, d, J 6.9, CH,™"), 1.17 (6H,
m, 2 x CH;™¥"),1.10 (6H, m, 2 x CH;™""), 1.04 (3H, d, J 6.6,
NCHCH;); 0™ (75 MHz, CDCl;) 170.4, 170.1, 141.3, 139.4,
138.6, 134.1, 132.1, 129.2, 128.9, 128.6, 127.9, 127.4, 126.3,
125.6, 125.0, 124.7, 124.5, 67.5, 51.0, 50.6, 46.2, 45.8, 44.0,
35.5, 21.1, 20.9, 20.9, 20.8, 20.7, 20.5, 20.5 and 19.4; m/z (CI)
530 (100%, M + H*) (found: M + H*, 530.3743. C;,H,;N,0,
requires M + H, 530.3746).

(aR’)-N,N-Diisopropyl-2-|(2.5")-2-{2-|(diisopropylamino)carbonylJ-
phenyl}-2-(methylamino)ethyl]-1-naphthamide (14). In the same
way as for compound 13, the lithiated species formed from
naphthamide 2' (184 mg, 0.68 mmol) in THF (15 ml) at —78 °C
and sec-butyllithium (0.61 ml, 0.68 mmol; 1.12 M solution
in hexanes) was treated with a solution of imine 9 (168 mg,
0.68 mmol) in THF (5 ml) and stirred for a further 10 min. After
work-up in the usual way, purification by flash chromatography on
silica gel [3 : 1 petrol (bp 40-60 °C)-EtOAc + 1% triethylamine]
afforded naphthamide 14 (258 mg, 73%) as a white solid. 'H
NMR showed 14 to be present as two conformers in a ratio of
10: 1, mp >230 °C; vy (film)/cm~" 3336, 3055, 2969, 2933, 2874,
2847, 2789, 1625; (300 MHz, CDCl;) 7.90-7.76 (SH, m, ArH),
7.50 2H, m, ArH), 7.43 (1H, dd, J 7.8 and 1.2, ArH), 7.30 (1H,
dt, J 8.7 and 1.2, ArH), 7.16 (1H, dd, J 7.5 and 0.9, ArH), 4.26
(1H, dd, J 8.7 and 5.7, CH(NHMe)™"), 3.92 (1H, dd, J 10.4 and
1.9, CH(NHMe)™r), 3.86 (1H, septet, J 6.6, NCH™*), 3.62 (2H,
septet, J 6.9, 2 x NCH™"), 3.47 (1H, septet, J 6.6, NCH™r),
3.38 (1H, dd, J 13.3 and 2.2, CHHCH(NHMe)™"), 3.12 (1H,
dd, J 13.5 and 8.7, CHHCH(NHMe)™™r), 3.02 (1H, dd, J 13.5
and 5.7, CHHCH(NHMe)™r), 2.73 (1H, dd, J 13.3 and 10.6,
CHHCH(NHMe)™°), 2.11 (3H, s, NHCH;™), 2.21 (1H, bs,
NH™¥r), 1.83 (3H, d, J 6.7, CH;™), 1.82 (3H, d, J 6.9, CH;™¥"),
1.78 (3H, d, J 6.7, CH;™¥"), 1.69 (3H, d, J 6.7, CH;™"), 1.17
(6H, m, 2 x CH;™¥), 0.98 (6H, m, 2 x CH;™¥); §-™4"(75 MHz,
CDCl;) 170.7, 169.9, 142.1, 137.5, 135.0, 133.5, 132.1, 129.3,
128.7,128.1, 127.9, 127.8, 126.8, 126.5, 126.4, 125.6, 124.8, 124.4,
64.6, 51.2, 50.8, 46.1, 45.7, 42.3, 35.4, 21.3, 21.0, 21.0, 20.7, 20.6,

20.4 and 20.3; m/z (CI) 516 (100%, M + H*) (found M + H*,
516.3592. C;;HysN; O, requires M + H, 516.3590). Also obtained
was recovered starting naphthamide 2 (20 mg, 11%).

(aR’)-N,N-Diisopropyl-2-((15’,25")-2-|benzyl(methyl)amino]-2-
{2-|(diisopropylamino)carbonyl]phenyl } -1-methylethyl)-1-naphth-
amide (16). A solution of naphthamide 13 (111 mg, 0.21 mmol),
benzyl bromide (0.15 ml, 1.26 mmol), potassium carbonate
(116 mg, 0.84 mmol) and ethanol (12 ml) was refluxed overnight,
cooled to ambient temperature and diluted with water (10 ml).
The solvent was removed under reduced pressure and the
aqueous was diluted with diethylether (20 ml). The layers were
separated and the ethereal layer was washed with aqueous 0.5 M
hydrochloric acid (5 x 5 ml). The acidified aqueous layer was
made alkaline (pH >10) by the addition of 15% aqueous sodium
hydroxide and extracted with diethylether (5 x 10 ml). The
combined ethereal extracts were dried (MgSQO,), filtered and
concentrated under reduced pressure to afford the crude product.
Purification by flash chromatography on silica gel [4 : 1 petrol (bp
40-60 °C)-EtOAc + 1% triethylamine] afforded tertiary amine
16 (103 mg, 79%) as a pale yellow oil. 'H NMR showed 16 to
exist as as two conformers in a ratio of 4.1 : 1; v, (film)/cm™!
3058, 2967, 2927, 2873, 2853, 2789, 2244, 1622; 64(300 MHz,
CDCL,) 7.76 (3H, m, ArH), 7.62 (1H, d, J 8.5, ArH), 7.50 (1H,
d, J 7.6, ArH), 7.37 (3H, m, ArH), 7.22 (2H, m, ArH), 6.9-6.6
(3H, m, ArH), 6.45 (2H, d, J 7.0, ArH), 4.76 (1H, d, J 10.6,
CHNMeBn™¥r), 4.25 (1H, d, J 10.2, CHNMeBn™*r), 3.99 (1H,
quintet, J 6.5, CH(Me)CHNMeBn™¥r), 3.7-3.4 (5H, m, 4 x
NCH™ir, CHHPh™"), 3.39 (1H, d, J 12.9, CHHPh™"), 1.84
(3H, s, NCH;™), 1.73 (3H, d, J 6.6, CH;™¥"), 1.68 (3H, d, J 6.7,
CH,™°r), 1.56 (6H, bm, 2 x CH,™r), 1.18 (3H, bm, CH,™r),
1.09 (3H, d, J 6.7, CH;™¥"), 1.02 (3H, d, J 6.5, CH,;™°"), 0.94 (3H,
d, J 6.3, CH;™), 0.89 (3H, d, J 6.3, CH;™); §.™%"(75 MHz,
CDCl) 170.5, 169.7, 140.2, 139.8, 139.3, 137.1, 133.5, 132.0,
129.9, 128.7, 128.4, 128.1, 127.8, 127.8, 127.5, 127.3, 126.0,
125.7, 125.3, 125.3, 125.2, 69.0, 57.9, 50.9, 50.4, 46.1, 46.0, 38.7,
38.1, 30.3, 29.6, 21.3, 21.1, 20.8, 20.7, 20.6, 20.5 and 20.3; m/z
(CI) 620.6 (100%, M + H*) (found: M*, 620.4208. C,;H5;N;0,
requires M, 620.4216).

(aR')»N,N-Diisopropyl2H(1R’,25")-2-{1-|(a.S")-(diisopropylamino)-
carbonyl]-2-naphthyl }-1-methylpropyl)-1-naphthamide and (aR’)-
N,N-diisopropyl-2-((1R',25")-2-{1-[(aR’)-(diisopropylamino)car-
bonyl]-2-naphthyl }-1-methylpropyl)-1-naphthamide ~ (17B  and
17A). A solution of naphthamide 1* (204 mg, 0.72 mmol) in
THF (15 ml) at —78 °C under an atmosphere of nitrogen was
treated with sec-butyllithium (0.66 ml, 0.79 mmol; 1.2 M solution
in hexanes) to give a dark green-blue solution and stirred for
a further 1 h. The lithiated intermediate was treated with a
solution of imine 10* (256 mg, 0.87 mmol) in THF (5 ml) to give
a purple-pink solution and stirred for a further 2 h. The reaction
mixture was treated with saturated aqueous ammonium chloride
(5 ml), warmed to ambient temperature, the THF was removed
at ambient temperature and the aqueous was extracted with
dichloromethane (5 x 10 ml). The combined organic extracts
were dried (MgSO,), filtered and concentrated under reduced
pressure to afford the crude product as a solid. "H NMR showed
the atropisomers were present in a ratio of ca. 2.1 : 1 17B :
17A. Trituration of the crude mixture in diethyl ether (10 ml)
and heating in hot ethylacetate for 30 min gave naphthamide
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17B (138 mg, 68%) as a white solid, mp >230 °C (EtOAc)
contaminated with a small amount of 17A; v,,,, (film)/cm~"' 2968,
1620; 6,;(300 MHz, CDCl;) 7.94-7.76 (8H, m, ArH), 7.58-7.46
(4H, m, ArH), 4.01 (1H, d, J 9.3, CH(NHCH;)"), 3.96 (1H, d,
J 9.3, CH(NHCH;)®), 3.78-3.60 (4H, m, 4 x NCH?®), 3.09 (1H,
m, CHCH;®), 2.08 (3H, s, NHCH,*), 2.02 (3H, s, NHCH;*), 1.91
(3H, d, J 6.7, NCHCH,®), 1.88-1.83 (9H, m, 3 x NCHCH,?),
1.15-1.00 (12H, m, 4 x NCHCH;®); 6.%(75 MHz, CDCl;) 170.2,
169.4, 139.4, 138.0, 134.5, 134.1, 132.6, 132.2, 129.6, 129.3,
128.6, 128.0, 126.5, 126.1, 125.7, 125.7, 125.5, 125.0, 124.8, 124.6,
67.7, 51.0, 50.8, 46.2, 44.2, 35.7, 21.6, 21.1, 21.0, 20.8, 20.7,
20.5, 20.4 and 19.4; m/z (CI) 580.6 (100%, M + H*) and 297.2
(46%, M-C,H,,NO); m/z (EI) 297.4 (2.4%, M-C,,H,,NO) and
91 (100%) (found: M + H*, 580.3910. C;3Hy,N;O, requires M +
H, 580.3903). Heating amine 17 in CDCI; for 2 d at 60 °C
produces a ratio of >27 17B : <1 17A (‘H NMR).

(aR')-N,N-Diisopropyl-2-{(15",25")-2-{2-{(aS")(diisopropylamino)-
carbonyl]-3-ethylphenyl }-1-methyl-2-(methylamino)ethyl }-1-naph-
thamide and (aR’)-N,N-diisopropyl-2-[(15’,25")-2-{2-[(aR’)-
(diisopropylamino )carbonyl]-3-ethylphenyl } -1-methyl-2-(methyl-
amino)ethyl }-1-naphthamide (18B and 18A). In the same way, the
lithiated species formed from naphthamide 1 (252 mg, 0.89 mmol)
THF (10 ml) and sec-butyllithium (0.75 ml, 0.98 mmol; 1.3 M
solution in hexanes) was treated with a solution of imine 11
(268 mg, 0.98 mmol) in THF (6 ml). After work-up in the usual
manner, 'H NMR the crude product showed the atropisomers
to be present in a ratio of ca. 1 : 1 Purification by flash
chromatography on silica gel [3 : 1 petrol (bp 40-60 °C)-EtOAc +
1% triethylamine] and subsequent heating in ethyl acetate for
30 min afforded naphthamide 18B contaminated with a small
amount of 18A (371 mg, 75%) as a white solid, mp >230 °C;
Amaxs NM (&0) (CH,CLy) 234 (77230) 274 (10020); vy (film)/cm™
2967, 2934, 2876, 1621; 6,(300 MHz, CDCl;) 7.85 (3H, m, ArH),
7.72 (1H, d, J 8.7, ArH), 7.50 (3H, m, ArH), 7.38 (1H, t, J 7.6,
ArH),7.21 (1H, d, J 7.4, ArH), 3.80-3.55 (5H, m, 4 x NCH? and
CH(NHCH,)?), 2.97 (1H, quintet, J 7.7, CHCH;CH(NHCH,;)?),
2.76 (1H, m, CHHCH;?), 2.65 (1H, m, CHHCH,?), 2.22 (1H, bs,
NH?), 2.06 (3H, s, NHCH;"), 2.01 (3H, s, NHCH?), 1.85 (3H,
d, J 6.9, NCHCH;?), 1.80 (6H, m, 2 x NCHCH;?), 1.72 (3H, d,
J 6.7, NCHCH,?), 1.30 (3H, t, J 7.6, CH,CH,*), 1.16-1.00 (15H,
m, 4 x NCHCH,® and CHCH,CH(NHCH,)?); 6.%(75 MHyz,
CDCl;) 170.3, 169.8, 139.5, 137.1, 133.9, 132.1, 129.3, 128.4,
127.9, 126.4, 125.6, 125.0, 124.8, 124.1, 67.3, 51.0, 50.3, 46.2,
459, 45.5, 35.5, 26.1, 21.7, 21.0, 20.8, 20.8, 20.6, 20.5, 20.2,
19.5 and 15.4; m/z (CI) 558 (100%, M + H*) (found: M + H*,
558.4055. C3H;, N0, requires M + H, 558.4059). Also obtained
was recovered naphthamide 1 (20 mg, 8%). Heating amine 18 in
CD(I, for 2 d at 60 °C produced 18B only (‘H NMR).

(a8")-NV,N-Diisopropyl-2-[(25")-2-{2-[(a$")-(diisopropylamino)-
carbonyl]-3-methylphenyl } -2-(methylamino)ethyl]-1-naphthamide
and (aS’)-N,N-diisopropyl-2-[(25")-2-{2-{(aR’)~(diisopropylamino)-
carbonyl]-3-methylphenyl } -2-(methylamino)ethyl]-1-naphthamide
(19B and 19A). In the same, the lithiated species formed from
naphthamide 2' (197 mg, 0.73 mmol) in THF (15 ml) at —78 °C
and sec-butyllithium (0.67 ml, 0.81 mmol; 1.2 M solution in
hexanes) was treated with a solution of imine 12 (210 mg,
0.81 mmol) in THF (5 ml) and stirred for a further 10 min. After
work-up in the usual manner, "H NMR of the crude product

showed the atropisomers to be present in a ratio of ca. 1 : 1.
Purification by flash chromatography on silica gel [1 : 1 petrol (bp
40-60 °C)-EtOAc + 1% triethylamine] afforded and subsequent
heating in ethyl acetate for 30 min afforded naphthamide 19B
contaminated with a small amount of 19A (243 mg, 63%) as a
white solid, mp >230 °C; v, (film)/cm™"' 2969, 2932, 2873, 1621;
ou(300 MHz, CDCl;) 7.82 (4H, m, ArH), 7.67 (1H, d, J 7.8,
ArH), 7.50 (2H, m, ArH), 7.31 (1H, t, J 7.6, ArH), 7.14 (1H, d, J
7.4, ArH), 4.05 (1H, m, CHNHCH;*), 3.91 (1H, dd, J 10.4 and
2.1, CHNHCH,?), 3.80 (1H, septet, J 6.6°, NCH), 3.65 (1H, m,
NCH?), 3.60 (1H, m, NCH?), 3.44 (1H, septet, J 6.7, NCH?),
3.33 (1H, dd, J 13.5 and 2.2, CHHCH(NHCH;)?#), 2.62 (1H, dd,
J 13.3 and 10.6, CHHCH(NHCH;)?), 2.39 (3H, s, NCHCH,?),
2.15(3H, s, CH;%), 1.89 (3H, d, J 6.9, NCHCH,?®), 1.81 3H, d, J
6.9, NCHCH,%), 1.74 (3H, d, J 6.9, NCHCH,*), 1.73 (3H, d, J
6.7, NCHCH,?®), 1.19 (6H, d, J 6.6, 2 x NCHCH,?*), 0.98 (3H, d,
J 6.7, NCHCH,?), 0.94 (3H, d, J 6.7, NCHCH?); 6.2(75 MHz,
CDCl;) 170.3, 170.0, 136.7, 134.9, 133.4, 133.1, 132.1, 1294,
128.6, 128.2, 128.0, 127.9, 127.8, 126.5, 125.6, 124.8, 123.6, 64.1,
51.2, 50.7, 46.0, 46.0, 43.0, 35.2, 21.8, 21.6, 20.9, 20.7, 20.7, 20.6,
20.3, 20.1 and 19.1; m/z (CI) 530 (100%, M + H*) (found: M +
H*, 530.3751. C;,H;N;O, requires M + H, 530.3746). Also
obtained was recovered naphthamide 2 (20 mg, 11%). Heating
amine 19 in CDCI; for 2 d at 60 °C produced 19B only
("H NMR).

(aR)-N,N-Diisopropyl-2-[(15",25")-2-{(a$")-(diisopropylamino)-
carbonyl]-3-ethylphenyl }-1-methyl-2-(dimethylamino)ethyl]-1-naph-
thamide and (aR’)-N,N-diisopropyl-2-[(15’,25")-2-{(aR’)-(diisopro-
pylamino)carbonyl]-3-ethylphenyl } - 1-methyl-2-(dimethylamino)-
ethyl]-1-naphthamide (20). To a stirred mixture of naphthamide
18B (211 mg, 0.38 mmol), paraformaldehyde (114 mg, 3.79 mmol),
sodium borohydride (72 mg, 1.89 mmol) and THF (15 ml) under
an atmosphere of nitrogen at ambient temperature was added
TFA over a period of 20 min and stirred for a further 25 h. The
mixture was poured into a solution of 25% aqueous sodium
hydroxide (10 ml) and ice, and diluted with brine (10 ml). The
mixture was extracted with dichloromethane (4 x 20 ml) and
the combined organic extracts were dried (MgSO,), filtered and
concentrated under reduced pressure to afford the crude product.
Purification by flash chromatography on silica gel [4 : 1 petrol
(bp 40-60 °C)-EtOAc + 1% triethylamine] afforded tertiary
amine 20 (160 mg, 74%) as a white solid, mp 179-182 °C; R,
0.49 [1 : 1 petrol (bp 40-60 °C)-EtOAc + 1% triethylamine];
Vma (film)/cm™" 3057, 2975, 2935, 2876, 2840, 2797, 1622, 1614;
ou(300 MHz, CDCL;) 7.82 (3H, m, ArH), 7.69 (1H, d, J 8.8,
ArH), 7.46 (2H, m, ArH), 7.36-7.25 (2H, m, ArH), 7.20 (1H,
d, J 7.3, ArH), 4.51 (1H, d, J 10.0, CHNMe,), 3.75-3.50 (5H,
m, 4 x NCH and CH(Me¢)CHNMe,), 2.78 (1H, m, CHHCH,),
2.66 (1H, m, CHHCH;), 2.20 (6H, s, NMe,), 1.86 (6H, m,
2 x CHCH,), 1.75 (3H, d, J 6.9, CHCH;), 1.71 (3H, d, J 6.9,
CHCH,), 1.30 (3H, t, J 7.6, CH,CH,), 1.14 (6H, m, 2 x CHCH,),
1.07 (3H, d, J 6.5, CHCH;), 0.99 (3H, d, J 6.5, CHCH;), 0.94
(3H, d, J 6.9, CHCH;); 6-(75 MHz, CDCl;) 170.1, 169.7, 140.8,
139.8, 138.8, 137.5, 132.4, 132.0, 130.0, 127.9, 127.8, 126.8,
126.2, 126.0, 125.9, 125.4, 125.2, 125.0, 69.4, 51.1, 50.3, 46.2,
45.8, 41.3, 35.5, 26.0, 22.6, 21.1, 21.0, 20.8, 20.8, 20.4, 20.1 and
15.1; m/z (CI) 572 (100%, M + H*) (found: M + H*, 572.4214.
C;;Hs;N;O, requires M + H, 572.4216). Also obtained was
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recovered naphthamide 18B (34 mg, 16%). Heating amine 20 in
CDCI, for 2 d at 60 °C produced a ratio of atropisomers 1.7 : 1
("H NMR); epi-20, 6,;(300 MHz, CDCl;) 1.96 (6H, s, NMe,).

(aR’)-N,N-Diisopropyl-2-|(15’,25")-2-{(aR')~(diisopropylamino)-
carbonyl]-3-ethylphenyl }-1-methyl-2-(dimethylaminoborane)ethyl]-
1-naphthamide (21). A solution of naphthamide 20 (132 mg,
0.23 mmol) in THF (2 ml) at 0 °C under an atmosphere of
nitrogen was treated with borane (0.46 ml, 0.46 mmol; 1 M
solution in THF) and stirred for a further 40 min. The solvent was
removed at ambient temperature under reduced pressure, and the
crude product was purified by flash chromatography on silica gel
[1: 1 petrol (bp 40-60 °C)-EtOAc] to afford pure amine-borane
complex 21 (97 mg, 72%) as a white solid, vy, (film)/cm™" 3053,
2976, 2934, 2875, 2395, 2334, 2285, 1615; §4,(300 MHz, CDCl;)
7.89 (1H, d, J 8.8, ArH), 7.78 (1H, d, J 8.8, ArH), 7.74-7.64
(2H, m, ArH), 7.36 (3H, m, ArH), 7.23 (1H, t, J 7.7, ArH),
7.13 (1H, d, J 7.4, ArH), 4.88 (1H, d, J 9.6, CHN*Me,), 3.81
(1H, septet, J 6.3, NCH), 3.64-3.40 (4H, m, CH(Me)CHN*Me,
and 3 x NCH), 2.86 (3H, s, “NMe), 2.74 (1H, m, CHHMe),
2.61 (1H, m, CHHMe), 2.32 (3H, s, *NMe), 1.71 (9H, m, 3 x
CHCH,), 1.62 (3H, d, J 6.7, CHCH,), 1.50 (3H, bs, BH;) 1.12
(3H, d, J 6.3, CHCH,), 1.08 (3H, d, J 6.5, CHCH,), 1.06 (3H, t,
J 7.6, CH,CH,), 0.95 (3H, d, J 6.6, CHCH,), 0.89 (3H, d, J 6.5,
CHCH,), 0.72 (3H, d, J 7.0, CHCHy;); 6-(75 MHz, CDCl;) 169.9,
169.9, 141.3, 141.1, 138.3, 136.6, 132.0, 130.8, 129.7, 129.0, 128.0,
127.7, 127.6, 126.5, 125.9, 125.8, 125.0, 124.6, 74.6, 55.3, 50.7,
50.3, 46.8, 46.3, 46.2, 38.0, 29.6, 27.6, 23.1, 21.7, 21.3, 21.1, 20.9,
20.8, 20.7, 20.2, 20.1 and 16.5; m/z (CI) 572 (100%, M-BH,);
m/z (EI) 572 (1%, M-BH;) and 49 (100%).

N,N-Di(1-methylethyl)-2-[(15",2S")-2-(dimethylamino)-2-(2-
{[di(1-methylethyl)amino]carbonyl}-3-ethylphenyl)-1-methylethyl }-
5,6,7,8-tetrahydro-1-naphthalenecarboxamide (22). A suspen-
sion of naphthamide 20 (66 mg, 0.116 mmol), Raney Nickel
(4.6 g; 50% slurry in water), and ethanol was stirred at ambient
temperature for 27.5 h (TLC indicated no reaction). The reaction
mixture was refluxed for 4 h (TLC indicated no starting material),
cooled to ambient temperature, filtered (Celite) and washed
through with ethanol then diethylether. The solvent was removed
under reduced pressure at ambient temperature to afford the
crude product. Purification by flash chromatography [4 : 1 petrol
(bp 40-60 °C)-EtOAc + 1% triethylamine] afforded tetralin 22
(22 mg, 33%) as a colourless oil (ca. 3 : 7 mixture of atropisomers),
Vmax (film)/cm™" 2973, 2934, 2874, 1625; §4,(200 MHz, CDCl;)
7.90-7.75 (1H, m, ArH), 7.60-7.5 (1H, m, ArH), 7.40-7.00
(3H, m, ArH), 4.06 (1H, d, J 10.9, CHNMe,™ "), 3.90 (1H,
d, J 10.7, CHNMe,™"), 3.85-3.35 (5H, m, 4 x NCH and
CH(Me)CHNMe,), 3.90-2.50 (4H, m, CH,CH,; and CH,(CH,),),
2.08 (6H, s, NMe,), 1.90-1.60 (16H, m, 4 x CH; and 2 x
CH,CH,CH,CH,), 1.35-0.95 (20H, m, CH,CH,CH,CH, and
6 x CH;); 6c(75 MHz, CDCl;) 170.2, 169.9, 169.4, 169.1, 140.8,
140.7, 139.5, 138.8, 137.5, 137.0, 135.8, 134.8, 133.7, 133.0, 132.6,
131.8,129.8, 129.5, 128.6, 128.1, 127.7, 126.9, 126.5, 126.0, 125.7,
125.2, 123.9, 123.6, 122.7, 69.9, 69.3, 50.9, 50.4, 50.0, 49.9, 49.7,
46.1,45.9,45.8,45.6,42.2,41.8, 41.0, 38.0, 37.3, 34.2, 29.5, 29.2,
26.6, 26.4, 26.3, 25.8, 23.1, 22.9, 22.8, 22.7, 22.5, 21.8, 21.4,
21.3, 21.2, 21.0, 20.9, 20.8, 20.6, 20.6, 20.2, 20.0, 20.0, 19.9,
19.8, 15.4, 15.3 and 15.0; m/z (CI) 576 (100%, M + H*), 289

(27%, M-CyH,xNO) and 286 (16%, M-C3sH,N,O); m/z (EI) 289
(1%, M-C,yHxNO) and 49 (100%) (found: M + H*, 576.4524.
C;;H5;N;O, requires M + H, 576.4529).
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A 20 K high resolution X-ray data set of L-Ala-L-Ala-L-Ala*1/2 H,O was measured using an ultra-low
temperature laboratory setup, that combines area detection and a closed cycle helium cryostat. The
charge density determination includes integration of atomic basins and topological analysis according
to Bader’s quantum theory of atoms in molecules. Two tripeptide units are found in the

asymmetric unit, allowing the assessment of transferability of bond topological and atomic properties
taking also into consideration previous data of oligopeptides. With respect to invariom modeling the
limits of such transferability are investigated and the results of this study show the validity of the
nearest/next-nearest neighbour approximation and support the use of database approaches for electron

density modeling of macromolecules.

Introduction

Bader’s theory of atoms in molecules’ (AIM) can be used to
determine atomic, bonding and non bonding properties of a
chemical system from its charge density p(r) in a quantitative
manner. The charge density can be obtained either theoretically
from ab initio calculations or experimentally by a multipole refine-
ment of high resolution X-ray diffraction data. Bader’s theory
furthermore offers a well defined partitioning scheme yielding
atoms or functional groups. This procedure makes use of the zero-
flux surfaces (ZFS) in the electron density gradient vector field to
determine atomic basins around a nuclear attractor of the related
trajectories. The atomic basin unambiguously defines the atomic
volume of a nuclear attractor within a molecular density. With the
atomic volume and shape established, the encircled charge of an
atom, and other properties, can be obtained by integration.

In this work the AIM theory is used to compare atomic
and bonding properties in a similar chemical environment using
experimental data. Regarding their reactivity, functional groups
are rather independent from the molecule they are part of. On
the electronic level one would expect that the charge density,
and derived properties of a functional group composed of its
contributing atoms, should possess a high degree of transferability
when compared for different molecules.

Assuming that the nearest covalently bonded neighbours of
an atom? and also the hydrogen bond environment influence the
charge density and derived properties of a functional group, or
the individual atoms that form it, an open question is the limit of
this transferability. This question is essential for the application
of database approaches®* to model the electron density of larger

“Institut fiir Chemie/ Kristallographie der Freien Universitdt Berlin, Takustr.
6, Berlin, D-14195, Germany. E-mail: luger@chemie.fu-berlin.de
tChemistry M313, School of Biological and Molecular Sciences, University
of Western Australia, Crawley, 6009, Australia

T Electronic supplementary information (ESI) available: Experimental
backbone torsion angles. See DOI: 10.1039/b514717d

1 CCDC reference number 286835. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b514717d

systems. The title compound, a tripeptide formed only by alanine
residues, allows one to study whether or not an atom’s next nearest
neighbours influences its covalent bonding electron density.

High resolution X-ray data collection and multipole refinement

Two crystalline forms of the tripeptide L-alanyl-L-alanyl-L-
alanine (trialanine) are known in the literature. One is solvent
free,® the second one contains water in the crystal structure. The
latter form, the subject of this study (see Fig. 1), is known to have
two crystallographically independent molecules of trialanine and
one water molecule in the asymmetric unit.” The water is found
on two sites of twofold axes. A needle shaped crystal was cut to
0.3 x 0.4 x 0.5 mm, glued on a beryllium needle and protected
in a glass capillary of 0.5 mm diameter. The beryllium needle is
needed to improve temperature conduction to the crystal.

{1 1 AL & -

e, . | o O [, \.\

[ =

=
Fig. 1 ORTEP? representation of the asymmetric unit with atomic
numbering scheme. Displacement ellipsoids drawn at a 50% probability.

A

Data collection was performed with Mo Ka radiation (graphite
monochromation) at 20 K on a Huber four-circle diffractometer
equipped with a Bruker APEX-CCD area detector and a closed-
cycle helium cryostat. A 0.1 mm Kapton film cylinder was used
as vacuum chamber as described in ref. 9. Data reduction was
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performed using SAINT." Spherical refinement with the program
SHELXL97," making use of all atoms (including hydrogens) from
the room temperature structure’ asinput, led to an R value 0of 2.9%.
The data were then interpreted with the multipole formalism™
using the full-matrix least-squares refinement program XDLSM
of the XD*" suite.

In a multipole refinement the data to parameter ratio should
be sufficiently high. However, as it was intended to investigate the
question of similarity of atomic properties, the use of chemical
constraints was strongly limited so that it did not include « priori
information in the modeling. Hence chemical constraints were
assumed only for the hydrogen atoms and their distances to their
corresponding parent heavy atoms were fixed standard neutron
values. For the heavier atoms the following site symmetry was
introduced: m symmetry for C in the carboxylate group, C and N
in the peptide bond and 3-fold symmetry for C in methyl groups.
The residual density after refinement is practically featureless (see
Fig. 2) indicating a proper representation of the experimental
density by the multipole model. R values and related data for
multipole refinement are summarized in Table 1.

Theoretical calculations

For a comparison with the experimental results, electron den-
sities were also derived theoretically from ab initio calculations.
GAUSSIAN98" was used for single point calculations using
HF/6-311 + + G(d,p) and B3LYP/6-311 + + G(d,p) basis sets
for the experimental geometry of trialanine. The resulting wave
functions were analysed with the programs MORPHY98" and
MOLDEN.*

Table 1 Multipole refinement details of trialanine
Ny (Fy > 40(F,)) 12928
N, 988
Ry 0.0183
R 0.0247
R,; 0.0153
Ry 0.0264
Rur 0.0279
R,p 0.0303
Gof 0.67
N./N, 13.1

C(5) ' C(8)
) ) H(TA)
N(‘f) Hi4A) | N(7) 0(9B)
B ) At CO) " oen)
c@) c(5) c@)
c(i5) c(ig)
N(14) H(14A) N(17) HO7A)  O(19B)
Oy ¢ | | WAL gy o(i9) Of1A)
‘c(12) c(15) c(18)

Fig. 2 Residual density maps in the planes of the peptide bonds and the
carboxylate groups. Contour intervals 0.1 eA=3, blue positive, red negative.

Results and discussion
Molecular and crystal structure

The conformations of the two crystallographically independent
molecules are basically alike. As usually found in peptide crystal
structures, the tripeptide is zwitterionic, and hence carries charges
on the terminal groups. This favours the arrangement of trialanine
molecules in a B-sheet type head-to-tail packing in the crystal. In
the lattice, oxygen atoms of the water molecules are located on a
twofold axis and thus two half molecules formally add up to one
water molecule.

The peptide backbone torsion angles differ by at most 26°
between the two independent molecules (see the electronic supple-
mentary information (ESI)}), except for the conformation of the
terminal ammonium group, being staggered in one molecule and
eclipsed in the second. In the asymmetric unit, 12 hydrogen bonds
according to the 12 potential N-H and O-H donor groups were
found (Table 2). The peptide groups of both molecules lie roughly
in a common plane close to the crystallographic ac-plane and
are connected via hydrogen bonds. Stability in other directions is
established by hydrogen bonds via water molecules (see also Fig. 3).

Charge density and topological analysis

For a quantitative description of the electronic structure a full
topological analysis was carried out with the XDPROP program

Table2 Summary of hydrogen bonds including geometric and bond topological properties (p andV?p in e A% and e A5 respectively, distances and

angles in A and deg, Eyp in kJ mol™")

D-H---A Sym./transl. p(r) V2 p(r) H---A D---A D-H---A Eug
N(1)-H(IA)- - - O(19B) 1—x,p, 1 —2 0.28 4.60 1.68 2.6995(5) 167 59.8
N(1)-H(1B) - - - O(19A) X, ¥,z 0.25 4.05 1.73 2.7607(7) 175 49.9
N(1)-H(C)---0(21) X, )z 0.13 2.22 2.03 2.8457(5) 134 17.0
N(4)-H(4A) - - - O(16A) —1+x,—1+yz 0.15 2.94 1.90 2.8835(5) 163 27.1
N(7)-H(7A) - - - O(13A) X,z 0.13 242 1.98 2.9432(6) 158 203
O(31)-H(31A)--- O(9A) X, ),z 0.24 4.94 1.68 2.6360(7) 168 59.8
N(11)-H(11A)---O(9A) X,z 0.13 2.52 1.95 2.8767(7) 148 22.6
N(11)-H(11B)---O(31) x1+y,z 0.20 4.02 1.77 2.7854(6) 168 432
N(11)-H(11C)--- O(9B) 1—x,9 —z 0.28 4.97 1.67 2.6872(6) 167 61.9
N(14)-H(14A)- - - O(6A) Lix iy 0.14 2.89 1.91 2.8754(6) 158 26.1
N(17)-H(17A)--- O(3A) X, ),z 0.09 1.86 2.09 3.0260(6) 153 13.7
O(21)-H(21A) - -- O(19A) l—x,—14+y,1—z2 0.20 4.02 1.75 2.6929(5) 163 46.5
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Fig.3 SCHAKALY representation of the trialanine and water molecules
with all hydrogen bonds and with all identified critical points, indicated
by the following colour code: (3, —1) BCPS on covalent bonds: rose, on
hydrogen bonds: green; (3, +3) critical points of V? p(r): orange; (3, +1)
ring critical points: blue. Hydrogen bonds: dashed lines. Symmetry related
atoms refer to the following symmetry operations (see also Table 2): (i) 1
—x, 0,1 —z; (i) 1/2 + x,1/2 + p,z; (ili) x,1 + p,z; (iv) | —x,p, —z; (v) | —x,
—1+y1-z

of the XD package. Various types of critical point (CPs) were
identified illustrated by different colour codes in Fig. 3. (3, —1)
bond critical points (BCPs) were found for all covalent bonds
(rose colours in Fig. 3) and on the hydrogen bonds (green colour).
In addition (3, +3) critical point of V?* p(r) in the oxygen lone
pair region (orange) are seen in Fig. 3, they will be discussed later.
The hydrogen bonding pairs in the peptide regions establish three
formal ten membered ring structures and in two of them (3, +1)
ring critical points of low electron density (0.016 and 0.030 eA)
were identified (shown in blue).

Before we average the topological properties for similar bonds
we would like to assess the limits of transferability. With respect
to the recently introduced invariom concept the question to which
extent topological and atomic properties of molecular fragments
are transferable is of special interest.>'® For studying this question
the title compound is well suited in that on one hand the data of
the two independent molecules can be compared with respect to
the influence of hydrogen bonding. On the other hand the alanine
residue exists in three forms: the first is the N-terminus with the
positively charged ammonium group, the second is the central
fragment, which is a common building block in polypeptides, while
the third form of the fragment is the C-terminus with the negatively
charged carboxylate group. Two peptide bonds link the three
residues. If a significant influence of the charged groups on the
peptide linkage was detectable, a next nearest neighbour influence
should manifest itself in different topological properties of the
two peptide bonds and the atomic properties of the participating
atoms. Table 3 compares p(rgcp) and V2p(rgep) values for the
individual C—C and C-N bonds of the three residues.

When we focus on the C, atom and the bonds to its neighbouring
atoms we observe a difference between partly double bond types
of C, and C,—NH;* (Table 3). This is to be expected because
the nearest neighbours of an ammonium nitrogen and a peptide

Table 3 Bond topological properties of C—C and C-N bonds with various
neighbours. The type of one of the neighbour atoms not directly involved
in the bond is given in parentheses (in e A=3 and in e A3, respectively)

Bond type Bond p(r) V2p(r)
(Namm)—Co—Crep C(2-C(3) 1.74(4) —11.3(2)
C(12)-C(13) 1.76(4) —-11.7(2)
Average 1.75 —11.5
(Npep)-Ci=Coep C(5)-C(6) 1.64(4) —9.0(2)
C(15)-C(16) 1.72(4) —-13.1(2)
Average 1.68 —11.0
(Npep)—Co—Carvox C(8)-C(9) 1.79(4) —11.5(2)
C(18)-C(19) 1.77(4) —10.92)
Average 1.78 —11.2
Noummn—Co—(Cpep) N(1)-C(2) 1.83(4) —14.2(2)
N(11)-C12) 1.69(4) —-8.3(2)
Average 1.76 —11.3
Npep—Ci—(Cpep) N(4)-C(5) 1.82(4) -9.4(2)
N(14)-C(15) 1.88(4) —-13.2(2)
Average 1.85 —11.3
Npep=Co(Ceartor) N(7)-C(8) 1.80(4) —-10.7(2)
N(17)-C(18) 1.80(4) —10.92)
Average 1.80 —10.8
(NH,)-C,—C; C(2)-C(2A) 1.59(4) —8.4(2)
C(12)-C(12A) 1.61(4) -9.4(2)
Average 1.60 —-8.9
(Npep)-Co—Cy C(5)-C(5A) 1.58(4) —-7.2(1)
C(15)-C(15A) 1.62(3) —10.0(1)
Average 1.60 —9.1
(Carvo)-Ci=Cy C(8)-C(38A) 1.59(4) =9.0(2)
C(18)-C(18A) 1.61(4) —10.2(1)
Average 1.60 —-9.6
Npep—Cpep—(Co—NH3) C(3)-N4) 2.39(4) —-23.3(2)
C(13)-N(14) 2.43(4) -21.9(2)
Average 241 —-22.6
(Cearvox—Ca)Nypep—Chep C(6)-N(7) 2.43(4) —22.02)
C(16)-N(17) 2.45(4) —24.8(2)
Average 2.44 —-23.4

bond nitrogen differ. In an invariom transfer this difference can
be accounted for as two different invarioms (N1clhlhlh+ and
N1.5c[1.501c]lclh) would be used. If a next nearest neighbour
influence existed, it should also be detectable by differences in
bond topological properties. Assuming a next nearest neighbour
influence we would expect a difference also in the C,—C; bond
strength. Here no influence is detectable, or, at least smaller than
the experimental inaccuracy of a high resolution state of the art
study.

Averages of the topological descriptors of different bond types,
assuming there is no next-next nearest neighbour influence, are
summarized in Table 4, which lists also the corresponding values
from the HF and B3LYP calculations. Theoretically derived p(rscp)
values are systematically lower for polar C—-O and C-N bonds.
C-C bonds are in the same range for theory and experiment.
This is a frequently observed trend in charge density work and
has, for example, recently been expressed by Hibbs ef al.®® Mean
deviation between experiment and B3LYP is 0.14(9) ¢ A~ and for
experiment/HF 0.14(7) e A= For the Laplacians the variations
are higher.

Further comparison is made in Table 4 with averages of previous
studies on a number of amino acids, oligo- and pseudopeptides.?*23
Provided that the statistical spread for experimental averages is
0.01-0.07 ¢ A3 for p(rscp) and 0.7-4 ¢ A5 for V2p(rgcp) When
experimental results for different molecules are compared,” a
high degree of transferability can be deduced from the various
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Table 4 Averaged p(rscp) (first line) and V?p(ryep) (second line) values (in e A-3and e A5, respectively) for the different bond types in trialanine from
experiment and theory. Related data from literature are also given for comparison

Theory Experiment
Bond B3LYP/6-311 + + G(d,p)  HF/6-311 + + G(d,p)  Trialanine  Peptides? Peptides®  Ala® Amino acids”
Noeptige—Copeptide 2.29(1) 2.33(1) 2.43(3) 2.39(8) 24 — —
—23.7(2) —23.4(7) =23(1) —23.3(21) -23.4 — —
CoNpoice 1.69(1) 1.67(1) 1.76(4) 1.84(6) 1.8 — —
—14.0(1) —6.9(2) 11(2) —1322(16)  —10.2 — -
Co—Cpepiice 1.71(1) 1.81(1) 1.71(5) 1.77(4) 1.70 — —
—14.6(2) —18.9(2) ~11(2) —15(2) —12.7 - -
Cheptige—Opeptize 2.65(2) 2.68(2) 2.87(4) 3.0(1) 2.8 — —
~10.2(1) —6.9(1) ~29(3) —36(6) ~26.1 — —
C.—C; 1.61(1) 1.70(1) 1.59(2) 1.67(5) — 1.67 1.68(8)
—12.8(1) —16.1(1) —9(1) —11(3) — —10.1 —12(3)
CoNymonium 1.59(1) 1.57(1) 1.76(7) 1.806) 1.70 1.68(5)
—122(3) —4.6(9) —11(4) —13(2) — —11.1  —11(3)
Cy—Carbor 1.69(1) 1.80(1) 1.78(1) 1.73(8) — 1.76 1.75(6)
~11.23) ~18.8(2) —112(4)  —13(3) — ~108  —14(3)
longer Cypo—O 2.49(1) 2.51(1) 2.72(6) 2.72(9) — 2.86 2.71(9)
—12.1(2) —8.4(2) —27(4) —33(5) — -29.6 —34(5)
shorter Coypor—O 2.57(1) 2.60(1) 2.82(1) 2811 — 3.02 2.9(2)
—11.2(3) —7.6(5) =33.1(7) —36(5) — -39.0 —36(4)

average values listed in Table 4. This holds also when p(rscp)
and V?p(rgcp) are compared with results from the experimental
charge density study of L-alanine® at 23 K. A similar spread of
experimental values has previously been found in related studies
for these quantities,'82-2224

Atomic properties and transferability

As mentioned before, Bader’s theory of atoms in molecules allows
subdividing molecules into submolecular regions, fragments or
single atoms making use of the zero flux surfaces of the electron
density gradient vector field p(r). To evaluate the atomic volumes
and charges for the title compound the program TOPXD?* was
used. The atomic volumes V', are defined by the interatomic
boundaries in the crystal. The charge enclosed in V' is Q.

Bader atomic volumes and charges are additive. The sum of
atomic volumes in one cell should be equal to the experimental unit
cell volume. Similarly the sum of all atomic charges should add
up to zero. Summation for trialanine shows that the integration
routine has worked properly as the experimental volume V., =
2362.4 A>and XV, = 2345.9 A° differ by less than 1%, and = O,
differs by only 0.04 e from electroneutrality.

Atomic properties like volume and charge are even better suited
to investigate transferability. C, and C; atoms could indicate a
next-next nearest neighbour influence in this respect. The average
of C, volumes V, is 7.1(2) A® and that of charges Q. is 0.15(8)
e. Differences in spacial demand between the three C,-type atoms
are smaller than 3%, although a difference in BCP-properties was
detected for the C,—N bonds. For C; type atoms with average
volumes and charges V., of 9.1(5) A® and Qi 0.18(6) e the extent
of transferability of volumes and charges is even more convincing
(see Table 5).

Generally speaking, the atomic volumes and charges depend
mainly on the atom and its direct neighbours. One can conclude
that for a system like trialanine there is no significant next nearest
neighbour’s influence except for the partly double bonded peptide
atoms. These results encourage a broader use of invarioms, which
were recently introduced.®

Table 5 Atomic charges (¢) and volumes (A% of C, and C; atoms with
various neighbours. The neighbour type atoms are in parentheses

Atom type Atom Ou Vi
(Nainin)~Co~(Ciep) C©2) 0.07 7.34
C(12) 0.04 7.43
Average 0.06 7.39
(Npep)fcoﬁ(cpep) C( 8) 0 1 6 705
C(18) 0.19 6.88
Average 0.18 6.97
(Npep)fcaf(ccarbox) C(S) 0 1 7 701
C(15) 0.27 6.77
Average 0.22 6.89
Cp—(C,—NH,) C(2A) 0.25 8.93
C(12A) 0.26 8.40
Average 0.26 8.67
Cp—(Ci—N,ep) C(5A) 0.09 9.35
C(15A) 0.16 8.68
Average 0.13 9.01
Cy~(CiNaarno) C(8A) 0.17 9.66
C(18A) 0.13 9.58
Average 0.20 9.62

Comparison to related studies

The atomic properties derived from trialanine are compared to
previous studies of peptides (Table 6). The atoms considered
belong to the peptide bond, the carboxylate group and the
ammonium group. Within the error limits, charges are mostly the
same and volumes are close. For the formally charged carboxylate

Table 6 Averaged atomic charges (¢) and volumes (A%) of trialanine
compared to previous peptides?

Atom V2 0 V. Trialanine  Q,, Trialanine
Nieptide 13(2) -1.0(2) 13.8(5) —1.03(3)
Cpepide 7.0(7) 0.99(9) 6.0(1) 1.1(4)
Openice 202) —0.856) 18(1) ~1.13(3)
Ocarboxjong 18(3) -1.0(2) 16.9(3) —1.02(4)
arboxshort 160.5(9)  —0.9(2) 20.4(2) —1.00(4)
Carbox 6.4(6) 1.4(2) 6.1(3) 1.17(5)
Noammonium 13(1) —-0.799) 15.5(4) —1.2(1)
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and ammonium groups the values of V', and Q,, deviate more
strongly than for the peptide bond. This is due to differences
in the hydrogen bonding pattern in the different crystallographic
environments that may attenuate the charge located at O, and
N.mmonium- These differences influence the corresponding volumes
as well. This also holds for the peptide bond, where the effect
evoked from hydrogen bonding is about the same size for all of
them. As hydrogen atoms are also direct neighbours to oxygen
or nitrogen atoms, although not considered covalently bonded, it
would be desirable to include a distance dependent influence of
hydrogen bonds in invariom modeling.

Hydrogen Bonding

Asmentioned above, 12N-H - - - Oand O-H - - - O hydrogen bonds
(HBs) were found in the asymmetric unit (see Table 2, dashed lines
in Fig. 3). For the HBN(11)-H(11C) - - - O(9B), having the shortest
hydrogen—acceptor distance, the influence of this interaction is
illustrated qualitatively in the static map shown in Fig. 4. The
charge rearrangement in one lone pair lobe of the accepting O(9B)
atom is clearly visible.

Fig.4 Static deformation density map in the plane of the strong hydrogen
bond N(11)-H(11C)--- O(9B), illustrating the charge rearrangement in
one of the lone pair lobes of the accepting O(9B) atom, contour intervals
0.1eA-,

The influence of hydrogen bonding on the experimental charge
density was also studied quantitatively by means of topological
properties. Table 2 lists bond critical point properties on the
12 HBs. A relatively low value of the electron density and
a positive Laplacian at the BCPs, observed in all cases, are
indicative for closed-shell-interactions. Espinosa et al.** as well
as Desiraju and Steiner” established an exponential correlation
between geometrical and topological parameters. As an example,
the experimental hydrogen bond values p(rcp) and V*p(rep) of
trialanine are plotted versus the H - - - A distances in Fig. 5 together
with the Espinosa exponential curves. Both the experimental p(r)

1 L 1 1 I

e ftriala
0.30 X fit o{r)= 14.632 exp[-2.4023"d(H... A)]|
. ---- Espinosa relation
0.25 - .
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Fig. 5 Hydrogen bond p(rcp) and V?p(rcp) values of trialanine plotted
versus the d(H---A) distances, fitted according to Espinosa® by an
exponential curve. The Espinosa relation is also shown for comparison.

and V?p(r) values follow rather closely the Espinosa relation. The
HB energies Ey;, calculated with the relation given by Espinosa
et al® (Eys = 25300 x exp[—3.6 x (H---A)], kJ mol™!, see last
column in Table 2) show that the 12 HBs fall roughly into two
groups of six, the stronger ones with Eyp > 40 kJ mol™! and the
weaker ones having Ey;3 < 30 kJ mol™'. It is interesting to note that
five of the six weaker HBs are involved in establishing the B-sheet
type packing of the two independent peptide units (see also Fig. 3)
while on the other hand the stronger HBs contribute mainly to the
stabilisation of the crystal lattice in other directions.

Nonbonded valence shell charge concentrations (VSCCs), iden-
tified as (3,+3) critical points of V?p(r) can be interpreted as the free
electron pairs of the valence shell electron pair repulsion (VSEPR)
model (orange color in Fig. 3). All theoretically expected VSCCs of
the oxygen atoms were determined. The geometric arrangement of
the lone pairs is given in Table 7 by the CP-X distance, the angles
CP,—X-CP, and X'-X-CP. The CP,—X-CP, angle is generally
more than 10° larger than the X'~X—CP angle, which is in accord
with the VSEPR model.?** It postulates a higher steric demand
for lone-pair electrons than for bonded electron pairs. In the
crystalline density the locations of nonbonded VSCCs scatter in
a wide range, as expressed by the large variety of CP,—X-CP,
(114-157°) and X'-X—CP angles (90-134°). These findings reflect
the strong impact of intermolecular influences in the crystalline
environment. Similar observations were already made for the
VSCCs in our study on six amino acids.?!
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Table 7 Nonbonded valence shell charge concentrations (VSCC). rx ¢p denotes the distance of the (3,+3) critical point of V?p(r) to the corresponding
atom X, X'-X~CP is the angle which is defined by the X'-X and X~CP vectors. CP,—X-CP; is the angle defined by the CP,~X and X-CP; vectors. Units:

p (e A-3), V2p(e A-9), distances (A) and angles (°)

Atom X p(r) V2 p(r) rx_cp X-X-CP Angle CP,—X-CP,
O(3A) 6.58 —154 0.339 C(3)-0O(3A)-CP 110.93

O(3A) 6.27 —133 0.342 C(3)-O(3A)-CP 108.84 140.12
O(13A) 6.40 —141 0.340 C(13)-0(13)-CP 112.30

O(13A) 6.23 —125 0.343 C(13)-0(13)-CP 107.99 139.65
O(6A) 6.58 —149 0.339 C(6)-O(6A)-CP 112.66

O(6A) 6.43 —144 0.340 C(6)-O(6A)-CP 110.92 136.25
O(16A) 6.61 —150 0.338 C(16)-0(16)-CP 116.97

O(16A) 6.32 —134 0.342 C(16)-0O(16)-CP 110.87 132.06
O(9A) 6.21 —125 0.342 C(9)-O(9A)-CP 108.07

0(9A) 6.35 -133 0.341 C(9)-O(9A)-CP 119.08 132.65
O(9B) 6.62 —157 0.338 C(9)-0(9B)-CP 115.44

O(9B) 6.31 —138 0.341 C(9)-0(9B)-CP 104.17 140.35
O(19A) 6.37 —133 0.341 C(19)-O(19A)-CP 133.74

O(19A) 6.40 —148 0.341 C(19)-O(19A)-CP 103.26 113.63
O(19B) 6.42 —142 0.339 C(19)-0(19B)-CP 112.67

O(19B) 6.44 —145 0.339 C(19)-O(19B)-CP 99.48 147.47
0(21) 591 —117 0.346 H(21)-0(21)-CP 89.93

0(21) 5.89 —117 0.346 H(21)-O(21)-CP 108.60 146.81
0(31) 6.05 —-122 0.345 H(31)-O(31)-CP 103.74

0(31) 6.06 —-122 0.345 H(31)-O(31)-CP 90.41 157.46

Conclusion Acknowledgements

This study investigates the limits of transferability by experiment.
A full topological analysis of the experimental charge density p(r)
of the tripeptide L-alanyl-L-alanyl-L-alanine (trialanine) has been
performed and bond topological and integrated atomic properties
were determined. For data collection a new setup was used that
allows even long lasting area detection experiments at very low
temperatures, here 20 K.

Since two conformers are found in the asymmetric unit, the
two ammonium groups, two carboxylate groups and four peptide
bonds were compared to previous studies on oligopeptides and
amino acids. Topological properties of p(r) and V?p(r) were within
the error range of these previous studies, so were atomic charges
and volumes. A significant detectable influence of next nearest
neighbours on the electron density of the C, and C, type atoms was
not found in the title molecule. The effect remains to be explored
for partly double bonded systems. Generally this study shows the
validity of the nearest/next-nearest neighbour approximation and
supports the use of database approaches for modeling of larger
systems or low resolution data. Still multipole refinements on high
resolution data sets remain necessary when fine details of hydrogen
bonding and crystal field effects are the subject of interest.

Crystal structure data

The tripeptide L-alanyl-L-alanyl--L-alanine was purchased from
Sigma-Aldrich and crystallized from a mixture of dimethyl-
formamide (DMF) and water.

GH;;N;O, x : H,O, Mr = 2433 g 1:1101*‘, monoclinic, a =
18.441(2), b = 5.215(1), ¢ = 24.854(3)A, p = 98.77(2)°, V =
2362.4(5)A%, T = 20 K, space group C2 (No. 5), Z = 8, p, =
135 gem™, u (Mo Ka) = 1.08 cm™!, (sin /) = 1.15 A,
collected/unique reflections 85281/14895, reflections >40(F,)
12928, completeness 93.3%, redundancy 5,7, R, = 0.0295, R,
(spherical) = 0.0289. For further data after multipole refinement,
see Table 1.

We thank the Deutsche Forschungsgemeinschaft (DFG) for
financial support of this work (grant Lu 222/27-1) and the
Australian Synchrotron Research Program, which is funded by the
Commonealth of Australia under the Major National Research
Facilities Program.
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The expedient synthesis of various 1,4-benzodiazepine-2,5-dione compounds, particularly those having
substituents at the C;-, N,- and N,-positions is achieved. The important features in these synthetic
strategies include: (i) using the coupling reaction of isatoic anhydride with o-amino ester for direct
construction of the core structure of 1,4-benzodiazepine-2,5-dione; (ii) using potassium carbonate as
the base of choice for selective alkylation at the NV, -site, while using lithiated 2-ethylacetanilide as the
required base to furnish the N,-alkylation; and (iii) using 2-nitrobenzoyl chloride as a synthetic
equivalent of anthranilic acid to facilitate the polyethylene resin-bound liquid-phase combinatorial
synthesis. The prepared 1,4-benzodiazepine-2,5-dione compounds are evaluated for endothelin receptor
antagonism by a functional assay that measures the inhibitory activity against the change of
intramolecular calcium ion concentration induced by endothelin-1. The preliminary results indicate
that 1,4-benzodiazepine-2,5-diones bearing two flanked aryl substituents at the N,- and N,-sites show
better inhibitory activity than the corresponding unalkylated and N-monoalkylated compounds. A
promising candidate, 1-benzyl-7-chloro-3-isopropyl-4-(3-methoxybenzyl)-1,4-benzodiazepine-2,5-dione

(17b), exhibits an ICjs, value in low nM range.

Introduction

Since the first discovery in the mid 1950s,! many benzodiazepine
derivatives have been developed to show potent pharmacological
activities,? such as in anxiolytics, anticonvulsants, anti-HIV agents,
and the drugs active to the central nervous system. The benzodi-
azepine scaffold is considered to be one of the most important
structures in drug discovery due to its high functional group
diversity.> For example, 1,4-benzodiazepine-2,5-dione and its
analogues exhibit remarkable potency in various biological targets,
including antithrombotics, antibiotics and antitumor activities.*
Furthermore, 1,4-benzodiazepine peptidomimetics are employed
as enzyme inhibitors® and as the ligands to bind with various
G-protein coupled receptors.®

Endothelins are a group of isopeptides locally produced in
various cell types under different physiological stimuli. Human
endothelin-1 (ET-1) is a 21-amino-acid peptide that exhibits a
potent vasoconstrictor activity, conceivably through its selective
interaction with specific receptor ET,.” In recent studies, a
series of compounds having planar core structures flanked by
two aryl side-arms have been explored as effective endothelin
receptor antagonists.® The structures of some representative
antagonists (Fig. 1) include an indan-type compound SB209670,°
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Fig.1 Examples of non-peptide endothelin receptor antagonists.

an indole-type compound PD159433,' a pyrazole-type com-
pound HMRS865,"" and a carbazolothiophene-type compound
IMF222.12

In comparison with the low-energy conformations of ET-
1 derived by '"H NMR analysis, the calculated 3-dimensional
structure of SB209670 suggests that the two phenyl substituents
may mimic the Tyr-13 and Phe-14 residues in ET-1 (Fig. 2).* The
two carboxyl groups in SB209670 may also mimic the Asp-18
residue and the C-terminus of ET-1, which ligate a Zn** ion on
binding with the endothelin receptor. This molecular modeling
experiment thus provides useful information for the selection of
specific side chains on a flat core structure for the subsequent
exploration of other endothelin receptor antagonists.
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Fig. 2 Structure of human endothelin-1.

We speculated that 1,4-benzodiazepine-2,5-dione derivatives 1
bearing appropriate substituents (Fig. 3) might also function
as endothelin receptor antagonists, because the benzodiazepine
structure consists of a nearly planar core platform similar to
the indan ring in SB209670. For a better binding affinity toward
endothelin receptors, various aryl substituents might be implanted
on the N,- and N,-positions, and carboxyl groups might be
introduced at the desired sites on the benzodiazepine scaffold.

To construct the main framework of 1,4-benzodiazepine-2,5-
dione, two general methods have been applied.'®* One method
utilizes the condensation reaction of an a-amino acid with 2-
aminobenzoic acid (anthranilic acid), in which the amino group
can be used in the protected or latent forms, e.g., NHFmoc,
azido and nitro groups.”® The other method utilizes the Ugi
four-component reaction of anthranilic acid with aldehyde, amine

1
41\5N 2 R
R—./1/22—R
8 N
0
/:_R3
X 1

Fig. 3 1,4-Benzodiazepine-2,5-dione derivatives 1 with a nearly planar
core ring structure flanked by two aryl side-arms are designed to evaluate
their activities in endothelin receptor antagonism.

and isocyanate.”* Although various 1,4-benzodiazepine-2,5-dione
derivatives can be prepared by the above-mentioned methods,*!
difficulties may be encountered in placing specific side chains and
carboxyl groups at the N,-, N,- and C;-positions. We report herein
the synthetic approaches to circumvent this problem.

Results and discussion
Synthesis of 1,4-benzodiazepine-2,5-dione compounds

In our first approach (Scheme 1, A), isatoic anhydride is used
as the activated derivative of anthranilic acid.’®® The reaction

A OMe
HoN Q H
o 2 . OMe NH
—_—
N’J*o DMF; 78% H THF; 72%
H NH,
2a 3 4
OMe
OMe OMe
; e
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11b (68%) R® = OMe, R' =H

Scheme 1 Approaches using isatoic anhydrides for the synthesis of 1,4-benzodiazepine-2,5-dione derivatives that bear carboxyl group and aryl

substituents at the C;-, N,-, and N,-positions.
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of isatoic anhydride (2a) with p-methoxyaniline gave amide 3,
which was subsequently alkylated with 3-methoxybenzyl chloride
to afford 4 in reasonable yield. Compound 4 was subjected to
amidation with methyl malonyl chloride, giving 5, which was
treated with pyridinium tribromide to introduce a bromine atom
at the methylene carbon. The product 6, without isolation, was
treated with two equivalents of sodium ferz-butoxide to effect an
intramolecular alkylation reaction, forming 1,4-benzodiazepine-
2,5-dione 7 in 82% yield (from 5). Though ester 7 and the
corresponding acid 8 are obtained with the desired C;-, N,- and
N,-substituents on the core structure of 1,4-benzodiazepine-2,5-
dione, this approach lacks flexibility in tuning the length of the
carboxyl substituent.

In another approach (Scheme 1, B), isatoic anhydride was
reacted with an amino acid to construct the skeleton of 1,4-
benzodiazepine-2,5-dione in a direct manner. The C;-substituent
can be varied by using different a-amino acids. For example, 5-
chloroisatoic anhydride (2b) was heated with the hydrochloride salt
of L-aspartic acid dimethyl ester in pyridine to afford the desired
1,4-benzodiazepine-2,5-dione 9 in 60% yield. Selective alkylation
at the N,-position was realized by using K,CO; as the required
base. Thus, the reaction of 9 with benzyl bromide (1 equiv.) was
promoted by using K,CO; (1 equiv.) in DMF solution to give
exclusively the N,-alkylation product 10a in 85% yield. A similar
reaction of 9 with m-methoxybenzyl bromide (K,CO;, DMF)
also occurred selectively at the NV, -site, giving the monoalkylation
product 10b in 83% yield. The structure of the N,-alkylation
products were characterized by 'H NMR analyses. For example,
compound 9 in DMSO-d; solution showed the N,—H as a singlet
at 0 10.59 and the N,—H as a doublet (J/ = 5.6 Hz) at 6 8.71.
The monoalkylation product 10a in CDCI, solution exhibited the
N,—H signal as a doublet (J = 5.6 Hz) at ¢ 8.18, but no signal for
N,—H. The regioselectivity in the alkylation might be attributable
to a selective removal of the more acidic N,—H, in comparison
with N,—H, by the weak base K,CO;.""

A novel base was generated by lithiation of 2-ethylacetanilide
with BuLi in THF (—78 °C, 1 h), similar to that reported by
Ellman.”**® This base was successfully utilized to effect the
alkylations of 10a,b at the N,-positions, giving 11a,b, without
complication of O-alkylations.'”*® Therefore, this method demon-
strates a feasible approach to various 1,4-benzodiazepine-2,5-
dione compounds bearing C;-, N,- and N,-substituents.

The combinatorial or parallel synthetic approaches are espe-
cially useful in constructing a molecular library for the study
of structure-activity relationship.”” A combinatorial approach
to the synthesis of 1,4-benzodiazepine-2,5-diones was designed
to incorporate four units of 2-nitrobenzoic acid, benzaldehyde,
benzyl halide and a-amino acid (Fig. 4). To test this approach, 2-

— 0
svac e
T AN g re Y OH R
4 2 ! OHC
R*—— 1/@—R =
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Fig.4 A combinatorial approach to the synthesis of 1,4-benzodiazepine-
2,5-diones.

nitrobenzoyl chloride was used as an equivalent of anthranilic acid
in the solution-phase synthesis of 1,4-benzodiazepine-2,5-diones
(Scheme 2, A).

Thus, the (substituted)benzaldehydes 12a—c were coupled with
a-amino acid derivatives, e.g., the esters of L-valine and L-aspartic
acid, via reductive amination reactions using NaBH(OAc); as the
reducing agent. The resulting amines 14a—-d were then reacted
with 2-nitrobenzoyl chloride (or its analogs) to afford amides
15a—f. The nitro groups in 15a—f were smoothly reduced by zinc
powder, and the resulting anilines, without isolation, cyclized on
treatment with p-toluenesulfonic acid to give 1,4-benzodiazepine-
2,5-diones 16a—f in 75-90% yields. In this process, formation of
the core structure of 1,4-benzodiazepine-2,5-dione was facilitated
because the tertiary amide moiety existed preferably in the C—-N
cis conformation to render the cyclization reaction.?® Alkylation
of 16a—f with benzyl bromides was conducted in a dipolar solvent
(CH;CN) using K,CO; as the base to give the desired products
17a-i. Elaboration of 17a—i was feasible. For example, diesters
17a (R' = p-CO,Me, R* = CH,CO,Me, R* = R* = H) and 17i
(R' = m-OCH,CO,Me, R? = CH,CO,Me, R? = R* = H) were
hydrolyzed by LiOH to give the corresponding diacids 17§ and
17k, respectively. When 17¢ (R! = m-OMe, R? = CH,CO,Me,
R’ = H, R* = 8-Cl) was treated with BBr;, a phenol 171 (47%)
was obtained by demethylation of the anisole moiety, along with
an acid 17m (30%) derived from a simultaneous removal of the
methyl group on the ester moiety. Aniline 17d (R' = m-OMe, R? =
CH,CO,Me, R* = H, R* = 8-NH,) was subjected to amidation
with trifluoroacetic anhydride and bromoacetyl bromide to give
17n and 170, respectively.

Upon the successful solution-phase synthesis of 1,4-
benzodiazepine-2,5-diones, we also explored a liquid-phase syn-
thesis using PEGy;y, monomethyl ether as the support to construct
a library of 1,4-benzodiazepine-2,5-diones (17i and 20a-o0).”!
As the target 1,4-benzodiazepine-2,5-dione requires an N,-aryl
substituent, we deliberately used the PEG-bound benzaldehydes
18 to couple with the esters of a-amino acids (Scheme 2, B).
By a similar reaction sequence to that shown in the solution-
phase synthesis, the desired 1,4-benzodiazepine-2,5-diones 19a—p
bound to a PEG support were prepared. Removal of the PEG
support with concurrent formation of the methyl ester was realized
by stirring with Na,CO; in MeOH at room temperature for a
short time (<5 min). Thus, sixteen 1,4-benzodiazepine-2,5-dione
dimethyl ester derivatives were obtained in 80-99% crude yields
by a liquid-phase combinatorial synthesis. The HPLC analyses
indicated that the purity was around 53-77% (corresponding to
90-96% average yield in each synthetic step). The final products
17i and 20a—o were simply purified by silica gel chromatog-
raphy, and fully characterized by physical and spectroscopic
methods.

Preliminary functional bioassay

The interaction between endothelin receptor and its ligand,
e.g., ET-1, is coupled with the activation of a G-protein. This
interaction triggers a series of biological events to induce an
increase of intracellular calcium concentration, [Ca**]..* The
measurement of inhibitory potency against the ET-1 induced
[Ca*]; change thus provides a functional assay for preliminary
evaluation of endothelin receptor antagonists. According to the
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Scheme 2 Approach using 2-nitrobenzoyl chloride as the equivalent of anthranilic acid for the synthesis of 1,4-benzodiazepine-2,5-dione derivatives:

(A) solution-phase synthesis, and (B) liquid-phase synthesis.

reported experimental protocol,”® Chinese hamster ovary (CHO-
K1) cells were transfected with the rat ET,-expression plasmid
DNA using a lipofectin reagent.” The ET, overexpression CHO-
K1 cells were prior incubated with calcium chelating agent fura-
2 applied as its penta(acetoxymethyl) ester,” and then treated
with ET-1 at 1077 M. The [Ca*] increase was monitored at
510 nm fluorescence emission by a ratiometric method using dual
excitations at 340 and 380 nm wavelengths.*® This increment of
[Ca*]; was taken as the standard value (100%) to assess the
inhibitory potency of the test compounds against the ET-1 binding
with receptor (Fig. 5).

The 1,4-benzodiazepine-2,5-dione compounds 11a, 17b and 17n
(Fig. 6) showed high antagonistic activity against ET-1 according

to the functional assays. In comparison, these endothelin receptor
antagonists are more potent than a cyclopentapeptide inhibitor
BQ123 [cyclo(D-Trp-D-Asp-Pro-p-Val-Leu)],* which showed only
~60% inhibition at 10~ M in our functional assay. Compound
17b showed an ICs, value of slightly lower than 10 nM; however,
SB209670 is an even more effective antagonist showing ~85%
inhibition at 10 nM under similar assay conditions. Unalkylated
and N-monoalkylated 1,4-benzodiazepine-2,5-diones, e.g. 9 and
10b, are less active than the corresponding N,,N,-dialkylated
compound 11a. This trend of inhibitory activity appeared to
be in agreement with the previous prediction on the need of
two flanked aryl substituents for the endothelin receptor anta-
gonism.”
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Fig. 5 Fluorescence measurements of intracellular calcium concentration ([Ca®*];) by addition of test samples (as shown by the arrow) to the
ET,-overexpressing CHO cells in the presence of fura-2. The induced [Ca®*]; change is taken as a measure of antagonist potency against ET-1, shown in
thin lines. (a) Treatment with a mixture of SB209670 (10-° M, 100% inhibition) and ET-1 (10~7 M), (b) treatment with a mixture of 17a (10~ M, 55%
inhibition) and ET-1 (1077 M), (¢) treatment with a mixture of 17n (10~ M, 100% inhibition) and ET-1 (10~7 M), (d) treatment with a mixture of 17b

(10-* M, 58% inhibition) and ET-1 (10~ M).
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Fig. 6 Potent endothelin receptor antagonists of 1,4-benzodi-

azepine-2,5-diones that show complete inhibition at 10=* M against the
[Ca*]; change induced by ET-1 at 10-7 M.

Conclusion

We have demonstrated straightforward approaches, including a
liquid-phase combinatorial method, for the expedient synthe-
sis of various novel 1,4-benzodiazepine-2,5-dione compounds,
particularly those having substituents at the C;-, N;- and N,-
positions. The coupling reaction of isatoic anhydrides with amino
acids leads to the direct formation of the core structure of 1,4-

benzodiazepine-2,5-dione. N,—H is selectively removed by using a
mild base, K,CO;, without the interference of N,—H, and exclusive
N,-alkylation is thus achieved. On the other hand, N,-alkylation
requires a special base of lithiated 2-ethylacetanilide. Using 2-
nitrobenzoyl chloride as an equivalent of anthranilic acid, either
in the solution- or liquid-phase approach, is advantageous for the
construction of 1,4-benzodiazepine-2,5-diones. The preliminary
functional assay of our prepared 1,4-benzodiazepine-2,5-dione
compounds has revealed some potentially useful endothelin recep-
tor antagonists. However, the accurate measurement of inhibition
constants (K; values) by competitive assay*® with the radioactive
T-labeled endothelin is pending on collaboration with other
laboratories.

Experimental
General

Melting points are uncorrected. 'H NMR spectra were recorded at
400 MHz; *C NMR spectra were recorded at 100 MHz. Chemical
shifts (6) are given in parts per million (ppm) relative to residual
solvent [0 7.24 (s) for CHCI; and ¢ 2.49 (m) for DMSO-d,].
The splitting patterns are reported as s (singlet), d (doublet), t
(triplet) and multiplet (m). Chemical shifts of *C NMR spectra are
reported relative to CDCI; (6 77.0 for the central line of triplet) and
DMSO-d; [0 39.5 (m)]. Mass spectra were recorded at an ionizing
voltage of 70 or 20 eV. Merck silica gel 60F sheets were used for
analytical thin-layer chromatography (TLC). Merck silica gel 60F
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glass plates (20 cm x 20 cm with 2 mm thickness) were used
for preparative TLC. Column chromatography was performed
on silica gel (70-230 mesh) using gradients of EtOAc/hexane as
eluents. HPLC (Hewlett Packard 1100) analysis was performed on
a vp250/10 Nucleosil 100-7 column (25 cm x 1 cm I.D.) with UV
detection at A = 254 nm using the eluents EtOAc/hexane (3 : 2 or
4:1)at a flow rate of 1 mL min~"'.

Reactions requiring dry conditions were carried out under
an inert atmosphere using standard techniques. All the reagents
and solvents were reagent grade and were used without further
purification unless otherwise specified. THF was distilled from
sodium benzophenone under N,. Polyethylene glycol monomethyl
ether was dried by azeotropic removal of water with refluxing
acetonitrile.

Representative procedure for the formation of 1,4-benzodiazepine-
2,5-dione by condensation of isatoic anhydride with a-amino ester

A mixture of 5-chloroisatoic anhydride (0.5 g, 2.5 mmol) and L-
aspartic acid dimethyl ester hydrochloride (0.5 g, 2.5 mmol) in
pyridine (5 mL) was heated to 120 °C for 18 h. After cooling to
room temperature, the mixture was acidified to pH = 1 by adding
6 N HCI (30 mL), and the acidified aqueous phase was extracted
with EtOAc (20 mL x 3). The combined organic phase was
washed with brine (50 mL), dried over MgSO,, and concentrated
to 20 mL of mixture. The precipitated white solids were collected,
and washed with water and EtOAc to provide benzodiazepine 9
(0.42 g, 60%).

(+)(S)-7-Chloro-3{(methoxycarbonyl)methyl-1,4-benzodiazepine-
2,5-dione (9). Solid, mp = 197-203 °C; R; = 0.35 (hexane/
EtOAc, 2 : 3); [a]®’p = +258.5 (¢ = 1.0, DMSO); v,.x (KBr, cm™)
3086, 1736, 1685; 6, (DMSO-d,, 400 MHz) 2.71 (1 H, dd, J =
16.8, 6.4 Hz), 2.86 (1 H, dd, J = 16.8, 8.4 Hz), 3.57 (3 H, s), 4.06
(1 H,ddd, J =8.4,6.4,5.6Hz),7.14 (1 H, d, J = 8.8 Hz), 7.59
(1H,dd, J =8.8,2.6 Hz), 7.69 (1 H, d, J = 2.6 Hz), 8.71 (1 H,
d, J = 5.6 Hz), 10.59 (1 H, s); 6 (DMSO-d,, 100 MHz) 170.4
(2x), 166.4, 135.5, 132.3, 129.7, 128.3, 127.7, 123.1, 51.6, 48.5,
32.4; MS (70 eV) m/z 284 (18%, M* + 2), 282 (55, M*), 181 (100);
HRMS C,,H,;N,0,*Cl requires 282.0407, found m/z 282.0416.
Anal. C;,H,;N,0,Cl requires: C, 50.99; H, 3.92; N, 9.91. Found:
C, 50.83; H, 3.77; N, 9.48%.

Representative procedure I for the selective alkylation at the /N-1
position

Under an atmosphere of argon, a mixture of 9 (1 g, 3.54 mmol)
and K,CO; (0.4 g, 3.56 mmol) in DMF (4 mL) was stirred at
room temperature (25 °C) for 1 h. Benzyl bromide (0.42 mL,
3.54 mmol) was added, and the mixture was stirred for another 4 h.
The reaction was quenched by pouring the mixture into ice water
(50 mL), and the mixture was extracted with EtOAc (40 mL x
3). The combined organic phase was washed with brine (50 mL),
dried (MgSO,), filtered, and concentrated to afford a pale-yellow
oil. The crude product was chromatographed on a silica gel column
by elution with hexane/EtOAc (6 : 4) to afford 10a (1.12 g, 85%).

(+)-(S)-1-Benzyl-7-chloro-3-(methoxycarbonyl)methyl-1,4-benzo-
diazepine-2,5-dione (10a). Oil; R; = 0.40 (hexane/EtOAc, 1 : 1);
[aF’s = +41.1 (¢ = 0.75, CDCL,); Vo (film, cm™') 3231, 2945,
1715, 1670; 6, (CDCl;, 400 MHz) 2.80 (1 H, dd, J = 16.8, 5.2 Hz),

3.09 (1 H, dd, J = 16.8, 8.8 Hz), 3.70 (3 H, s), 4.30 (1 H, ddd,
J=2838,56,52Hz),497 (1 H,d,J =16Hz),5.14 (1 H,d, J =
16 Hz), 7.10-7.38 (7T H, m), 7.78 (1 H, d, J = 2.4 Hz), 8.18 (1 H,
d, J = 5.6 Hz); 6. (CDCl;, 100 MHz) 170.7, 169.1, 167.8, 138.5,
136.1, 132.6, 131.9, 130.0, 129.8, 128.8 (2x), 127.5, 126.6 (2x),
123.7. 52.2, 52.1, 49.5, 33.1; MS (70 eV) m/z 372 (46%, M*), 180
(100), 91 (76); HRMS C,,H;;N,0,Cl requires 372.0877, found
m/z 372.0904. Anal. C,yH,;N,0,Cl requires: C, 61.21; H, 4.60;
N, 7.51. Found: C, 60.90; H, 4.83; N, 7.14%.

Representative procedure II for alkylation at V-4 position

To a solution of N-(2-ethylphenyl)acetamide (0.16 g, 0.98 mmol)
in THF (2 mL) was added butyllithium (95 pL, 1 mmol, 1.6 M
solution in hexane) dropwise under argon at —78 °C (dry
ice/acetone bath). The mixture was stirred at —78 °C for 1 h
to give a yellow solution. Compound 10a (0.36 g, 0.98 mmol)
in THF (1 mL) and DMF (1 mL) was added dropwise. After
stirring for 1 h, a solution of 3-methoxybenzyl bromide (200 uL,
0.99 mmol) and lithium iodide (0.44 g, 0.99 mmol) in DMF (1 mL)
was added in one portion. The reaction mixture was heated to
60 °C over a period of 6 h. The mixture was cooled, and partitioned
between CH,Cl, (30 mL) and 1 N HC1 (30 mL). The organic phase
was separated, washed with water (30 mL) and brine (30 mL),
dried (MgSO,), filtered, concentrated, and chromatographed on a
silica gel column by elution with hexane/EtOAc (7 : 3) to afford
compound 11a (0.33 g, 68%).

(+)-(S)-1-Benzyl-7-chloro-4-(3-methoxybenzyl)-3-(methoxycar-
bonyl)methyl-1,4-benzodiazepine-2,5-dione (11a). Oil; R; = 0.35
(hexane/EtOAc, 3 : 2); [a]*p, = +25.8 (¢ = 0.75, CDCL); Vi
(film, cm™") 2952, 1740, 1690; 6,; (CDCl;, 400 MHz) 2.68 (1 H,
dd, J =16.4,4.0 Hz), 3.59 (1 H, dd, J = 16.4, 3.6 Hz), 3.79 (3 H,
s),3.83(3H,s),447(1 H,d,J =16 Hz),4.80 (1 H, dd, J = 4.0,
3.6 Hz), 491 (1 H,d, J = 16.0 Hz), 5.13 (1 H, d, J = 16.0 Hz),
520 (1 H, d, J = 16.0 Hz), 6.77-7.40 (11 H, m), 7.91 (1 H, d,
J = 2.8 Hz); d. (CDCl;, 100 MHz) 170.4, 168.3, 167.5, 160.0,
142.5, 138.8, 138.5, 136.1, 132.4, 131.7, 130.6, 129.8, 127.5, 126.5,
122.8, 119.3, 119.0, 113.2, 112.8, 112.7, 112.1, 55.2, 53.0, 52.1,
51.5, 47.2, 31.8.; MS (70 eV) m/z 492 (22%, M*), 357 (50), 180
(25), 121 (62), 91 (100); HRMS C,,H,sN,O;Cl requires 492.1452,
found m/z 492.1458. Anal. C,;H,sN,O;Cl: C, 65.79; H, 5.11; N,
5.68. Found: C, 65.40; H, 5.20; N, 5.19%.

Representative procedure III for reductive amination

A mixture of L-valine methyl ester hydrochloride (2.03 g, 12 mmol)
and m-anisaldehyde (1.25 mL, 10 mmol) in CH,Cl, (100 mL) was
treated with sodium triacetoxyborohydride (3.18 g, 15 mmol) and
NaOAc (1.23 g, 15 mmol) at 0 °C. The suspension was warmed
to room temperature and stirred for 5 h. After the reaction was
finished, brine (50 mL) was added, and the mixture was extracted
with CH,Cl, (30 mL x 2). The organic layer was dried over MgSO,
and concentrated under reduced pressure. The residue was purified
by flash chromatography on silica gel eluting with EtOAc/hexane
(4: 6) to give N-(3-methoxybenzyl) valine methyl ester 14b (2.46 g,
98%).

(—)-(S)-N-(3-Methoxybenzyl) valine methyl ester (14b). Oil;

R; = 0.63 (EtOAc/hexane, 3 : 2); [a]®p = —65.4 (CH,Cl,, ¢ =
0.75); vaax (film, cm™) 3344, 1735, 1604; 64(CDCl;, 400 MHz)
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7.20 (1 H, d, J = 8.2 Hz), 6.90-6.87 2 H, m), 6.77 (1 H, d, J =
8.2 Hz), 3.80 (1 H, d, J = 13.2 Hz), 3.78 (3 H, s), 3.71 (3 H, s),
3.54(1 H, d, J = 13.2 Hz), 3.00 (1 H, d, J = 6.0 Hz), 1.93-1.86
(1 H, m), 0.95-0.91 (6 H, m); 6«(CDCl,, 100 MHz) 175.5, 159.5,
141.6, 129.1, 1204, 113.4, 112.5, 66.5, 55.2, 52.5, 51.4, 31.8, 19.5,
18.8; HRMS C,H,,NO; (M +H*) requires 252.1600, found m/z
252.1598.

Representative procedure IV for amidation of 2-nitrobenzoyl
chloride

To a mixture of amine 14b (2.26 g, 9 mmol) K,CO; (3.73 g,
27 mmol) and Bu,NI (1.66 g, 4.5 mmol) in CH,Cl, (90 mL)
was added 4-chloro-2-nitrobenzoyl chloride (2.38 g, 10.8 mmol)
dropwise. After the mixture was stirred at room temperature for
4 h, water (70 mL) was added, and the mixture was extracted
with CH,Cl, (30 mL x 2). The organic layer was dried over
MgSO, and concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel eluting with
EtOAc/hexane (3:7to 1: 1) to give N-(5-chloro-2-nitrobenzoyl)-
N-(3-methoxybenzyl) valine methyl ester 15b (3.68 g, 94%).

(—)-(S)-N-(5-Chloro-2-nitrobenzoyl)- V-(3-methoxybenzyl) va-
line methyl ester (15b). Gel; R; = 0.63 (EtOAc/hexane, 3 : 2);
[a]®r = —19.5 (CH,Cl,, ¢ = 0.60); vy, (film, cm™") 2970, 1745,
1654;6y (CDCl;,400 MHz) 8.25-8.04 (1 H, m), 7.56-7.32 (2H, m),
7.24-6.58 (4 H, m), 5.00-4.87 (1 H, m), 4.44-4.36 (1 H, m), 3.82-
3.43 (7 H, m), 2.57-2.52 (0.5 H, m), 2.34-2.27 (0.5 H, m), 1.10-
1.06 (3 H, m), 0.77-0.68 (3 H, m); d- (CDCl;, 100 MHz) 169.7—
166.7 (2x), 159.0-133.2 (5x), 129.7-112.9 (7x), 77.3-63.7, 55.4—
52.0 (2x), 47.0-46.5, 28.8-28.3 (CH), 21.1-19.6 (2x); HRMS
C,, H,,CIN,O4 (M + H*) requires 435.1323, found m/z 435.1325.

Representative procedure V for reduction of nitro compounds and
in situ cyclization to benzodiazepines

A solution of the nitro compound 15b (1.74 g, 4 mmol) in MeOH
(40 mL) was treated with zinc powder (2.61 g, 40 mmol) and NH,Cl
(1.07 g, 20 mmol). The suspension was stirred at room temperature
for 10 min, and filtered through a pad of Celite. The filtrate
was concentrated to about 40 mL, and p-TsOH monohydrate
(76 mg, 0.4 mmol) was added. The mixture was heated under
reflux for 6 h, cooled, and concentrated under reduced pressure.
The residue was purified by flash chromatography on silica gel
eluting with EtOAc/hexane (1 : 1) to give 7-chloro-3-isopropyl-
4-(3-methoxybenzyl)-1,4-benzodiazepine-2,5-dione 16b (1.12 g,
75%).

(—)-(S)-7-Chloro-3-isopropyl-4-(3-methoxybenzyl)-1,4-benzodi-
azepine-2,5-dione (16b). Solid, mp = 75-77 °C; R, = 043
(EtOAc/hexane, 1 : 1); [a]®p = —199.6 (CH,Cl,, ¢ = 0.47); Vs
(KBr, cm™) 3238, 2970, 1690, 1636; ,; (CDCl;, 400 MHz) 9.37
(1 H,br), 797 (1 H,s), 7.34 (1 H, d, J = 8.8 Hz), 7.10 (1 H, t,
J = 8.0 Hz), 6.88-6.82 (3 H, m), 6.65 (1 H, d, / = 8.4 Hz), 5.29
(1H,d,J=144Hz),430 (1 H,d,J =144 Hz), 3.65 (3 H, s),
3.53(1H,d,J =14.0Hz), 1.72-1.65(1 H, m), 0.82 3 H, d, J =
6.8 Hz), 0.72 (3 H, d, J = 6.4 Hz); 6. (CDCl;, 100 MHz) 171.7,
164.6, 159.6, 137.3, 133.2,132.4, 131.0, 130.1, 129.5, 127.8, 121.3,
120.7, 114.1, 113.3, 71.2, 554, 55.1, 27.9, 19.7, 19.5; HRMS
CyHx,CIN,O; (M + H*) requires 373.1319, found 373.1317.

(—)-(S)-1-Benzyl-7-chloro-3-isopropyl-4-(3-methoxybenzyl)-1,4-
benzodiazepine-2,5-dione (17b). Alkylation of 16b (1.30 g,
3.5 mmol) with benzyl bromide (0.42 mL, 3.5 mmol), according
to the representative procedure II, gave 17b (90%). Solid, mp =
46-48 °C; R; = 0.60 (EtOAc/hexane, 1 : 1); [a]®p = —229.9
(CH,Cl,, ¢ = 0.35); v (KBr, cm™) 2970, 1673, 1647, 1600, 1472,
1266, 1154, 1052; 6,; (CDCl;, 400 MHz) 7.81 (1H, d, J = 2.8 Hz),
7.32 (1H, d, J = 8.8 Hz), 7.24-7.06 (3H, m), 7.04 2H, d, J =
6.0 Hz), 6.99 (2H, d, J = 7.6 Hz), 6.93-6.85 (2H, m), 6.82 (1H, d,
J =71.2 Hz), 5.08-4.93 (3H, m), 4.52 (1H, d, J = 14.0 Hz), 3.81
(1H, d, J = 11.6 Hz), 3.76 (3H, s), 1.45-1.37 (1H, m), 0.81 (3H,
d, J = 6.8 Hz), 0.61 (3H, d, J = 6.4 Hz); 6 (CDCl;, 100 MHz)
169.2, 164.8, 159.6, 137.4, 137.2, 136.4, 132.0, 131.3, 131.2, 130.3,
129.5, 128.7 (2x), 127.4, 126.9 (2x), 122.7, 121.3, 114.3, 113.8,
72.6, 55.3, 51.9, 28.3, 19.9, 19.7; HRMS C,;HCIN,O; (M +H")
requires 463.1788, found 463.1788. Anal. C,;H,,CIN,O; requires:
C, 70.05; H, 5.88; N, 6.05; O, 10.37. Found: C, 70.40; H, 5.82; N,
6.19%.

(+)-(S)-1-Benzyl-4-(3-methoxybenzyl)-3-(methoxycarbonyl)-
methyl-8<(trifluoroacetyl-amino)-1,4-benzodiazepine-2,5-dione (17n).
The reductive amination of m-anisaldehyde (0.69 mL, 5.53 mmol)
with dimethyl L-aspartate hydrochloride (1.35 g, 6.63 mmol),
according to the representative procedure III, gave N-(3-methoxy-
benzyl) aspartic acid dimethyl ester 14¢ (1.45 g, 93%). Amidation
of 14¢ (3.60 g, 12.8 mmol) with 2,4-dinitrobenzoyl chloride (3.29 g,
15.4 mmol), according to the representative procedure IV, gave N-
(2,4-dinitrobenzoyl)- N-(3-methoxybenzyl) aspartic acid dimethyl
ester 15d (5.53 g, 91%). Reduction and in situ cyclization of 15d
(1.00 g, 2.10 mmol), according to the representative procedure V,
gave §-amino-4-(3-methoxybenzyl)-3-(methoxycarbonyl)methyl-
1,4-benzodiazepine-2,5-dione 16d (0.81 g, 78%). Alkylation
of 16d (2.00 g, 5.23 mmol) with benzyl bromide (0.76 mL,
6.26 mmol), according to the representative procedure I, gave the
N-1 alkylation product, §-amino-1-benzyl-4-(3-methoxybenzyl)-
3-(methoxycarbonyl)methyl-1,4-benzodiazepine-2,5-dione  17d
(1.24 g, 50%), accompanied by the 8-benzylamino derivative 17e
(0.68 g, 23%) and the 8-dibenzylamino derivative 17f (0.34 g,
10%).

Compound 17d (142 mg, 0.3 mmol) was dissolved in trifluo-
roacetic anhydride (3 mL) and stirred at 0 °C for 1 h. Excess of
trifluoroacetic anhydride was removed under reduced pressure,
and the residue was extracted with CH,Cl, (5§ mL x 2). The
organic layer was dried over MgSQ,, filtered, and concentrated
under reduced pressure to afford pure 17n (143 mg, 0.25 mmol) in
83% yield.

Compound 17n: Solid, mp = 101-103 °C; R, = 048
(EtOAc/hexane, 3 : 2); [a]®’p = 49.5 (CH,Cl,, ¢ = 0.17); Viux
(KBr, cm™") 3443, 3294, 2966, 1735, 1686, 1640, 1438, 1282, 1157,
1050; 6y, (CDCl;,400 MHz) 8.64 (1H, br), 7.78 (1H, d, J = 8.4 Hz),
7.71 (1H,s),7.28-7.19 (5H, m), 7.09 (2H, d, J = 7.2 Hz), 6.86-6.79
(3H,m), 5.12(1H, d, J = 16.0 Hz), 5.07 (1H, d, J = 16.0 Hz), 5.02
(1H, d, J = 16.0 Hz), 4.78 (1H, dd, J = 4.4, 10.4 Hz), 4.38 (1H,
d, J =16.0 Hz), 3.79 (3H, s), 3.57 (3H, s), 3.30 (1H, dd, J = 10.4,
16.6 Hz), 2.70 (1H, dd, J = 4.4, 16.6 Hz); 5. (CDCl;, 100 MHz)
170.6, 168.4, 168.1, 159.9, 155.1 (q, J = 38.0 Hz), 140.6, 139.1,
138.8, 136.0, 131.9, 129.8, 128.7 (2x), 127.6, 126.9 (2x), 126.7,
119.4,117.7,116.8, 113.1, 113.0, 112.7, 55.2, 53.1, 52.2, 51.1,47.2,
31.9; HRMS CyH,,F;N;04, (M + H*) requires 570.1852, found
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570.1852. Anal. C, H,cF;N;O¢ requires: C, 61.16; H, 4.60; N, 7.38.
Found: C, 61.18; H, 4.88; N, 7.04%.

Materials and methods for the [Ca?*]; assay

Endothelin-1 (ET-1) and the cyclic peptide antagonists BQ123
[cyclo(D-Trp-D-Asp-L-Pro-D-Val-L-Leu)]*® were synthesized by
using an ABI 433A peptide synthesizer (ABI, USA). Non-
peptide endothelin receptor antagonist SB209670 was synthesized
according to the reported procedure’® The '*I-labeled ET-1
((3-["*TJiodotyrosyl)endothelin-1, 81.4 TBq mmol~') was pur-
chased from NEN Life Science Products (USA). The fluorescent
reagent, fura-2 penta(acetoxymethyl) ester, was purchased from
Calbiochem-Novabiochem Corporation (La Jolla, CA).

Construction of CHO-K1 cell line over-expressing endothelin
receptor A and ligand binding assay®*

The lipofectin-mediated transfection method described by Tseng
and co-workers?* was used to construct stable CHO cell lines
over-expressing ET,. Cells were grown to 30-40% confluence in
60 mm dishes and transfected with 1 ug of pcDNA-3 expressing
plasmid harboring ET, using lipofectin reagent for 6-8 h in a
serum-free medium. Cells were then returned to 5% FBS, cultured
for 36 h, then replated at reduced density in 150 mm plates in
the presence of 0.75 mg mL™" (active) G418. The G418 resistant
colonies were selected and screened for ET, by binding of (3-
[*Tliodotyrosyl)endothelin-1 (["*IJET-1). Binding was conducted
to cells plated in 24-well dishes at 2-3 x 10° cells mL~' the day
before the binding assay. For cell binding assays ['*IJET-1
(10" M) was added to HR buffer (5 mM NaCl, 4.7 mM KCI,
1 mM Na,PO,, 1.28 mM CaCl,, 10 mM HEPES, pH 7.4, with
0.5% bovine serum albumin, and 0.1 mg mL~" soybean trypsin
inhibitor). Cells were incubated to equilibrium (2 h at 37 °C) then
washed twice with ice-cold phosphate-buffered saline. The cells
were then solubilized with 1 mL of 0.1 N NaOH and radioactivity
quantified in a y-counter. Non-specific binding was determined in
the presence of 100 nM ET-1.

Identification of transfected CHO cell?**

The cultured CHO cells were subjected to transfection with the
ET,-expression plasmid DNA using a lipofectin reagent. The
efficacy of ET, expression was shown by the competitive binding
assay with a synthetic sample of ET-1 and the radiolabeled ['**1]-
ET-1. The binding affinity of the transfected cell line by the agonist
ET-1 was established to have a dissociation constant of K; =
1.52 nM. The receptor density (B,.,) of 6.3 x 10° sites per cell was
estimated from a Scatchard plot.”” This result indicated that ET,
receptors were successfully over-expressed in the CHO cells.

Functional assay

According to the reported experimental protocol,? the transfected
CHO cells harboring ET, (~10° cells mL™") in HR buffer was
incubated with fura-2 penta(acetoxymethyl) ester at 0 °C for 30 s.
After washing away the extracellular residual fura-2, a mixture of
ET-1 (1077 M) and test compound of known concentration (e.g.,
10~* M) in HR buffer was added. At 100 s, digitonin was added to
destroy the cell membrane, and caused all the ET-1 induced Ca*

ions to bind with fura-2. The [Ca*"], was indirectly deduced by the
intensity of 510 nm fluorescence with excitation at 340 nm.>* At
120 s, EGTA [ethylene glycol bis(2-aminoethyl ether) tetraacetic
acid] was added to remove Ca’* ions, and the concentration of free
fura-2 was measured by the intensity of the 510 nm fluorescence
with excitation at 380 nm. The intracellular calcium concentration,
[Ca*];, was calculated according the following equation: [Ca**] =
Ky x (sf/sb) x [(R — Run)/(Ru.x — R)] in which, K, is the
dissociation constant of fura-2 to Ca**; R, R, and R, represent,
respectively, the ratio of fluorescence intensity at 340 nm to 380 nm,
that for the concentration of Ca** close to zero, and that for the
concentration of Ca* close to saturation; sf and sb represent,
respectively, the ratio of fluorescence intensity at 380 nm for the
concentration of Ca** close to zero, and that for the concentration
of Ca** close to saturation.
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The Pd(0)-mediated rapid coupling of methyl iodide with
an excess of alkenyltributylstannane was examined with
the aim of incorporating a short-lived 'C-labeled methyl
group into a biologically significant organic compound
with a 1-methylalkene unit for the synthesis of a PET
tracer. Four sets of reaction conditions (A-D) were used, all
performed in DMF at 60 °C for 5 min. Condition B, using
CH;I/stannane/Pd,(dba);/P(o-tolyl);/CuCl/K,CO; (1 : 40 :
0.5:4-6:2:5), works well in almost all cases. Condition D,
using CH;I/stannane/Pd,(dba);/P(o-tolyl);/CuX (X = Br, Cl,
or I)/CsF (1:40:0.5-5: 2-20 : 2-20 : 5-50), shows the best
results with regard to general applicability to tin substrates,
affording the corresponding methylated product in >90%
yield based on consumption of methyliodide. P(z-Bu),Me was
less effective than P(o-tolyl);, particularly for o,3-unsaturated
carbonyl substrates. No regio- or stereoisomerization
occurred under these reaction conditions. The efficiency
of the protocol was demonstrated by synthesis of an C-
methylated compound.

Positron emission tomography (PET) is a non-invasive in vivo
imaging method that enables distribution analysis of a radiotracer
in living systems, such as the brain, heart, and other active tissues
and organs.? PET tracers with a short-lived positron-emitting
radionuclide as a detectable indicator are utilized to monitor
the biochemical processes and localization of target molecules in-
volved in important biofunctions and related phenomena, and are
useful tools for the diagnosis of disease and drug development.®*
Due to the high level of radioactivity and strong permeability
of y-ray photons produced through annihilation events of such
short-lived radionuclides, to be safe enough for PET in humans,
the dosage of the radiotracer must be extremely low (femto—
attomolar level), far below its critical concentration at which
pharmacological effects can arise — a concept referred to as
microdosing.?
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Among the positron-emitting radionuclides currently available,
"'C is one of the most practical in terms of radioactivity,* (half-
life, #,,, = 20.3 min), and, most importantly, it can potentially
replace carbon atoms in all organic compounds. In addition,
various synthetically well-established precursors, such as ""CH;I,
"CO, and "CO,, are readily available’ In contrast to these
advantages, there is a temporal restriction in the preparation of
PET tracers incorporating '"C,* as the total time allowed for
synthesis of a PET tracer should generally be set within two
to three radionuclide half-lives. This means that the complete
preparation of a '"C-labeled tracer must be accomplished within
40 to 60 min. Considering the time for reaction, purification, and
injection, the time allowed for the reaction in tracer synthesis
is only about 5 to 10 min, and thus the development of a
rapid reaction is crucial. To meet this necessity, we have already
established the rapid Stille-type cross-coupling® of methyl iodide
with excess amounts of aryl- or alkynyltributylstannanes.’*¥ These
Pd(0)-mediated reactions, between sp*® and sp? or sp-hybridized
carbons, respectively, at the reaction centers, proceed efficiently
within 5 min (60 °C in DMF) to give the corresponding methylated
compounds in high yields.'** The use of an organostannane’ as a
precursor is favorable because of (1) its high tolerance to various
chemical reaction and chromatographic purification conditions,
which enables the incorporation of a radioisotope in the final step,
and (2) its extremely low polarity, which enables easy separation
of the desired product from the large amount of unreacted
stannane. Indeed, the sp*~sp*(aryl) coupling reaction was applied
successfully to the synthesis of 15R-[""C]TIC methyl ester,!*</?
an efficient prostaglandin probe, and we achieved imaging of
a novel prostacyclin receptor (IP,)* expressed in the central
nervous system in living monkey and human brains by intravenous
injection. 't/

Some notable benefits of PET tracer synthesis using such simple
""C-methylation on carbon frameworks are as follows: (1) the
methyl group, being nonpolar and the least bulky group, has
little effect on the biological activity of the parent compound;
(2) its half-life (20.3 min) is short, making many basic research
experiments or clinical trials possible per day without any special
precautions, including treatment of radiolabeled byproducts after
the synthesis reaction; and (3) the tolerance of C—-CHj derivatives
to metabolic processes is high compared with O-CH; and N-
CH,; derivatives. Taking these advantages into consideration, we
focused on expanding the utility of the rapid methylation to a
wider range of substrates. Here, we have investigated the rapid sp*-
sp?(alkenyl) coupling for the synthesis of new PET tracers with a
I-methylalkene structure, which is observed frequently in various
biologically significant compounds, exemplified by the retinoids
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(1a—c), vitamin K, (2), squalene (3), and other isoprenoids, and
have succeeded in developing a novel general protocol applicable
to a wide variety of alkenyltributylstannanes.

CH, CH;

WR
CH

3

retinoids
R = CH,0H: all-frans-retinol (1a, vitamin A)
R = CHO: all-trans-retinal (1b)
R = COOH: all-trans-retinoic acid (1c)

vitamin K5 (2)

CH, CH; CH;

CH; N N N N N CHs

CH; CHj CHj

squalene (3)

We chose 12 non-functional and functional 1-alkenyl-
tributylstannanes, 4a-1. With a practical PET tracer synthesis
in mind, we used a 1 : 40 ratio® of methyl iodide to tin
substrate for rapid methylation (Table 1). First, we examined
the conditions reported previously by Fu and co-workers for
sp*-sp?(vinyl) coupling.'®* However, the methylation of 4a and
4e based on CH;1/4a or 4e/[(n-allyl)PdCl],/P(z-Bu),Me/Me,NF
(molar ratio 1 : 40 : 0.5 : 3 : 1.9) system in the presence of
3 A molecular sieves in THF for 5 min at 60 °C gave the
desired products 5a and Se in yields of only 5 and 2% (GLC),
respectively, based on the consumption of CH;I. The reaction
using Pd,(dba);/P(t-Bu),Me as the Pd(0) source with CH;1/4a
or 4e/Pd,(dba);/P(¢-Bu),Me/Me,NF (1 : 40 : 0.5 : 3 :1.9) in
THF for 5 min at 60 °C also gave the desired products 5a and
5e, in only 23 and 7%, respectively. Changing the solvent to DMF
slightly improved the yields, but the extent of improvement was
unsatisfactory (51 and 12%, respectively). Therefore, we applied
our conditions established previously for sp’-sp?(aryl) coupling
to the vinyl system.* Thus, the mixture CH;I1/4a/Pd,(dba);/P(o-
tolyl);/CuCl/K,CO; (1 :40:0.5:2:2:2)in DMF was heated
at 60 °C for 5 min (Table 1, entry 1, condition A), giving the
methylated product (E)-2-heptene (5a) as a single product in
95% yield. Likewise, the reaction of Z-isomer 4b gave (Z)-2-
heptene (5b) in 96% yield (entry 2). Thus, methylation proceeded
with complete stereocontrol. Further, we checked the reactions
for 10 additional 1-alkenyltributylstannanes, 4c-l, to confirm the
generality of condition A. The reaction of the tin substrate with
a B-styryl structure or a substituent at the o-position tended to
lower the reaction yield to 70% (entries 36, 8, and 12). The use of
Cs,COj instead of K,CO; in condition A was effective in improving
the yields of some of these substrates with conjugated alkenes, such
as 4h, 4k, and 41, giving the products in yields of >95% (entries
8, 11, and 12). However, methylation of B-tributylstannylstyrenes
and o-substituted non-conjugated alkenylstannanes 4c—g was still
unsatisfactory, affording the products in yields of 71-82% (entries
3-7). In these cases, increasing the quantity of added P(o-tolyl),
up to 4-6 equiv. under condition A markedly improved the yield
of the reaction product of 4e in the presence of CuCl or CuBr but
not Cul, giving 5e in a yield of 96-98% (Table 2)."" The results
using CH;I/stannane/Pd,(dba);/P(o-tolyl);/CuCl/K,CO; (1 :
40:0.5:4-6:2:5) (condition B) are summarized in Table 1. These
conditions were found to improve the reactions of 4c-h (entries

3-8) markedly, with the exception of 41 (entry 12). Therefore, the
nature and quantity of the sterically congested triaryl phosphine
are important for facilitating the cross-coupling reaction.

We reviewed the reaction conditions that have been used for
standard sp?>-sp? coupling, and our observations indicated that
combined use of a Cu(1)X salt, CsF, and phosphines works very
efficiently, as shown in Table 3. The Cu(1)/F~ system was first
reported by Baldwin et al. to enhance the Stille cross-coupling
of the sp>-sp® substrate combination.? However, their original
conditions, (Pd(PPh;),/Cul/CsF, or PdCl,/P(t-Bu);/Cul/CsF,
were insufficient for our purposes — the methylation of 4e
using CH;I/stannane/Pd(PPh;),/Cul/CsF (1 : 40 : 1 :2 :2)
and CH;I/stannane/PdCl,/P(z-Bu);/Cul/CsF (1 : 40 : 1 : 2 :
2 : 2) in DMF for 5 min at 60 °C gave 5e in yields
of only 24 and 2%, respectively. Likewise, reaction using
CH;I/stannane/Pd,(dba);/PPh;/Cul/CsF (1 : 40 : 0.5 : 4 :
2 : 5) and CH;I/stannane/Pd,(dba);/P(¢-Bu);/Cul/CsF (1 : 40 :
0.5:2:2:5)in DMF for 5 min at 60 °C also gave Se in yields
of only 31 and 27%, respectively. However, during the course of
the study, we found that use of the bulky phosphines P(z-Bu),Me
or P(o-tolyl);, instead of P(z-Bu);, strongly promoted the reaction.
The details are summarized in Table 3. The conditions consisting
of P(t-Bu),Me, CuBr, and CsF in 2 equiv. each with respect to
methyliodide (Table 3, entry 1, 5Sth column; condition C of Table 1)
seemed the best in terms of the minimum use of the phosphine and
fluoride ions, affording the desired product 5e in 99% yield, but
the reaction was very sensitive to the quantity of the phosphine;
using 2 to 4 equiv. gave the coupling product in only 36% yield. This
limitation was overcome by changing the copper(1) salt from CuBr
to CuCl or Cul in addition to increasing the quantity of fluoride
ions. Thus, the reaction using P(#-Bu),Me/CuCl or Cul/CsF (2 or
4 : 2 :5) gave the coupling product in 99% yield (Table 3, entries 1
and 2, 3rd and 9th columns; modified condition C of Table 1). The
use of P(o-tolyl); proved to be another good choice to promote
the coupling reaction efficiently. Thus, the process using P(o-tolyl);
(2 equiv.), CuBr (2 equiv.), and CsF (5 equiv.) afforded 5e in 99%
yield (Table 3, entry 3, 6th column; condition D in Table 1)."
Further, the increase in the quantity of this bulky phosphine
(4 equiv.) promoted the reaction almost perfectly (Table 3, entry
4, 3rd, 6th and 9th columns; modified condition D in Table 1).

Considering these results in Table 3, conditions C and D
including their slight modifications, namely CH;l/stannane/
Pd,(dba);/P(z-Bu)Me/CuX/CsF (1 :40:0.5:2-4:2:2-5)and
CH;1/stannane/Pd,(dba);/P(o-tolyl);/CuX/CsF (1:40:0.5:2-
4 :2:5), respectively, were applied to the other tin compounds,
4a—d,f-1 (Table 1). Condition D and its modification based on
the quantity of P(o-tolyl); worked well for all entries, giving the
coupling products in >90% yields, but condition C was poorer
than D for entries 9 and 12. This difference is presumably due to
the higher nucleophilic character of trialkylphosphines compared
with triarylphosphines,” which tends to undergo 1,4-conjugate
addition to o,B-unsaturated carbonyl groups.’® This unfavorable
side effect was enhanced with the increase in quantity of the
phosphine ligand (Table 1, modification of condition C, entries 9
and 12), the effects of which are in marked contrast to the reactions
using P(o-tolyl);, which favor larger amounts of the phosphine
ligand (Table 1, modification of condition D, entries 9 and 12).
From a practical viewpoint, the use of P(o-tolyl); is also more
convenient than P(7-Bu),Me, because the former is a crystalline
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Table 1 Rapid trapping of methyl iodide with 1-alkenyltributylstannanes

Yield of 5 (%)®

Conditions*
Entry 1-Alkenyltributylstannane® Methylated product A B C D
1 o X -SN(CyHg)s  4a o~ X CH3 5a 95 98 99 98
2 X b M sh 96 99 99 99
Sn(n-C4Hg)s CHs
3 Sn(n-C,Hy), X -CHs 70 89 (88°) 90 83 (87,2 88, 917)
4 X ad X sd 77 89 (89°) 87(90") 84 (90,2 89," 95%)
@smm;,mh @cm i
5 Sn(n-C,H,), CH, 71 96 99 99 (997 99%)
SHRTTNG
6 H Sn(n-C,H H CH 71 91 98 99
O\/\r n(n-C,Hy)g 4f OW( 3 st
7 H H 84 99 99 99
N ag N st
Sn(n-CyHo)s CHs
77 (959 88 (939) 95 89 (91%)

f

Sn(n-C4Hy)s 4h J\/\rCHa sh

9 FWSn(n C4Ho)s WC Hs 96 99 83 (80" 85 (96")
i 5i
(0] (e}
10 CH;0. X _-Sn(n-C4H CH30. X -CH 94 95 99 86 (93"
3\[0(\/\/n(”49)3 3\g/\/\/ 35j (93"
11 91 (96) 90 86 (90") 95
Sn(n-C4Ho)s CH,
71 (989) 71 (72°%) 54 (41) 84 (91")

Hy 4l OCH, 5l

s
o

Sn(n-C4Hg)s CH,

“ Stereoisomerically pure (>99 : 1) as judged from '"H-NMR spectra. ® The products were detected by GLC analysis (as single products) by comparison with
authentic samples. Yields were determined by GLC analysis based on CH;I consumption using n-nonane, n-heptane, or n-decane as an internal standard,
and are an average of 2 or 3 runs. ¢ All reactions performed in DMF at 60 °C for 5 min. Reaction conditions (molar ratio): A: CH;I/stannane/Pd,(dba);/P(o-
tolyl);/CuCl/K,CO; (1:40:0.5:2:2:2); B: CH;1/stannane/Pd,(dba);/P(o-tolyl); /CuCl/K,CO; (1:40:0.5:4:2:5); C: CH;1/stannane/Pd,(dba),/P(z-
Bu),Me/CuBr/CsF (1:40:0.5:2:2:2); D: CH;I/stannane/Pd,(dba);/P(o-tolyl);/CuBr/CsF (1:40:0.5:2:2:5). ¢Cs,CO; was used instead of
K,CO;. ¢ CH;1/stannane/Pd,(dba);/P(o-tolyl);/CuCl/K,CO; (1 : 40 : 0.5: 6 : 2 : 5). CH;1/stannane/Pd,(dba);/P(¢-Bu),Me/CuCl/CsF (1 : 40 : 0.5 :
4:2:5). ¢ CH;I/stannane/Pd,(dba);/P(o-tolyl);/CuCl/CsF (1:40:0.5:4:2:5). "CH;1/stannane/Pd,(dba);/P(o-tolyl); /CuBr/CsF (1:40:0.5:4:
2 :5). *CH;1/stannane/Pd,(dba);/P(o-tolyl);/Cul/CsF (1 : 40 : 0.5:4:2:5)./ CH;I/stannane/Pd,(dba);/P(o-tolyl); /CuBr/CsF (1 : 40:2.5:10: 10 :
25). ¥ CH;1/stannane/Pd,(dba);/P(o-tolyl);/CuBr/CsF (1 :40:5:20 : 20 : 50).

compound that is stable in air, while the latter is an air-sensitive
oily material, which necessitates handling in a glove-box under
an inert gas. Thus, considering the wide range of applicable tin
substrates and the ease of use of triarylphosphines, condition D
should be better than C for actual PET tracer synthesis.

The use of a coordinatively unsaturated Pd(0) complex, such
as Pd[P(o-tolyl);],,’* and therefore the use of sterically bulky

phosphines (e.g., cone angle 194° (P(o-tolyl);) vs. 145° (PPh;)),"”
seems to be important to enhance the sp*-sp?(alkenyl) coupling
efficiency under any of the conditions, similar to the case of
sp*~sp?*(phenyl) coupling.' The trialkylphosphines P(z-Bu),Me
and P(z-Bu); have markedly higher c-electron-donating ability
than aryl-substituted phosphines (e.g., pK, 11.4 (P(z-Bu);) vs.
3.1 (P(o-tolyl);, 2.7 (PPh;))."* In these trialkylphosphines, the
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Table 2

Rapid trapping of methyl iodide with tributyl(cyclohexen-1-yl)stannane (4e) to give Se, using K,CO; “

Pdy(dba)s, PR3, Cu(l)X, KoCO3

Sn(n-C4Hg)s

DMF (1 mL), 60 °C, 5 min

10 umol 4e (400 pmol) 5e
Additives (equiv.)
CuCl (2) + K,CO; () CuBr (2) + K,CO; (y) Cul (2) + K,COs ()
Entry Phosphine (x equiv.) y=0 y=2 y=>5 y=0 y=2 y=>5 y=0 y=2 y=>5
1 P(o-tolyl); (x =2) — 71 84 — 56 82 — 21 51
P(o-tolyl); (x =4) — 76 96 — 59 96 — 23 50
3 P(o-tolyl); (x = 6) — 79 98 — 61 98 — 27 63

“Yields (%) of Se determined by GLC analysis based on CH,I consumption using n-nonane as an internal standard. Data are the averages of two runs.
Reaction conditions: CH;1/4e/Pd,(dba);/PR;/CuX/K,CO; (molar ratio, 1 : 40 : 0.5: x: 2 : y) in DMF, 60 °C, 5 min.

Table 3 Rapid trapping of methyl iodide with tributyl(cyclohexen-1-yl)stannane (4e) to give Se, using CsF ¢

Pdy(dba)z, PR3, Cu(l)X, CsF

Sn(n-C4Ho)s

DMF (1 mL), 60 °C, 5 min

10 umol 4e (400 pumol) 5e

Additives (equiv.)

CuCl (2) + CsF () CuBr (2) + CsF (y) Cul (2) 4+ CsF (y)
Entry Phosphine (x equiv.) y=0 y=2 y= y=0 y=2 y=>5 y=0 y=2 y=>5
1 P(¢-Bu),Me (x = 2) — 43° 99 40° 99 99 — 27° 99
2 P(+-Bu),Me (x = 4) — — 99 — 36 33 — — 99
3 P(o-tolyl); (x =2) — — 96 31° 66° 99 — — 380
4 P(o-tolyl); (x =4) 47° 86" 99 — — 99 18° 590 99

“Yields (%) of 5e determined by GLC analysis based on CH;I consumption using n-nonane as an internal standard. Data are the averages of two runs
unless otherwise noted. Reaction conditions: CH;1/4e/Pd,(dba);/PR;/CuX/CsF (molar ratio, 1 : 40:0.5: x:2:y) in DMF, 60 °C, 5 min. ® Data from a

single run.

property of an alkyl ligand on the phosphine atom influences
the coupling efficiency to a great extent, as indicated by the
large difference between the rapid methylation of alkynylstannanes
(sp*-sp coupling)* and the rapid sp’-sp’*(alkenyl) coupling in
this study. However, the role of an alkyl substituent for such
marked discrimination remains unclear. The high efficiency of the
combined use of Cu(1)X and CsF is considered to be due to the
synergic effect of the generation of a more reactive organocopper
species through Sn/Cu transmetallation'" and the removal of
(n-Bu);SnX (X = Cl, Br, or I) by the formation of insoluble
(n-Bu);SnF to shift the equilibrium to the alkenylcopper.”? In a
similar manner, the efficiency of the combination of Cu(1)X and
K,CO;, as employed in conditions A or B in Table 1, could be
explained by another synergic effect of Sn/Cu transmetallation
and formation of the stable bis(tributylstannyl)carbonate, [(n-
Bu);Sn0],C=0. Thus, the synergic effect concept? and the
introduction of a bulky triarylphosphine allowed realization of
an efficient general protocol for rapid sp’-sp?(alkenyl) Stille
coupling reaction potentially useful for PET tracer synthesis. We
also investigated the reactions using excess Pd/Cu/F additives
for methyl iodide (5- and 10-fold), CH,I/4e/Pd,(dba),/P(o-
tolyl);/CuBr/CsF (1:40:2.5:10:10:25and 1:40:5:20:20:
50), giving Se in the same 99% yield (Table 1, modified condition
D, entry 5). Thus, the reaction is not influenced by the increase

in Pd/Cu/F additives with respect to methyl iodide, promising
that the combined Pd/Cu/F system would be applicable to
actual PET studies.” From our experience of PET studies, heating
the mixture of methyl iodide/stannane/Pd(0)/CuX/F~ under
continuous operations with (1) prior mixing of ['' Clmethyl iodide
and Pd(0), and then (2) mixing the resulting solution with a
stannane, copper(l) salt, and fluoride salt, was expected to be
better in terms of high reproducibility.’*/ Using this method, the
reaction of 4e using CH;1/Pd,(dba);/P(o-tolyl); (1 :2.5:10) and
4e/CuBr/CsF (40 : 10 : 25), gave Se in 99% yield. Accordingly, the
actual synthesis of the PET tracer was conducted under conditions
B and D with continuous stepwise mixing using ['' C]CH,I and the
stannane 4l to give [''C]-51 in a high radiochemical yield of 85%
(HPLC analytical yield) for both conditions (Scheme 1).*

conditions

BorD

OCHjs OCH3

["'CICHal +
Sn(n-C4Hg)s 11CH3

4l ["'cl-51
B: 85%; D: 85%

Scheme 1  Synthesis of [''C]-51.
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In summary, we have developed an efficient protocol for
the rapid trapping of methyl iodide with an excess of an
alkenyltributylstannane, by rapid sp*—sp*(alkenyl) coupling.* This
method provides a firm chemical basis for the synthesis of short-
lived "CHj-labeled PET tracers with a l-methylalkene unit.
Retinoids (1) and their artificial derivatives are involved in
important biological signal pathways as agonists targeting nuclear
RAR/RXR receptors® and the prototypical G protein-coupled
receptor, rhodopsin.?* Squalene (3), a triterpenoid containing six
isoprene units, is a major metabolite derived from mevalonic acid
and is a key intermediate in the production of important bioactive
steroids. PET studies using the corresponding "' C-labeled tracers
would contribute to the possibility of in vivo biomolecular studies.
The synthesis of the above-mentioned PET tracers and their use
in molecular imaging will be reported in due course.
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The Michael reaction between methyl 1-oxoindan-2-carboxylate and methyl vinyl ketone was achieved
successfully by pumping solutions of the reactants in toluene through a fluid bed of Amberlyst A21 at
50 °C. The use of a fluid bed reactor is attractive as it allows gel-type beads, i.e. the type of bead used in
most studies of polymer-supported (PS) organic reactions, to be used satisfactorily in a flow system.
When polymer-supported cinchonidine was used in place of Amberlyst A21, the Michael product was
obtained in high yield with an enantiomeric excess (ee) of 51%. This % ee is comparable to that

achieved when the reaction was catalysed by cinchonidine itself.

Introduction

Polymer-supported (PS) organic reactions, i.e. reactions where at
least one of the reactants is attached to a polymer, have been
of great interest in recent years because the use of a polymer
support greatly simplifies the isolation of the desired product.'?
In some instances reaction systems have been automated.>* PS
reagents and catalysts are of particular interest because the
organic substrates and the desired products are in solution and,
as a consequence, reactions using them are easily monitored by
traditional methods such as thin layer chromatography and 'H
NMR spectroscopy."> There is now interest in developing PS
reagents and catalysts further and using them in bench-top flow
systems. Progress in this area has been reviewed recently.*'* This
article describes some Michael reactions carried out in a bench-
top flow system. Whilst anion exchange resins have previously
been used in the batch mode to catalyse Michael reactions,' this
appears to be the first time such a Michael reaction has been
studied in a flow system.

Flow systems have several advantages over batch reactions.®
For example, (i) the PS reactants suffer less physical damage
than in a stirred reaction; (ii) often they allow reactions to be
carried out with little or no work up; (iii) they allow reaction
conditions to be reproduced relatively easily; (iv) flow systems
have the potential for easy automation including feedback on the
progress of the reaction; (v) they have the potential to be adapted
for the continuous production of product and an easier scale-up
from laboratory to plant; and (vi) they have the potential to allow
reactions to be carried out in a greener manner.

Results and discussion

This article is concerned with carrying out Michael reactions
between methyl 1-oxoindan-2-carboxylate (1) and methyl vinyl
ketone (2) to give adduct 3 [Reaction (1)] in a flow system. This
well-known reaction was chosen as a model for the present study
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because it is catalysed by tertiary amines and it has the possibility
to be adapted for asymmetric synthesis. The reaction was studied
in considerable detail by Wynberg et al.'*** They showed that this
indanone derivative is more reactive than some closely related
cyclohexanone derivatives and they studied asymmetric syntheses
using cinchona alkaloids as catalysts.”* Other research groups
have since studied the reaction using cinchona alkaloids or
derivatives.’** A wide variety of other compounds* have also
been used as catalysts.
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Flow apparatus

In the present study Reactions (1) were achieved by passing
solutions of reactants 1 and 2 through a column of a PS tertiary
amine. The type of flow system used had a fluid bed of beads. This
is attractive for using with gel-type beads, or other types that swell
in the reaction solvent, as it allows for the bed volume to change
easily and it avoids the clogging that could occur with soft beads
in a fixed bed reactor, especially if pressure were to be applied. As
the beads can move round in the fluid bed, individual beads do
not permanently reside in a part of the reactor where flows may
be poor, and so all the beads have an equal opportunity to play a
part in the catalysis.

The flow apparatus, which is similar to one used previously,?
is shown schematically in Fig. 1. It consists of a glass tube 36 cm
long and 14 mm wide (volume 55 ml) with one end closed. The
other end is sealed with a septum cap. The PS amine is placed in
the tube and the tube immersed in a constant temperature bath to
a sufficient depth to cover the column of beads. Using peristaltic
pumps solutions of the reactants are pumped, via separate long
syringe needles, to the bottom of the tube. The soluble reactants
pass up through the fluid bed of beads and the product solution
is taken from the top of the bed by a third syringe needle. The
placement of this needle allows the liquid level in the column to be
controlled easily such that the bed of beads extends from the very
bottom of the column up to the take off needle. Thus, under these
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Fig. 1 General arrangement of the flow system.

conditions the volumes of solution above and below the bed are
minimized. The eluate was collected as fractions (10 ml). These
were evaporated to dryness, dissolved in ether and extracted with
aqueous base to remove unreacted compound 1. The solution was
dried and the ether evaporated. The residue was analysed by thin
layer chromatography and by '"H NMR spectroscopy.

Catalysis of Reaction (1) by Amberlyst A21

Initially, to gain experience of carrying out Michael Reaction (1)
in a flow system, reactions were carried out using Amberlyst A21,
a commercially available ion exchange resin. This resin contains
residues 4 (ca. 5.00 mmol g') and is in the form of 490-690 um
diameter macroreticular beads. The flow tube was packed with
15.5 g (79 mmol) of dried beads. These occupied 42 ml. When
toluene was added the beads swelled and the bed volume increased
to 49 ml. Solutions of the B-ketoester 1 in toluene (0.50 mmol ml™")
and methyl vinyl ketone (2) in toluene (0.53 mmol ml~') were
separately pumped at the same rate into the column. The ketone
2 was used in excess because it is volatile and so an excess can be
removed easily from the eluate.

Different flow rates and different reaction temperatures were
used to optimize the conversion to compound 3: see Table 1.
Throughout the volume of the bed was essentially constant at
49 ml. Initially reactions were carried out at 20 °C but it is evident
(see Table 1 entries 1 and 2) that the reaction is very slow at
this temperature with a residence time (i.e. [volume of solution
in the bead bed] divided by [the flow rate]) of >24 h required to
obtain significant yields of compound 3. This was considered to be

unsatisfactory for a flow system so the reaction temperature was
raised to 50 °C and further reactions were carried out: see entries
3-6. Ataflow rate of 7.0 ml h~!, corresponding to a residence time
of ca. 6 h, very high yields of 3 were obtained: see entry 5. The
column was then used continuously under these conditions for
72 h without any drop in the yield of 3; see entry 6. Approximately
10 g of compound 3 could be produced in 24 h.

—i— CH—CH2—1—

CHy

CHN_
CH,

“

Catalysis of Reaction (1) by cinchona alkaloids

Since compound 3 contains a chiral centre, asymmetric synthesis
can potentially be achieved by using a chiral tertiary amine as the
catalyst. Cinchona alkaloids have been used for this purpose.'**
Quinine (5) and cinchonidine (6) give an excess of the (—)-(S)-
enantiomer whilst quinidine (7) and cinchonine (8) give an excess
of the (4+)-(R)-enantiomer."** In the present work batch reactions
were carried out by treating mixtures of compounds 1 and 2 in
toluene with 5 mol% of cinchonidine (6) and with 5 mol% of
cinchonine (8) at 25 °C. The results are summarized in Table 2,
entries 1 and 2. It is evident that the reactions are very slow at this
temperature and that cinchonidine (6) affords the higher % ee. In
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Table 1 Synthesis of compound 3 using the flow system shown in Fig. 1¢

Reaction conditions

Total flow Approximate Average Duration of Enantiomer
Entry Catalyst’ Temperature/°C rate/ml h™' residence time/h¢ yield’¢ (%) experiment/h % ee* in excess
1 A21 20 5.0 8 14 12 — —
2 A2l 20 1.0 40 55 48 — —
3 A21 50 21.0 2 77 18 — —
4 A21 50 10.5 4 86 18 — —
5 A21 50 7.0 6 99 24 — —
6 A21 50 7.0 6 98 72 — —
7 PS-CD 50 7.2 4 92 18 52 )
8 PS-CD 50 5.0 6 97 24 51 (S)
9 PS-CD 50 5.0 6 96 72 52 ®)

#Solutions of compound 1 (0.5 mol L™') and compound 2 (0.53 mol L) in toluene were pumped at the same rate through the catalyst bed under the
indicated conditions. In the reactions using Amberlyst A21 the swollen bead bed (15.5 g of beads) occupied 49 ml. In the reactions using PS-CD the
swollen bead bed (15.0 g of beads) occupied 41 ml. ® A21 = Amberlyst A21; PS-CD = polymer-supported cinchonidine. ¢ Volume of solution in the bed
divided by the flow rate. In the experiments using Amberlyst A21 the volume of solution in the bed was 42 ml. In the experiments using PS-CD the volume
of solution in the bed was 28.9 ml. ¢ Yield determined by analysis of '"H NMR spectra of eluate after removal of volatile products. ¢ Figure quoted is the
average yield (4% of the values quoted) for 5 fractions.” Determined by polarimetry.

Table 2 Results of experiments using chiral catalysts in batch reactions to achieve Reaction (1)*

Reaction conditions

Entry Catalyst® Temperature/°C Time/h % Yield* % ee? Enantiomer
1 CD 25 48 91 58 ®)
2 C 25 48 96 47 (R)
3 CD 50 3 91 53 (S)
4 C 50 6 87 47 (R)
5 PS-CD 50 24 98 47 (S)
6 PS-CD 50 3 96 48 (S)

«Compound 1 (2.73 mmol) and compound 2 (4.23 mmol) in toluene (10 ml) were stirred with 5 mol% of catalyst under the indicated conditions, * CD
= cinchonidine; C = cinchonine; PS-CD = polymer-supported cinchonidine, ¢ Determined by '"H NMR spectra of products after removal of volatile

products. ¢ Determined by polarimetry.

an attempt to shorten the reaction time the reactions were repeated
at 50 °C. In many asymmetric syntheses this would result in very
much lower % ees, but in the present case there were only modest
falls, see Table 2 entries 3 and 4, and reaction times for high yields
could now be reduced to a few hours. Previous studies indicate
that when catalyzed by cinchona alkaloids, the % ees obtained in
Reaction (1) are only moderately sensitive to temperature in the
—21 °C to +50 °C range.'"*"” The % ees obtained in the present
work are comparable with those obtained previously under slightly
different reaction conditions.'*"

Quinine: (5): R =0CH,4
Cinchonidine: (6): R=H

Quinidine: (7): R =0CHj,
Cinchonine: (8): R=H

Following these preliminary experiments cinchonidine (6) was
attached via the vinyl group to gel-type polymer beads using
a method first reported by the author: see Reaction (2).%
Polystyrene beads (1% crosslinked; 80-150 um in diameter) were
chloromethylated”” and the product treated with thiourea then

aqueous sodium hydroxide to give beads containing thiol groups
9 (1.76 mmol g ). Reaction of these beads with cinchonidine

CH—CHZ—]—

~[~ CH —CHZ—}—

+ @

CH,-SH

©)

an

(@)
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(6) in the presence of azobisisobutyronitrile at 60 °C gave beads
with residues 10: unreacted thiol groups were capped by reaction
with cyclohex-2-en-3-one.”® By elemental analysis for nitrogen the
loading of cinchonidine residues 10 was 0.93 mmol g~'.

The PS cinchonidine 10 was used in batch reactions to catalyse
Reaction (1). The results are summarized in Table 2, entries
5 and 6. Interestingly the % ees obtained were only slightly
lower than those obtained with the free alkaloid. Initially this
was surprising because in the asymmetric addition of thiols to
o,B-enones (another type of Michael addition) the % eces are
substantially lower with the PS cinchonidine catalyst 10 and
cinchonine catalyst 11 than with the free alkaloids.?® With the PS
cinchonine catalyst 11 the difference was shown to be due to the
change from vinyl groups to ArCH,SCH,CH, groups rather than
any “polymer effect”.® It should be noted that in cinchonidine
(6) the vinyl and aromatic groups are on opposite sides of the
azabicyclcooctane unit, whereas in cinchonine (8) they are on
the same side. Also that the arrangement of the reactants in the
transition states of the two types of Michael additions may be
quite different.?

The PS cinchonidine 10 beads (15.0 g, 14 mmol) were placed
in the flow tube and reactions were carried out at 50 °C using
the same procedure as with Amberlyst A21. The bed volume
was essentially constant at 41 ml. The results are summarized
in Table 1, entries 7-9. At an optimum flow rate of 5.0 ml h™!,
see entry 8, the chiral product 3 was obtained in high yield and
an ee of 51%. The residence time was ca. 6 h. The flow system
functioned satisfactorily for at least 72 h: see entry 6. The % ees
obtained using the flow system are essentially the same as those
obtained in the batch reactions (Table 2, entries 5 and 6). This has
been found to be the case in other asymmetric syntheses,*® though
for the reaction of benzaldehyde with diethylzinc the % ees were
found to be substantially higher in flow systems.?*?

Conclusions

Michael Reaction (1) can be carried out successfully by pumping
solutions of compounds 1 and 2 through the simple flow system
outlined in Fig. 1. This uses a fluid bed of beads and is an
attractive type of system in that it allows gel-type beads, i.e. the
type of bead used in most studies of PS organic reactions,' to be
used satisfactorily in a flow system. In the present studies under
optimum conditions chemical yields were high and, when the PS
cinchonidine 10 was used as the catalyst the % ees of the (S)-
enantiomer of adduct 3 were essentially the same as in the batch
reactions. Future studies will be aimed at developing PS scavengers
to remove the unreacted starting materials.>3°

Experimental

Experimental details are as given previously.® Beads were dried in
a vacuum oven (2 Torr) at 40 °C. Cinchonidine (6) and cinchonine
(8) were purchased from Aldrich and used as received.

Amberlyst A21

Commercially supplied beads (106.5 g) were washed successively
with water (3 x 200 ml), acetone (2 x 100 ml), tetrahydrofuran
(2 x 100 ml) and ether (2 x 100 ml) The beads were then dried

to constant weight (45.4 g). By elemental analysis they contained
7.11% nitrogen, corresponding to 5.08 mmol g~' of moieties 4.

A portion of the beads (6.60 g) was placed in a measuring cylin-
der (100 ml). The dry beads occupied 18.0 ml. Toluene (60 ml) was
added and the beads allowed to swell and settle over 2 days. The
bed of beads then occupied 21.0 ml and 42 ml of toluene remained
on top. Thus the bead bed of 21.0 ml contained 18 ml of solvent.

Preparation of polymer-supported cinchonidine 10>

1% Crosslinked polystyrene beads (80-150 um diameter) were
chloromethylated.?” The product (27.0 g; 51.7 mmol of Cl) was
treated with thiourea and the intermediate hydrolysed with sodium
hydroxide to give beads (28.2 g) containing thiol groups 9.* By
elemental analysis they contained S = 5.63% (1.76 mmol g™')
corresponding to a conversion of 96%. The thiol containing beads
(25.0 g) in toluene at 65 °C were reacted with cinchonidine 6
(22.0 g) in the presence of AIBN (3 x 100 mg) to give the PS
cinchonidine 10 (35.9 g). Unreacted thiol groups were capped
by treating the beads with cyclohex-2-en-1-one in the presence
of pyridine. By elemental analysis the final product contained S =
3.94% (1.23 mmol g'), N = 2.62% (1.87 mmol g~') corresponding
to loading of cinchonidine residues 10 of 0.94 mmol g and a
conversion of 76%.

A portion of the final beads (3.70 g) was placed in a measuring
cylinder (25 ml). The dry beads occupied 6.3 ml. Toluene (15 ml)
was added and the beads allowed to swell and settle over 2 days.
The bed of beads then occupied 10.2 ml and 7.8 ml of toluene
remained on top. Thus the bead bed of 10.2 ml contained 7.2 ml
of solvent.

Flow apparatus

The general arrangement of the apparatus used is shown schemat-
ically in Fig. 1. The reaction tube was fabricated in house using
a commercial Quickfit™ B14 joint and Pyrex glass tubing. It
was 36 cm long and had an internal diameter of 14 mm. The
appropriate amount of PS catalyst was transferred into the tube,
toluene was added and the tube sealed with a standard “B14”
rubber septum. The tube was set aside for 2 h to allow the beads
to swell. The tube was then immersed (ca. 34 cm) into a water
bath whose temperature was controlled by a Techne TU16A
Tempunit™ thermoregulator. Two “inlet” hypodermic needles
(19G, 24 in) (supplied by Aldrich) were inserted through the
septum so as to reach to the bottom of the tube and one “outlet”
needle (18G, 10 in) was inserted to just above (ca. 0.5 cm) the
top of the bead bed. To help the bed settle, toluene was pumped
through it for 2 h using two Watson-Marlow 503U pumps, one
equipped with two S01R1 pumpheads (both “inlets” were driven
from the same axle) and one equipped with a 303D/ A pumphead
(for the “outlet”), using Viton™ (0.8 mm ID) tubing. The “inlet”
needles were then attached to reservoirs containing 1 in toluene
(0.50 mmol ml~") and compound 2 in toluene (0.53 mml ml™"). The
“outlet” needle was passed into a measuring cylinder (25 ml). The
pumps were started and fractions (10 ml) collected in the cylinder.

Methyl 1-oxoindan-2-carboxylate (1)

This compound was synthesised by the method described by
House.™
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Reactions (1) using Amberlyst A21 in the flow apparatus

The following experiments are typical of those summarized in
Table 1, entries 1-6. The tube was charged with Amberlyst A21
beads (15.5 g) and they were allowed to swell in toluene.

Entry 3. The water bath temperature was set to 50 °C. When
the temperature was steady, both reactant solutions were pumped
through the bed at a rate of 10.5ml h™'. After 2 h, during which the
eluate was simply toluene, fractions (16 x 10 ml) were collected
over the next 14 h. Each fraction was placed in a separating funnel
and washed successively with aqueous sodium hydroxide (2 M;
3 x 20 ml) and water (2 x 25 ml) and dried. Evaporation of the
solvent from a typical fraction (10 ml) gave a clear oil (501 mg;
77%) which crystallized with time. It had v,,, 1733 (ester) and
1711 ecm™" (ketones); 6 (CDCI; solution) 2.13 (3H, s, acetyl), 2.26
(2H, m, side chain methylene), 2.54 (2H, m, side chain methylene),
3.01(1H,d,J 17Hz,3-H), 3.68 (3H,s,0CH,), 3.70 (1H,d, J 17 Hz,
3-H) and 7.2-8.0 ppm (4H, m, ArH).

Michael reactions summarized in Table 2

The following procedures are typical.

Entry 1. Compound 1 (519 mg, 2.73 mmol) and methyl vinyl
ketone (296 mg, 4.23 mmol) and the cinchonidine (6) (40 mg,
5 mol%) were dissolved in dry toluene (10 ml) and the mixture
was stirred magnetically at 25 °C under a nitrogen atmosphere for
48 h. The mixture was added to petroleum ether (30 ml, bp 40—
60 °C) and filtered. The filtrate was diluted with toluene (10 ml)
and washed successively (each 3 x 20 ml) with hydrochloric acid
(2 M), aqueous sodium hydroxide (2 M) and brine. The organic
layer was dried then evaporated to dryness. The oily residue
(646 mg, 91% yield) had FT-IR and 'H NMR spectra identical to
those described above. It had [a]® (¢ 2.0, benzene) —45. The pure
(S)-enantiomer is reported to have [a]S; (¢ 1.9, benzene) —77.
Thus the product had an ee of 58%.

Entry 6. Compound 1 (520 mg, 2.73 mmol) and methyl vinyl
ketone (297 mg, 4.23 mmol) and PS cinchonidine 10 (145 mg,
5 mol%) were stirred magnetically in dry toluene (10 ml) at 50 °C
under a nitrogen atmosphere for 3 h. The beads were filtered off
and washed thoroughly with toluene. The combined filtrate and
washings were then treated as in the previous experiment. The oily
residue (681 mg, 96%) was characterized as before. It had [a]}
(c 2.0, benzene) —37, corresponding to an ee of 48%.

Reactions (1) using PS cinchonidine 10 in the flow apparatus

The following experiment is typical of those summarized in
Table 1, entries 7-9. The tube was charged with PS cinchonidine
10 beads (15.0 g) and they were allowed to swell in toluene.

Entry 8. The water bath temperature was set to 50 °C. When
the temperature was steady, both reactants solutions were pumped
through the bed each at a rate of 2.5 mlh~'. After 6 h, during which
the eluate was simply toluene, fractions (9 x 10 ml) were collected
over the next 18 h. Each fraction was placed in a separating funnel
and washed successively with aqueous sodium hydroxide (2 M;
3 x 20 ml) and water (2 x 25 ml) and dried. Evaporation of the
solvent from a typical fraction (10 ml) gave a clear oil (631 mg,
97%) which crystallized with time. The had FT-IR and '"H NMR

spectra identical to those described above. It had [a]5; (¢ 2.0,
benzene) —45. The pure (S)-enantiomer is reported to have [a]%
(c 1.9, benzene) —39.5." Thus the product had an ee of 51%.
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Photolysis of the thiohydroximate ester derivative 21 of 2-carboethoxy-2-(2-(benzylseleno)pyridin-
3-yDtridecylcarboxylic acid (20) affords 2-dodecyl-2-carboethoxy-2,3-dihydroselenolo[2,3-b]pyridine
(22) in 89% yield in a process presumably involving intramolecular homolytic substitution by a tertiary
alkyl radical at selenium with loss of a benzyl radical. Alternatively, rearrangement of

O-(o-haloalkyl)esters 34 of 2-carboethoxy-N-hydroxypyridine-2-selone affords azonianaphthalenium

halides 37 in 79% yield.

Introduction

Interest in selenium-containing therapeutics has grown over the
last thirty years." Simple organoselenium compounds have been
prepared, such as selenazolopyrimidone (1), that show antitumor
activity against mouse leukemia.? (Aminoethyl)phenylselenide (2)
shows excellent antihypertensive activity and selenazine deriva-
tives, such as 3, show both antibacterial and antitumor activity.®
Despite this, the major therapeutic benefit that selenium currently
offers appears to be in the form of dietary supplements.* Selenium
is an essential trace element and dietary deficiency can lead to
ailments including gum disease, as well as debilitating conditions
such as Keshan’s disease.* The biochemistry and pharmacology of
selenium is of intense current interest. Selenium is now known to be
intimately involved in the activity of enzymes such as glutathione
peroxidase and thioredoxin reductase, that catalyse chemistry
essential to the protection of biomolecules against oxidative stress
and free radical damage.’

O
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Reactive oxygen species (ROS) are a byproduct of normal
aerobic metabolism.® Superoxide is formed when electrons leak
from the electron transport chain and react with molecular
oxygen, and is also the product of some enzymatic processes.®’
Superoxide dismutase converts superoxide to hydrogen peroxide,
which can, in turn, lead to the formation of hydroxyl and lipid
peroxyl radicals.®”” Hydroxyl radicals are extremely reactive and
can cause damage to important biomolecules that include DNA,

“School of Chemistry, The University of Melbourne, Victoria, Australia 3010
*Bio2] Molecular Science and Biotechnology Institute, The University
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while lipid peroxidation has been implicated in diseases such as
atherosclerosis.®® Reactive oxygen species do have some positive
roles in biology, such as providing defense against infection,®’
however, excessive concentrations of ROS can lead to oxidative
stress.®»® Nature has evolved clever methods for controlling
ROS. Preventative antioxidant enzymes such as glutathione per-
oxidase remove ROS through redox cycling,’ while chain breaking
antioxidants such as vitamin E, interrupt the chain reactions
responsible for the formation of radical species.'” It should be
noted that vitamin E refers to a family of related compounds
known as tocopherols of which a-tocopherol 4 is most potent.'*
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In recent years there has been much interest in developing new,
more potent antioxidants such as ebselen (5), that also acts as a
glutathione peroxidase mimic and is due to be released for human
use as a non-steroidal anti-inflammatory." Water-soluble vitamin
E analogues that have been prepared include Trolox (6),'* while our
group has used intramolecular homolytic substitution chemistry
to prepare a selenium containing analogue 7 of vitamin E that
possesses dual mode of action.!®
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Work in our laboratories has also been directed at the devel-
opment of water-soluble, dual acting, tocopherol/ebselen hybrids
such as 8 and to pyridine-fused tocopherol systems such as 9.

Results and discussion

Free radical ring closure approaches to the
2,3-dihydroselenolo|2,3-b]pyridine core structure

Preliminary investigations began with the attempted preparation

of model compound 10 that contained many of the salient feature

of structures 8 and 9. To that end, ethyl 2-chloronicotinate (11)

was reacted with sodium benzylselenoate, generated in situ by

reduction of dibenzyl diselenide with sodium borohydride, to give

ethyl 2-(benzylseleno)nicotinate (12) in 64% yield (Scheme 1).
LiAIH,
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Scheme 1

Further reduction with lithium aluminium hydride afforded
alcohol 13in 91% yield. It is interesting to note that the alternative
sequence of reactions, namely reduction of the ester 11 followed
by treatment with sodium benzylselenoate, proceeded only very
poorly. We attribute this observation to the electrophilicity of
the pyridine ring in the various substrates, specifically that the
electron-withdrawing ester substituent is able to increase ring
reactivity in a manner that the alcohol cannot. The alcohol 13
was further reacted with methanesulfonyl chloride to give the
chloride 14 in 92% yield, which was subsequently reacted with ¢-
butyl acetoacetate and base to give the ketoester 15 following the
procedure developed by Engman and Malmstrom." Treatment
of 15 with concentrated hydrochloric acid afforded the required
ketone 16 in excellent overall yield. Finally, reaction of 16 with
n-butylmagnesium bromide gave the desired tertiary alcohol 17 in
86% yield (Scheme 1).

Following our previously published work, we expected that
alcohol 17 could be converted into the PTOC oxalate ester,
originally described by Barton and Crich as a suitable precursor for

the generation of carbon-centered radicals from tertiary alcohols.
To our surprise, reaction of 17 with oxalyl chloride, followed by
sodium omadine®, afforded none of the desired cyclized product
10, despite the reaction being carried out under a number of
different conditions. "H NMR spectroscopy of the only identified
product suggested strongly that elimination has occurred to afford
a mixture of isomeric alkenes (Scheme 2).
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Scheme 2

Given the problems associated with the methodology described
above, it became apparent that an alternative method for the
generation of the required radical was needed. Following a
modification of the procedure described in Scheme 1, chloride
14 was reacted with #-butyl ethyl malonate to afford selenide
18 in moderate (54%) yield (Scheme 3). Further treatment with
sodium hydride and 1-bromododecane provided diester 19 in 72%
yield, which was selectively deprotected by the action of trifluo-
roacetic acid to afford 2-carboethoxy-2-(2-(benzylseleno)pyridin-
3-yhtridecylcarboxylic acid (20), suitable for conversion into a
radical precursor.
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Scheme 3

Kim recently described a new method for generating carbon-
centered radicals from thiohydroximate esters of carboxylic acids
and we have generally found this precursor to be superior to
those described by Barton and coworkers' for reasons including
stability, especially in tertiary systems.'s Therefore, 20 was con-
verted into precursor 21 by the action of N-methylhydroxydithio-
carbamate and dicyclohexylcarbodiimide (DCC); 21 was isolated

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 466-474 | 467





as a yellow oil after column chromatography. Photolysis of 21 in
heptane afforded the target 2-dodecyl-2-carboethoxy-2,3-dihydro-
selenolo[2,3-b]pyridine (22) in 89% yield. The dihydroselenolo[2,3-
blpyridine 22 displayed a ”Se NMR signal at § 547.6 characteristic
of structurally related selenium heterocycles.'®

Having successfully demonstrated that tertiary carbon-centered
radicals, such as 23 are capable of undergoing intramolecular
homolytic substitution to afford dihydroselenolo[2,3-b]pyridines
such as 22, we next turned our attention to the preparation of a
precursor for the synthesis of a six-membered ring such as that
found in the initial target compound 10.

EtO,C
(CHy)41CHs

L
.,

23

To that end, 2-chloronicotinaldehyde (25) was added to a
solution of ethyl propiolate and lithium bis(trimethylsilyl)amide
in THF at —78 °C. After stirring at —78 °C for 4 h, the reaction was
quenched using saturated ammonium chloride solution to give the
acetylinic alcohol 26 in 73% yield after purification. It is important
that the reaction mixture is quenched at low temperature, as signi-
ficantly lower yields were obtained when the mixture was allowed
to warm before addition of the ammonium chloride solution.

Hydrogenolysis of alcohol 26 followed by PCC oxidation
afforded ketone 27 in poor (36%) yield. Significant amounts
of by-product appeared to accompany this transformation. De-
spite this, ketone 27 was further reacted with sodium benzylse-
lenoate, generated as described above, to afford ethyl 3-oxo0-3-(2-
(benzylseleno)pyridin-3-yl)butyrate (28) in acceptable yield.

With 28 in hand, the next task was the removal of the
ketone functional group. We envisaged that Wolff-Kischner or
Clemenson techniques would result in the required compound.
Unfortunately, the action of zinc-mercury amalgam (Clemensen
reduction) returned only 28, while reaction with alkaline hydrazine
(Wolff-Kischner reduction) afforded a single product that was
assigned to be pyradizinone 29 that was isolated in 63% yield. The
formation of 29 can be rationalized by the nucleophilic capture of
the initial ketone—hydrazine adduct by the proximate ester moiety,
with subsequent dehydration (Scheme 4).

Ketone 28 proved to surprisingly difficult to reduce using
standard techniques. Treatment with a large excess of sodium
borohydride at room temperature resulted in no reduction,
however in refluxing ethanol, clean conversion to the diol 30 was
observed after several hours. Single crystal X-ray analysis of 28
provided interesting structural information that may help in our
understanding of the relative inertness of the ketone moiety in 28
to reduction.

A perspective diagram of 28 is presented in Fig. 1. There appears
to be a remarkably short selenium—oxygen separation in 28, which
at 2.679(3) A is well below the sum of the van der Waals radii
of the two atoms involved (3.4 A) and is suggestive of significant
contribution of resonance structure 31 to the overall bonding in 28.
Indeed, the Se-O1 separation in 28 is, to the best of our knowledge,
the shortest selenium—carbonyl oxygen interaction reported, being
some 0.04 A shorter than the previous “record” of 2.72 A reported

o
=— CO,Et 1.H, PdIC
| N H LIHMDS 78 °C 2.pCC_
_ COzEt
N el R 36%

25 26
o)
NaBH
B CO,Et SeBn4 CO,Et
~
N" Cl 75% SeBn
27 28 NaBHs | 859,
o)
N2H4
S (fw
~
63% N SeBn SeBn
29
Scheme 4
Ci15
C14
Ci6
C13
2.679(3)A
ci7 cz {0

c18

Fig. 1 Perspective diagram of 28.

by us recently.”” The Se-Ol interaction might possibly involve
donation of electron density into the Sel-C12 o* orbital, however
the C1-C2 bond distance of 1.403(4) A, the ketone carbonyl C6—
O1 bond distance of 1.219(3) A, the C2-C6 bond distance of
1.4629(4) A and the C1-Sel distance of 1.917(3) A are all similar
to bond distances for similar fragments which were extracted
from the Cambridge Crystallographic Database'® and thus do not
provide any further structural evidence for contributions from
resonance form 31.

A second, weaker interaction exists between O1, and the ester
carbonyl C9, this interaction is characterised by the O1---C9
distance of 2.791(3) A which is shorter than the sum of the van
der Waals radii of oxygen and carbon (3.25 A), furthermore the
ester carbonyl carbon (C9) deviates by 0.019 A from the plane
defined by O4, O4 and C8 towards Ol, this interaction may also
stabilise the gauche conformation of the side chain substituent
[C6-CT-C8-C9-65.9(4)] (Fig. 1).

The contribution of 31 to the overall structure of 28 is
further supported by computational studies. B3LYP/6-311G**
calculations® (Fig. 2) predict that in the closely-related methylse-
lenides, conformation 28a is preferred over 28b by 17.6 kJ mol™".
Conformer 28a displays similar interations to those observed in the
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Fig.2 B3LYP/6-311G** optimised structures for 28a (left) and 28b (right). Mulliken bond populations in parentheses.

1.258A

185A  (0.65)
(0.33)

Se

Fig. 3 B3LYP/6-311G** optimised structures for 29a (left) and 29b (right). Mulliken bond populations in parentheses.

X-ray structure of ketone 28 with a short (2.72 A) N-Se separation.
In addition, the N-Se Mulliken bond populations and remaining
bond lengths in 28a when compared with 28b are supportive of
the bonding interaction depicted in 31, with the N-Se population
0of 0.027 corresponding to about a “10% bond”.

Similar reasoning can be used to explain the formation of
29 during the attempted Wolff-Kischner reduction; resonance
structure 32 would be expected to contribute strongly to the
stabilization of 29. This hypothesis is once again supported by
computational studies; B3LYP/6-311G** calculations (Fig. 3)
predict that in the closely-related methylselenides, conformation
29a is preferred over 29b by 9.2 kJ mol™', with 29a displaying
similar interations to those observed in the X-ray structure of
ketone 28 and the calculated structure 28a, with a short (2.78 A)YN-
Se separation. Once again, N-Se Mulliken bond populations and
bond lengths are supportive of the bonding interaction depicted
in 32, with the N-Se population of 0.018 corresponding to about

a “5% bond”.

0
| ) G N—NH
CHzPh CHzPh CHzPh
28 31 32

Free radical rearrangements of carboxylic esters of
2-selenopyridine-/V-oxide

Some twenty years ago, Barton described the preparation of O-
esters of 2-selenopyridine-N-oxide and their decarboxylative rear-

rangement to form 2-(alkylseleno)pyridines (Scheme 5) through a
mechanism that is likely to involve a radical cage mechanism.?

~
o2 (R N~ seR

\H/
0
Scheme 5

With the initial intention that cyclized structures such as 33
could be prepared from haloalkylselenides such as 34, we chose
to explore the use of the selone chemistry described above for the
preparation of 34.

oy, OO
% n N s

33 34

Ethyl 2-chloronicotinate 11 was oxidised using hydrogen per-
oxide in trifluoroacetic acid. The resultant N-oxide 35 was
treated with selenium powder and sodium borohydride following
Barton’s protocol® to give 2-carboethoxy-N-hydroxypyridine-2-
selone (36) as a yellow oil. As expected, selone 36 proved to
be unstable and was immediately reacted with 4-bromobutanoyl
chloride. After 30 min in benzene at reflux, the precipitate was
collected and was shown to be the azonianaphthalenium halide
37 by HRMS. The filtrate was subjected to flash chromatography

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 466-474 | 469





affording the halopropylselenides 34 (X = Br/Cl) as an inseparable
mixture. Clearly, the initially rearranged selenide 34 (X = Br)
has undergone further nucleophilic attack by both chloride ion
(intermolecularly), as well as the nucleophilic nitrogen in 34 to
produce the observed products. When the reaction was repeated
with overnight reflux, the azonianaphthalenium halide 37 was
isolated in 79% yield, with no intermediate 34 present in the
reaction mixture (Scheme 6).

CO,Et CO.Et Se CO,Et
| N CF3CO,H | ~N NaBH,_
~ > ~
N Cl H20, +r|u 93%
48% e
1 36
N
cloc™>"Br | NS
34 (n=2) 7 ~ge
DMAP, A (X=Br/Cl)
OzEt CO,Et
37 38
A
Scheme 6

The preparation of the azonianaphthalenium halide 37 fits
well with the original aim of preparing water-soluble selenium-
containing antioxidants. With this in mind, we attempted to
prepare the related compound 38. Treatment of selone 36 with
3-bromopropanoyl chloride resulted in the rapid evolution of gas,
presumably CO,, and a complex mixture of products from which
diselenide 39 was isolated as the only identifiable product. We
speculate that the first-formed ester 40 decomposes through a -
cleavage machanism to afford radical 41 that dimerises to give the
observed product (Scheme 7).

E\ICOZE‘ - COoEt - COaEt
o — L . — 1

N) ~Se N se N Se-
) Cer 2
W/V 41 39 8%
O 40
Scheme 7
Conclusion

‘We have presented work toward the preparation of novel pyridine-
fused, selenium-containing antioxidants and have demonstrated
that, intramolecular homolytic substitution as well as free-radical
rearrangements of O-esters of 2-selenopyridine- N-oxide are effec-
tive methods for the preparation of model ring systems. The reac-
tivity of ethyl 3-o0x0-3-(2-(benzylseleno)pyridin-3-yl)butyrate (28)
and 6-[2-(benzylseleno)pyridin-3-yl]-4,5-dihydro-2 H-pyridazin-3-
one (29) is attributed to strong non-bonded O-Se interactions that
are supported by X-ray as well as computational analysis.

Experimental

Melting points are uncorrected. Unless otherwise stated, 'HNMR
(400 MHz) and *C NMR (100 MHz) spectra were recorded in
CDCI; on a Varian unity 400 spectrometer. For proton spectra

the residual peak of CHCI; was used as the internal reference
(7.26 ppm) while the central peak of CDCl; (77.0 ppm) was used
as the reference for carbon spectra. 7Se NMR chemical shifts are
given in ppm relative to externally referenced diphenyl diselenide
(0 464). EI mass spectra were recorded at 70 eV. M* ions are given
for Se. Tetrahydrofuran and diethyl ether were distilled under
nitrogen from sodium-benzophenone. Benzene and pyridine were
distilled under nitrogen from calcium hydride. Elemental analyses
were performed by Chemical and Micro Analytical services Pty.
Ltd, Geelong, Victoria, Australia.

Ethyl 2-(benzylseleno)nicotinate (12)

Sodium borohydride was added in portions to a suspension
of dibenzyl diselenide (5.00 g, 14.7 mmol) in degassed ethanol
(100 mL) under a flow of nitrogen until a colourless solution
formed. Ethyl 2-chloronicotinate®* (11) (5.47 g, 29.4 mmol) in
ethanol (20 ml) was added and the reaction mixture refluxed for
3 h. Water (70 mL) was added and the volume of solvent reduced
under vacuum. The residue was extracted with ether (3 x 70 mL)
and the combined extracts dried (MgSQO,) and separated by flash
chromatography (5% EtOAc-hexane followed by 20% EtOAc—
hexane after residual dibenzyl diselenide had eluted). The title
compound was obtained as pale yellow crystals (71%). Mp 52—
53 °C.'HNMR ¢ 1.36 (t, 3H, J = 7.2), 435 (q, 2H, J = 7.2),
441 (s, 2H), 7.09-7.26 (m, 4H), 7.38 (d, 2H, J = 8.1), 8.20 (dd,
1H, J = 1.8, 7.8) 8.59 (dd, 1H, J = 1.8, 4.6). *C NMR ¢ 14.3,
29.2, 61.6, 119.0, 124.7, 126.5, 128.3, 129.3, 138.6, 139.2, 152.3,
160.7,165.5.7Se NMR 6 469.8. IR 2918, 1701. MS m/z (M + H)*
322.3. (HRMS Found: 322.0346. C;sH,,NO,Se requires 322.0343).
(Found: C, 56.14 H, 4.79 N, 4.36. C,sH,sNO,Se requires C, 56.26
H, 4.72 N, 4.37%).

[2-(Benzylseleno)pyridin-3-yljmethanol (13)

A solution of ethyl 2-(benzylseleno)nicotinate (12) (2.63 g,
8.23 mmol) in ether (50 mL) was added by a dropping funnel
to an ice cooled suspension of lithium aluminiumhydride (0.34 g,
9.0 mmol) in ether (15 mL). After stirring at room temperature
for 1.5 h under N,, the reaction was quenched with water. After
stirring for 30 min, the reaction mixture was washed with water
(2 x 70 mL), sat. NaCl (40 mL) and the organic phase dried
(MgSO0,). Flash chromatography (50% EtOAc-hexane) gave the
title compound as a very pale oil (97%). "H NMR ¢ 4.52 (s, 2H,
Jose = 10.2), 4.58 (s, 2H), 7.08 (dd, 1H, J = 4.9, 7.6), 7.18-7.27
(m, 3H), 7.35 (d, 2H, J = 8.3), 7.60 (dd, 1H, J = 1.2, 7.6), 8.43
(dd, 1H, J = 1.2, 4.9). ®*C NMR ¢ 29.2, 62.5, 120.5, 126.8, 128.4,
129.0, 134.3, 136.2, 139.1, 148.5, 154.2.:77Se NMR ¢ 384.8; IR
3331 (br). MS m/z (M + H)* 280.2. (Found: C, 56.13 H, 4.71 N,
5.05. C;3H;3NOSe requires C, 56.12 H, 4.71 N, 5.03%).

2-(Benzylseleno)-3-(chloromethyl)pyridine (14)

A solution of [2-(Benzylseleno)pyridin-3-yljmethanol (13) 4.40 g,
15.8 mmol) and triethylamine (4.4 mL, 32 mmol) in THF
(30 mL) was cooled to 0°C and methanesulfonyl chloride (2.5 mL,
32 mmol) was slowly added under N,. The mixture was allowed
to warm to room temperature and then heated at reflux for 1 h.
The reaction was quenched with water and extracted with ether
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(3 x 70 mL), the combined extracts dried (MgSO,) and separated
by flash chromatography (10% EtOAc-hexane) to afford the title
compound as a colourless oil (96%). '"H NMR ¢ 4.53 (s, 2H), 4.55
(s,2H), 7.09 (dd, 1H, J =4.8,7.8), 7.18-7.28 (m, 3H), 7.38 (d, 2H,
J=138),7.57 (1H, dd, J = 1.5, 7.8), 8.46 (1H, dd, J = 1.5, 4.8).
BC NMR 6 29.6, 44.0, 120.4, 126.9, 128.4, 129.1, 132.8, 136.4,
138.9, 149.3, 156.2. ”Se NMR ¢ 390.5. MS m/z (M + H)* 298.2.
(HRMS found 319.9716. C,;CIH;NNaSe requires 319.9721).

tert-Butyl 2-[(2-(benzylseleno)pyridin-3-yl)methyl]-3-oxobutyrate
1s)

tert-Butyl acetoacetate (0.95 mL, 5.67 mmol) was added to a
suspension of sodium hydride (0.17 g of 60% in mineral oil,
5.66 mmol) in dry THF (2 mL) cooled to 0 °C under N,. The
mixture was stirred at room temperature for 45 min after which 2-
(benzylseleno)-3-(chloromethyl)pyridine (14) (0.573 g, 1.93 mmol)
was added and the reaction mixture refluxed for 18 h before
quenching with water. The resultant mixture was extracted with
diethyl ether (3 x 15 mL) washed with sat. NaCl (15 mL), dried
(MgSO0,) and the solvent evaporated to afford the title ester as a
colourless oil and of sufficient purity for further use (84%). '"H
NMR ¢ 1.39 (s, 9H), 2.18 (s, 3H), 3.05 (dd, 2H, J = 1.8, 6.9), 3.81
(t, 1H, J = 6.9) 4.53 (s, 2H, J5s. 10.0), 6.99 (dd, 1H, J =4.5,7.2),
7.20-7.29 (m, 3H), 7.38 (d, 3H, J = 7.8), 8.38 (dd, 1H, J = 1.9,
4.6). "C NMR ¢ 27.9, 29.5, 29.6, 31.7, 59.0, 82.3, 120.2, 126.8,
128.5, 129.1, 133.8, 137.3, 139.2, 148.0, 167.8, 202.3. ”Se NMR ¢
385.5.IR 1715. MS m/z (M + H)* 420.4. (HRMS found 420.1066.
C, HyxNO;Se requires 420.1078).

4-]2-(Benzylseleno)pyridin-3-yl]butan-2-one (16)

A mixture of fert-butyl 2-[(2-(benzylseleno)pyridin-3-yl)methyl]-
3-oxobutyrate (15) (4.96 g, 11.9 mmol) and conc. HCI (60 mL)
was stirred at room temperature for 18 h. The reaction mixture
was basified to pH 8.5 with 10% NaOH and extracted with ether
(3 x 100 mL). The combined organics were dried (MgSO,) and
concentrated under vacuum. The residue was separated by flash
chromatography (10% EtOAc-hexane) to give the title ketone as
white crystals (86%). Mp 54-55 °C. '"H NMR ¢ 2.11 (s, 3H), 2.72
(m, 2H), 2.83 (m, 2H) 4.51 (s, 2H, J75. = 20.4) 7.01 (dd, 1H, J =
4.9, 7.6) 7.20-7.29 (m, 3H) 7.35-7.39 (m, 3H), 8.36 (dd, 1H, J =
1.7, 4.9). "C NMR ¢ 27.5, 29.2, 29.9, 42.5, 120.7, 126.8, 128.4,
129.1, 136.1, 139.3, 147.6, 155.4, 207.2. "Se NMR ¢ 385.8. IR
1713. MS m/z (M + H)* 320.3. (Found: C, 60.47; H, 5.33; N, 4.41.
C,,H,;NOSe requires C, 60.38; H, 5.38; N, 4.40%).

1-[2-(Benzylseleno)pyridin-3-yl]-3-methylheptan-3-ol (17)

4-[2-(Benzylseleno)pyridin-3-ylJbutan-2-one ~ (16) (1.13 g,
3.57 mmol) in dry ether (15 mL) was added carefully, under
N,, to a cooled (0 °C) stirred solution of butylmagnesium
bromide [prepared from 1-bromobutane (0.50 mL, 4.70 mmol)
and magnesium (128 mg, 5.27 mmol) in dry ether (16 mL)]. The
mixture was stirred for 1 h. Sat. NH,Cl was added carefully and
the reaction mixture was partioned between water and ether.
The aqueous phase was extracted with ether (3 x 20 mL), the
combined organics dried (MgSO,), and the solvent removed in
vacuo. The residue was separated by flash chromatography (20%
EtOAc—petroleum spirit 60-80 °C) to give the title alcohol as a

pale yellow oil (86%). '"H NMR ¢ 0.91 (t, 3H, J = 6.8), 1.21 (s,
3H), 1.29-1.35 (m, 4H) 1.48 (m, 2H), 1.67 (m, 2H) 2.63 (m, 2H),
4.51 (s, 2H, J75. = 10.2) 7.01 (dd, 1H, J = 4.6, 7.6) 7.19-7.40 (m,
6H), 8.36 (dd, 1H, J =1.9,4.6). *°CNMR ¢ 14.1, 23.2, 26.1, 26.7,
28.2,29.1,41.4,41.7,72.5,121.0,126.7, 128.4, 129.1, 135.4, 137.7,
139.4, 147.2, 155.4. "Se NMR ¢ 383.8. IR 3420 (br). MS m/z
(M + H)* 378.4. (Found: C, 63.63; H, 7.20; N, 3.81. C, H,,NOSe
requires C, 63.82; H, 7.23; N, 3.72%).

tert-Butyl ethyl 2-[2-(benzylseleno)pyridin-3-ylmethyljmalonate
18)

tert-Butyl ethyl malonate (0.92 mL, 4.87 mmol) was added to
a suspension of sodium hydride (200 mg of a 60% suspension
in oil, 4.87 mmol) in THF (5 mL) at 0 °C under N,. After
stirring at room temperature for 30 min, 2-(benzylseleno)-3-
(chloromethyl)pyridine (14) (1.11 g, 3.75 mmol) was added and the
reaction heated at reflux for 18 h, at which time water was added
carefully to the cooled reaction mixture. After extraction with
ether (3 x 30 mL), the combined extracts were dried (MgSO,) and
concentrated to dryness under vacuum. The residue was separated
by flash chromatography (10% EtOAc-hexane) to give the title
compound as a colourless oil (54%). '"H NMR ¢ 1.21 (t, 3H, J =
7.1),1.39 (s, 9H), 3.13 (d,2H J = 7.8), 3.71 (t, IHJ = 7.8), 4.11-
4.17 (m, 2H), 4.53 (s, 2H), 6.99 (dd, 1H, J = 4.7, 7.2), 7.19-7.21
(m, 1H), 7.25-7.29 (m, 2H), 7.38-7.40 (m, 3H), 8.38 (dd, IH, J =
1.5,4.7). "\CNMR ¢ 14.0, 27.8, 29.3, 32.5, 51.6, 61.3, 82.1, 120.1,
126.8, 128.4,129.1, 133.3, 136.9, 139.0, 148.0, 155.9, 167.5, 168.8;
Se NMR ¢ 385.1. IR 1730. (Found: C, 58.88; H, 5.93; N, 3.09.
C,,H,,NO,Se requires C, 58.93; H, 6.07; N, 3.12%).

tert-Butyl ethyl 2-[2-(benzylseleno)pyridin-3-ylmethyl]-2-
dodecylmalonate (19)

A solution of fert-butyl ethyl 2-[2-(benzylseleno)pyridin-3-
ylmethylJmalonate (18) (920 mg, 2.02 mmol) and sodium hydride
(100 mg of a 60% suspension in mineral oil) in THF (5§ mL) was
stirred at 0 °C for 30 min under N,. 1-Bromododecane (1. 5 mL,
6.25 mmol) was added and the mixture heated under reflux for 5h
and partitioned between water and ether. The aqueous phase was
further extracted with ether (2 x 20 mL) and the combined ether
extracts dried (MgSO,). The solvent was removed in vacuo and the
residue separated by flash chromatography (5% EtOAc-hexane)
to give the title compound as a viscous oil (74%). '"H NMR ¢ 0.87
((t,3H,J =6.9),1.16 (t,3H, J = 7.1), 1.22-1.25 (m, 20H), 1.37
(s, 9H), 1.80 (m, 2H), 3.18 (s, 2H), 4.05-4.16 (m, 2H), 4.46 (s, 2H),
6.93-6.96 (dd, IH, J =4.9,7.5),7.16 (d, 1H, J = 7.2), 7.20-7.25
(m, 2H), 7.33-7.40 (m, 3H), 8.34 (dd, 1H, J = 1.3, 4.6). "C NMR
013.9,14.0,22.6,24.2,27.7,27.6,29.2,29.3,29.4, 29.5, 29.6, 29.7,
29.9, 31.8, 33.4, 35.6, 58.7, 61.0, 81.7, 119.8, 126.6, 128.6, 129.0,
133.1, 136.5, 139.2, 147.6, 157.0, 170.0, 171.4. "Se NMR § 392.1.
IR 1732. (Found: C, 66.30; H, 8.28; N, 2.25. C;,H;, NO,Se requires
C, 66.21; H, 8.34; N, 2.27%).

2-(Ethoxycarbonyl)-2-[2-(benzylseleno)pyridin-3-
ylmethyltetradecanoic acid (20)

tert-Butyl ethyl 2-(2-benzylselenopyridin-3-ylmethyl)-2-dodecyl
malonate (20) (90.1 mg, 1.45 mmol) and trifluoroacetic acid
(4 mL) were stirred at 0 °C in dichloromethane (4 mL). After
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1 h, sat. NaHCO; was added carefully and the resultant mixture
extracted with dichloromethane (3 x 20 mL). The combined
extracts were dried (MgSQO,) and the solvent removed in vacuo.
Flash chromatography (20% EtOAc-hexane) afforded the title
compound as a colorless oil (67%). '"H NMR ¢ 0.87 (t, 3H, J =
6.3), 1.14 (t, 3H, J = 6.1), 1.22-1.29 (m, 20H), 1.94 (m, 2H), 3.21
(d, 1H, J = 14.8), 3.32 (d, 1H, J = 14.9), 4.06-4.20 (m, 2H),
440 (d, 1H, J = 11.7), 4.46 (d, 1H, J = 11.6), 7.00 (dd, 1H, J =
4.9, 7.5), 7.17-7.39 (m, 6H), 8.40 (d, 1H, J = 4.5). ®C NMR ¢
13.7,14.1, 22.6, 24.7, 24.8, 29.2, 29.3, 29.4, 29.5, 29.5, 29.7, 30.3,
31.9, 35.8, 38.2,58.1, 62.0, 120.4, 126.8, 128.4, 129.0, 132.8, 136.5,
138.9, 148.0, 156.5,173.6,174.2;7Se NMR ¢ 391.8. IR 1740, 1713.
(HRMS found 562.2448. C;,H,,NO,Se requires: 562.2448).

N-|2-(Ethoxycarbonyl)-2-[2-(benzylseleno)pyridin-3-
ylmethyl|tetradecanoyloxy]-/V,S-dimethyldithiocarbamate (21)

N,S-dimethyl-N-hydroxydithiocarbamate® (70 mg, 0.56 mmol)
was added to a solution of 2-(ethoxycarbonyl)-2-[2-(benzyl-
seleno)pyridin-3-ylmethyl]tetradecanoic acid (20) (244 mg,
0.435 mmol), dicyclocarbodiimide (90 mg, 0.44 mmol) and DMAP
(catalytic) in dichloromethane (4 mL). The reaction mixture was
stirred for 18 h before being filtered through a plug of celite. The
fitrate was washed with sat. NaHCO; and the dried (MgSO,).
Separation of the residue by flash chromatography (gradient: 5-
50% EtOAc-hexane) afforded the title compound as a yellow oil
(70%). '"H NMR ¢ 0.87 (t, 3H, J = 6.9), 1.15 (m, 3H), 1.20-1.29
(m, 20H), 2.03 (t, 2H, J = 8.4), 2.52 (s, 3H), 3.28 (d, 1H, J =
15.3), 3.42 (d, 1H, J = 15.3), 3.66 (s, 3H), 4.08-4.17 (m, 2H),
4.48 (s, 2H), 6.98-7.02 (m, 1H), 7.18-7.26 (m, 3H), 7.35 (d, 1H,
J =28.1),7.44 (d, IH, J = 7.6), 8.39 (m, 1H). "C NMR ¢ 13.8,
14.1, 18.6, 22.6, 24.3,29.22, 29.3, 29.4, 29.5, 29.6, 30.1, 31.9, 33.6,
35.9,42.3,42.3,57.7,61.7,62.2,119.9, 126.8, 128.4, 129.0, 131.7,
136.9, 139.0, 148.2, 157.2, 167.9, 169.3, 197.6. "Se NMR ¢ 394.8.
(HRMS found 681.2291 C;;H,yN,O,S,Se requires: 681.2298).

2-Dodecyl-2-ethoxycarbonyl-2,3-dihydroselenolo|2,3-b]pyridine
(22

N-[2-(Ethoxycarbonyl)-2-[2-(benzylseleno)pyridin-3-ylmethyl]-
tetradecanoyloxy]-N,S-dimethyldithiocarbamate (21) (0.100 g,
0.157 mmol) and AIBN (approx. 4 mg) in heptane (20 mL) was
irradiated with a low-pressure mercury lamp for 4 h. The solvent
was removed in vacuo and the residue was separated by flash
chromatography (gradient: 10% EtOAc—hexane to 20% EtOAc—
hexane) to give the title compound as a colourless oil (89%) 'H
NMR 6 0.86 (t, 3H, J = 6.5), 1.12-1.38 (m, 23H), 2.05-2.24 (m,
2H), 3.18 (d, 1H, J = 16.2), 3.79 (d, 1H, J = 16.2), 4.20 (m, 2H),
6.96 (dd, 1H, J =4.8,J =17.2),7.34 (d, 1H, J = 7.2), 8.22 (d,
IH, J = 0.6). "C NMR ¢ 14.0, 14.1, 22.6, 26.2, 29.3, 29.3, 29.4,
29.5, 29.5, 29.6, 29.6, 31.9, 39.7, 42.5, 59.0, 61.7, 120.0, 128.3,
129.0, 131.7, 148.4,173.7. 7Se NMR ¢ 547.6. IR 1732. (Found: C,
62.16; H, 8.35; N, 3.28. C,H3sNO,Se requires C, 62.25; H, 8.31;
N, 3.30%.)

Ethyl 4-(2-chloropyridin-3-yl)-4-hydroxybut-2-ynoate (26)

Lithium bis(trimethylsilyl)amide (40 mL of a 1 M in THF,
40.0 mmol) was added to a solution of ethyl propiolate (4.1 mL,
40.4 mmol) in THF (80 mL) at —78 °C under N,. The reaction mix-

ture was stirred for 15 min after which 2-chloronicotinaldehyde
(25) (5.1 g, 36.2 mmol) in THF (5 mL) was added slowly. The
reaction was monitored by TLC and after stirring for 5hat —78 °C,
sat. NH,Cl was added dropwise and the reaction allowed to
warm to room temperature. The reaction mixture was partitioned
between water and ether and the aqueous phase extracted with
ether (3 x 50 mL). The combined ethereal layers were dried
(MgS0O,) and the solvent removed in vacuo. The residue was
separated by flash chromatography (10% to 50% EtOAc-hexane)
to give the title compound as a pale yellow crystalline solid (92%).
Mp 68-69.5 °C. '"H NMR ¢ 1.32 (t, 3H, J = 7.2), 2.70 (bs, 1H),
4.26 (q,2H,J =17.2),5.90 (s, 1H), 7.35 (dd, 1H, J = 4.8, 7.6), 8.08
(dd, 1H, J = 2.0, 7.6), 8.42 (dd, 1H, J = 2.0, 4.8). *C NMR ¢
13.9,60.7,62.4,74.4,84.0, 123.0, 133.3, 137.2, 149.3, 149.5, 153.0.
IR 3155 (br), 2230, 1719. MS m/z 240.1 (M + H)*. (Found: C,
55.18; H, 4.21; N, 5.90. C,;H,,CINO; requires: C, 55.13; H, 4.21;
N, 5.84%).

Ethyl 4-(2-chloropyridin-3-yl)-4-hydroxybutyrate

Ethyl 4-(2-chloropyridin-3-yl)-4-hydroxybut-2-ynoate (1.57 g,
6.56 mmol) and 10% Pd/C (catalytic) in methanol (30 mL) was
reacted with hydrogen gas at atmospheric pressure for 5 h, at
which time approximately 430 mL of H, had been consumed.
The reaction mixture was passed through a plug of Celite and
the solvent removed under vacuum. The residue was separated
by flash chromatography (20 to 50% EtOAc-hexane) to give the
title compound as a pale yellow oil (48% yield) together with ethyl
4-(pyridin-3-yl)butyrate (15%).

Ethyl 4-(2-chloropyridin-3-yl)-4-hydroxybutyrate. 'H NMR ¢
1.17 (t,3H, J = 7.2), 1.88 (ddt, 1H, J = 7.2, 8.1, 14.5), 2.06 (ddt,
1H, J = 3.5,7.2, 14.5), 2.42 (t, 2H, J = 7.2), 3.67 (bs, 1H), 4.04
(q, 2H, J = 7.2), 5.01 (dd, IH, J = 3.5, 8.1), 7.19 (dd, IH, J =
4.7,7.6), 7.90 (dd, 1H, J = 1.8, 7.6), 8.15 (dd, 1H, J = 1.8, 4.7).
BC NMR ¢ 14.0, 30.6, 31.8, 60.7, 69.0, 122.8, 136.4, 138.6, 147.9,
148.4, 174.0. IR 3363 (br) 1788, 1715. MS m/z 244.1 M + H)*.
(Found C, 54.24; H, 5.70; N, 5.76. C, H,5sCINO; requires: C, 54.22;
H, 5.79; N, 5.75%).

Ethyl 4-(pyridin-3-yl)butyrate. 'H NMR ¢ 1.25 (t, 3H, J =
9.2), 1.95 (m, 2H), 2.33 (m, 2H), 2.66 (m, 2H), 4.11 (q, 2H, J =
9.2), 7.21 (m, 1H), 7.49 (m, 1H), 8.4.2 (m, 2H). *C NMR ¢ 14.1,
26.1, 32.1, 33.3, 60.3, 123.3, 136.0, 136.7, 147.3, 149.6, 173.0. IR
1732.MS m/z 194.1 M + H)* (Found: C, 68.41; H, 7.80; N, 7.19.
C,,HsNO, requires: C, 68.37; H, 7.82; N, 7.25%).

Ethyl 4-(2-chloropyridin-3-yl)-4-oxobutyrate (27)

Ethyl 4-(2-chloropyridin-3-yl)-4-hydroxybutyrate (0.753 g,
3.08 mmol) and pyridinium chlorochromate (1.6 g) were stirred
in dichloromethane (10 mL) at room temperature for 6 h. The
solid was washed with ether (4 x 15 mL) and the combined
washings reduced in vacuo. Purification was effected by flash
chromatography (50% EtOAc-hexane) to give the title compound
as a colourless oil (67%). '"H NMR ¢ 1.27 (t, 3H, J = 7.2), 2.80
(t,2H, J = 6.4),3.29 (t, 2H, J = 6.4), 4.14 (q, 2H, J = 7.2), 7.33
(dd, 1H, J = 4.6, 7.6), 7.90 (d, 1H, J = 7.6), 8.47 (d, 1H, J =
4.6). "CNMR 0 14.2, 28.6, 37.5, 60.9, 122.5, 135.3, 138.4, 147.3,
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151.3, 172.4, 200.0. IR 1724, 1676. (HRMS found: 242.0585.
C, H,;CINO; requires 242.0584).

Ethyl 4-[2-(benzylseleno)pyridin-3-yl]-4-oxobutyrate (28)

Sodium borohydride was added in portions to a suspension
of dibenzyl diselenide (2.00 g, 5.87 mmol) in degassed ethanol
(30 mL) under a flow of N, until a colourless solution formed. Ben-
zophenone (2 g) was added to quench excess sodium borohydride
and the reaction mixture stirred for 20 min after which time ethyl
4-(2-chloropyridin-3-yl)-4-oxobutyrate (27) (1.52 g, 6.30 mmol)
was added. The reaction mixture was refluxed under nitrogen for
12 h before being worked up as described for 12. Purification was
effected by flash chromatography (10% EtOAc-hexane) and the
product recrystallised (chloroform) to give the title compound as
a crystalline solid (75%). Mp 70-71.5 °C. '"H NMR ¢ 1.25 (t, 3H,
J=172),2.76(t,2H, J = 6.8), 3.25 (t, 2H, J = 6.8), 4.14 (q, 2H,
J =17.2),4.41 (s, 2H), 7.16-7.19 (m, 2H), 7.23-7.26 (m, 2H, 7.39
(d,2H, J =17.6),8.18 (dd, 1H, J = 1.6, 7.6), 8.64 (dd, 1H, J = 1.6,
4.8). "'CNMR ¢ 14.1, 28.0, 29.1. 33.5, 60.7, 118.8, 126.4, 128.3,
129.3, 129.8, 137.7, 139.2, 152.2, 161.1, 172.6, 197.5. "Se NMR
0 492.6. IR 1728, 1661. MS m/z 378.1 (M + H)*. (Found: C,
57.53; H, 5.10; N, 3.61. C3H;yNO;Se requires: C, 57.45; H, 5.09;
N, 3.72%).

6-[2-(Benzylseleno)pyridin-3-yl]-4,5-dihydro-2 H-pyridazin-3-one
29

Ethyl 4-(2-benzylseleno-pyridin-3-yl)-4-oxobutyrate (28) (207 mg,
0.549 mmol), potassium hydroxide (0.2 g, 3.56 mmol) and
hydrazine monohydrate (2 mL, 41.2 mmol) were heated at reflux
for Shindigol (2mL). The reaction mixture was diluted with water
(20 mL) and acidified to pH 8-9 with 10% hydrochloric acid. The
aqueous solution was extracted with toluene (3 x 20 mL) and the
combined organics dried (MgSO,). Flash chromatography (50%
EtOAc-hexane) gave the title compound as colourless crystals
(61%) mp 151-152 °C (toluene). '"H NMR ¢ 2.62 (t, 2H, J = 7.8),
2.93 (t, 2H, J = 7.8), 4.41 (s, 2H), 7.14-7.19 (m, 2H), 7.27 (m,
2H), 7.37 (m, 2H), 7.61 (dd, 1H, J = 1.8, 7.8), 8.52 (dd, 1H, J =
1.8,4.7), 8.61 (bs, 1H). *C NMR 6 23.5, 26.3, 30.6, 119.3, 126.5,
128.4, 129.2, 131.2, 134.6, 139.2, 149.2 (2C), 156.5, 166.6; ""Se
NMR ¢ 456.7; IR 3198, 1678. MS m/z 346.1 (M + H)* (40%),
336.1 (100%). HRMS found: 346.0457. C,4H;sN;OSe requires:
346.0459).

1-[2-(Benzylseleno)pyridin-3-yl]-butane-1,4-diol (30)

A large excess of sodium borohydride and ethyl 4-(2-benzyl-
selenopyridin-3-yl)-4-oxobutyrate (28) (150 mg, 0.399 mmol) in
methanol (6 mL) were heated at reflux for 4 h, at which time TLC
analysis showed the absence of starting material. The reaction
mixture was partitioned between water and dichloromethane and
the aqueous phase extracted with dichloromethane (4 x 15 mL).
After evaporation of the solvent, the residue was separated by flash
chromatography (50% EtOAc-hexane) to give the title compound
as a colourless 0il (95%). "H NMR ¢ 1.60-1.66 (m, 3H), 1.76 (m,
1H), 3.54 (dt, 1H, J = 5.8, 10.1), 3.60 (dt, 1H, J = 5.8, 10.1), 4.45
(d, IH, J = 12),4.49 (d, 1H, J = 12), 4.75 (dd, 1H, J = 3.6, 8.0),
7.04 (dd, 1H, J = 4.7, 7.6), 7.16-7.23 (m, 3H), 7.32 (m, 2H), 7.65
(dd, 1H, J = 1.8, 7.6), 8.36 (dd, 1H, J = 1.8, 4.7). "C NMR ¢

29.0,29.6, 34.9, 62.5,70.8, 120.7, 126.8, 128.4, 129.0, 133.1, 139.1,
140.5,148.3,153.0.7Se NMR 6 380.8; IR 3265 (br). MS m/z 338.1
(M + H)*. (Found: C, 56.33; H, 5.39; N, 3.71. C,(H;,NO,Se + 33%
methanol requires: C, 56.54; H, 5.91; N, 4.04%).

Ethyl 2-chloronicotinate-N-oxide* (35)

Ethyl 2-chloronicotinate (11) (4.102 g, 22.0 mmol) and 30%
aqueous hydrogen peroxide (4 mL) were heated to 60 °C for 36 h
in trifluoroacetic acid (40 mL). The solution was concentrated in
vacuo and the residue neutralised with sat. NaHCO;. The mixture
was extracted with dichloromethane (3 x 45 mL), the combined
organics dried (MgSO,) and the solvent removed. The residue was
purified by flash chromatography (100% EtOAc) to give the title
compound as a pale solid (48%). Mp 39-40 °C. '"H NMR ¢ 1.43
(t,3H,J =7.2),4.45(q,2H,J =7.2),7.33(dd, 1H, J = 6.4, 7.8),
7.69 (dd, 1H, J = 1.2, 7.8), 8.49 (dd, 1H, J = 1.2, 6.4). "C NMR
0 13.9, 62.6, 122.7, 126.7, 130.6, 142.0, 162.6; MS m/z (M + H)*
201.8.

3-Carboethoxy-/N-hydroxypyridine-2-selone (36)

Sodium borohydride (0.57 g, 15 mmol) was added to a suspension
of selenium powder (0.57 g, 7.2 mmol) in ethanol (6 mL) under a
flow of nitrogen. After 45 min, ethyl 2-chloronicotinate-N-oxide
(33) (0.997 g, 4.94 mmol) in ethanol (2 mL) and NaHCO; (140 mg)
were added to the colourless solution. A bright yellow precipitate
formed immediately. The mixture was heated at reflux for 1 h
under nitrogen at which time glacial acetic acid was added and
the solvent removed in vacuo. The residue was mixed with benzene
(15 mL) and the solvent removed. The residue was extracted with
chloroform (4 x 30 mL) and THF (4 x 30 mL). The combined
extracts were dried (MgSO,) and the solvent removed to give the
title compound as an unstable yellow oil (93%) that was used
immediately and without further purification. "H NMR ¢ 1.42 (t,
3H,J=17.2),4.44(q,2H,J =7.2),7.03 (m, 1H), 7.75(d, 1H, J =
7.2) 8.39 (d, 1H, J = 6.8). "Se NMR 4 380.3.

2-Carboethoxy-3,4,-dihydro-2 H-1-seleno-4a-azonianaphthalenium
halide (37)

A solution of 4-bromobutanoyl chloride (0.19 mL, 1.95 mmol)
in benzene (15 mL) was added slowly to a refluxing solution of
freshly prepared 3-carboethoxy-N-hydroxypyridine-2-selone (36)
(0.48 g, 1.95 mmol), DMAP (spatula tip) and pyridine (0.2 mL) in
benzene (20 mL) and under nitrogen. The bright orange solution
was heated at reflux overnight and the yellow precipitate collected
by filtration and identified as the title compound (79%). Mp 175-
177.5°C '"H NMR (d,-DMSO) 6 1.37 (m, 3H), 2.38 (m, 2H), 3.26
(t,2H, J = 6.3), 4.41 (m, 2H), 4.62 (m, 2H), 7.85 (m, 1H), 8.74 (d,
1H, J =6.1),9.07 (d, IH, J = 7.6). "C NMR (d,-DMSO) 6 14.0,
22.2,24.1,60.4, 63.0, 122.0, 130.6, 144.2, 151.0, 158.4, 163.1. MS
m/z (M)* 271.9 (100%);. (HRMS found: 272.0177. C,;H,,NO,Se
requires 272.0190).

Bis(2-carboethoxypyridine-2-selenide) (39)

3-Bromopropionic acid (0.340 g, 2.22 mmol) and DMF (3 drops)
was heated at reflux in thionyl chloride (5 mL) for 2 h. The
excess thionyl chloride was removed in vacuo and the residue
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dissolved in benzene (3 mL) and reacted with freshly prepared 3-
carboethoxy-/N-hydroxypyridine-2-selone (36) (0.46 g, 1.87 mmol)
in accordance with the procedure described above. After the
vigorous evolution of gas had ceased, the reaction mixture was
worked-up as described above and the residue separated by flash
chromatography (hexane) to afford the title compound (8%) as
the only isolable compound. Mp 204-206 °C. '"H NMR ¢ 1.45
(t, 3H, J = 7.2), 446 (q, 2H, J = 7.2), 7.15 (dd, 1H, J = 4.7,
7.8), 8.23 (dd, 1H, J = 1.7, 7.6), 8.50 (dd, 1H, J = 1.8, 4.8). MS
m/z (M + H)* 461.0; (HRMS found: 460.9513. C(H,;N,0,Se,
requires 460.9519).

Crystallography

Intensity data were collected with a Bruker SMART Apex CCD
detector using Mo Ka radiation (graphite crystal monochromator
A = 0.71073). Data were reduced using the program SAINT.*
The structure was solved by direct methods and difference Fourier
synthesis using the SHELX suite of programs* as implemented
with the WINGX software.”

Crystal data for 285. C H,NO;Se, M = 376.30, T = 295(2)
K, 4=0.71069, orthorhombic, space group P2,2,2,, a = 4.8305(8),
b =13.532(2), ¢ = 26.210(4), A, V = 1713.3(5) A, Z = 4, D, =
1.459 mg M~ u(Mo Ka) 2.205 mm™', F(000) = 768, crystal
size 0.35 x 0.15 x 0.10 mm. 10646 reflections measured, 3892
independent reflections (R;,, = 0.10) the final R was 0.0408 [I >
26(I)] and wR(F?) was 0.0791 (all data).

Computational chemistry

Ab initio molecular orbital calculations were carried out using the
Gaussian 03 program."” Geometry optimisations were performed
using standard gradient techniques at the B3LYP/6-311G** level
of theory.
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A cyclic Leu-enkephalin mimetic containing a 7-membered ring, and two linear analogues, has been
prepared on solid phase. In the cyclic mimetic the intramolecular (1-4) hydrogen bond found in
crystalline Leu-enkephalin has been replaced by an ethylene bridge. In addition, the amide bond
between Tyrl and Gly2 has been replaced by a methylene ether isostere and Gly3 has been deleted. The
two linear analogues both contain the methylene ether isostere instead of the Tyr1-Gly2 amide bond
and the shorter of the two lacks Gly3. The three compounds, and a f-turn mimetic analogous to the
7-membered turn mimetic but with Gly3 included, were evaluated for specific binding to p- and
S-opioid receptors in rat brain membranes. With the exception of the f-turn mimetic the three other
Leu-enkephalin analogues all bound with varying affinity to the p- and 3-opioid receptors. From the
results it could be concluded that Leu-enkephalin binds in a turn conformation to the opiate receptors,

but that this conformation is not a (1-4) f-turn.

Introduction

The opiate receptors, which belong to the family of G protein-
coupled receptors (GPCR’), are divided into p-, & and «x-
receptor sub-types.! In the mid 1970s two endogenous opiate
receptor ligands were discovered, Leu-enkephalin (Tyr-Gly-Gly-
Phe-Leu) and Met-enkephalin (Tyr-Gly-Gly-Phe-Met).? They act
as agonists at the opiate receptors and trigger a response cascade
resulting in the relief of pain.

Soon after the discovery of the two enkephalins X-ray crys-
tallography revealed that Leu-enkephalin formed a (1-4) f-turn
in the solid state.* Based on this finding it was proposed that
the flexible structures of the two enkephalins were stabilized
in the bioactive conformation by forming an intramolecular
hydrogen bond between the carbonyl oxygen atom in Tyr (i)
and the amide NH in Phe (i+3), thereby generating a f-turn
conformation.* Considerable efforts have been made to elucidate
the bioactive conformation of the two ligands using spectral
and computational techniques, including NMR spectroscopy in
membrane mimicking environments.>” However, in spite of all
efforts a clear understanding of the bioactive conformation of the
enkephalins has not yet been established.

Native peptides are usually not suitable as drugs intended for
oral administration because of poor stability towards proteolysis,
limited ability to cross membrane barriers, and rapid excretion.
However, the important biological functions of peptides make the
preparation of peptidomimetics highly interesting. Such mimetics
should retain the biological effect of peptides simultaneously
with presenting an improved pharmacokinetic profile obtained
through molecular modifications. Consequently, strategies using
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T Electronic supplementary information (ESI) available: 'H and "C NMR
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endogenous receptor ligands as starting points for design of
peptidomimetics are of great importance.® This ligand based
drug design methodology has been utilized extensively in efforts
to develop selective and potent opiate receptor ligands, at the
same time as attempting to gain increased understanding of the
bioactive conformation. The vast literature in the field contains
several examples of f-turn mimetics, as well as non-cyclic mimetics
of the enkephalines.®**

We recently reported the incorporation of a f-turn mimetic
based on a 10-membered ring in place of the first four residues
of Leu-enkephalin (cf. 1, Fig. 1)."* Conformational studies based
on '"H NMR data for mimetic 1 showed that the f-turn mimetic
was flexible, but resembled a type II f-turn at low temperature.'*
This low energy conformer also closely resembled the structure
determined for crystalline Leu-enkephalin.® In view of studies
suggesting the importance of different reverse turn conformations
in biologically active conformations of Leu-enkephalin, our design
was expanded to mimetic 2 (Fig. 2), which lacks one of the two
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Fig. 1 Peptidomimetic 1 has been designed to contain a covalently
bonded 10-membered ring that mimics the (1-4) f-turn found in crystalline
Leu-enkephalin.
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Fig. 2 Peptidomimetic 2 contains a 7-membered ring which induces a
different turn conformation than for 1. Linear peptidomimetics 3 and 4
were used to probe the effect of cyclization in binding of 1 and 2 to the
opiate receptors.

OH

glycines in Leu-enkephalin. The 7-membered ring in 2 orients the
critical side chains of Tyr and Phe to slightly different positions
as compared to mimetic 1. In both of mimetics 1 and 2 the
intramolecular hydrogen bond found in a potential (1-4) f-turn
has been replaced by an ethylene bridge. Simultaneously the
amide bond between residues i and i + 1 has been replaced
with a methylene ether isostere. This isostere was chosen because
replacement of the Tyr-Gly amide bond in Leu-enkephalin by a
methylene ether isostere, as in 3, has been reported to be well
tolerated at the opiate receptors.” Mimetics 1 and 2 are therefore
well suited for investigation of the role played by (1-4) turns in
interactions of Leu-enkephalin with the opiate receptors.

In this paper we describe the synthesis of turn mimetic 2, as well
as the linear analogues 3 and 4. Compounds 3 and 4 contain the
same side chains as found in the corresponding cyclized mimetics
1 and 2, and a methylene ether isostere between residues i and
i + 1, but they lack the ethylene bridge. We also describe affinity
studies at the u- and 8-opiate receptors for mimetics 1-4.

Results and discussion
Synthesis of 7-membered Leu-enkephalin mimetic 2

In contrast to 1 which was prepared by a solution phase route,™
it was decided to carry out the synthesis of mimetic 2 on a
solid support. This was done so as to minimize oligomerization
during formation of the 7-membered ring and to establish
conditions that would allow the synthesis of libraries of turn
mimetics. Synthesis of 2 started by deprotection of Boc-leucine
attached to Tentagel resin by treatment with trifluoroacetic acid in
dichloromethane (Scheme 1). Fmoc-phenylalanine was coupled to
the resulting free amine by using diisopropylcarbodiimide under
standard conditions,'® after which the Fmoc group was removed
with piperidine in DMF to give solid-phase bound dipeptide 5
Reductive amination’ of aldehyde 6™ with resin bound dipeptide
5, using sodium triacetoxyborohydride as reducing agent in 1,2-
dichloroethane, gave secondary amine 7. At this stage solid-phase
bound 7 contained the C-terminal leucine and phenylalanine
residues connected to the Tyr-Gly moiety of the desired 7-
membered ring Leu-enkephalin mimetic. The zert-butyl ester and

NHBoc
| i, i

OfBu
/“/(O
(0] 1
. & OR
3 /‘{ GPAM

0] OtBu

ta) ?%

7 R, R?=Bu
1 s, o
‘“'V"Eg R'=Pfp,R2=H

N3
viii
— 0 — o)
QPAM /L
%
"l: 11 R¥=Nj R*=Me
12 R¥=NH,, R? = Me
Xi , 3 4
2 R¥*=NH, R*=H

Scheme 1 i) TFA (30%) in CH,Cl,; ii) HOBt, DIC, bromophenol blue
solution, Fmoc-Phe-OH, DMF; iii) piperidine (20%) in DMF; iv) 5,
Na(OAc);BH, NEt;, CH,CICH,CI; v) TFA (30%) in CH,Cl,; vi) HCI1
(1 M) in 1,4-dioxane; vii) PfpOH, DIC, EtOAc; viii) NEt;, 1,4-dioxane,
reflux; ix) Na (0.22 M) in MeOH, 25% (over the solid phase synthesis); x)
SnCl,, PhSH, TEA, THF; xi) LiOH (0.1 M), THF, 56% (from 11).

the phenolic fert-butyl ether functionalities of 7 were then cleaved
simultaneously under acidic conditions, without affecting the
PAM linker which attached 7 to the solid phase. Activation™
of the carboxylic acid in 8 with diisopropylcarbodiimide and
pentafluorophenol in ethyl acetate gave pentafluorophenyl ester 9.
Ring closure to 7-membered ring 10 was achieved by treatment
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with triethylamine in refluxing dioxane. Polymerization problems
during the analogous ring closure reaction in the solution phase
synthesis of 1 required high dilution conditions,”* but such
problems were avoided by the solid phase strategy adopted for
synthesis of 10. The cyclized product was released from the
solid phase by treatment with sodium methoxide in methanol.
This gave protected turn mimetic 11 in 25% yield over the solid
phase sequence, after purification by chromatography on silica gel.
Finally, the N- and C-termini of 11 were deprotected in two steps.
First the azide was reduced® using tin chloride, thiophenol and
triethylamine in THF to give amine 12. After filtration through
silica gel the methyl ester in 12 was hydrolyzed with lithium
hydroxide in THF, after which purification by reversed phase
HPLC gave turn mimetic 2 in 56% yield over the two deprotection
steps. Thus, mimetic 2 was prepared from aldehyde 6 and resin
bound Boc-leucine in an eleven step sequence, nine steps of which
were carried out in the solid phase, with a total yield of 14%.

Synthesis of the linear analogs 3 and 4

Synthesis of Tyr-Gly dipeptide mimetic building block 17 was
performed in solution. The synthesis began with reduction® of
Fmoc-Tyr(Bu)-OH to alcohol 13 by activation of the carboxylic
acid with isobutyl chloroformate in THF, followed by reduction
with sodium borohydride (Scheme 2). Subsequent cleavage of
the Fmoc group with morpholine gave amino alcohol 14 (81%
from Fmoc-Tyr(sBu)-OH). Compound 14 was converted to azido
alcohol 15 by treatment*??> with a freshly prepared solution
of triflyl azide in dichloromethane and a catalytic amount of
cupric sulfate (72%). Alcohol 15 was deprotonated with potassium
hydride and alkylated with ethyl bromoacetate at 0 °C to give ester
16 (89%). Hydrolysis of 16 was accomplished by treatment with
an excess of sodium hydroxide in ethanol and water to give acid 17
(80%). In this way, Tyr-Gly dipeptide mimetic 17, which contains a
methylene ether isostere instead of the amide bond, was prepared
over five steps in 42% total yield. Dipeptide mimetic 17 is the
common intermediate for the solid phase synthesis of the linear
analogs 3 and 4.

_’:»13 R' = NHFmoc ,:16 R? = Et
1] \%

14 R" = NH, 17 R?=H
15R"=N,

Scheme 2 i) NMM, isobutylchloroformate, NaBH,, MeOH, THF,
—15°C, 90%; ii) morpholine, 90%; iii) NaN;, Tf,0, H,0, CuSO,, DMAP,
CH,Cl,, 0 °C to rt, 72%; iv) KH, NBu,l, ethyl bromoacetate, THF, 0 °C,
89%; v) NaOH, EtOH, 80%.

Synthesis of 3 and 4 from building block 17 was carried
out on solid phase (Scheme 3). Solid-phase bound leucine
(TentagelS-PHB-Leu-Fmoc) was deprotected and coupled with
Fmoc-protected phenylalanine to form dipeptide 18, following a

standard protocol.'® The solid phase bound dipeptide 18 was then
divided into two parts that were processed separately. One part
of 18 was subjected to Fmoc-deprotection followed by coupling
of Fmoc-protected glycine, to give tripeptide 19. After Fmoc-
deprotection resin bound tripeptide 19 was coupled with 17 using
HATU and diisopropylethylamine in dichloromethane,®* to
generate fert-butyl-protected pentapeptide 22. The progress of the
reaction was monitored by IR spectroscopy directly on the resin
through the appearance of an azide stretch at 2107 cm™. The azide
functionality was then reduced" using tin chloride, thiophenol,
and triethylamine in THF to give amine 23, a reaction that was
also monitored by IR spectroscopy on the solid phase. Finally,
deprotection of the phenolic ether and cleavage from the solid
phase using a mixture of trifluoroacetic acid and water containing
scavengers, followed by purification with reversed phase HPLC,
gave the linear Tyr-Gly-Gly-Phe-Leu analogue 3% in 70% yield
over the solid phase synthetic sequence. Application of the same
reaction sequence to dipeptide 18 gave the linear Tyr-Gly-Phe-Leu
analogue 4 in 62% yield.

Binding of peptide mimetics to the p- and 6-opioid receptors

The binding affinities of Leu-enkephalin mimetics 1-4 to the p-
and 6-opioid receptor subtypes were measured using membrane
bound receptors obtained from rat brain. Competition with radio
labeled DAMGO (Fig. 3, Table 1) and DPDPE (Fig. 4, Table 2),
ligands which are selective for the p- and d-receptor subtypes,
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Fig. 3 Competitive inhibition curves for compounds 1-4, DSLET
and Leu-enkephalin at the rat p-opiate receptor with PHJDAMGO as
radioligand, corrected for unspecific binding using naloxone (for clarity
only a few error bars are shown in the figure).

Table 1 Inhibitory potencies and Hill slopes for compounds 1-4, Leu-
enkephalin and DSLET at the rat p-opiate receptor determined with
[PH]DAMGO as radioligand

Compound pICs 1C5,/nM N
1 <6 >1000 —
2 6.13£0.12 740 0.90 +0.24
3 7.86 £+ 0.09 14 0.80 £ 0.12
4 <55 >1000 —
Leu-enkephalin 6.81 £0.12 160 0.66 £ 0.12
DSLET 7.41 £0.07 39 0.74 +0.01
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Scheme 3 1) Piperidine (20%) in DMF; ii) HOBt, DIC, bromophenol blue solution, Fmoc-Phe-OH, DMF; iii) HOBt, DIC, bromophenol blue solution,
Fmoc-Gly-OH, DMF; iv) HATU, DIEA, 17, CH,Cl,; v) SnCl,, PhSH, TEA, THF; vi) H,O, TFA, ethanedithiol, thioanisole, 62-70%.

Table 2 Inhibitory potencies and Hill slopes for compounds 1-4, Leu-
enkephalin and DSLET at the rat d-opiate receptor determined with
[FH]DPDPE as radioligand

Compound pICs 1Csy/nM n,

1 <6 >1000 —

2 6.79 +0.12 160 0.98 +0.26
3 8.88 +£0.08 1.3 0.92 +£0.14
4 6.07 +0.14 370 1.03 +£0.37
Leu-enkephalin 8.44 £ 0.15 3.6 0.67 £0.15
DSLET 8.83 £ 0.16 1.5 0.58 £0.14

respectively, was used to determine selectivity, with correction
for non-specific binding using naloxone.”® All compounds were
tested in triplicate at each concentration and on three different rat
brain homogenates. The known ligands DSLET (p-Ser-Tyr-Gly-
Gly-Phe-Leu-Thr) and Leu-enkephalin were included as reference
compounds.

Among the tested peptidomimetics linear Leu-enkephalin ana-
logue 3" showed the highest affinity both for the p- (ICs, = 14 nM)
and 6-opioid receptor subtype (ICs, = 1.3 nM). In agreement with
literature results," these affinities were slightly higher or in the
same range as for DSLET and Leu-enkephalin. This confirms
that a methylene ether isostere can replace the amide bond between
tyrosine and glycine in Leu-enkephalin without any reduction in
the affinity for the two receptor subtypes. Linear Leu-enkephalin
analogue 3 was also found to be a partial agonist at both receptor
subtypes in a GTPys assay (data not shown). Cyclic 10-membered
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Fig. 4 Competitive inhibition curves for compounds 1-4, DSLET
and Leu-enkephalin at the rat §-opiate receptor with [PH]JDPDPE as
radioligand, corrected for unspecific binding using naloxone (for clarity
only a few error bars are shown in the figure).

turn mimetic 1 showed no affinity (ICs, > 1000 nM) at either
of the opioid receptors. The lack of affinity displayed by 1 can
not be due to the replacement of the amide bond between the
tyrosine and glycine moieties with a methylene ether isostere,
as this modification is well tolerated in the corresponding linear
analogue 3. Instead the rigidity imposed by the cyclization appears
to render 1 incapable of adopting the conformation required for
interactions with the opioid receptors. Steric hindrance caused by
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the incorporation of the ethylene bridge, or loss of a potential
hydrogen bond involving the Phe NH, could also contribute to
the loss of receptor affinity. However, the fact that mimetic 2,
which also contains the ethylene bridge and lacks the Phe NH,
binds to both receptor subtypes (cf. below) shows that these two
structural features do not alone explain the lack of receptor affinity
displayed by 1. Previously, conformational studies based on 'H
NMR data has shown that 1 adopts a flexible type II f-turn at
low temperature.’ Taken together with the ability of 1 to adopt
a f-turn confirmation, and the lack of affinity of 1 at the p- and
d-receptors, questions whether Leu-enkephalin binds as a (1-4)
p-turn to the opioid receptors.

The 7-membered cyclic mimetic 2 displays significant affinity for
both receptor subtypes (ICs, = 740 nM at the p-receptor, ICsy =
160 nM at the d-receptor), while the corresponding linear Leu-
enkephalin analogue 4 showed almost no affinity for the p-opioid
receptor (ICs, > 1000 nM) and only low affinity for the 3-receptor
(ICsy = 370 nM). The conformation imposed by cyclization to
give 2 is thus favored for binding to both receptor subtypes,
as compared to the flexible linear analogue 4. It thus appears
that linear 4, as compared to cyclic 2, pays a significant entropy
cost upon adopting the required receptor bound conformation.
Importantly, the fact that 7-membered turn mimetic 2 binds to
both the p- and d-receptors with sub uM affinity does indicate
that Leu-enkephalin binds to both receptor subtypes in some type
of turn conformation. It should be emphasized that even though
the interactions of 2 with the two opioid receptors are less favorable
than for the linear analogue 3 and the two known agonists
DSLET and Leu-enkephalin, 7-membered ring 2 constitutes a
new drug-like scaffold with potential for use in ligand based
drug development targeting the opiate receptors, as well as other
GPCR’s.

Experimental

Methyl N-((25)-2-{(75)-7-[(1S5)-1-azido-2-(4-hydroxyphenyl)-
ethyl]-3-oxo-1,4-o0xazepan-4-yl }-3-phenylpropanoyl)-L-
leucinate (11)

Tentagel PAM-Leu-Boc (0.50 g, capacity 0.42 mmol g™') was
rinsed with DMF, toluene, EtOAc and CH,Cl,, then pre-swelled
in CH,Cl, and treated with 30% TFA in CH,ClI, for 10 h to give
PAM-Leu-NH,. Fmoc-Phe-OH (0.33 g, 0.84 mmol), diisopropyl
carbodiimide (130 pL, 0.82 mmol) and hydroxy benzotriazole
(170 mg, 1.3 mmol) were stirred in DMF for 1 h and then added to
the pre-swelled solid phase along with bromophenol blue (15 pL,
2 mM in DMF) and rotated for 8 h rinsed with DMF and CH,Cl,
to give Fmoc-protected 5. The solid phase was treated with 20%
piperidine in DMF (3 min continuous flow followed by 7 min
rotation) to liberate resin bound amine 5. Aldehyde 6 (0.087 g,
0.22 mmol) and triethylamine (40 pnL, 0.27 mmol) were dissolved
in 1,2-dichloroethane (3 mL) and added to the pre-swelled solid
phase. After 1 hour Na(OAc);BH (45 mg, 0.21 mmol) was added
and the reaction was further rotated for 14 h washed with DMF
and CH,Cl, to afford resin bound secondary amine 7. The resin
was treated with 30% TFA in CH,CI, for 6 h to give resin bound
acid 8. The solid phase was rinsed with 1 M HCI in dioxane
for 10 min to expedite a counterion exchange to the HCl-salt
of 8. Solid phase bound carboxylic acid 8 was activated as a

pentafluorophenol ester by adding pentafluorophenol (45 mg,
0.21 mmol) and diisopropyl carbodiimide (35 pL, 0.21 mmol)
in EtOAc (2 mL), after 5 h the solid phase was rinsed with DMF,
EtOAc and CH,ClI, to give 9. Dioxane (6 mL) and NEt; (87 pL,
0.63 mmol) were then added to the solid phase which was heated
to reflux for 9 h to give 10. The ring closed product was cleaved
from the solid phase by treatment with freshly prepared NaOMe
(2 x 4mL, sodium (20 mg) in CH;OH (4 mL)) for 2 x 30 min. The
solid phase was rinsed with EtOAc, H,O was added to the organic
layer and the two phases were separated. The aqueous phase
was extracted with EtOAc and the combined organic layers were
dried over Na,SO, and concentrated under reduced pressure. The
residue was purified by flash chromatography (EtOAc/heptane
1:2— 2:1)to give 7-membered ring 11 (23 mg, 25% over
the nine step solid phase synthesis) as a colorless solid. [a]) =
—91.7 (¢ = 0.71 in CHCI;); IR 3300, 2106, 1741, 1637 cm™'; 'H
NMR (400 MHz, CDCl,, 25 °C, CHCL;) J 7.33-7.16 (m, 5H),
7.02 (d, J = 8.3 Hz, 2H), 6.79 (d, J = 8.3 Hz, 2H), 6.56 (d, J =
8.0 Hz, 1H), 5.97 (bs, 1H), 5.22-5.16 (m, 1H), 4.51 (d, J = 15.6 Hz,
1H), 4.50-4.46 (m, 1H), 4.07 (d, J = 15.6 Hz, 1H), 3.77-3.65 (m,
1H), 3.68 (s, 3H), 3.37-3.24 (m, 3H), 3.21-3.15 (m, 1H), 3.10 (dd,
J = 14.6 and 8.8 Hz, 1H), 2.83 (dd, J = 6.7 and 13.9 Hz, 1H),
2.73 (dd, J = 8.2 and 13.9 Hz, 1H), 1.68-1.55 (m, 3H), 1.54—
1.44 (m, 2H), 0.87 (d, J/ = 5.9 Hz, 3H), 0.86 (d, J = 5.9 Hz,
3H); "C NMR (100 MHz, 25 °C, CHCL;): 6 173.6, 172.7, 169.8,
154.9, 136.4, 130.3, 128.9, 128.8, 128.7, 126.9, 115.6, 81.4, 72.7,
66.1, 58.8, 52.3, 50.9, 42.5, 40.9, 35.3, 34.0, 31.9, 24.9, 22.7, 21.7,
HRMS (FAB) calcd. for C,0H3,NsO4Na (M + Na) 574.2642, found
574.2643.

N-((25)-2-{(7S)-7-[(1.5)-1-Amino-2-(4-hydroxyphenyl)ethyl]-3-
oxo0-1,4-oxazepan-4-yl }-3-phenylpropanoyl)-L-leucine (2)

7-Membered ring 11 (10 mg, 0.018 mmol) was treated with a
mixture of SnCl, (0.022 g, 0.37 mmol), TEA (0.040 mL, 1.1 mmol)
and thiophenol (0.040 mL, 1.5 mmol) in THF (1 mL). After 1 h
the solvent was removed under reduced pressure, and the residue
was filtered through a short path of silica (EtOH/toluene, 1 : 4
as eluent). After removal of the solvents amine 12 (0.018 mmol)
was dissolved in THF (1.5 mL) followed by addition of 0.1 M
aqueous LiOH (0.63 mL, 0.063 mmol). After 5 h the reaction was
acidified with an excess of acetic acid (0.3 mL) and the solvent was
removed with toluene as azeotrope. The residue was purified by
reversed phase HPLC, lyophilized to give turn mimetic 2 (5 mg,
56% from 11) as a colorless solid. IR (neat) 3700-2600, 1658, 1616,
1515 cm™'; '"H NMR (400 MHz, CD,0D, 25 °C, MeOH) ¢ 8.18
(d, J = 8.2 Hz, 1H), 7.31-7.18 (m, 5H), 7.04 (d, J = 8.6 Hz, 2H),
6.79 (d, J = 8.6, 2H), 5.36 (dd, J = 10.2 and 6.1 Hz, 1H), 4.44—
4.36 (m, 1H), 4.33 (d, J = 15.4 Hz, 1H), 4.25 (d, J = 15.4 Hz,
1H), 3.80-3.69 (m, 1H), 3.59-3.46 (m, 2H), 3.40 (dd, J = 14.9 and
6.2 Hz, 1H), 3.19-3.11 (m, 1H), 3.06 (dd, J = 14.9 and 10.1 Hz,
1H), 2.86 (dd, J = 14.6 and 6.5 Hz, 1H), 2.68 (dd, J = 14.6 and
7.5 Hz, 1H), 1.94-1.86 (m, 1H), 1.68-1.60 (m, 3H), 1.38-1.28 (m,
1H), 0.94 (d, J = 6.3 Hz, 3H), 0.90 (d, J/ = 6.3 Hz, 3H); "C NMR
(100 MHz, CD,0D, 25 °C, MeOH) ¢ 174.3, 173.5, 171.3, 156.8,
137.0, 130.1, 128.6, 128.3, 126.5, 125.3, 115.6, 79.6, 71.9, 58.6,
56.2, 50.9, 42.1, 40.0, 34.5, 34.3, 24.7, 22.0, 20.4; HRMS (FAB)
calcd for C;sHyxN;O¢ (M + H) 512.2761, found 512.2756.
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9 H-Fluoren-9-ylmethyl [(1.5)-1-(4-tert-butoxybenzyl)-2-
hydroxyethyljcarbamate (13)

To Fmoc-Tyr(-Bu)-OH (0.50 g, 1.1 mmol), dissolved in THF
(6 mL), was added N-methylmorpholine (0.13 mL, 1.1 mmol).
The temperature was lowered to —20 °C and isobutyl chloro-
formate (0.17 mL, 1.14 mmol) was added slowly and stirred for
20 minutes. The formed precipitate was removed by filtration and
NaBH, (0.12 g, 3.3 mmol) was added in one portion to the THF
solution followed by careful addition of MeOH (10 mL). After
1 h 2 N HCI (aq.) and EtOAc were added. After extraction with
EtOAc the combined organic phases were washed with brine,
dried over NaSO, and concentrated. The residue was purified by
flash chromatography (EtOH/toluene, 1 : 20 — 1 : 10) to give
alcohol 13 (0.44 g, 90%) as a colorless solid. [a]? = —21.8 (¢ =
0.5 in CHCl,); IR (neat) 3316, 2973, 2933, 1687 cm™'; 'H NMR
(400 MHz, CDCl,, 25°C) 6 7.76 (d, J = 7.4 Hz, 2H), 7.56 (d, J =
7.4Hz,2H), 7.40 (t,J = 7.4 Hz,2H), 7.31 (t, /] = 7.4 Hz, 2H), 7.08
(d, J =79 Hz, 2H), 6.91 (d, / = 7.9 Hz, 2H), 5.04 (d, / = 7.2 Hz,
1H), 4.46-4.32 (m, 2H), 4.19 (t,J = 6.7 Hz, 1H), 3.96-3.83 (m, 1H)
3.71-3.56 (m, 2H), 2.87-2.75 (m, 2H), 2.33 (bs, 1H), 1.32 (s, 9H);
“C NMR (100 MHz, CDCl;) 6 156.4, 154.0, 143.8, 141.3, 132.3,
129.6,127.7,127.0, 125.0, 124.2, 119.9, 78.3, 66.6, 63.8, 54.1,47.2,
36.6, 28.8; HRMS (FAB) calcd for CxH3,NO, 446.2331 (M + H),
found 446.2359.

(2S5)-2-Amino-3-(4-tert-butoxyphenyl)propan-1-ol (14)

To alcohol 13 (0.42 g, 0.90 mmol) morpholine (15 mL) was
added. The reaction was stirred for 3 h and then co-evaporated
with toluene. The residue was purified by flash chromatography
(CHCI;/MeOH, 9 : 1 — 7: 3) to furnish amino alcohol 14 (0.19 g,
90%) as a colorless oil. [a]¥ = —8.3 (¢ = 1.4 in CHCL,); IR (neat)
3195, 2973, 2888, 1608 cm™'; "H NMR (400 MHz, CDCl;, 25 °C)
07.08 (d, J =8.5Hz, 2H), 6.92 (d, J = 8.5 Hz, 2H), 3.66 (dd, J =
3.7 and 10.9 Hz, 1H), 3.43 (dd, J = 7.2 and 10.9 Hz, 1H), 3.22-
3.09 (m, 1H), 2.77 (dd, J = 6.1 and 13.5 Hz, 1H), 2.61 (dd, J =
8.0 and 13.5 Hz, 1H), 1.32 (s, 9H); *C NMR (100 MHz, CDCl;)
0 154.1, 132.8, 129.7, 124.4, 78.5, 65.2, 54.4, 39.2, 28.9; HRMS
(FAB) calcd for C3H,NO, 224.1651 (M + H), found 224.1658.

(2S5)-2-Azido-3-(4-tert-butoxyphenyl)propan-1-ol (15)

NaN; (5.8 g, 89 mmol) dissolved in a biphasic system of H,O
(13 mL) and CH,Cl, (22 mL) was treated with triflic anhydride
(3.0mL, 18 mmol) at 0 °C under vigorous stirring. After 2 h the two
phases were separated and the organic layer was washed with sat.
NaHCO; (aq.) and dried over Na,SO, (do not evaporate to dry-
ness, explosions are reported!*?). The triflic azide solution was then
added to amino alcohol 14 (0.90 g, 4.0 mmol) in CH,Cl, (10 mL)
containing N,N-dimethylaminopyridine (0.28 g, 2.3 mmol) and a
catalytic amount of CuSO, (0.035 g, 0.22 mmol). After 2 h 10%
citric acid (aq.) was added and the two phases were separated. The
organic layer was washed with 10% citric acid (aq.), sat. NaHCO,
(aq.), dried over Na,SO, and concentrated under reduced pressure.
The residue was purified by flash chromatography (CH,Cl,/Et,0,
2:1)toyield azido alcohol 15 (0.72 g, 72%) as a colorless oil. [a]¥ =
—0.8 (¢ =1.2in CHCL;); IR (neat) 3411,2975,2933,2102cm™'; 'H
NMR (400 MHz, CDCl;, 25 °C)d 7.12 (d, J = 8.3 Hz, 2H), 6.94

(d, J = 8.3 Hz, 2H), 3.74-3.65 (m, 2H), 3.58-3.50 (m, 1H), 2.85
(dd, J = 6.3and 13.9 Hz, 1H), 2.79 (d, J = 7.4, 13.9 Hz, 1H), 2.19
(bs, 1H), 1.33 (s, 9H); *C NMR (100 MHz, CDCL,)d 154.3, 131.8,
129.7, 124.4, 78.5, 65.5, 64.4, 36.5, 28.8; HRMS (FAB) calcd for
C1:H,,NO, 249.1477 (M+), found 249.1489.

Ethyl {[(2S)-2-azido-3-(4-tert-butoxyphenyl)propyljoxy }acetate
(16)

Azido alcohol 15 (0.40 g, 1.6 mmol) was added to a suspension
of KH (0.13 g, 3.2 mmol) in THF (7 mL) at 0 °C followed by
addition of ethyl bromoacetate (0.23 mL, 2.1 mmol). After 2 h the
reaction was quenched with sat. NH,Cl (aq.). EtOAc was added,
the two phases separated and the aqueous layer was extracted with
EtOAc. The combined organic phases were dried over Na,SO, and
the solvent was removed under reduced pressure. The residue was
purified by flash chromatography (heptane/EtOAc,9:1 — 4:1)
to give ester 16 (0.48 g, 89%) as a colorless oil. [a]Y = —2.7 (¢ =
0.15 in CHCL;); IR (neat) 2107, 1756 cm™'; "H NMR (400 MHz,
CDCl;, 25 °C) ¢ 7.11 (d, J = 8.4 Hz, 2H), 6.93 (d, J = 8.4 Hz,
2H), 4.21 (q, J = 7.1 Hz, 2H), 4.14 (d, J = 16.6 Hz, 1H), 4.09
(d, J = 16.6 Hz, 1H), 3.79-3.72 (m, 1H), 3.67 (dd, J = 3.9 and
9.7 Hz, 1H), 3.53 (dd, J = 6.7 and 9.7 Hz, 1H), 2.86 (dd, J = 6.0
and 14.0 Hz, 1H), 2.75 (dd, J = 8.1 and 14.0 Hz, 1H), 1.33 (s, 9H),
1.28 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl;) ¢ 170.1,
154.2, 131.9, 129.7, 124.3, 78.4, 73.3, 68.7, 62.9, 60.9, 36.5, 28.8,
14.1; HRMS (FAB) calcd for C;H,sN;0, 335.1845 (M+), found
335.1846.

{[(25)-2-Azido-3-(4-tert-butoxyphenyl)propylloxy }acetic acid (17)

To ester 16 (0.10 g, 0.30 mmol) dissolved in EtOH (3 mL,
95%) NaOH(s) (0.073 g, 1.8 mmol) was added. After 6 h
the reaction was quenched with AcOH. H,O and EtOAc were
added and the aqueous layer was extracted with EtOAc. The
combined organic phases were washed with brine, dried over
Na,SO, and concentrated under reduced pressure. The residue was
purified by flash chromatography (CH,Cl,/MeOH/AcOH, 225 :
25:0— 225:25:1) and gave acid 17 (0.074 g, 80%) as a colorless
oil. [} = 4+8.33 (¢ = 0.12 in CHCL); IR (neat) 2923, 2113,
1737 cm™'; '"H NMR (400 MHz, CDCl,, 25 °C) ¢ 7.11 (d, J =
8.6 Hz, 2H), 6.94 (d, J = 8.6 Hz, 2H), 4.20 (d, / = 17.1 Hz, 1H),
4.15(d, J = 17.1 Hz, 1H), 3.81-3.73 (m, 1H), 3.68 (dd, J = 3.7
and 9.9 Hz, 1H), 3.54 (dd, J = 6.9 and 9.9 Hz, 1H), 2.86 (dd, J =
6.0 and 13.9 Hz, 1H), 2.77 (dd, J = 7.8 and 13.9 Hz, 1H), 1.31
(s, 9H); *C NMR (100 MHz, CDCl;) 6 174.3, 154.2, 131.6, 129.7,
124.4, 78.6, 73.3, 68.2, 62.8, 36.5, 28.8; HRMS (FAB) calcd for
CisH, N;0, 307.1532 (M+), found 307.1534.

N-({[(2S)-2-Amino-3-(4-hydroxyphenyl)propyl]oxy } acetyl)glycyl-
L-phenylalanyl-L-leucine (3) and N-({[(2.5)-2-Amino-3-(4-hydroxy-
phenyl)propyljoxy } acetyl)-L-phenylalanyl-L-leucine (4)

Tentagel Leu-Fmoc (0.60 g, 0.22 mmol g~') was washed with DMF
and preswelled in DMF. The amine was liberated by treatment
with 20% piperidine in DMF (3 min continuous flow and 7 min
rotation) followed by washing with DMF and CH,Cl,. Fmoc-
Phe-OH (0.20 g, 0.53 mmol) was preactivated in DMF (1.7 mL)
with diisopropyl carbodiimide (78 pL, 0.50 mmol) and hydroxy
benzotriazole (0.11 g, 0.80 mmol) for 10 min and added to the
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preswelled solid phase along with bromophenol blue (80 pL, 2%
in DMF). The reaction was rotated for 2.5 h washed with DMF
and CH,Cl, to give 18. Solid phase bound 18 was then separated
into two parts and one part (0.30 g, 0.22 mmol g') was treated
with 20% piperidine in DMF (3 min continuous flow and 7 min
rotation) to liberate the amine followed by washing with DMF and
CH,Cl,. Fmoc-Gly-OH (0.078 g, 0.26 mmol) was preactivated in
DMF (1.7 mL) for 10 min with diisopropyl carbodiimide (39 pL,
0.25 mmol) and hydroxy benzotriazole (0.054 g, 0.40 mmol) and
added to the preswelled solid phase along with bromophenol blue
(40 uL, 2% in DMF). The reaction was rotated for 3 h and the solid
phase was washed with DMF and CH,Cl, to give resin bound
tripeptide 19. The second part of dipeptide 18 and tripeptide
19, respectively (0.30 g, 0.22 mmol g™') were treated in different
experiments with 20% piperidine in DMF (3 min continuous flow
and 7 min rotation) to liberate the amine followed by washing
with DMF and CH,Cl,. HATU (O-(7-Azabenzotriazol-1-yl)-
N,N,N’,N'-tetramethyluronium hexafluorophosphate) (0.038 g,
0.10 mmol), diisopropylethylamine (29 pL, 0.17 mmol) and acid
17 (0.026 g, 0.085 mmol) in CH,Cl, were added to the pre-swelled
solid phase and rotated for 48 h, washed with DMF and CH,Cl,
to give solid phase bound peptidomimetics 20 and 22 respectively.
The resin was pre-swelled in THF followed by treatment with SnCl,
(0.080 g, 0.33 mmol), thiophenol (0.17 mL, 1.7 mmol) and triethyl
amine (0.29 mL, 2.1 mmol) in THF (2 mL) for 24 h, then washed
with DMF and CH,Cl, to give amines 21 and 23. This reduction
procedure was repeated twice. The products were cleaved from the
solid phase and the acid labile protection groups deprotected using
a mixture of trifluoroacetic acid (26 mL), ethanedithiol (0.75 mL),
thioanisole (1.5 mL) and H,O (1.5 mL) for 3 h. The solvents were
removed under reduced pressure and the residue was triturated
with Et,O. The remainder was purified by reversed phase HPLC,
lyophilized to give 4 (20 mg, 62%) and 3 (25 mg, 70%) as colorless
solids.

Compound 3 had: IR (neat) 3276-2856, 1652, 1515 cm™; [a]2 =
+8.3 (¢ = 0.06 in MeOH); '"H NMR (400 MHz, CD,0D, 25 °C,
MeOH) 6 7.28-7.15 (m, SH), 7.07 (d, J/ = 8.6 Hz, 2H), 6.77 (d, J =
8.6 Hz, 2H), 4.73-4.67 (m, 1H), 4.45-4.39 (m, 1H), 4.02 (s, 2H),
3.93 (d, J = 16.6 Hz, 1H), 3.84 (d, J = 16.6 Hz, 1H), 3.65 (dd,
J =29 and 10.1 Hz, 1H), 3.62-3.54 (m, 1H), 3.50 (dd, J = 6.6
and 10.1 Hz, 1H), 3.20 (dd, J = 4.9 and 14.0 Hz, 1H), 2.89 (dd,
J=9.2and 14.0 Hz, 1H), 2.85 (d, J/ = 7.2 Hz, 2H), 1.75-1.61 (m,
3H), 0.95 (d, J/ = 6.2 Hz, 3H), 0.91 (d, J = 6.2 Hz, 3H);"*C NMR
(100 MHz, CD,0OD, 25 °C, MeOH) ¢ 175.8, 173.4, 172.2, 171.1,
158.0, 138.3, 131.3, 130.4, 129.4, 127.8, 127.0, 116.8, 70.9, 55.7,
54.0, 52.3, 42.6, 41.7, 38.9, 35.7, 26.0, 23.3, 21.9; HRMS (FAB)
caled for CxH3N,O; (M + H) 543.2819, found 543.2820.

Compound 4 had: IR (neat) 3388-2500, 1656, 1515cm™; [a]¥ =
+24 (¢ = 0.05 in MeOH); '"H NMR (400 MHz, CD;0D, 25 °C,
MeOH) 6 7.30-7.16 (m, SH), 7.03 (d, J/ = 8.4 Hz, 2H), 6.77 (d, J =
8.4 Hz, 2H), 4.84-4.78 (m, 1H), 4.48-4.42 (m, 1H), 3.96 (d, J =
15.0 Hz, 1H), 3.91 (d, J/ = 15.0 Hz, 1H), 3.57-3.48 (m, 2H), 3.46—
3.40 (m, 1H), 3.24 (dd, J = 4.9 and 14.1 Hz, 1H), 2.92 (dd, J =9.2
and 14.1 Hz, 1H), 2.88-2.76 (m, 2H), 1.78-1.62 (m, 3H), 0.97 (d,
J = 6.2 Hz, 3H), 0.92 (d, J/ = 6.2 Hz, 3H); *C NMR (100 MHz,
CD;0D, 25 °C, MeOH) 6 175.7, 173.6, 171.4, 158.0, 138.0, 131.3,
130.3, 129.5, 127.9, 127.0, 116.8, 70.7, 70.4, 54.9, 53.9, 52.3, 41.6,
39.0, 35.6, 26.0, 23.3, 21.8; HRMS (FAB) calcd for C,sH3N;O4
486.2604 (M + H), found 486.2614.

Radioligand binding assay

Rat brain membranes were prepared as previously described.?
Briefly, rat brain, without cerebellum, was homogenized in Tris-
HCl buffer (20 mL g, 0.05% BSA, 50 mM, pH 7.4) at 0 °C. After
centrifugation (25000 x g) for 40 min the supernatant was
discarded and the pellet was homogenized in the same way once
more, then put in 37 °C for 30 min followed by centrifugation
(25000 x g) for 40 min at 4 °C. The resulting pellet was again
homogenized, centrifuged (25000 x g) for 40 min at 4 °C and
resuspended in Tris-HCI buffer (5 mL g, 0.05% BSA) and stored
at —80 °C until use. The protein concentration for each brain
homogenate was determined with BSA as calibration protein,
whereby the preparations varied in protein concentration between
5.13and 9.31 pg mL"".

Compounds 1-4, Leu-enkephalin and DSLET ([D-ser’]Leu-
enkephalin-Thr) were diluted in Tris-HCI buffer (0.05% BSA,
50 mM) at pH 7.4 to a concentration of 800 uM and stored at
—80 °C until use. PHIDAMGO ([*'H][D-Ala*, N-Me-Phe*,Gly’-
ol]-enkephalin), p selective) or PH]DPDPE ([*H][D-Pen?, D-
Pen’lenkephalin, & selective) were used as receptor selective
radioligands. Unspecific binding was corrected with naloxone (a
final well concentration of 1 uM), and degradation of peptides
or peptide like compounds was inhibited by addition of bacitracin
(40 ug well™"). Compounds 1-4, Leu-enkephalin and DSLET were
added to the homogenized brain also containing bacitracin and
radioligand to give a final well concentration ranging from 0.1 —
1000 nM in a final volume of 0.20 mL. Plates were incubated
for 1 h at room temperature before radioactivity was measured.
The well content was flushed through glass fibers, pre-soaked in
polyethyleneimine, and the membrane bound radioactivity was
counted by liquid scintillation spectrometry. All samples were
tested as triplicates at each concentration, on three different brain
homogenates at 7-8 different concentrations in a 96-well plate
assay. Specific binding was calculated as total binding minus
unspecific binding.
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Cooperative binding and self-assembling behavior of cationic low
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Tri(ethylene glycol) derived, low molecular-weight dendrons with various amine end groups were
synthesized and characterized for their properties of binding and self-assembling with RNA using the
Candida ribozyme as a model RNA molecule. These dendritic compounds form stable complexes and
well-defined nanoscale particles with RNA molecules via electrostatic interactions and self-assembly
process, while leaving the other terminal of the tri(ethylene glycol) chain accessible for targeting. This
suggests that dendrimers of this type hold great promise for specific RNA targeting and RNA delivery.

Introduction

Dendrimers are perfectly structured molecules with large numbers
of cascade-branched units emanating from a focal point, resulting
in densely packed end groups at the molecular surface.! This
feature of dendrimers has been widely used to generate multivalent
interactions and cooperative effects in order to amplify weak
interactions and obtain special functions and properties."* One
of the main biological applications of dendrimers is dendrimer-
based gene transfer, which involves polycationic dendrimers such
as polyamidoamine (PAMAM),’ polylysine® and poly(propylene
imine) (PPI).” Under physiological conditions these dendrimers
have positively charged amine end groups at the dendrimer surface.
They self-assemble with DNA via electrostatic interactions, which
result in cooperative binding and dense packing between the
dendrimers and DNA molecules. In general, DNA binding and
delivery are more effective with dendrimers of higher-generation
or structurally fractured systems.>® Low molecular-mass dendrons
were recently reported to have a high binding affinity with
DNA and to be capable of efficient gene delivery.” Polycationic
dendrons may be used in a similar way with RNA, another
class of biologically relevant nucleic acids which are involved in
a wide range of important biological functions such as protein
synthesis, post-transcriptional RNA processing, regulation of
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gene expression and retroviral replication, and are emerging as
both important drug targets and versatile therapeutic agents."
However, far fewer efforts have been made so far with RNA."
We recently established that polycationic PAMAM dendrimers
interact strongly with RNA ribozymes via cooperative electrostatic
interactions, thus strongly inhibiting the catalytic activities of
ribozymes."! This finding opens up new perspectives for using
polycationic PAMAM dendrimers for both RNA targeting and
RNA delivery purposes.’

The possibility of closely controlling the size, shape and surface
chemistry of dendrimers' gives us an opportunity of creating
a repertoire of structure-, size- and shape-tailored dendrimers
binding to various RNA molecules as required. In our ongoing
project focusing on RNA targeting and RNA delivery, we are
interested in developing low molecular-mass dendrons with well-
defined structures that can bind and assemble with RNA molecules
via cooperative electrostatic interactions, as well as being able
to conjugate a ligand for eventual specific targeting purposes.
Systems of this kind can help to throw light on structure—activity
relationships and may have better chances of being used for cell-
or organ-specific delivery of nucleic acids."

Tri(ethylene glycol) is a low molecular-weight compound
of poly(ethylene glycol)s, known to be highly water-soluble,
non-immunogenic, and biocompatible.** Tri(ethylene glycol) is
widely used as a linker to connect two distinct functionalities
in bioconjugated molecules. By promoting dendrimer growth
at only one end of tri(ethylene glycol), we can obtain fan-
shaped PAMAM dendrimers with various amine end groups
for RNA binding (Scheme 1), while the other terminal of the
tri(ethylene glycol) chain can be coupled with a specific ligand
for targeting purposes. The tri(ethylene glycol) part is neutral
and so will not create electrostatic interactions and may also
have steric hindrance effects on RNA binding. It is therefore
necessary to demonstrate whether these tri(ethylene glycol) derived
PAMAM dendrons still hold strong RNA binding properties.
Here we report on the synthesis of tri(ethylene glycol) derived
PAMAM dendritic constructs and on studies in which we assessed
their binding properties and self-assembling behavior with RNA
molecules.
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Scheme 1 Tri(ethylene glycol) derived dendritic constructs with various
amine end groups. For clarity, only dendrimers of second generation are
drawn.

Results and discussion
Synthesis

Scheme 2 shows the synthesis of the tri(ethylene glycol) derived
dendrimers. While one terminal hydroxyl group of tri(ethylene
glycol) was protected selectively with a benzyl group, the other
end was transformed to amine via successive tosylation, azidation
and catalytic hydrogenation. The resulting compound 4 was
then served as the starting material for dendrimer growth. The
subsequent Michael addition of 4 with methyl acrylate gave
the diester 5, which was further treated with diamine, giving
6, the generation zero dendrimer. We obtained dendrimers 6a
and 6b with primary and tertiary amine end groups, respectively,
using ethylenediamine and N,N-dimethylethylenediamine as the
diamine components. Further dendrimers, from generations one
to four, were obtained using the conventional two-step iterative
synthesis procedure:* (a) branching double alkylation of terminal
NH, groups with methyl acrylate followed by (b) amidation of
the terminal ester with the corresponding diamine. The -NMe,*
terminating dendrimers were obtained by methylating the -NMe,
terminating dendrimers with Mel, where not only the end amine
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Scheme 2 Synthesis of the tri(ethylene glycol) derived dendrimers.

groups but also some of the interior amine groups are transformed
to quaternary amines. The protective benzyl group at the end of
the tri(ethylene glycol) chain can be removed by hydrogenation.
However, we did not remove the benzyl group because we wanted
to use it as a model ligand to study its relationships with
the dendritic constructions at the other end of the tri(ethylene
glycol) chain. The synthesized dendrimers are referred to here
as G,-NH,, G,~NMe,, G,—-NMe,*, which indicate a -NH,, —
NMe,, and -NMe;*terminated dendrimer, respectively (n is the
generation number). All final compounds and intermediates were
fully characterized with '"H- and "C-NMR, IR and MS (see the
electronic supplementary information, ESIT).

Dendrimer inhibition on the Candida ribozyme activity

The binding properties of these dendrimers to RNA were assessed
using the Candida ribozyme'® which was used as a model RNA
here. Ribozymes'” provide a unique opportunity for correlating
RNA binding with the ribozyme activity: valuable information
about RNA/dendrimer binding behavior can be obtained by
analyzing the inhibitory effects of dendrimers on the ribozyme
activity. The Candida ribozyme is a self-splicing group I intron
from the 26S rRNA of the opportunistic fungal pathogen Candida
albicans.’* The inhibitory capacity of the dendrimers on the
Candida ribozyme was assessed'® and the ICs, values are listed
in Table 1.

Similar to our observations with PAMAM dendrimers having
triethanolamine as a core," dendrimers with various amine end
groups synthesized in this work were found to have strong
inhibitory effects on the Candida ribozyme. The inhibitory effi-
ciency of these dendrimers increased with generation (Table 1),
whereas no inhibitory activity was observed with first generation
dendrimers or dendrimers with ester end groups (data not shown).
Neither was any inhibitory effect observed with small cationic
ammoniums such as NH,Cl or NMe,Cl up to 1 mM (data
not shown). The strong inhibitory effects of the dendrimers are
therefore attributable to local cooperative interactions between the
positively charged amine groups located at the dendrimer surface
and the negatively charged phosphate groups present in ribozymes.

Furthermore, no significant differences in inhibition were
observed among dendrimers of the same generation with different
amine end groups such as -NH,, -NMe,, and -NMe;* (Table 1),
which can be explained by the fact that the electrostatic forces
are the major factors responsible for the interactions between the
dendrimers and the RNA ribozymes." However, protonated —-NH,
and —NMe, groups at dendrimer ends might also form strong H-
bonds with the branching units inside the dendrimers, generating
back-folding effects'® and making the end groups of the -NH, and
—NMe, terminating dendrimers less accessible for RNA binding.

Table 1 Inhibitory effects of dendrimers with various generations and
various amine end groups on the self-splicing activity of the Candida
ribozyme

Inhibition on ribozyme self-splicing (ICs,/[uM])

End group —NH, —NMe, —NMe,*
Generation 2 2.23 3.94 1.27
Generation 3 0.64 0.84 0.30
Generation 4 0.29 0.48 0.16
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Therefore, slightly weaker inhibition was observed with the -NH,
and -NMe, terminating dendrimers (Table 1).

Dendrimers compete with Mg?* and affect the ribozyme
conformation

We know that RNA ribozymes have a well-defined three-
dimensional structure and specific Mg** and GTP binding sites.’*?
Mg plays an important role in the folding of the RNA into
a catalytically active conformation,’” while GTP contributes
importantly to initiating the catalytic reaction of a group I
ribozyme.® Since the dendrimers are positively charged under
physiological conditions, it seems reasonable to suggest that the
dendrimer may affect the Candida ribozyme folding by competing
with Mg** via electrostatic interactions. Our Mg** displacement
data are consistent with this idea (Fig. 1). Further results of GTP
displacement experiments (see Fig. S2 in the ESIY) indicate that
these dendrimers did not interact with the GTP binding sites. This
may be attributable to the fact that the bulkiness of the dendrimers
may have prevented them from binding to the well defined GTP
site. These findings support the idea that dendrimers bind to the
ribozyme mainly via charge compensation mechanisms.

1.0 .
- = G,-NH,
0 + Gy-NH,
0.81 N . G4'NM62
0
=
S 0.6
E- L]
[=] - ]
2 0.4- "t O\,
=
£
0.2
A
0.0 T T T T T 1
-0.1 0.1 0.3 0.5 0.7 0.9 1.1

Log (Mg2* C[mM])

Fig. 1 Mg* displacement experiments with the Candida ribozyme. The
indicated concentrations of MgCl,, varying from 1 to 10 mM, were the
corresponding pre-incubated concentrations with dendrimers. The final
concentrations of Mg were kept as 10 mM. The concentrations of
different dendrimers G,-NH,, G;—NH, and G,~NMe, were 3.6, 1.4 and
0.9 uM, respectively. Two independent experiments were performed and
plotted.

CD spectroscopic studies were also performed to characterize
the ribozyme/dendrimer complexes. The spectrum of the uncom-
plexed ribozyme showed the positive band centred near 270 nm
characteristic of the active conformation of the Candida ribozyme
(Fig. 2). None of the dendritic compounds showed any significant
optical activity (see Fig. S3 in the ESIY). Increasing addition of the
dendrimer to the ribozyme gradually reduced the intensity of the
270 nm band, which suggests that the RNA/dendrimer complex
affected the conformation of the active ribozyme. These data are
consistent with the results obtained in the ribozyme activity assays
and with complex formation between dendrimers and RNA in
agarose gel (see below).

—O— RNA control
8- —=— N/P 0.1
—4—N/P1

v N/P25

o (mdeg)

24:»0 25;0 2!I50 2%0 2;30 ZSIJO 360
A (nm)
Fig. 2 CD spectral analysis of RNA/G,~-NMe, complexes at various

N/P ratios: (M) N/P = 1:10, (A) N/P=1:1, (V) N/P =25: 1, (2)
N/P =5:1and (J) RNA control.

Dendrimers and RNA form stable complexes and assemble into
well-defined nanoparticles

The binding properties and assembly behavior of the dendrimers
with the RNA ribozymes were also investigated by electrophoretic
gel mobility shift in native agarose gel (Fig. 3). Dendrimers with
various amine end groups were able to completely prevent the
ribozymes from moving in the gels. In addition, the gel retardation
of the ribozyme was found to depend on the generation of
dendrimers involved: the higher the generation of the dendrimers,
the stronger the interactions between the dendrimer and the
RNA were, and therefore the greater the gel retardation of the
RNA became. These results agree with those obtained with
PAMAM dendrimers having triethanolamine as core," indicating
that strong binding and efficient self-assembly occurred between
the RNA molecules and the dendritic molecules with cationic
amine end groups.

N/P ratio

G,-NMe,

G,-NMe,

Fig. 3 Agarose gel analysis of the formation of RNA/dendrimer com-
plexes with dendrimers G,—~NMe,, G;—NMe, and G,—NMe,, respectively,
at charge ratios N/P varying from 1 : 10 to 20 : 1 in buffer solution (pH 7.6).

Furthermore, transmission electron microscopy (TEM) was
used to image the RNA/dendrimer complexes (Fig. 4). The
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500 nm 500 nm . 200 nm
Fig. 4 TEM images of Ca.L-11 RNA/dendrimer complexes at N/P =
10 : 1. (A) RNA/G,-NH, (B) RNA/G;-NH, (C) RNA/G,~NH,. The
complexes were prepared at a final RNA concentration of 2.0 ng pL~" in
30 mM Tris-HCI buffer, pH 7.6.

addition of dendrimer to the Candida ribozyme gave rise to
well-defined nanosize particles, indicating that the dendrimers
efficiently bind to RNA and condense it into spherical nanosize
particles. In addition, the formation of a nanoparticle between the
RNA and dendrimer depends on the dendrimer generation: the
higher the generation of the dendrimer, the stronger the interaction
between the dendrimer and the RNA, and the more compact, well-
defined and uniform the nanosize particles formed. Therefore,
these dendrimers not only bind strongly to RNA as demonstrated
by the ribozyme activity assay and gel shift experiments, but also
assemble with RNA into stable nanosize particles, similar to those
observed with DNA/dendrimer complexes.’

The tri(ethylene glycol) chain terminal is accessible for targeting

The protective benzyl group at the end of the tri(ethylene glycol)
chain was used here as a model ligand to study its relationships
with the dendritic constructions at the other end of the tri(ethylene
glycol) chain. In the '"H-NMR spectra, the chemical shifts observed
with the benzyl group did not change with increasing dendrimer
generations (Fig. 5), which suggests that the benzyl group at the
terminal of tri(ethylene glycol) is not buried in the interior of the
dendritic structure. Therefore, the short tri(ethylene glycol) unit
could act as a linker to connect two distinct functionalities with
a view to developing ligand conjugated dendrimers for specific
targeting.

We also would like to know whether the benzyl moiety at the end
of the tri(ethylene glycol) chain of the dendritic molecules is still
accessible after formation of a complex with RNA molecules. This
may help to throw light on the potential uses of these molecules
for specific receptor-mediated targeting purposes. We therefore
performed NMR studies on the RNA/dendrimer complexes. We
have used poly(rU) for the NMR study, because the characteristic
NMR signals of the benzyl group in the dendrimers fall in the
NMR signals of the Candida ribozyme, while not interfering with
those of the poly(rU) (Fig. 6). When the dendrimer was mixed
with the poly(rU), there are obvious spectral changes for the
dendrimer (chemical shifts around 2.5-3.2 ppm which represent
moieties connected to amine functionalities in dendrimer) and
for the poly(rU) (chemical shifts around 5.8 and 5.7 ppm which
represent sugars and bases in poly(rU), respectively). These spec-
tral changes are indications of the interaction between dendrimers

. N

7 6 5 4

Fig. 5 'H-NMR of amine-terminating dendrimers from generation one
to generation four. (A) G,-NH, (B) G,-NH, (C) G;-NH, (D) G,~-NH,.
Arrows indicate the signals for the benzyl moiety.

|
b
" A
EEE JM

7 4 3 2

Fig. 6 'H-NMR analysis of (A) poly(rU) (B) G;-NH, (C)
poly(rU)/G;-NH, at N/P = 1 : 1. Arrows indicate the signals for the
benzyl moiety.

and poly(rU). The fact that the chemical shifts of the benzyl group
in the dendritic molecules did not change when complexed with
poly(rU) (Fig. 6), suggests that this benzyl group at this terminal
of tri(ethylene glycol) chain may not have a strong interaction
with the RNA molecules and is therefore available for receptor-
mediated targeting purposes.

Moreover, the tri(ethylene glycol) derived dendritic com-
pounds G, showed comparable inhibitory effects on the Can-
dida ribozymes to those observed with triethanolamine derived
dendrimers.” This indicates that the presence of the tri(ethylene
glycol) unit does not adversely affect the RNA binding prop-
erties of these dendritic constructs. Moreover, the flexible and
hydrophilic feature of the tri(ethylene glycol) moiety may provide
the dendrimer with some plasticity when interacting with RNA
molecules, facilitate the adaptive interplay between complemen-
tary molecular shapes and conformation, and thus enhance the
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interactions between the dendritic molecules and structured RNA
molecules.

Conclusion

In conclusion, tri(ethylene glycol) derived dendritic compounds
with various amine end groups were synthesized and their
properties of binding and assembly with RNA were assessed
using the Candida ribozyme as a model RNA molecule. The
amine terminating dendrimers bind strongly to the ribozyme
and efficiently inhibit the activity of the ribozyme, as shown by
their effects on both electrophoretic mobility in agarose gel and
the catalytic activity of the ribozymes. These dendrimers exert
their inhibitory effect by affecting the Candida ribozyme folding
through competing with Mg?* via electrostatic interactions, as ev-
idenced by Mg* displacement experiments and CD spectroscopic
studies. In addition, the RNA/dendrimer complexes form stable,
well-defined, spherical nanoscale particles, which reflects further
the strong electrostatic interactions occurring between RNA and
dendrimers, and the cooperative effect as well as the self-assembly
processes at work. Moreover, the NMR studies showed that the
presence of a tri(ethylene glycol) linker did not adversely affect
the RNA binding properties of the dendritic molecules and that
the other end of the tri(ethylene glycol) linker is accessible for
targeting. Therefore, the short tri(ethylene glycol) unit could act
as a linker to connect a ligand to a dendrimer for specific RNA
targeting or RNA delivery. Recently, ligand conjugated PAMAM
dendrimers using poly(ethylene glycol) as a linker have been found
to be safe and efficient vectors for specific DNA delivery.”* Taken
all together, we expect that the PAMAM dendrimer systems as
described here may also find promising uses for specific RNA tar-
geting and RNA delivery. We are working actively in this direction.
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Dibenzoylketene 5 undergoes degenerate 1,3-shifts of the phenyl group between acyl and ketene carbon
atoms, thus interconverting it with 6 and 7. This 1,3-shift takes place in the gas phase under flash
vacuum thermolysis (FVT) conditions, but not in solution at 110-145 °C. Imidoyl(benzoyl)ketene 13
undergoes degenerate 1,3-shift of the phenyl group on FVT, thus interconverting it with 14, but the
ketenimine isomer 15 is not formed, and none of these shifts take place in the solid state at

250 °C. Imidoyl(p-toluoyl)ketene 21 undergoes a 1,3-p-tolyl shift, interconverting it with ketene 22 but
not with ketenimine 23. The imidoyl(p-toluoyl)ketene rotamer 25 cyclizes to 4-toluoyloxyquinoline 28
and 4-quinolone 29. The cyclization of imidoyl(benzoyl)ketene 13 to 4-benzoyloxyquinoline 18, and of
25 to 28 involves 1,3-C-to-O shifts of benzoyl (toluoyl) groups. Calculations of the transition states for
the transformations at the B3LYP/6-31G** level of theory are in agreement with the observed reaction

preferences.

Introduction

Ketenes and ketenimines are highly useful synthetic intermediates,
and their reactions continue to attract the attention of theoretical
chemists as well.»* Computational studies have established the
pseudopericyclic nature of several nucleophilic addition, cycload-
dition, and electrocyclic reactions of ketenes.>*

a-Oxoketenes 1 undergo a degenerate interconversion, viz. the
a-oxoketene—a-oxoketene rearrangement (eqn. (1)).° Likewise,
imidoylketenes 2 and o-oxoketenimines 3 can interconvert by a

1,3-shift of the a-substituent X (eqn. (2)).6
0=C=—
4>:o

—C=0 4%%
O{ _ O— (& (6]
X

X X
1 TS1 1 (1)
—C=0 A RN=C=—
RN{ —_— RN%@*O 310
X X X
2 TS2 3

2

The dimethylamino group has the highest migratory aptitude, and
this reaction takes place well below room temperature. Also phenyl
groups undergo the 1,3-shift, typically under FVT conditions at
temperatures around 970-1020 K in our apparatus,®**” and the
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activation barrier for this shift can be lowered dramatically by
proper choice of electron-withdrawing substituents in the non-
migrating, and electron-donating substituents in the migrating,
phenyl group.®

The 1,3-migrations described in eqn. (1) have the characteristics
of pseudopericyclic reactions,** where the donor substituent
X migrates in the plane of the molecule, and the reaction is
facilitated when X is an electron donating group which can interact
favourably with the low-lying ketene LUMO (NR,, OR, SR,
and halogens).”® Calculations of the activation barriers for the
1,3-X shifts indicated that they are 0-32 kJ mol™' lower in the
oxoketenes (eqn. (1)) than in the imidoylketenes.*'® The calculated
free energies of activation, AGyg, for the 1,3-shift of a phenyl
group were 151 kJ mol~" for the a-oxoketene Ph—CO-CH=C=O0,
182 kJ mol~! for the o-imidoylketene Ph—C(NH)-CH=C=0, and
175 kJ mol™! for the o-oxoketenimine Ph-CO-CH=C=NH at the
B3LYP/6-311 + G(3df,2p)//B3LYP/6-31G(d) level ®

The benzoyl(phenylimidoyl)ketene 13 is a very attractive
molecule for the purpose of a detailed understanding of the
potential energy surface, since it allows us to put all energies
for the various rearrangements on the same scale. Here we
report experimental and computational evidence that, when both
shifts are possible within the same molecule, only the oxoketene—
oxoketene interconversion takes place, not the imidoylketene—
oxoketenimine interconversion. Furthermore, the oxoketene—
oxoketene rearrangement of the unsubstituted phenyl group takes
place only in the gas phase under FVT conditions, not in solution.

Results and discussion
Dibenzoylketene S from 4-benzoyl-5-phenyl-furan-2,3-dione 4

Demonstration of the degenerate 1,3-shift in oxoketenes (eqn. (1))
by IR spectroscopy requires *C-labelling. Furan-2,3-diones,
thiophen-2,3-diones and pyrrol-2,3-diones have been used as effi-
cient precursors of acyl-, thioacyl-, and imidoylketenes.!:36¢7.11.12
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The3C-labelled furan-2,3-dione 4 (2 x 90 at% C) was synthesised
from[1,2-*CJoxalic acid dichloride, which itself was prepared from
commercial [1,2-*Cloxalic acid. A cyclocondensation reaction of
dibenzoylmethane and [1,2-C] oxalic acid dichloride afforded
pure [2,3-1*C]-4-benzoyl-5-phenylfuran-2,3-dione 4 in 47% yield.
FVT reactions were carried out in the range 250-700 °C with
isolation of the thermolysis products on a KBr disk in a liquid
nitrogen-cooled cryostat (ca. —190 °C) for IR spectroscopy. The
unlabelled dibenzoylketene absorbs strongly at 2130 cm™'. A
Hooke’s law calculation predicts a value of 2083 cm™' for the
labelled ketene. The labelled dibenzoylketene 5, obtained by FVT
of 4 at 260 °C (Scheme 1), shows a major absorption at 2080 cm™
and a minor one at 2130 cm™'. The ratio of the two peaks was
8 : 1 (88 : 12). In other words, the degree of labelling on C3
of the furandione is retained virtually completely on the ketene
carbon of 5, i.e., there is no ketene—ketene rearrangement at this
temperature. In contrast, FVT at 700 °C affords two peaks at 2130
and 2080 cm™! in the ratio 2 : 1, thus demonstrating that the 1,3-
phenyl shift interconverting the three dibenzoylketene molecules
5-7 is complete at this temperature. The ketene is stable on warm-
up until ca. —100 °C, where the two ketene signals in the IR

spectrum disappear with the same rate.
Ph ~Ph Ph“/g_«

P
0 FVT

-Ph
/
Ph o -Co pn

Scheme 1

The reaction products of ketene 5 have been described. Dry
heating at 120 °C causes loss of CO and CO,, and the y-pyrone
8 is obtained exclusively.”® Reflux in toluene causes dimerization
of the initially generated dibenzoylketene to dihydropyronedione
9 and subsequent 1,3-C-to-O-benzoyl migration to afford the o-
pyrone 10."”? By using the labelled furandione 4 (2 x 90 at% "“C),
refluxing in toluene (110 °C) for 48 h afforded the [2,4-C]-a-
pyrone 10, the labelled carbons being identified by their high
signal intensities in the *C NMR spectrum (C2, 6 160.7 ppm; C4,
159.5 ppm). The presence of only two labelled carbons indicates
that no 1,3-phenyl migration has taken place. The in situ generation
of dibenzoylketene was also demonstrated by several trapping
reactions of the hetero-Diels-Alder type. In order to examine
whether increased temperature and/or change of solvent polarity
could enforce any 1,3-phenyl migration, the labelled furandione
4 was also allowed to decompose to dibenzoylketene in hot p-
tolyl isocyanate (140-145 °C). The resulting 1,3-oxazin-2,4-dione
derivative 11 was isolated in 69% yield and exhibited only one
labelled carbon atom in the *C NMR spectrum (C4,J 160.5 ppm),
again making evident the absence of any 1,3-phenyl migration in
solution Scheme 2.

Benzoyl(phenylimidoyl)ketene 13 from
4-benzoyl-1,5-diphenyl-pyrrole-2,3-dione 12

[2,3-BC]Pyrrol-2,3-dione 12 (2 x 13 at% C) was obtained in 88%
yield from the reaction between B-anilinochalcone and the labelled
oxalic acid dichloride. The unlabelled benzoyl(imidoyl)ketene 13
obtained by FVT of unlabelled 12 at 510 °C absorbs strongly at
2120 in the IR spectrum.” The corresponding product obtained

P Ph o]
Toluene 4
© © reflux O . ToINCO PhCO Tl
/ - C=0 | /&
P70 .CO  Ph 140-145 °C o 0" S0
o = p-
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Scheme 2 When using "*C labelling, compound 11 is labelled on C4 only.
Compound 10 is labelled on both C2 and C4.

from labelled 12 shows a strong absorption at 2120 cm™' and a

minor peak with ca. 13% relative intensity at 2070 cm™' due to the
labelled ketene 13 with ca. 13 at% labelling on the ketene carbon. A
Hooke’s law calculation predicts 2075 cm™ for the labelled ketene.
Repetition of this thermolysis at 700 °C causes a reduction by
ca. 50% in the intensity of the minor peak at 2070 cm™', thereby
indicating that the ketene—ketene rearrangement 13 — 14 takes
place (Scheme 3). There was no evidence for formation of the
ketenimine 15 in the IR spectrum (expected in the range 2000—
2050 cm™') but this experiment does not in itself rule out the
potentially reversible formation of 15. However, the experiment
with the p-tolyl derivative 20 reported below rules it out.

Ph Ph O\\ o}
o] O FVI O . ~Ph C.  Ph ~Ph Pth_(O
. Cc=0 —
/ €O pp, — phﬁo = ¢ pn
Ph N (0] \ N N//
L N~Ph N )
Ph
12 13 / Ph 14 15
Y Zo-ph CO-Ph
Z19H
1700 cm’
~CO-Ph 5oph\ J 750 oo
o ¢ oom o/ 1955 ppm
‘ L]
@(%\—155.0 ppm @(uICO-Ph
_ |
N~ Ph N~ Ph
18 (1735cm™) 19 (1660 cm™)

Scheme 3 In compounds 16-19 the *C labels are in either one of the two
positions indicated.

Two products are formed in the preparative FVT of 12 at
650 °C, 4-benzoyloxyquinoline 18 (60%), and 4-quinolone 19
(30%). The initial (gas phase) electrocyclization of ketene 13 would
lead to the intermediate 16. A 1,5(1,9)-H shift in 16 affords a new
intermediate 17, which rearranges already in the gas phase by a
1,3-C-to-0 benzoyl shift'*!¢ to afford 18 (1740 cm™!, present in the
cold thermolysate at —196 °C). Intermediate 17 can be detected at
1700 cm™! by IR spectroscopy of the cold thermolysate (—190 °C),
its intensity growing steadily with the FVT temperature from 510
to 700 °C. This peak starts being replaced by a new peak at
1670 cm™' due to 19 on warm-up above —45 °C, but the 1700 cm™
peak it is still observable at room temperature (due to the low
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(13%) degree of *C labelling, these wavenumbers are for the >C
isotopomers). Intermolecular H-transfer in 17 in the condensed
state is a likely means of forming quinolone 19. Compounds 18
and 19 were isolated and fully characterized. The *C NMR spectra
reveal two "*C-labelled carbons in each (see data in Scheme 3),
thereby confirming the interconversion of ketenes 13 and 14 by
a 1,3-phenyl shift at 650 °C. However, the interconversion is not
complete under these conditions. The intensity ratio of the peaks at
0155.0and 163.8is ca. 3: 1, and so it is for the peaks atd 175.0 and
195.5, whereas in the unlabelled compounds these two sets have
intensity ratios of ca. 1 : 1. Thus, there is ca. 50% rearrangement
at 650 °C. At 510 °C there was ca. 20% rearrangement.

Thermolysis of 12 in the solid state at 250 °C is much
simpler. Only the quinolone 19 was obtained. In the *C NMR
spectrum of 19 only one labelled carbon atom was detected
under these conditions (19', C-4, 175.0 ppm). This is the carbon
corresponding to the original ketene 13. Thus, there is no ketene—
ketene rearrangement by 1,3-phenyl migration in the solid state at
250 °C (Scheme 4).

Ph o Ph
o o 259 C o .
7 solid Cc=0
& Ph
Ph - \
N o -CO N~Ph
12 13

o
df[co " L
| S |
N~ “Ph

oot
@ENico -Ph

Scheme 4 Quinolone 19’ is labelled exclusively on C4.

Toluoyl(phenylimidoyl)ketene 21 from
4-toluoyl-1,5-diphenyl-pyrrole-2,3-dione 20

FVT of pyroledione 20 allows the conclusion that ketenes 21
and 22 interconvert, but there is no further interconversion with
ketenimine 23, which would have resulted in formation of the
isomeric ketene 24 (Scheme 5). FVT of 20 with IR observation at
—190 °C resulted in a ketene absorbing at 2130 cm™' together
with carbonyl absorptions at 1735 and 1660 cm™'. The latter
two absorptions correspond to two products, 28 and 29, which
were isolated from the preparative FVT of 20 at 650 °C. The
isomeric products 30 and 31 which would have resulted from
ketene 24, were not present. Thus, it appears that the ketene—
ketene interconversion, 21 — 22 is much preferred over the
ketene—ketenimine interconversion 22 — 23. This is due to a ca.
25 kJ mol~! higher activation barrier for the latter, as predicted
by theoretical calculations reported below. The formation of the
quinolones suggest the population of the imidoylketene conformer
25, formed by imine group inversion.® Cyclization of 25 affords the

o) O FVT O Tol Tol ~Ph F’h“/g%
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Scheme 5

4aH-quinolone 26, from which 27-29 can be formed by hydrogen
and benzoyl group shifts (Scheme 5).

Calculations

Calculations were carried out at the B3LYP/6-31G** level of
theory using the Gaussian 03 suite of programs.’” Transition
states were verified by intrinsic reaction coordinate calculations.
Imaginary vibrational frequencies are listed in the electronic
supplementary information (ESI)T.

Relevant energies of ground and transition states are indicated
in Scheme 6. The activation barrier for the 1,3-phenyl shift in
dibenzoylketene 5a (TS3) is 131 kJ mol~', significantly less than
for the mono-benzoylketene (151 kJ mol™").® This can be ascribed
to the stabilizing effect of electron-withdrawing groups, which can
delocalize negative charge in the 4-membered transition state TS1
(eqn. (1)).® The barrier for conversion of benzoyl(imidoyl)ketene
13a to 14a is, as expected, similar to that of 5a (TS4 =
136 kJ mol™"), but the barrier to the ketenimine 15a is significantly
larger (TS5 = 169 kJ mol™') in accord with the fact that this
reaction is not observed experimentally. Ketene 13a could also
in principle cyclize to azetinone 33 and via TS6 (27.4 kJ mol™"),
and ketene 14a can undergo single-bond rotation to 14b and then
cyclize to oxetone 32 via TS7 (30.7 kJ mol~"). The oxetone has a
higher energy than the ketenes and ketenimine (21.4 kJ mol™"), but
the azetinone (—8.5 kJ mol™') could act as a thermodynamic sink,
helping to prevent the rearrangement to ketenimine 15a via TSS.
Cyclizations of this type have been considered for other oxo- and
imidoylketenes,**®!® as has their fragmentations, in this case of the
azetinone via TS8 (211 kJ mol™") to benzoyl(phenyl)acetylene 34
and isocyanic acid 35.

In the p-tolyl-substituted case, imidoylketene 21 has a barrier of
128.5 kJ mol™" (TS9) for the 1,3-tolyl shifts, which generates the
conformer 22. The barrier from imidoylketene 22 to the ketenimine
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Scheme 6 Energies relative to 5a, 13a, and 21 at the B3LYP/6-31G**
level (ZPVE corrected) in kJ mol~" in parentheses. Compounds 5a—15a are
the unlabelled analogs of the '*C-labelled compounds 5-15.

23 is higher (TS10 = 153.8 kJ mol™'), thereby explaining the non-
formation of 23 when other reaction channels are available to the
ketenes. If ketenimine 23 had been formed, it would have been
able to undergo single-bond rotation to the conformer 23a, and
1,3-shift of the tolyl group to give imidoylketene 24a (TS12 =
149 kJ mol™"). TS11 and TS13 are rotational transition states.

Imidoylketene 21 can undergo imine group inversion® to give
the conformer 25 via TS14 (62.8 kJ mol™"). 25 has the correct ori-
entation for 6-n-electron electrocyclization to the 4a H-quinolone
26 with an activation barrier of only 60 kJ mol™ (TS15 =
55.2 kJ mol™"). Since 26 has lost all aromaticity, this cyclization is
endothermic by 30 kJ mol~'. A 1,9(1,5)-H shift in 26 affords the
3H-quinolone 27. This reaction has an activation barrier of ca.
100 kJ mol™" (TS16 = 125.8 kJ mol™") and is highly exothermic
(130.5 kJ mol™).

The 1,3-C-to-O acyl shift from 27 to 28 has a barrier of
ca. 148 kJ mol™! (TS17 = 42 kJ mol™"), and the reaction is
exothermic by 76 kJ mol~". There has been much discussion of the
mechanism(s) of thermal 1,3-acyl migrations in the literature, and
both free radical and ion pair mechanisms have been proposed. 6>
1,3-Shifts of H and alkyl are “forbidden” by the rules of orbital
symmetry, but t-bonded substituents are allowed to undergo 1,3-
shifts with inversion at the migrating atom." In the case of the
planar acyl group, inversion cannot be determined experimentally.
The inversion utilising a p orbital corresponds to the introduction
of a disconnection in the loop of orbitals. This is also the case in
pseudopericyclic reactions, where an orthogonal lone pair takes
the role of a p orbital with the wrong symmetry, thereby making
the reaction symmetry allowed.*** We have described another
case of a pseudopericyclic reaction where a lone pair on a carbonyl
oxygen is involved.?® Similarly, the disconnection arising from two
orthogonal p orbitals makes the 1,3-shifts to the central carbon
atom in ketenes allowed.® The 1,3-acyl shift via TS17 can be
understood in this light, viz. as an inversion at the site of the p
orbital on the carbon of the migrating C=0O group, and this is
caused by a pseudopericyclic interaction between a lone pair on
oxygen at C-4 and the unoccupied 7* orbital of the migrating C=0
group. In TS17 the carbonyl oxygen at C4 of the quinolone ring
has attacked the carbon atom of the migrating C=0 group. The at-
tacking C=0 bond has been lengthened only marginally from 1.22
to 1.28 A and is still far from the single-bond value in 28 (1.39 A).
In contrast, the C—C bond in 27 has lengthened dramatically, from
1.56 to 2.15 A. These bond lengths suggest that it is indeed the

Me

TS17

Scheme 7 Structures 27, 28, and the transition state for the 1,3-C-to-O
acyl shift TS17 showing essential bond lengths in A.
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oxygen lone pair at O(C4) that is attacking and forming a bond
to the migrating C=0 group, and C(4)=0 is still largely double-
bonded. The forming C-O bond to the migrating group is 2.06 A,
and the breaking C-C bond is 2.15 A. The structures of 27, 28,
and TS17 with relevant bond lengths are shown in Scheme 7.

The deep minimum in which 27 resides explains the observation
of the analog 17 at 1700 cm™! in the solid-state IR spectrum (see
Scheme 3). The conversion of either the 4aH- or 3 H-quinolones
26 or 27 to the 1 H-quinolone 29 formally involves 1,3-H shifts,
which are expected to have very high activation barriers, and
in fact neither of these transition states, TS18 and TS19, was
located computationally. These reactions are likely to take place
by intermolecular C-to-N H-transfer in the solid state.

Conclusion

Mild FVT of furandione 4 generates dibenzoylketene 5. *C-
labelling demonstrates that 5 undergoes rapid, degenerate 1,3-
shifts of the phenyl group, thereby interconverting it with the
isotopomeric ketenes 6 and 7, which were observed directly by low
temperature IR spectroscopy. However, product studies demon-
strate that this 1,3-phenyl shift does not take place in solution at
110145 °C, presumably because formation of the products (8, 10,
and 11) is faster. Imidoyl(benzoyl)ketene 13 undergoes degenerate
1,3-shift of the phenyl group on FVT, thus interconverting it
with 14, but the ketenimine isomer 15 is not formed, or if it
is, the reaction is reversible and lies entirely on the side of 14.
Calculations agree that the barrier for 14 — 15 (TS5, 169 kJ mol ")
is significantly higher than that for 13 — 14 (TS4, 136 kJ mol™").
The reaction products from 13 are the 4-benzoyloxyquinoline
18 and the 4-quinolone 19. None of these 1,3-shifts take place
in the solid state at 250 °C, where the uniquely labelled 4-
quinolone 19’ is formed. Imidoyl(p-toluoyl)ketene 21 undergoes
a 1,3-p-tolyl shift, interconverting it with the identical imidoyl(p-
toluoyl)ketene 22 but not with ketenimine 23. Had 23 been formed,
it should have been able to to undergo a 1,3-phenyl shift to
give imidoyl(benzoyl)ketene 24, products from which were not
observed. The calculated energy of transition state TS10 for 22 —
23 is significantly higher than that of TS9 for 21 — 22 (153.8 vs.
128.5 kJ mol™"). The imidoyl(p-toluoyl)ketene rotamer 25 cyclizes
to 4-toluoyloxyquinoline 28 and 4-quinolone 29. The cyclization
of imidoyl(benzoyl)ketene 13 to 4-benzoyloxyquinoline 18, and of
25to 28 involves 1,3-C-to-O shifts of benzoyl (toluoyl) groups with
a calculated barrier of ca. 148 kJ mol™' (e.g. 17 — 18 and 27 —
28 via TS17).

Experimental

The apparatus and procedures used for flash vacuum thermolysis
(FVT) and low temperature IR spectroscopy were as described
earlier.”s Preparative FVT was carried out in unfilled quartz tubes
(2 cm @) in a 25 cm tubular oven at 1073-10~* mbar, and the
products were isolated in a U-tube cooled in liquid nitrogen.

[1,2-*C,]Oxalic acid dichloride

[1,2-BC,]Oxalic acid dihydrate (0.25 g, 2 x 90 at% “C, from
Stohler, Switzerland) was dehydrated at 70-75 °C (12 mbar) for
48 h. Phosphorous pentachloride (6.5 g) was then added, and

the solid reaction mixture, protected from moisture by a CaCl,
tube, was allowed to stand for 72 h at rt.?! The liquid formed was
separated from the solid residue by pipetting and distilled with
the aid of a microdistillation apparatus. The fraction boiling at
60-65 °C contains the oxalic acid dichloride (1.08 g, 50%), which
was used without further purification.

[2,3-"*C,]-4-Benzoyl-5-phenylfuran-2,3-dione 4. (2 x 90 at%
BC), was prepared following the procedure for the unlabelled
compound.® 0.45 g (3.6 mmol) of [1,2-"*C],o0xalic acid dichloride
are added with the aid of a syringe to a solution of 0.7 g (3.1 mmol)
of dibenzoylmethane (purchased from Sigma-Aldrich) in dry ether
(4 mL) at rt. After 3-5 h yellow needles precipitate, which after
careful washing with dry ether to completely remove sticking
oxalic acid dichloride are obtained as bright yellow needles (0.41 g,
47%); mp: 120 °C (decomp). IR-, '"H- and *C NMR spectroscopic
data of unlabelled 4 see ref.*** In the *C NMR spectrum of
[2,3-13C,]-4 the signals at § 153.3 ppm (C-2) and 175.7 ppm (C-
3) show strongly enhanced intensities. Exact assignments of all
carbon atoms in furan-2,3-dione 4 and pyrrol-2,3-dione 12 have
been made on the basis of long-range coupled *C NMR spectra.”
Therefore, the positions of the labelled carbons could be located
unequivocally from their high intensities as indicated in Chart 1.

PhCQ O

0
A3/~ 1757 ppm j—178.2 ppm
5/ 9 +—~ 153.3 ppm / 4 157.0 ppm
Ph™ o7 O Ph N o
Ph
Chart 1

FVT of 4. FVT of [2,3-"C,]-4 (2 x 90 at% "“C) with IR
detection of the neat thermolysates at —196 °C was carried
out in the range 250-700 °C. Details are described in the main
text. IR: unlabelled dibenzoylketene 5a 2130 cm™'; *C-labelled
dibenzoylketene 5 2080 cm~'. CO does not appear in the spectrum
at this temperature. The neat ketene is stable on warm-up until ca.
—100°C.

Thermolysis of [2,3-°C,]-4 in toluene. A portion of [2,3-*C,]-4
(0.11 g; 0.4 mmol; 2 x 13.4 at% "C) was refluxed in dry toluene
(3 mL) for 90 min. The solution is then allowed to stand for 48 h
at rt. After filtration from a tiny amount of pyrone 8, the toluene
is evaporated and the oily residue crystallizes from triturating
with ethanol to give 44 mg (44%) of [2,4-°C,]-10. For analytical
and spectroscopic data of unlabeled 10 see ref.'>!314 3C NMR
(CDCl,): 6 190.5, 189.3 (benzoyl-C), 163.8 (OCOPh), 162.4 (C-6),
160.7 (C-2, labelled), 159.5 (C-4, labelled), 116.0, 115.0 (C-3, C-5).

[4-*C]-5-Benzoyl-6-phenyl-3-p-tolyl-1,3-oxazin-2,4-dione 11.
A portion of [2,3-"*C,]-4 (40 mg; 0.14 mmol; 2 x 13.4 at% "*C) was
added to p-tolyl isocyanate (0.15 mL) kept at 140-145 °C. After
the evolution of carbon monoxide is finished, the reaction product
starts to precipitate. After cooling to rt the solid formed is isolated
by suction filtration, washed with dry ether and recrystallized from
acetic acid to afford 38 mg (69%) of [4-*C]-11. For analytical and
spectroscopic data of 11 see ref. 14a. *C NMR (ring carbons, d,-
DMSO): 6 190.5 (benzoyl-C), 160.5 (C-4, labelled), 159.5 (C-2),
147.5 (C-6), 113.2 (C-5).
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[2,3-3C,]-4-Benzoyl-1,5-diphenyl-1H.-pyrrol-2,3-dione 12. (2 x
13.4 at% "C) was prepared following the procedure for the
unlabelled compound.** 70 mg of [1,2-"*C,] oxalic acid dichloride,
dissolved in dry ether (0.5 mL), was added to a solution of 0.1 g
(0.28 mmol) B-anilinochalcone® in dry ether (2 mL). The solution
turns red and the pyrroldione crystallizes from scratching. After
suction, the deeply red coloured product is carefully washed with
dry ether to give 0.104 g (88%) of [2,3-"C,] 2. Analytical and
spectrscopic data see ref. 14a. *C NMR (ring carbons, CDCl,): &
187.8 (benzoyl-C), 178.2 (C-3, labelled), 173.2 (C-5), 157.0 (C-2,
labelled), 112.6 (C-4) (see Chart 1 for labelled atoms).

FVT of 12. [2,3-"C]Pyrrol-2,3-dione 12 (2 x 13 atom-% "C)
was subjected to FVT at 510 and 700 °C with IR detection at
—196 °C. IR: unlabelled benzoyl(imidoyl)ketene 13a: 2120 cm™';
BC-labelled 13: 2070 cm™'. The neat ketene is stable until —70 °C
on warm-up. Further details are given in the main text.

[2,3-BC]Pyrrol-2,3-dione 12 (200 mg; 2 x 13 atom-% “C)
was also subjected to preparative FVT at 650 °C (sublimation
temperature 175 °C; 1.5 h). The products were collected in a U-
tube cooled in liq. N, and after the end of the reaction taken up
in CH,Cl,. Evaporation afforded 182 mg yellow crude product,
which was separated into two substances by preparative thin layer
chromatography on alumina/CH,Cl,, viz. 4-benzoyloxyquinoline
18, R; = 0.5; 60% yield, and 4-quinolone 19, R; = 0; 30% yield.

4-Benzoyloxyquinoline 18. Recrystallization from petroleum
ether yielded 100 mg (60%) white needles, mp 96 °C (lit.** 90—
91 °C). The compound exists in two modifications. After melting
and resolidifying, the substance remelted at 110-111 °C (white
rhombs); *C NMR (DMSO-d,, 400 MHz) 6 157.0 (C2), 111.2
(C3), 155.0 (C4), 121.1 (C4a), 129.2 (C5), 127.0 (C6), 130.5 (C7),
121.1 (C8), 149.1 (C8a), 163.8 (benzoyl-CO), 138.0 (C1’ (phenyl
ring at C2)), 127.1 (C2'), 129.0 or 128.7 (C3’), 129.8 (C4), 128.1
(C1” (benzoyloxy group at C4)), 130.0 (C2"), 128.7 or 129.0 (CC3"),
134.4 (C4"); assignments are based on the 'H-coupled spectrum.
The two carbons at § 155.0 and 163.8 ppm showed enhanced
intensity due to the "*C labelling, with an intensity ratio of ca. 3 :
1 (ca. 1:1 for the unlabelled compound); MS m/z 325 (M*, 15%),
106 (9), 105 (100), 77 (33).

Anal. Calcd for C,H;sNO,: C, 81.21; H, 4.65; N, 4.30. Found
C, 81.39; H, 4.71; N, 4.46.

Standing in an aqueous methanolic solution for several days
caused solvolysis to 2-phenylquinolin-4-one, mp 251 °C (lit.*®
254 °C), identified by direct comparison with an authentic®
sample; *C NMR (DMSO-d,, 400 MHz) 5 176.9 (C4), 149.9 (C2),
140.5(C1"), 134.2 (C8a), 131.6 (C7), 130.2 (C4'), 128.8 (C3' or C2'),
127.3 (C2 or C3'), 124.8 (C4a), 124.6 (C5), 123.1 (C6), 118.6 (C8),
107.3 (C3). Assignments are based on the 'H-coupled spectrum.

3-Benzoyl-2-phenylquinolin-4-one 19. Recrystallization from
ethanol afforded 54 mg (30%) white leaves, mp 293-295 °C. An
authentic sample*® had mp and mixed mp 295 °C. *C NMR
(DMSO-d,, 400 MHz) ¢ 195.5 (benzoyl-CO), 175.0 (C4), 149.3
(C2), 139.8 (C1’ phenyl ring at C2)), 137.9 (C1” (benzoyl group)),
133.5 (C8a), 132.8 (C4"), 132.2 (C7), 129.8 (C4), 128.8, 128.5,
128.4, 128.3 (C2, C2", C3, C3"), 124.73 (C5), 124.69 (C4a), 123.8
(C6), 120.2 (C3), 118.7 (C8); assignments are based on the 'H-
coupled spectrum. The two carbons at 6 175.0 and 195.5 ppm
showed enhanced intensity due to the “C labelling, with an

intensity ratio of ca. 3 : 1. At 510 °C this ratio was ca. 5.5 : 1.
In the the unlabelled compound this ratio was ca. 1 : 1. MS m/z
326 (16), 325 (M*, 74), 324 (25), 297 (22), 296 (100), 2438 (38), 165
(10), 163 (12), 105 (16), 77 (36).

Thermolysis of neat 12. A sample of [2,3-"C,]-12 (50 mg;
0.14 mmol) was heated to 250 °C until the evolution of CO had
ceased. After cooling to rt, the residue was triturated with ether,
and the resulting crude product was recrystallized from acetic
acid to give 26 mg (58%) [4-"*C]-3-Benzoyl-2-phenylquionlin-4-
one 19 labelled only on C4. For analytical and spectroscopic
data see refs.14a, 24. *C NMR (DMSO-d;) 6 195.5 (benzoyl-CO;
unlabelled), 175.0 (C-4, *C-labelled).

1,5-Diphenyl-4-(p-toluoyl)pyrrol-2,3-dione 20. was prepared
using a procedure analogous to that for 12;"+15 mp 171-173 °C,
"H NMR (CDCl;) 2.38 (s, 3H), 7.02-7.05 (2 H, tolyl-meta), 7.19—
7.22 (6 H, phenyl), 7.30-7.34 (4 H, phenyl), 7.72 (d, J = 8.1 Hz, 2
H, tolyl-ortho); *C NMR (CDCl;) 187.4 (CO), 178.5 (C3), 172.5
(C5), 157.0 (C2), 112.9 (C4), 21.2, 123.7-144.0 (aromatic signals).

FVT of 20

1,5-Diphenyl-4-(p-toluoyl)pyrrol-2,3-dione 20. (200 mg) was
subjected to preparative FVT at 650 °C (sublimation temperature
180 °C; 2 h). The products were collected in a U-tube cooled in lig.
N, and after the end of the reaction taken up in CH,Cl,. Filtration
afforded 20 mg (10%) of almost insoluble quinolone 29, and
evaporation of the filtrate and recrystallization from petroleum
ether afforded 80 mg (43%) of 2-phenyl-4-(p-toluoyloxy)quinoline
28. A '"H NMR spectrum of the crude FVT product demonstrated
that 28 and 29 accounted for ca. 90% of the material in aratio of 30 :
70. The mass spectra of 28 and 29 clearly show that no interchange
of phenyl and tolyl groups had taken place: the toluoyl group gives
rise to characteristic peaks at m/z 119; the corresponding benzoyl
peaks in 18 and 19 are at m/z 105. There were no detectable m/z
105 peaks in the mass spectra of 28 and 29.

2-Phenyl-4-(p-toluoyloxy)quinoline 28. R; = 0.5 (alumina/
CH,Cl,); mp 116-117 °C; "H NMR (DMSO-d,, 400 MHz) § 2.46
(s, CH;), 7.49 (d, 2 H, J 8.0 Hz), 7.52-7.59 (m, 3 H), 7.61-7.65
(m, 1 H), 7.83-7.88 (m, 1 H), 7.96 (d, | H, J 8.3 Hz), 8.17(d, 1 H,
J 7.5 Hz), 8.19 (d, 2 H, J 8.0 Hz), 8.25 (s, 1 H), 8.29-8.32 (m, 2
H); MS m/z 339 (M*, 9%), 120 (9), 119 (100), 91 (20).

A sample of 28 was solvolysed with aq. methanol as described
for 18 above to afford 2-phenylquinolin-4-one, mp 251 °C,
identified by direct spectral comparison with the sample described
above.

2-Phenyl-3-(p-toluoyl)quinolin-4-one 29. mp 331 °C; '"H NMR
(DMSO-d,, 400 MHz) J 2.33 (s, CH;), 7.22 (d, 2 H, J 8.0 Hz),
7.39-7.47 (m, 6 H), 7.67 (d, 2 H, J 8.0 Hz), 7.74-7.75 (m, 2 H),
8.09 (d, 1 H, J 7.9 Hz), 12.09 (s, 1 H); MS m/z 340 (18), 339
M+, 71), 338 (24), 311 (25), 310 (100), 248 (36), 165 (10), 119 (27),
91 (42), 65 (13). The identity of this compound follows from the
analogy with 19.
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Trimethyl (3R)-homocitrate 17, trimethyl (25,3 R)-[2-*H,]-homocitrate 17a and
(2R,3R)-[2-*H,]-homocitrate 17b, as well as dimethyl (3R)-homocitrate lactone 18,
(2S,3R)-[2-*H,]-homocitric lactone 18a and (2R,3R)-[2-*H,]-homocitric lactone 18b have been
synthesised. D-Quinic acid 12 was used as the source of the (3 R)-centre in the unlabelled target
compounds 17 and 18. (—)-Shikimic acid 19 and the (—)-[2-> H]-shikimic acid derivative 32 respectively
were used in the synthesis of the labelled compounds. In the latter syntheses, Sharpless directed
epoxidation of the olefin in the 5-deoxy ester diols 23 and 35 ensured a reaction from the same face as
the allylic and homoallylic alcohols, and the reduction of the protected epoxides 25 and 37 ensured that
the label was introduced in a stereoselective manner. The '"H NMR spectra of the labelled products
present an assay for the stereochemistry of the biological reactions catalysed by homocitrate synthase

and by the protein from the nif V7" gene.

Introduction

Homocitricacid 3 is a key intermediate in the biosynthetic pathway
to the essential amino acid L-lysine 9 in fungi and euglenids. It is
synthesised in this pathway as shown in step (i) of Scheme 1 by
the reaction of acetyl CoA 1 with a-ketoglutarate 2 catalysed by
the enzyme homocitrate synthase (EC 4.1.3.21).2 The pathway
involves the intermediate a-aminoadipic acid 7, required in the
biosynthesis of penicillins and cephalosporins and there has been
a suggestion that homocitrate synthase limits a-aminoadipic acid
formation in penicillin biosynthesis.* Homocitric acid 3 is also
required in nitrogen fixation where reaction (i) in Scheme 1 is
catalysed by the protein derived from the nifV gene.* Patients
with the disease propionic acidaemia have been shown to excrete
homocitric acid 3.°

The steps in the lysine pathway to a-aminoadipic acid 7 closely
parallel those steps in the citrate cycle from the reaction of
acetyl CoA 1 with oxaloacetic acid 10 to give citric acid 11,
via isocitrate and a-ketoglutarate to glutamic acid. It has been
shown that homocitrate synthase catalyses the attack of acetyl
CoA 1 on the carbonyl group of a-ketoglutarate 2 from the re-
face,® unlike the more common si-citrate synthase (EC 4.1.3.7)
which catalyses the attack of acetyl CoA 1 on the carbonyl group
of oxaloacetate 10 from the si-face as shown in Scheme 2.7 The
stereochemistry at the acetate methyl group has been shown to
be inverted during the reaction catalysed by si-citrate synthase

Department of Chemistry, University of Sussex, Falmer, Brighton, UK BN1
20J

T Part of this work has been published as a preliminary communication in
ref. 1.

i Electronic supplementary information (ESI) available: NMR spectra for
all described compounds. See DOI: 10.1039/b515937g

as shown in Scheme 2, by using (R)- and (S)-[2-*H,,2-*H,]-acetyl
CoA1(H, =°H, Hy =*H) and 1 (H, =>H, H; = *H) respectively
in the reaction.® However this aspect of the stereochemistry in
the analogous reactions catalysed by homocitrate synthase and
by the nifV gene protein has yet to be investigated. Unlike citric
acid 11, homocitric acid 3 has an asymmetric centre and so the
two hydrogens, H, and Hj, arising from acetate in this product
are diastereotopic. Assignment of stereochemistry to the chemical
shifts arising from these hydrogens in the '"H NMR spectrum
will therefore allow the stereochemistry of step (i) in Scheme 1
to be assessed by *H NMR spectroscopy when (R)- and (S)-[2-
*H,,2-*H,]-acetylCoA are used in the enzymatic reaction. We have
therefore determined to synthesise trimethyl (3R)-homocitrate
17, (2S,3R)-[2-*H,]-trimethyl homocitrate 17a and (2R,3R)-[2-
*H,]-trimethyl homocitrate 17b and the corresponding dimethyl
homocitric lactones 18, 18a and 18b, using reactions which are
stereochemically unambiguous. Since homocitrate 3 from the
enzymic reactions can readily be converted to the esters 17 and
18 without racemisation,® an assay for the stereochemistry of the
enzymic reaction will be provided by such a synthesis.

Results and discussion

Since quinic acid 12 could serve as the source of the 3R centre
of homocitrate by specifically removing the hydroxyl group at
C-5 and oxidatively cleaving the vicinal cis-3,4-diol, we used the
method of Shing and Tang™ to prepare the derivative 13, in which
the cis-3,4-diol moiety is protected. Conversion of this protected
derivative to the thiocarbonylimidazole derivative 14 in 89%
yield was achieved by reaction with 1,1’-thiocarbonyldiimidazole
in dichloromethane, as shown in Scheme 3. Reduction using
Bu;SnH and AIBN in toluene at reflux then afforded the protected
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Scheme 1 Enzymes of the fungal pathway to lysine: (i) homocitrate synthase (EC 4.1.3.21); (ii) and (iii) homoaconitase (EC 4.2.1.36); (iv) homoisocitrate
dehydrogenase (EC 1.1.1.87); (v) aminoadipate aminotransferase (EC 2.6.1.39); (vi) aminoadipate reductase (EC 1.2.1.31); (vii) other enzymes in the

biosynthetic pathway to lysine in fungi and euglenids.
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10 1

Scheme 2 Stereochemistry of the reaction catalysed by si-citrate synthase
(EC4.1.3.7).

5-deoxyquinate 15 in 83% yield. Deprotection using Amberlite
IR-120 (H*) gave the diol 16 in 70% yield and this was cleaved
using periodate on silica gel followed by oxidation with H,O, and
formic acid. In situ methylation of the product gave a mixture
which was separated by chromatography on silica gel to afford,
as oils, trimethyl (3R)-homocitrate 17 in 36% yield and dimethyl
(3R)-homocitric lactone 18 in 15% yield.

HO, ,COoH HO, ,CO.H

Having obtained the unlabelled target molecules, the next step
was to synthesise the two compounds 17 and 18 in which the
hydrogen atoms on the carbon derived from acetate in the enzymic
reaction were diastereomerically deuteriated using methods which
would allow unambiguous assignment of their stereochemistry. A
possible synthetic intermediate for such a synthesis would be the
5-deoxyshikimate ester 23 in which the allylic and homoallylic
hydroxyl groups would direct Sharpless epoxidation' of the
double bond to the lower face of the molecule. Protection of
the hydroxyl groups and reduction of the epoxide should deliver
deuteride to the opposite face of the molecule from the epoxide
oxygen. To this end, we prepared the isopropylidine derivative 20
from commercial (—)-shikimic acid 19 by the method of Chahoua
et al.? and this was converted into the thiocarbonylimidazole
derivative 21 by reaction with 1,1’-thiocarbonyldiimidazole in
dichloromethane as shown in Scheme 4. Reduction using tri-
n-butyltin hydride and AIBN in toluene at reflux under argon
then gave the 5-deoxy derivative 22 in good yield. Deprotection
CO,Me

HO, ,CO,Me HO,,

PO O N
HO™ X7 o QY ow S N Q. I
" ’ © CY )
12 13 14 15
MeO,Cqs O~y 0 HO, 3,C0,Me
2 55 + 2K<4\i &
CO,Me CO,Me —~CO,Me
18 17 16

Scheme 3  Reagents and conditions: (i) ref. 10; (ii) 1,1’-thiocarbonyldiimidazole, CH,Cl,, rt, 16 h (89%); (iii) Bu;SnH, AIBN, toluene, reflux, 3 h (83%);
(iv) Amberlite IR-120 (H*), MeOH, reflux, 3 h (70%); (v) (a) NalO,-silica gel, CH,Cl,, (b) H,0,, HCO,H, rt, 6 h, (c) Amberlite IR-120 (H*), MeOH,

reflux, 16 h (36% 17 + 15% 18).
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Scheme 4  Reagents and conditions: (i) ref. 12; (i) 1,1’-thiocarbonyldiimidazole, CH,Cl,, rt, 16 h (95%); (iii) Bu;SnH, AIBN, toluene, reflux, 3 h (72%);
(iv) Amberlite IR-120 (H*), MeOH, reflux, 3 h (79%); (v) ‘BuOOH, CH,Cl,, V(acac)s, 0 °C then rt, 24 h (57%); (vi) (MeO),CMe,, (£)-10-camphorsulfonic

acid, CH,Cl,, rt, 3 h (quant., unpurified).

was now required so that epoxidation of the double bond would
be directed to the same face as the 3- and 4-hydroxyl groups.
This was achieved in 79% yield using Amberlite IR-120 (H*)
in methanol, and epoxidation of the product 23 was carried
out using fert-butylhydroperoxide and vanadyl acetylacetonate
in dichloromethane, giving the diol epoxide 24 in 57% yield.
W-Coupling between H-2 and H-4, observed in the '"H NMR
spectrum of this compound, suggested that these hydrogens were
quasi-equatorial as shown in Fig. 1 and so implied that the
expected (2S5)-stereochemistry had been obtained. Reprotection
of the secondary alcohol groups was now necessary to prevent
their involvement in subsequent steps and this was carried out
in quantitative yield using 2,2-dimethoxypropane and (&4)-10-
camphorsulfonic acid, giving the product 25.

1.5Hz

H
Ho ! COMe

4
OH §

Fig. 1 W-Coupling between H-2 and H-4 in the epoxide 24.

It was now necessary to introduce a deuterium label stere-
ospecifically at C-2 whilst retaining the R stereochemistry at C-
1 (corresponding to C-3 in homocitric acid). This was achieved
in 83% yield by reacting the epoxide 25 with lithium aluminium
deuteride to obtain product 26 as shown in Scheme 5. The
unlabelled analogue 26a of this compound was prepared inde-
pendently from the quinic acid derived 16 as shown in Scheme 5
by protection followed by reduction using LiAlH,. Comparison of
the spectra of the shikimate-derived product 26 and the quinate-
derived product 26a confirmed the stereochemistry at the centre
C-1 in the former compound. To reach our target molecule
required that we oxidised the deuteriated primary alcohol group
in the product 26 to an acid but all attempts to achieve this
failed. In contrast, oxidation of the unlabelled compound 26a
using oxygen and a platinum catalyst, followed by methylation
and deprotection, gave the desired methyl 5-deoxyquinate 16.
This suggested that an isotope effect had prevented oxidation of

Scheme 5 Reagents and conditions: (i) LiAI’H,, Et,0, —78 °C, 5 h,
then 0 °C, 1 h (83%); (ii) (a) (MeO),CMe,, (+)-10-camphorsulfonic acid,
CH,Cl,, rt, 1 h, (b) LiAlH,, Et,O, —78 °C, 5 h, then 0 °C, 1 h (89%);
(i) (a) O,, Pt, NaHCO;, H,O0-MeOH, 55 °C, 16 h (b) Amber-
lite IR-120 (H*), MeOH, reflux, 16 h, (65%); (iv) (a) (MeO),CMe,,
(&)-10-camphorsulfonic acid, CH,Cl,, rt, 1 h, (b) LiAI*H,, Et,0, —78 °C,
5h, then 0°C, 1 h (89%).

the deuteriated primary alcohol group in the compound 26 and
indeed when the dideuterio-compound 26b was prepared from
methyl deoxyquinate 16 as in Scheme 5, this was also resistant
to oxidation. The problem was circumvented by first selectively
reducing the ester in compound 25, as shown in Scheme 6, using
sodium borohydride which did not affect the epoxide. The product
27 was then reduced with lithium aluminium deuteride to afford
the desired alcohol 28 in 83% yield. This compound was oxidised
using oxygen and platinum oxide and treated with methanol and
Amberlite IR-120 (H*) to give the deprotected methyl ester 29 in

This journal is © The Royal Society of Chemistry 2006
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Scheme 6  Reagents and conditions: (i) NaBH,, THF, 0 °C, rt, 14 h (92%); (ii) LiAI*H,, Et,0, —78 °C, 5 h, then 0 °C, 1 h (83%); (iii) (a) O,, Pt, NaHCO;,
H,0-MeOH, 55 °C, 16 h, (b) Amberlite IR-120 (H*), MeOH, reflux, 16 h (69%); (iv) (a) NalO,-silica-gel, CH,Cl,, rt, 10 min, (b) H,O,, HCO,H, rt, 6 h,

(c) Amberlite-120 (H*), MeOH, reflux, 16 h (38% 17a + 16% 18a).

69% yield. Oxidative cleavage of the diol using sodium periodate
and silica gel in dichloromethane followed by methylation using
methanol and Amberlite IR-120 (H*) gave a mixture from which
trimethyl (25,3 R)-[2-*H,]-homocitrate 17a and dimethyl (2S,3R)-
[2-*H,]-homocitric lactone 18a could be separated.

To obtain the diastereoisomeric (2R)-[2-*H,]-compounds, 17b
and 18b, we prepared the protected [2-°H,]-shikimate 32 by
adapting the method by Floss et al®® The labelled protected
lyxofuranoside derivative 31 was first prepared from D-mannose
30 by modification of a method developed by Fleet et al.** for the
unlabelled compound and its derivatives as shown in Scheme 7.
This compound was then converted into the protected [2-°H,]-
shikimate ester 32 by the method described by Fleet et al. for the
unlabelled rert-butyl ester.'* The protected [2-*H, ]-shikimate ester
32 was then converted into the thiocarbonylimidazole derivative 33
in quantitative yield by reaction with 1,1’-thiocarbonyldiimidazole
in dichloromethane. This was reduced using tri-z-butyltin hydride
and AIBN in toluene at reflux under argon to give the 5-deoxy
compound 34, and deprotection using Amberlite IR-120 (H*) in
methanol at reflux gave the deuteriated methyl 5-deoxyshikimate

HO
HQmmn OH ——

HO OH
30 31

HO, , ,CO,Me

H N 4
2R 5

CO,Me

+
CO,Me

17b 18b

35. The epoxide 36 was then obtained in 59% yield using the
method that we had previously employed to prepare the unla-
belled compound 24. Reprotection using 2,2-dimethoxypropane
and (%)-10-camphorsulfonic acid in dichloromethane gave the
isopropylidene derivative 37 in quantitative yield and this was
reduced with lithium aluminium hydride in diethyl ether to give
the alcohol 38. Deprotection to the diol 39, oxidative cleavage
and methylation as before gave compounds 17b and 18b in 40%
and 15% yields respectively. The coupling constants J,; in the 'H
NMR spectra of the epimerically deuteriated compounds 39 (2.9
Hz) and 29 (6.8 Hz) in C*H,;O’H are in line with the expectation
from the stereochemistry assigned to C-2.

The 'H NMR spectra of the various samples of trimethyl
homocitrate 17, 17a and 17b are shown in Fig. 2 and those for
the samples of dimethyl homocitric lactone 18, 18a and 18b in
Fig. 3. These spectra clearly define the chemical shifts due to
the protons which are derived from acetyl CoA 1 in the reaction
catalysed by homocitrate synthase or by the nif-V protein and so
an assay is now available to assess the absolute stereochemistry of
these biosynthetic reactions.

CO,Me

Scheme7 Reagents and conditions: (i) refs 13,14; (ii) 1,1'-thiocarbonyldiimidazole, CH,Cl,, rt, 16 h (quant.); (iii) Bu;SnH, AIBN, toluene, reflux, 3 h (80%);
(iv) Amberlite IR-120 (H*), MeOH, reflux, 3 h (80%); (v) 'BuOOH, CH,Cl,, V(acac)s, 0 °C, then rt, 24 h (59%); (vi) (MeO),CMe,, (+)-10-camphorsulfonic
acid, CH,Cl,, rt, 3 h (quant., unpurified); (vii) LiAlH,, Et,O, —78 °C, 5 h, then 0 °C, 1 h (87%); (viii) (a) O,, Pt, NaHCO;, H,O0-MeOH, 55 °C, 16 h,
(b) Amberlite IR-120 (H*), MeOH, reflux, 16 h (65%); (ix) (a) NalO,-silica-gel, CH,Cl,, rt, 10 min, (b) H,O,, HCO,H, rt, 6 h, (c) Amberlite-120 (H*),

MeOH, reflux, 16 h (40% 17b + 15% 18b).
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Fig. 2 Part of the 300 MHz '"H NMR spectra in C*HCI, of (a) trimethyl
(3R)-homocitrate 17; (b) trimethyl (25,3R)-[2-*H, ]-homocitrate 17a; and
(c) trimethyl (2R,3R)-[2-*H,]-homocitrate 17b.

(c) H-S

(b) H-R

(a)
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Fig. 3 Part of the 300 MHz '"H NMR spectra in C*HCI; of (a) dimethyl
(3R)-homocitric lactone 18; (b) dimethyl (25,3 R)-[2->H, ]-homocitric lac-
tone 18a; and (c) dimethyl (2R,3R)-[2-*H,]-homocitric lactone 18b.

Conclusion

We have completed the total synthesis of trimethyl (3R)-
homocitrate 17, trimethyl (2S,3R)-[2-°H,]-homocitrate 17a
and (2R,3R)-[2-’H,]-homocitrate 17b, and of dimethyl (3R)-
homocitrate lactone 18, (2S,3R)-[2-*H,]-homocitric lactone 18a
and (2R,3R)-[2-°H,]-homocitric lactone18b. The '"H NMR spectra
of the labelled products present an assay for the stereochemistry
of the biological reactions catalysed by homocitrate synthase and
by the protein from the nif V" gene.

Experimental

Melting points were determined on a Kofler hot-stage appara-
tus and are uncorrected. Optical rotations (given in units of
107" deg cm™ g7') were measured on a Perkin-Elmer PE241
polarimeter using a 1 dm path length micro cell. IR spectra were
recorded on a Perkin-Elmer 1720 Fourier transform instrument.
"H NMR spectra were recorded on Bruker DPX300 (300 MHz)
and AMX500 (500 MHz) Fourier transform instruments. J values
are given in Hz. “C NMR spectra (broad band 'H decoupled)
were recorded on Bruker DPX300 (75.5 MHz) and AMX500
(125.8 MHz) Fourier transform instruments. Distortionless
enhancement polarisation transfer (DEPT) experiments were used
to help assign "C NMR resonances where necessary. Either
tetramethylsilane (0.00 ppm) or residual solvent peaks were used
as internal references in the NMR spectra unless otherwise stated.
Mass spectra were recorded on Kratos MS80F and MS25 double
focusing spectrometers by Dr A. Abdul-Sada (Sussex). 3-NBA
refers to 3-nitrobenzyl alcohol. Accurate mass measurements were
recorded by the EPSRC National Mass Spectrometry Service,
Swansea. Microanalyses were performed by Medac Ltd (Brunel).
Column chromatography was performed using Fluka silica gel 60
(200-400 mesh ASTM). Petroleum ether refers to that fraction of
hexanes of bp 60-80 °C.

Methyl (1R,3R,4S,5R)-3,4-O-cyclohexylidine-5-(1 H-imidazole-1-
carbonothioyloxy)-1,3,4-trihydroxycyclohexanecarboxylate (14)

1,1’-Thiocarbonyldiimidazole (5.52 g, 31.0 mmol) was added to
a solution of methyl 3,4-O-cyclohexylidenequinate 13 (7.4 g,
25.8 mmol) in dichloromethane (50 ml) and the resultant yel-
low solution was stirred at room temperature under argon for
16 h. The solvent was removed in vacuo to give a yellow oil
which was purified by column chromatography on silica gel
eluting with diethyl ether to give methyl (1R,3R,4S,5R)-3,4-O-
cyclohexylidine-5-(1 H-imidazole-1-carbonothioyloxy)-1,3,4-tri-
hydroxycyclohexanecarboxylate 14 as a white solid (9.1 g, 89%),
mp 146.5-147.5 °C; [a]p* —50.8 (¢ 1.5, CHCl); found: C, 54.5;
H, 6.05; N, 7.3; CsH,,N,O¢S requires C, 54.5; H, 6.1; N 7.1%);
m/z (+ve FAB, (3-NBA)) 397 [M + HJ*; vy (KBr)/cm™ 3133
(OH) and 1741 (ester); 6y (500 MHz, C*HCl;) 1.39 (2H, m,
cyclohexylidene), 1.54-1.68 (6H, m, cyclohexylidene), 1.82 (2H,
m, cyclohexylidine), 2.04 (1H, dd, Jeaes 13.0, Jeas 11.6, H-6A),
2.34 (1H, dd, Joas 15.7, Joa5 4.2, H-2A), 2.42 (1H, m, H-2B), 2.47
(1H, m, H-6B), 3.79 (3H, s, OCH,), 3.89 (1H, s, OH), 4.37 (1H, dd,
J456.9,J,5 5.7, H-4), 4.59 (1H, m, H-3), 6.10 (1H, ddd, Jse 11.6,
J54 6.9, Jse 4.5, H-5), 7.04 (1H, s, H-imidazole), 7.65 (1H, s, H-
imidazole) and 8.36 (1H, s, H-imidazole); d (125.8 MHz, C*HCI,)
24.01,24.27,25.23,34.76 and 35.33 (cyclohexylidene), 36.18 (C-2),
38.07 (C-6), 53.56 (OCH,), 73.81 (C-4), 74.33 (C-1), 75.93 (C-3),
81.11 (C-5), 111.26 (cyclohexylidene), 118.49, 131.22 and 137.22
(3 x C-imidazole), 174.55 (ester) and 183.52 (C=XS).

Methyl (1R,3R,4S)-3,4-O-cyclohexylidine-1,3,4-
trihydroxycyclohexanecarboxylate (15)

A solution of methyl (1R,3R,4S.,5R)-3,4-O-cyclohexylidine-5-
(1H-imidazole-1-carbonothioyloxy)-1,3,4-trihydroxycyclohexane-
carboxylate 14 (3.0 g, 7.58 mmol) and 2,2-azobisisobutyronitrile
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(AIBN) (124 mg, 0.76 mmol) in toluene (100 ml), under argon
was heated at reflux. Tri-n-butyltin hydride (2.44 ml, 9.09 mmol)
was added dropwise over 10 min and the solution was heated
at reflux for 3 h. The mixture was cooled to room temperature
and the solvent was removed in vacuo to give an orange oil.
The crude product was purified by column chromatography
on silica gel eluting with petroleum ether-ethyl acetate (9 :
1) to remove tin residues, and petroleum ether—ethyl acetate
(3 : 2) to obtain methyl (1R,3R,4S5)-3,4-O-cyclohexylidine-
1,3,4-trihydroxycyclohexanecarboxylate 15 as a colourless oil
(1.70 g, 83%); [alp® —13.2 (¢ 1, CHCL); m/z (+ve FAB, (PEG
matrix)) found 271.1550, [C,,H»Os + HJ]" requires 271.1545;
Vmax (film)/cm~" 1735 (ester); oy (300 MHz, C*HCl;) 1.39-1.66
(10H, m, cyclohexylidene), 1.74-1.98 (4H, m, H-6 + H-5), 2.19
(2H, m, H-2), 3.62 (1H, s, OH), 3.79 (3H, s, OCH,), 4.20 (1H,
dd, Jysa 12.1, Juss 5.3, H-4) and 4.38 (1H, dd, J5,1 9.8, J3
4.5, H-3); 6. (75.5 MHz, C°HCl;) 24.10, 24.44, 24.62, 25.42 and
31.82 (cyclohexylidene), 35.37 (C-5), 35.73 (C-6), 38.45 (C-2),
53.08 (OCH,;), 72.42 (C-4), 72.99 (C-3), 73.60 (C-1), 109.62
(cyclohexylidine) and 175.84 (ester).

Methyl (1R,3R,45)-1,3,4-trihydroxycyclohexanecarboxylate (16)

A mixture of methyl (1R,3R,4S)-3,4-O-cyclohexylidine-1,3,4-
trihydroxycyclohexanecarboxylate 15 (12.9 g, 47.7 mmol) and
Amberlite IR-120 (H*) (6.5 g) in methanol (120 ml) was heated
at reflux for 3 h and allowed to cool to room temperature. The
solution was filtered and the resin was washed with methanol
(2 x 50 ml). The filtrates were combined and the solvent was
removed in vacuo to give a yellow oil which was purified by column
chromatography on silica gel eluting with ethyl acetate to give
methyl (1R,3R,4S)-1,3,4-trihydroxycyclohexanecarboxylate 16 as
a colourless oil (6.40 g, 70%); [a]p® —9.4 (¢ 0.97, CHCL); m/z
(ES+) found 191.0919, [CyH,,Os + HJ* requires 191.0919; v,,,,
(film)/cm~" 3379 (OH) and 1727 (ester); dy (300 MHz, C*HCl;)
1.84 (4H, m, H-5 + H-6), 2.01 (1H, dd, J,s.s 14.6, J5a5 3.1,
H-2A), 2.14 (1H, dd, Jys,4 14.6, Jo55 2.3, H-2B), 3.61 (1H, m,
H-4), 3.80 (3H, s, OCH,;), 3.96 (1H, s, OH) and 4.02 (1H, m,
H-3); dc (75.5 MHz, C*HCl;) 24.61 (C-5), 33.75 (C-6), 37.71
(C-2), 53.49 (OCH,), 70.15 (C-4), 70.72 (C-3), 74.37 (C-1) and
176.47 (ester).

Trimethyl (3R)-homocitrate (17) and dimethyl (3R)-homocitric
lactone (18)

A solution of sodium periodate (1.2 g in 5 ml H,0, 5.61 mmol)
was added dropwise to a vigorously stirred suspension of
chromatographic grade silica gel (5.0 g) in dichloromethane
(50 ml) to form a suspension. Methyl (1R,3R,4S5)-1,3,4-
trihydroxycyclohexanecarboxylate 16 (500 mg, 2.61 mmol) in
dichloromethane (5 ml) was added and the reaction was monitored
by TLC until disappearance of the starting material was observed
(typically 10 min). The mixture was filtered and the silica gel
was thoroughly washed with dichloromethane (4 x 25 ml). The
solvents were removed in vacuo to give a colourless oil to which
hydrogen peroxide (1.0 ml, 27%) and formic acid (5.0 ml) were
added. The mixture was stirred for 6 h at room temperature and
the solvents were removed in vacuo to give a yellow oil. The oil

was dissolved in methanol (50 ml) and Amberlite IR-120 (H*)
resin (1 g) was added. The solution was heated at reflux for 16 h
and filtered. The resin was washed with methanol (4 x 20 ml)
and the solvent was removed in vacuo to yield a yellow oil which
was purified by column chromatography on silica gel using a
gradient of petroleum ether—diethyl ether to give trimethyl (3R)-
homocitrate 17, as a colourless oil (237 mg, 36%); [a]p* —10.2 (¢
1.6, CHCl,); m/z (CI) found 249.0975, [C,,H,sO; + H]" requires
249.0974; vy (film)/cm=" 1740 (ester); oy (300 MHz, C*HCI,)
2.07 2H, m, H-5), 2.27 (1H, ddd, J4as 16.0, Jiasa 9.4, Jiass
6.4, H-4A), 2.51 (1H, ddd, J4pa 16.0, Jugs 8.7, Jups 7.4, H-4B),
2.71 (1H, d, Joaos 16.4, H-2A), 2.97 (1H, d, Jys,4 16.4, H-2B),
3.67 (3H, s, OCH,), 3.68 (3H, s, OCH;) and 3.81 (3H, s, OCH,);
dc (75.5 MHz, C*HCl;) 28.11 (C-5), 33.85 (C-4), 43.28 (C-2),
51.81 (OCH;), 51.98 (OCH,;), 53.17 (OCHs;), 74.29 (C-3), 171.05
(ester), 173.30 (ester) and 175.05 (ester). Dimethyl (3 R)-homocitric
lactone 18 (85 mg, 15%), was also obtained as a colourless oil;
[a]lp* —10.6 (¢ 9.0, CHCL,) [lit."® [a]p —10.6 (¢ 1.0, CHCL,)]; m/z
(ES+) found 234.0974, [CoH,,04 + NH,]* requires 234.0978; v,
(film)/cm~" 1789 (lactone) and 1740 (ester); oy, (300 MHz, C*HCI,)
2.31 (1H, ddd, Jya4s 13.2, Jupsa 10.3, Jiass 9.8, H-4A), 2.42-2.71
(3H, m, H-4B + H-5),2.91 (1H, d, J,15 16.8, H-2A), 3.09 (1H, d,
Jasoa 16.8, H-2B), 3.64 (3H, s, OCH;) and 3.74 (3H, s, OCH,); d
(75.5 MHz, C*HCl;) 27.72 (C-4), 31.40 (C-5), 41.33 (C-2), 52.13
(OCH,;), 53.23 (OCH;), 82.83 (C-3), 169.04 (ester), 170.99 (ester)
and 175.41 (lactone).

Methyl 3,4-O-isopropylideneshikimate (20)

(-)-Shikimic acid 19 (10 g, 57.4 mmol) was converted into methyl
3,4-O-isopropylideneshikimate 20 (13.0 g, 99%) using the method
of Chahoua et al.? It was obtained as a colourless oil; [a],** —82.6
(¢ 11.5, CHCL,); m/z (ES+) found 246.1345, [C,;H,;Os + NH,]*
requires 246.1341; m/z (CI) 229 [M + HJ*; vy, (film)/cm™" 3426
(OH) and 1718 (ester); o4 (300 MHz, C*HCl;) 1.40 (3H, s, CHs),
1.44 (3H, s, CH;), 2.24 (1H, ddd, Jepep 17.3, Jeas5 8.2, Jsa 1.5, H-
6A), 2.69 (1H, m, OH), 2.78 (1H, dd, Jegea 17.3, Jess 4.4, H-6B),
3.77 (3H, s, OCH;), 3.89 (1H, m, H-5), 4.09 (1H, dd, J,5 7.4, J4;
6.4,H-4),4.75 (1H, m, H-3) and 6.92 (1H, br, H-2); d (75.5 MHz,
C?HCl,) 25.85 (CH;), 28.09 (CHj;), 29.48 (C-6), 52.29 (OCH,),
68.88 (C-5), 72.35 (C-4), 78.01 (C-3), 109.85 (C-9), 130.71 (C-1),
134.06 (C-2) and 166.69 (ester).

Methyl 3,4-O-isopropylidine-5-O-thiocarbonylimidazoleshikimate
21

1,I’-Thiocarbonyldiimidazole (5.6 g, 31.5 mmol) was added to
a solution of methyl 3,4-O-isopropylideneshikimate 20 (6.5 g,
28.6 mmol) in dichloromethane (100 ml) and the resultant
yellow solution was stirred at room temperature under argon
for 16 h. The solvent was removed in vacuo to give a yellow
oil which was purified by column chromatography on silica gel
eluting with diethyl ether to give methyl 3,4-O-isopropylidine-5-
O-thiocarbonylimidazoleshikimate 21 as a white solid (8.9 g, 95%),
mp 136-139 °C; [a],** —100.7 (¢ 19.3, CHCl;); m/z (ES+) found
339.1015, [C;sH sN,O5S + H]* requires 339.1014; v,,,,, (KBr)/cm™
1721 (ester); o4 (300 MHz, C*HCl;) 1.30 (3H, s, CH;), 1.33 (3H, s,
CH,), 2.43 (1H, ddd, Jeaes 17.6, Jeas 7.1, Jean 1.5, H-6A), 2.93
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(1H, dd, Jgea 17.6, J 55 4.5, H-6B), 3.68 (3H, s, OCH,), 4.37 (1H,
dd, J,5 6.9, J,5 6.0, H-4), 4.73 (1H, dd, J, 6.0, J5, 3.6, H-3), 5.75
(1H, ddd, Jses 7.1, J54 6.9, Js ¢ 4.5, H-5), 6.89 (1H, m, H-2), 6.90
(1H,dd, J 1.7and 0.9, H-imidazole), 7.48 (1H, s, H-imidazole) and
8.18 (1H, s, H-imidazole); . (75.5 MHz, C*HCl;) 25.87 (CH,),
25.90 (C-6), 27.73 (CH;), 52.24 (OCH,), 71.92 (C-4), 73.53 (C-
3), 79.21 (C-5), 110.45 (C-9), 117.91 (C-imidazole), 129.30 (C-1),
130.88 (C-imidazole), 134.09 (C-2), 136.75 (C-imidazole), 165.80
(ester) and 183.12 (C=S).

Methyl 3,4-O-isopropylidine-5-deoxyshikimate (22)

A solution of methyl 3,4-O-isopropylidine-5-O-thicarbonylimida-
zoleshikimate 21 (8.7 g, 25.7 mmol) and AIBN (380 mg,
2.30 mmol) in toluene (200 ml) was heated at reflux under argon.
Tri-n-butyltin hydride (7.8 ml, 28.9 mmol) was added dropwise
over 10 min and the solution was heated at reflux for 3 h. The
mixture was cooled to room temperature and the solvent was
removed in vacuo to give an orange oil. The crude product was
purified by column chromatography on silica gel eluting with
petroleum ether—ethyl acetate (9 : 1) to remove tin residues,
and petroleum ether—ethyl acetate (3 : 2) to give methyl 3,4-O-
isopropylidine-5-deoxyshikimate 22 as a colourless oil (3.91 g,
72%); [alp® +30.6 (¢ 5, CHCL); m/z (ES+) found 230.1391,
[Ci1H (O + NH,]* requires 230.1392; m/z (CI) 213 [M + HJ*;
Vmax (film)/cm~" 1717 (ester); 6y (300 MHz, C*HCl;) 1.34 (3H, s,
CH,), 1.36 (3H, s, CHj;), 1.76 (1H, m, H-6A), 2.02 (1H, m, H-6B),
2.20-2.33 (2H, m, H-5), 3.74 (3H, s, OCH,), 4.33 (1H, ddd, J,ss
5.6,J,: 5.3, J,5 2.9, H-4),4.57 (1H, m, J;, 5.3, J5, 3.5, H-3) and
6.76 (1H, m, H-2); 5. (75.5, C*HCl;) 19.41 (C-5), 25.25 (CH,),
26.45 (C-6), 28.10 (CH,;), 52.12 (OCHj3;), 71.83 (C-4), 72.35 (C-3),
109.17 (C-9), 132.87 (C-1), 135.30 (C-2) and 167.49 (ester).

Methyl 5-deoxyshikimate (23)

A mixture of methyl 3,4-O-isopropylidine-5-deoxyshikimate 22
(2.0 g, 9.43 mmol) and Amberlite IR-120 (H*) (1.5 g) in methanol
(50 ml) was heated at reflux for 16 h and allowed to cool to room
temperature. The solution was filtered and the resin was washed
with methanol (2 x 50 ml). The filtrates were combined and the
solvent was removed in vacuo to give a yellow oil which was purified
by column chromatography on silica gel eluting with ethyl acetate
to give methyl 5-deoxyshikimate 23 as a colourless solid (1.27 g,
79%), mp 68.5-69.8 °C; [a]p?* —86.2 (¢ 1.0, MeOH); m/z (EI)
found 172.0735, CyH,O, requires 172.0736; m/z (EI) 172 [M]*;
Vmax (KBr)/cm=" 1711 (ester); oy (300 MHz, C*HCl;) 1.75 (1H, m,
H-6A), 1.96 (1H, m, H-6B), 2.28 (1H, m, H-5A), 2.49 (1H, m,
H-5B), 3.76 (3H, s, OCH,;), 3.69 (1H, m, H-4), 4.29 (1H, m, H-3)
and 6.80 (1H, m, H-2); d. (C*HCl;) 21.58 (C-5), 26.36 (C-6), 52.27
(OCH;), 67.26 (C-4), 67.79 (C-3), 132.92 (C-1), 137.43 (C-2) and
167.53 (ester).

Methyl (1R,25)-1,2-epoxy-5-deoxyshikimate (24)

Freshly prepared tert-butyl hydroperoxide in dichloromethane'
(3.5 M in dichloromethane, 0.84 ml, 2.94 mmol) was added
dropwise to a stirred solution of methyl-5-deoxyshikimate 23
(250 mg, 1.47 mmol) and vanadyl acetylacetonate (20 mg, 7.35 x
10~° mol) in dichloromethane (20 ml) at 0 °C under argon. The

colour of the solution changed from green to brown upon addition
of the peroxide. The mixture was stirred at room temperature for
24 h, the solution was cooled to 0 °C and the excess tert-butyl
hydroperoxide was destroyed by addition of saturated aqueous
sodium sulfite (2 ml). After stirring for 30 min at room temperature
the solution was filtered through a thin pad of silica gel and the
solvents were removed in vacuo to give a yellow oil which was
purified by column chromatography on silica gel eluting with ethyl
acetate to give methyl (1R,2S5)-1,2-epoxy-5-deoxyshikimate 24 as
colourless crystals (157 mg, 57%), mp 63.5-64 °C; [a]p?* —64.5
(¢ 0.45, MeOH); m/z (ES+) found 206.1029, [CsH,O5 + NH,]*
requires 206.1028; vy, (KBr)/cm™ 3381 (OH) and 1734 (ester);
Jyn (500 MHz, C?Hy) 0.99 (1H, m, Jsas5 14.4, Jsaen 7.4, Jsass 6.6,
Jsas 3.0, H-5A), 1.34 (1H, dddd, Jspsp 14.4, Jspy 7.4, Jspes 6.8,
Jspen 5.6, H-5B), 1.80 (1H, dddd, Jeaes 15.8, Jeasa 7.4, Joass 5.6,
Jean 0.9, H-6A), 2.11 (1H, ddd, Jeen 15.8, Jepss 6.8, Jepsa 6.6,
H-6B), 3.19 (3H, s, OCHs;), 3.25 (1H, br ddd, J,s 7.4, J,; 4.7,
Jusa 3.0, H-4), 3.35 (1H, dt, J,; 3.4, J,6a = J»4 = 1.5, H-2) and
3.42 (1H, dd, J;4 4.7, J5, 3.4, H-3); irradiation at H-4 converted
H-2 to dd, J,5 3.4, Jye 1.5; 5¢ (75.5 MHz, C*HCl;) 20.30 (C-5),
24.86 (C-6), 53.20 (OCH,), 60.33 (C-1), 61.16 (C-2), 66.50 (C-4),
68.81 (C-3) and 169.68 (ester).

Methyl (1R,2S5)-3,4-O-isopropylidine-1,2-epoxy-5-deoxyshikimate
(25

Methyl (1R,2S5)-1,2-epoxy-5-deoxyshikimate 24 (250 mg,
1.32 mmol) was dissolved in dichloromethane (10 ml) and
2,2-dimethoxypropane (10 ml) and stirred with (£)-10-
camphorsulfonic acid (25 mg) at room temperature for 3 h.
The solution was washed with aqueous sodium carbonate (1 M,
10 ml) and dried (MgSO,), and the solvents were removed in
vacuo to give methyl (1R,2S)-3,4-O-isopropylidine-1,2-epoxy-5-
deoxyshikimate 25 as a colourless oil (301 mg, quant.) which was
not further purified; [a],* —69.5 (¢ 3, CHCL;); m/z (ES+) found
246.1330, [C,;HsOs + NH,]* requires 246.1341; v,,, (film)/cm!
1738 (ester); oy (300 MHz, C*°H,CO*H) 1.31 (3H, s, CH;), 1.42
(3H, s, CH;), 1.51 (1H, m, H-5A), 1.73 (1H, m, H-5B), 2.13 (2H,
m, H-6), 3.66 (1H, d, J,5 3.3, H-2), 4.02 (1H, ddd, J,s5 6.5, J4;
7.3, Ju5 10.5, H-4) and 4.45 (1H, dd, J;, 7.3, J;, 3.3, H-3); dc
(75.5 MHz, C*HCl;) 20.27 (C-6), 24.27 (C-5), 25.51 (CH,), 27.59
(CH,), 53.15 (OCH,;), 56.67 (C-2), 59.01 (C-1), 71.89 (C-4), 72.45
(C-3), 109.5 (C-9) and 170.63 (ester).

(1R,2R,3R 4S)-[2**H,]-3,4-O-Isopropylidine-1-hydroxy-np-1-| C*H,-
hydroxymethyl]-cyclohexan-3,4-diol (26) from the epoxide (25)

Lithium aluminium deuteride (37 mg, 0.88 mmol) was added to
a solution of methyl (1R,2S)-3,4-O-isopropylidine-1,2-epoxy-5-
deoxyshikimate 25 (100 mg, 0.44 mmol) in diethyl ether (10 ml)
at —78 °C under argon. The mixture was stirred at —78 °C for
5 h, methanol (1 ml) was added and the mixture was stirred at
0 °C for 1 h. The solvent was removed in vacuo. The resulting
solid was dissolved in ethyl acetate and filtered. The solvent was
removed in vacuo to give a white solid which was purified by
column chromatography on silica gel eluting with ethyl acetate to
yield (1R,2R,3R,4S)-[2-°H,]-3,4-O-isopropylidine-1-hydroxy-D-1-
[C*H,-hydroxymethyl]-cyclohexan-3,4-diol 26 as a colourless oil
(74 mg, 83%); [a]p*™® —38.6 (¢ 6.0, CHCL,); v, (film)/cm~" 3399
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(OH); &, (300 MHz, C*°H,0°H) 1.29 (3H, s, CH.), 1.47 (3H, s,
CH,), 1.55 (2H, m, H-6), 1.69 (1H, m, H-5A), 1.73 (1H, d, J.,
5.5, H-2), 1.90 (1H, m, H-5B), 4.10 (1H, m, H-4) and 4.23 (1H,
m, H-3); dc (75.5 MHz, C°HCL,) 24.76 (C-5), 26.02 (C-6), 28.56
(CH,), 30.04 (CH,), 33.64 (t, C-2), 70.98 (m, C-7), 71.25 (C-1),
73.81 (C-3), 73.92 (C-4) and 108.69 (C-8).

(1R,3R,4S5)-3,4-O-Isopropylidine-1-hydroxymethyl-1-
hydroxycyclohexan-3,4-diol (26a) from methyl deoxyquinate (16)

A solution of methyl 5-deoxyquinate 16 (200 mg, 1.05 mmol),
2,2-dimethoxypropane (5 ml) and (£)-10-camphorsulfonic acid
(2.5 mg) in dichloromethane (5 ml) was stirred for 1 h at room
temperature. The solution was washed with aqueous sodium
carbonate (1 M, 10 ml) and dried (MgSO,). The solvents were
removed in vacuo to give a colourless oil. The oil was dissolved
in diethyl ether (10 ml) and lithium aluminium hydride (139 mg,
3.66 mmol) was added at —78 °C under argon. The mixture was
stirred at —78 °C for 5 h, methanol (I ml) was added and the
mixture was stirred at 0 °C for 1 h. The solvent was removed
in vacuo. The resulting solid was dissolved in ethyl acetate and
filtered. The solvent was removed in vacuo to give a white solid
which was purified by column chromatography on silica gel eluting
with ethyl acetate to yield (1R,3R,4S)-3,4-O-isopropylidine-1-
hydroxymethyl-1-hydroxycyclohexan-3,4-diol 26a as a colourless
oil (189 mg, 89%); [al,* —30.0 (¢ 5.0, CHCl;); m/z (ES+) found
203.1280, [C,,H 5O, + H]* requires 203.1283; vy, (film)/cm=" 3392
(OH); 6y (300 MHz, C*H;0’H) 1.31 (3H, s, CHj;), 1.48 (3H, s,
CH,), 1.56 (2H, m, H-6), 1.69 (1H, m, H-5A), 1.75 (1H, m, H-2A),
1.89 (1H, m, H-2B), 1.92 (1H, m, H-5B), 3.32 (1H, d, J;, 5 14.8,
H-7A), 3.36 (1H, d, Js;4 14.8, H-7B), 4.14 (1H, dd, J,5 11.0, J,3
5.7, H-4) and 4.23 (1H, dd, J5, 11.5, J5, 5.6, H-3); d (75.5 MHz,
C*H;0°H) 26.24 (C-5), 27.19 (CHj;), 29.69 (CH;), 31.23 (C-6),
37.88 (C-2), 70.15 (C-7), 73.71 (C-1), 75.55 (C-3), 75.90 (C-4) and
110.36 (C-8).

Methyl 5-deoxyquinate (16) by oxidation of the alcohol (26a)

Platinum oxide (222 mg, 0.98 mmol) in water (5 ml) was reduced
at room temperature in a Parr apparatus at 50 psi hydrogen for
30 min. The catalyst was sonicated for a few min and transferred to
a flask containing a solution of (1R,3R,45S)-3,4-O-isopropylidine-
1-hydroxymethyl-1-hydroxycyclohexan-3,4-diol 26a (200 mg,
0.98 mmol) and NaHCO; (246 mg, 2.94 mmol) in water—acetone
(20 ml, 3 : 1). Oxygen was passed through the solution using
a gas dispersion tube and the reaction was stirred at 55 °C for
16 h. The platinum was recovered by centrifugation (20 min at
15000 rpm) and the solvent was removed from the supernatant
in vacuo. The resulting solid was suspended in methanol (25 ml),
Amberlite IR-120 (H*) (1 g) was added, and the mixture was
heated under reflux for 16 h and was allowed to cool to room
temperature. The solution was filtered and the resin was washed
with methanol (2 x 50 ml). The filtrates were combined and the
solvent was removed in vacuo to give a yellow oil which was
purified by column chromatography on silica gel eluting with
ethyl acetate, to give methyl 5-deoxyquinate 16 as a colourless oil
(121 mg, 65%); [alp® —9.1 (¢ 0.95, CHCIl;), with spectral data
identical to the sample of methyl 5-deoxyquinate 16 prepared
above.

(1R,3R,4S)-3,4-O-Isopropylidine-1-hydroxy-p-1-[C*H,-
hydroxymethyl]-cyclohexan-3,4-diol (26b) from methyl
deoxyquinate (16)

A solution of methyl 5-deoxyquinate 16 (200 mg, 1.05 mmol),
2,2-dimethoxypropane (5 ml) and (+)-10-camphorsulfonic acid
(2.5 mg) in dichloromethane (5 ml) was stirred for 1 h at room
temperature. The solution was washed with aqueous sodium
carbonate (1 M, 10 ml) and dried (MgSO,). The solvents were
removed in vacuo to give a colourless oil. The oil was dissolved in
diethyl ether (10 ml) and lithium aluminium deuteride (153 mg,
3.66 mmol) was added at —78 °C under argon. The mixture was
stirred at —78 °C for 5 h, methanol (1 ml) was added and the
mixture was stirred at 0 °C for 1 h. The solvent was removed in
vacuo. The resulting solid was dissolved in ethyl acetate, filtered
and the solvent was removed in vacuo to give a white solid which
was purified by column chromatography on silica gel, eluting with
ethyl acetate to yield (1R,3R,4S)-3,4-O-isopropylidine-1-hydroxy-
D-1-[C*H,-hydroxymethyl]-cyclohexan-3,4-diol 26b as a colourless
oil (189 mg, 89%), m/z (CI) 221 (M + NH,]*); [a]p** —38.6 (¢
7.0, CHCL); vipee (film)/cm™" 3392 (OH); dy (300 MHz, C*HCl;)
1.28 (3H, s, CH;), 1.49 (3H, s, CH;), 1.61-1.83 (SH, m, H-6 +
H-2 + H-5A), 2.14 (1H, d, Jssx 15.06, H-5B), 4.11 (1H, dd,
Jus 11.0, J,5 5.7, H-4) and 4.29 (1H, m, H-3); d. (75.5 MHz,
C*HCl;) 24.76 (C-5), 26.01 (CHj;), 28.58 (CH3), 30.06 (C-6), 34.03
(C-2), 69.46 (m, C-7), 71.24 (C-1), 73.78 (C-3), 73.96 (C-4) and
108.67 (C-8).

(1R,25,35,45)-3,4-O-Isopropylidine-1-hydroxymethyl-1,2-
epoxycyclohexan-3,4-diol (27)

Sodium borohydride (108 mg, 2.89 mmol) was added to
a solution of methyl (1R,2S)-3,4-O-isopropylidine-1,2-epoxy-5-
deoxyshikimate 25 (300 mg, 1.31 mmol) in THF (10 ml) at
0 °C under argon. The mixture was allowed to warm to room
temperature and stirred for 14 h. Excess reagents were destroyed
by dropwise addition of methanol (2 ml) at 0 °C. The solvents
were removed in vacuo to give an off-white solid which was
purified by column chromatography, eluting with diethyl ether
to give (1R,2S5,3S.4S)-3,4- O-isopropylidine-1-hydroxymethyl-1,2-
epoxycyclohexan-3,4-diol 27 as a colourless oil (240 mg, 92%);
[alp* —69.5 (¢ 14.0, CHCL); m/z (ES+) found 218.1391,
[C1oHsO4 + NH,]" requires 218.1392; m/z (+ve FAB, (3-NBA))
201 (M + HJ"); vy (film)/cm™! 3445 (OH); 6y, (300 MHz, C*HCl,)
1.29 (3H, s, CH,), 1.45 (3H, s, CH3;), 1.59-1.69 (3H, m, H-6 + H-
5A), 1.91 (1H, m, H-5B), 2.15 (1H, br s, OH), 3.43 (1H, d, J,;
3.4,H-2),3.61 (1H, dd, J7 5 12.4, J750u 8.3, H-7A), 3.73 (1H, dd,
Jogaa 12.4, Jipon 4.3, H-7B), 3.95 (1H, ddd, J, 53 6.8, J43 7.3, Jusa
9.9, H-4) and 4.33 (H, dd, J,, 3.4, Js, 7.3, H-3); o (75.5 MHz,
C’HCl;) 21.91 (C-5), 24.58 (C-6), 25.43 (CH,), 27.66 (CHs), 54.42
(C-2),61.68 (C-1), 63.99 (C-7), 72.30 (C-3), 73.14 (C-4) and 108.67
(C-8).

(1R,2R,3R.45)-[2-°H,]-3,4-O-Isopropylidine-1-
hydroxymethyl-1-hydroxycyclohexan-3,4-diol (28)

Lithium aluminium deuteride (42 mg, 1.0 mmol) was
added to a solution of (1R,2S,3S5,4S)-3.4-O-isopropylidine-
1-hydroxymethyl-1,2-epoxycyclohexan-3,4-diol 27 (100 mg,
0.50 mmol) in diethyl ether (10 ml) at —78 °C under argon. The
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mixture was stirred at —78 °C for 5 h, methanol (1 ml) was added
and the mixture was stirred at 0 °C for 1 h. The solvent was
removed in vacuo. The resulting solid was dissolved in ethyl acetate
and filtered. The solvent was removed in vacuo to give a white
solid which was purified by column chromatography on silica gel,
eluting with ethyl acetate to yield (1R,2R,3R.4S5)-[2-*H,]-3,4-O-
isopropylidine-1-hydroxymethyl-1-hydroxycyclohexan-3,4-diol 28
as a colourless oil (85 mg, 83%); [a]p® —77.0 (¢ 6.0, CHCly); m/z
(ES+) found 204.1344, [C,,H,;?’HO, + H]* requires 204.1346; v,
(film)/cm™~" 3399 (OH); Jy (300 MHz, C*'H;0*H) 1.31 (3H, s,
CH,), 1.48 (3H, s, CH;), 1.56 (2H, m, H-6), 1.69 (1H, m, H-5A),
1.75 (1H, d, J,55 5.6, H-2S), 1.91 (1H, dddd, Jzs5 14.4, J 554 10.9,
Jspen 0.8, Jspep 5.9, H-5B), 3.32 (1H, d, J;a 55 14.8, H-7A), 3.37
(1H, d, J.s74 14.8, H-7B), 4.14 (1H, dd, J s, 11.0, J,; 5.7, H-4)
and 4.23 (1H, dd, J;, = J;, = 5.7, H-3); 6 (75.5 MHz, C*HCl;)
25.03 (C-5), 26.21 (C-6), 28.81 (CH5;), 30.42 (CHs), 33.85 (t, C-2),
70.78 (C-7), 71.51 (C-1), 74.08 (C-3), 74.18 (C-4) and 108.94 (C-8).

Methyl (2R)-[2-*H,]-5-deoxyquinate (29)

Platinum oxide (257 mg, 1.13 mmol) in water (5 ml) was reduced
at room temperature in a Parr apparatus at 50 psi hydrogen for
30 min. The catalyst was sonicated for a few min and transferred
to a flask containing a solution of (1R,2R,3R.4S5)-[2-*H,]-3,4-O-
isopropylidine-1-hydroxymethyl-1-hydroxycyclohexan-3,4-diol 28
(230 mg, 1.13 mmol) and NaHCO; (285 mg, 3.40 mmol) in water—
acetone (20 ml, 3 : 1). Oxygen was passed through the solution
using a gas dispersion tube and the reaction was stirred at 55 °C
and atmospheric pressure for 16 h. The platinum was recovered by
centrifugation (20 min at 15000 rpm) and the solvent was removed
from the supernatant in vacuo. The resulting solid was suspended
in methanol (25 ml), Amberlite IR-120 (H*) (1 g) was added, and
the mixture was heated at reflux for 16 h and was allowed to cool
to room temperature. The solution was filtered and the resin was
washed with methanol (2 x 50 ml). The filtrates were combined
and the solvent was removed in vacuo to give a yellow oil which
was purified by column chromatography on silica gel eluting with
ethyl acetate, to give methyl (2R)-[*H,]-5-deoxyquinate 29 as a
colourless oil (149 mg, 69%); [a]l,* —18.5 (¢ 11.0, CHCLy); m/z
(ES+) found 209.1249, [C;H;*HOs + NH,]* requires 209.1248;
Vmax (film)/cm™" 3379 (OH) and 1726 (ester); d; (300 MHz,
C*H;0’H) 1.60 (1H, m, H-6A), 1.80-1.98 (4H, m, H-6B + H-
5+ H-2S), 3.66 (1H, m, H-4), 3.71 (3H, s, OCHj;) and 3.83 (1H,
dd, Js, 6.8, J34 2.9, H-3); 6¢ (125.8 MHz, C*HCl;) 24.35 (C-5),
33.35(C-6), 37.08 (t, C-2), 53.18 (OCH,), 69.63 (C-4), 70.28 (C-3),
73.89 (C-1) and 176.21 (ester).

Trimethyl (25,3R)-[2-*H,]-homocitrate (17a) and dimethyl
(25,3R)-[2-*H,]-homocitric lactone (18a)

A solution of sodium periodate (188 mg in 1.4 ml H,O,
0.88 mmol) was added dropwise to a vigorously stirred suspension
of chromatographic grade silica gel (1.4 g) in dichloromethane
(10 ml) to form a suspension. Methyl (2R)-[*H,]-5-deoxyquinate
29 (140 mg, 0.73 mmol) in dichloromethane (1.5 ml) was added
at room temperature and the reaction was monitored by TLC
until disappearance of the starting material was noted (typically
10 min). The mixture was filtered and the silica gel was thoroughly
washed with dichloromethane (4 x 10 ml). The solvents were

removed in vacuo to give a colourless oil to which hydrogen
peroxide (0.5 ml, 27%) and formic acid (1.8 ml) were added. The
mixture was stirred for 6 h at room temperature and the solvents
were removed in vacuo to give a yellow oil. The oil was dissolved
in methanol (25 ml) and Amberlite IR-120 (H*) resin (1 g) was
added. The solution was heated at reflux for 16 h and filtered.
The resin was washed with methanol (4 x 10 ml) and the solvent
was removed in vacuo to yield a yellow oil which was purified by
column chromatography on silica gel using a gradient of petroleum
ether—diethyl ether to give trimethyl (25,3 R)-[2-*H,]-homocitrate
17a (69 mg, 38%) as an oil; [a]p* —7.6 (¢ 13.0, CHCL); m/z
(ES+) found 267.1295, [C\(H,sHO; + NH,]* requires 267.1303;
Jn (300 MHz, C*HCl;) 2.02 (2H, m, H-5), 2.23 (1H, ddd, J,4s
16.0, Jyasn 9.4, J4asp 6.4, H-4A),2.46 (1H, ddd, J 545 16.0, J 455 8.7,
Juy 7.4, H-4B),2.90 (1H, s, H-2R), 3.63 (3H, s, OCH;), 3.64 (3H, s,
OCH;) and 3.77 (3H, s, OCH,); 6 (75.5 MHz, C*HCl;) 28.29 (C-
4), 34.00 (C-5), 43.19 (t, C-2), 51.99 (OCHs;), 52.15 (OCH;), 53.32
(OCH,;), 74.43 (C-3) and 171.21, 173.50 and 175.24 (3 x ester) and
dimethyl (25,3 R)-[2-*H,]-homocitric lactone 18a (25 mg, 16%) as
an oil; [a]p* —4.8 (¢ 6.5, CHCLy); m/z (ES+) found 235.1037,
[CoH, >’ HO, + NH,]* requires 235.1040; v,,, (film)/cm~"' 1789
(lactone) and 1740 (ester); 4 (300 MHz, C*HCl;) 2.22 (1H, ddd,
Jinan 13.2, Jypsa 10.3, J4a 55 9.8, H-4A), 2.38-2.65 (3H, m, H-4B +
H-5), 2.98 (1H, s, H-2B), 3.58 (3H, s, OCHj;) and 3.70 (3H, s,
OCHs;); d¢ (75.5 MHz, C*HCl;) 27.98 (C-4), 31.37 (C-5), 41.30 (t,
C-2), 52.38 (OCH;), 53.49 (OCH,), 83.01 (C-3), 169.22 and 171.19
(2 x ester) and 175.55 (lactone).

Methyl 3,4-O-isopropylidene-[2-*H]-shikimate (32) ultimately
from D-mannose (30)

Sodium hydride was washed with anhydrous diethyl ether (60%;
3.75 g, 93.9 mmol) under nitrogen and suspended in dry DMF
(100 ml). The mixture was cooled to 0 °C. A solution of methyl
dimethoxyphosphoryl acetate (21.1 g, 0.10 mol) in dry DMF
(50 ml) was added dropwise to the stirred mixture during 20 min.
The mixture was stirred at room temperature for 1 h to give a
clear solution. A solution of benzyl [1-*H]-2,3-O-isopropylidene-
5-O-trifluoromethylsulfonyl-a-D-lyxofuranoside 31'** (25.7 g,
62.5 mmol) in dry DMF (50 ml) was added, followed by 15-
crown-5 (0.2 ml). The reaction was stirred at room temperature
for 20 h, cooled to 0 °C, quenched with cold aqueous potassium
dihydrogen orthophosphate (1 M; 150 ml) and extracted with
chloroform (4 x 250 ml). The combined extracts were washed
with cold water (50 ml) and dried (MgSO,). The solvent was
removed in vacuo to yield a yellow oil which was purified
by column chromatography on silica gel, eluting with diethyl
ether, to give methyl (benzyl 5,6-dideoxy-6-dimethoxyphosphoryl-
2,3-0-isopropylidene-D-[1-*H]-lyxo-heptofuranoside)uronate as a
yellow o0il (20.9 g, 69%). This intermediate (11.0 g, 23.2 mmol) was
dissolved in methanol (150 ml) and hydrogenated over palladium—
charcoal (10%; 3.5 g) at room temperature and atmospheric
pressure for 30 h. The mixture was filtered through Celite® and
the solvent was removed in vacuo to yield a syrup which was
dissolved in dry tetrahydrofuran (45 ml) and added dropwise
during 5 min to a stirred suspension of sodium hydride (60%;
1.20 g, 30.2 mmol, 1.3 eq., washed with 2 x 10 ml anhydrous diethyl
ether under nitrogen) in dry tetrahydrofuran (60 ml). The reaction
was exothermic and a white gelatinous precipitate was observed.
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After 45 min the mixture was cooled to 0 °C, quenched with cold
aqueous potassium dihydrogen orthophosphate (1 M, 150 ml), and
extracted with chloroform (3 x 500 ml). The combined extracts
were dried (MgSO,) and filtered through a pad of silica gel. The
solvents were removed in vacuo. Column chromatography on silica
gel, eluting with diethyl ether—petroleum ether yielded methyl 3,4-
O-isopropylidene-[2-*H]-shikimate 32 as a white solid (3.73 g,
71%); [alp* —80.3 (¢ 8.0, CHCl;); m/z (ES+) found 247.1407,
[C,\H,s>"HOs + NH,]* requires 247.1404; v,,, (KBr)/cm™' 3465
(OH) and 1721 (ester); dy (300 MHz, C*HCl;) 1.40 (3H, s, CHs;),
1.44 (3H, s, CHj;), 2.26 (1H, ddd, Jeaes 17.3, Jeas 8.2, Jean 1.5, H-
6A), 2.76 (1H, dd, Jeger 17.3, Jeps 4.4, H-6B), 3.42 (1H, m, OH),
3.77 (3H, s, OCHs;), 3.92 (1H, m, H-5), 4.12 (1H, dd, J,5 7.4, J 43
6.4, H-4) and 4.76 (1H, d, J5, 6.4, H-3); 6. (75.5 MHz, C*HCl;)
25.76 (CHj;), 27.98 (CHs;), 29.29 (C-6), 52.16 (OCH,;), 68.45 (C-5),
72.15(C-4),77.67 (C-3), 109.66 (C-9), 130.30 (C-1), 136.30 (t, C-2)
and 166.63 (ester).

Methyl 3,4-O-isopropylidine-5-O-thiocarbonylimidazole-
[2-*H]-shikimate (33)

1,I’-Thiocarbonyldiimidazole (5.0 g, 28 mmol) was added to
a solution of methyl 3,4-O-isopropylidene-[2-*H]-shikimate 32
(4.37 g, 19 mmol) in dichloromethane (50 ml) and the resultant
yellow solution was stirred under argon for 16 h. The solvent
was removed in vacuo to give a yellow oil which was purified by
column chromatography on silica gel, eluting with diethyl ether
to give methyl 3,4-O-isopropylidine-5-O-thiocarbonylimidazole-
[2-*H]-shikimate 33 as a white solid (6.61 g, quant.), mp 138—
140 °C; [a]p* —100.3 (¢ 4.0, CHCL,); m/z (ES+) found 340.1074,
[C\sH,,*HN,O;S + H]* requires 340.1077; m/z (EI) 339 (IM]*);
Vmax (KBr)/cm™" 1721 (ester); oy (300 MHz, C*HCI;) 1.35 (3H, s,
CH,), 1.38 (3H, s, CH;), 2.46 (1H, dd, Jsa e 17.6, J4a5 7.1, H-6A),
2.98 (1H, dd, Jegea 17.6, Jep5 4.5, H-6B), 3.72 (3H, s, OCH,), 4.40
(1H,dd, J,5 6.9, J,5 6.0,H-4),4.76 (1H, d, J5, 6.0, H-3), 5.79 (1H,
ddd, Jsen 7.1, Js4 6.9, Jse 4.5, H-5), 6.87 (1H, s, H-imidazole),
7.52 (1H, d, J 1.2, H-imidazole) and 8.23 (1H, s, H-imidazole);
oc (75.5 MHz, C*HCl,) 26.05 (CHs;), 26.07 (C-6), 37.93 (CH,),
52.50 (OCH,;), 72.03 (C-4), 73.74 (C-3), 87.37 (C-5), 110.73 (C-9),
118.12 (C-imidazole), 129.46 (C-1), 131.12 (C-imidazole), 134.26
(t, C-2), 136.95 (C-imidazole), 166.05 (ester) and 183.27 (C=S).

Methyl 3,4-O-isopropylidine-5-deoxy-[2-*H]-shikimate (34)

A solution of methyl 3,4-O-isopropylidine-5-O-thiocarbonyl-
imidazoleshikimate 33 (5.0 g, 14.7 mmol) and AIBN (250 mg,
1.53 mmol) in toluene (250 ml), was heated at reflux under argon.
Tri-n-butyltin hydride (5.3 ml, 19.8 mmol) was added dropwise
over 10 min and the solution was heated at reflux for a further
3 h. The mixture was cooled to room temperature and the solvent
was removed in vacuo to give an orange oil. The crude product
was purified by column chromatography on silica gel, eluting first
with petroleum ether—ethyl acetate (9 : 1) to remove tin residues
and then with petroleum ether—ethyl acetate (3 : 2) to give methyl
3,4-O-isopropylidine-5-deoxy-[2-*H]-shikimate 34 as a colourless
oil (2.52 g, 80%); [a]p® +31.2 (¢ 7.5, CHCL;); m/z (CI) 231 (M +
NH,]*); Vinay (film)/cm~" 1719 (ester); Jy (300 MHz, C*HCI;) 1.33
(3H, s, CH;), 1.35 (3H, s, CH;), 1.75 (1H, m, H-6A), 2.00 (1H,
m, H-6B), 2.17-2.23 (2H, m, H-5), 3.73 (3H, s, OCH};), 4.32 (1H,

ddd, Jysx 5.6, Jus 5.3, Josy 2.9, H-4) and 4.55 (1H, d, J4, 5.3, H-
3); 6¢ (75.5 MHz, C2HCL,) 19.31 (C-5), 25.22 (CH,), 26.43 (C-6),
28.09 (CHs,), 52.09 (OCHL), 71.73 (C-4), 72.33 (C-3), 109.14 (C-9),
132.65 (C-1), 136.97 (t, C-2) and 167.46 (ester).

Methyl 5-deoxy-[2-*H]-shikimate (35)

A mixture of methyl 3,4-O-isopropylidine-5-deoxyshikimate 34
(1.9 g, 8.92 mmol) and Amberlite IR-120 (H*) (1.5 g) in methanol
(50 ml) was heated at reflux for 16 h and allowed to cool to room
temperature. The solution was filtered and the resin was washed
with methanol (2 x 50 ml). The filtrates were combined and the
solvent was removed in vacuo to give a yellow oil which was purified
by column chromatography on silica gel, eluting with ethyl acetate
to give methyl 5-deoxy-[2-?H]-shikimate 35 as a colourless solid
(1.23 g, 80%), mp 68.3-69.1 °C; [a],* —80.4 (¢ 5.5, MeOH); m/z
(ES+) found 191.1145, [CsH,,0, + NH,]* requires 191.1142; v,
(KBr)/cm™" 1703 (ester); dy (300 MHz, C*HCl,) 1.74 (1H, m, H-
6A), 1.96 (1H, m, H-6B), 2.28 (1H, m, H-5A), 2.48 (1H, m, H-5B),
3.70 (1H, br s, OH), 3.77 (3H, s, OCH,), 3.94 (1H, m, H-4), 4.13
(1H, br s, OH) and 4.29 (1H, m, H-3); d. (75.5 MHz, C*HCl;)
21.37 (C-5), 25.94 (C-6), 52.04 (OCHs;), 66.98 (C-4), 67.55 (C-3),
132.29 (C-1), 137.25 (t, C-2) and 167.52 (ester).

Methyl (1R,25)-1,2-epoxy-5-deoxy-[2-*H]-shikimate (36)

Freshly prepared zert-butyl hydroperoxide in dichloromethane'
(1.8 M in dichloromethane, 3.2 ml, 5.76 mmol) was added dropwise
to a solution of methyl-5-deoxy-[2-*H]-shikimate 35 (500 mg,
2.89 mmol) and vanadyl acetylacetonate (38 mg, 0.11 mmol) in
dichloromethane (50 ml) stirred at 0 °C under argon. The colour
of the solution changed from green to brown upon addition of the
peroxide. The mixture was stirred at room temperature for 24 h, the
solution was cooled to 0 °C and the excess fert-butyl hydroperoxide
was destroyed by addition of saturated aqueous sodium sulfite
(4 ml). After stirring for 30 min at room temperature the solution
was filtered through a thin pad of silica and the solvents were
removed in vacuo to give a yellow oil which was purified by
column chromatography on silica gel, eluting with ethyl acetate
to give methyl (1R,2S)-1,2-epoxy-5-deoxy-[2-*H]-shikimate 36 as
colourless crystals (322 mg, 59%), mp 63.3-63.9 °C; [a],* —63.9
(¢ 6.0, MeOH); m/z (ES+) found 207.1084, [C.H,,*HO; + NH,]*
requires 207.1091; vy, (KBr)/cm™ 3394 (OH) and 1728 (ester);
Jn (300 MHz, C?Hyg) 1.07 (1H, m, Jsas5 14.4, Jsaen 7.4, Jsags 6.6,
Jsas 3.0, H-5A), 1.40 (1H, dddd, Jspsp 14.4, Jsps 7.4, Jspes 6.8,
Jspen 5.6, H-5B), 1.89 (1H, ddd, Jeaes 15.8, Jeasa 7.4, Jeass 5.6,
H-6A), 2.21 (1H, ddd, Jgea 15.8, Jepss 6.8, Jepsa 6.6, H-6B), 3.28
(3H, s, OCH,), 3.34 (1H, dd, J, 55 7.4, J454 3.0, H-4) and 3.50, (1H,
d, J54 4.7, H-3); 6¢ (75.5 MHz, C*HCl;) 20.63 (C-5), 24.36 (C-6),
52.96 (OCH3;), 59.63 (C-1), 60.53 (t, C-2), 66.28 (C-4), 68.58 (C-3)
and 169.85 (ester).

Methyl (1R,2S5)-3,4-O-isopropylidine-1,2-epoxy-5-deoxy-[2-*H]-
shikimate (37)

Methyl (1R,2S)-1,2-epoxy-5-deoxy-[2-*H]-shikimate 36 (250 mg,
1.32 mmol) was dissolved in dichloromethane (10 ml) and 2,2-
dimethoxypropane (10 ml) and stirred at room temperature
with (£)-10-camphorsulfonic acid (25 mg) for 3 h. The solution
was washed with aqueous sodium carbonate (I M, 10 ml)
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and dried (MgSQO,). The solvents were removed in vacuo to
yield methyl (1R,2S)-3,4-O-isopropylidine-1,2-epoxy-5-deoxy-[2-
*H]-shikimate 37 as a colourless oil (301 mg, quant.) which was
used without further purification.

(1R,2S,3R45)-[2-*H,]-3,4-O-Isopropylidine-1-hydroxymethyl-1-
hydroxycyclohexan-3,4-diol (38)

Lithium aluminium hydride (248 mg, 6.54 mmol) was added
to a solution of methyl (1R,2S5)-1,2-epoxy-3,4-isopropylidine-5-
deoxy-[2-*H]-shikimate 37 (500 mg, 2.18 mmol) in diethyl ether
(50 ml) at —78 °C under argon. The mixture was stirred at
—78 °C for 5 h, methanol (2 ml) was added and the mixture
was stirred at 0 °C for 1 h. The solvent was removed in vacuo.
The resulting solid was dissolved in ethyl acetate and filtered.
The solvent was removed in vacuo to give a white solid which
was purified by column chromatography on silica gel, eluting with
ethyl acetate to yield (1R,2S,3R,4S)-[2-*H,]-3,4-O-isopropylidine-
1-hydroxymethyl-1-hydroxycyclohexan-3,4-diol 38 as a colourless
oil (385 mg, 87%); [alp* —49.7 (¢ 10.3, CHCl,); m/z (ES+) found
221.1610, [C,(H,;"HO, + NH,]* requires 221.1612; 5, (500 MHz,
C*H;0*H) 1.30 (3H, s, CH;), 1.48 (3H, s, CH;), 1.56 (2H, m,
H-6), 1.71 (1H, m, H-5A), 1.86 (1H, d, J,; 5.5, H-2B), 1.92
(1H, m, H-5B), 3.20 (1H, d, J;.:s 14.8, H-7A), 3.24 (1H, d,
Jeoa 14.8, H-7B), 4.02 (1H, dd, J,s 11.0, J,; 5.7, H-4) and
4.10 (1H, dd, J5, 5.5, Js4 5.3, H-3); 6c (75.5 MHz, C*H;0’H)
26.28 (C-5), 27.27 (C-6), 29.76 (CH;), 31.26 (CH,), 37.59 (t,
C-2), 70.14 (C-7), 73.67 (C-1), 75.52 (C-3), 75.85 (C-4) and
110.32 (C-8).

Methyl (25)-[2-*H,]-5-deoxyquinate (39)

Platinum oxide (223 mg, 0.98 mmol) in water (5 ml) was reduced
at room temperature in a Parr apparatus at 50 psi hydrogen for
30 min. The catalyst was sonicated for a few min and transferred
to a flask containing a solution of (1R,2S,3R.,4S5)-[2-*H,]-3,4-O-
isopropylidine-1-hydroxymethyl-1-hydroxycyclohexan-3,4-diol 38
(200 mg, 0.98 mmol) and NaHCO; (248 mg, 2.95 mmol) in water—
acetone (20 ml, 3 : 1). Oxygen was passed through the solution
using a gas dispersion tube and the reaction was stirred at 55 °C
for 16 h. The platinum was recovered by centrifugation (20 min
at 15000 rpm) and the solvent was removed from the supernatant
in vacuo. The resulting solid was suspended in methanol (25 ml),
Amberlite IR-120 (H*) (1 g) was added and the mixture was heated
at reflux for 16 h and was allowed to cool to room temperature.
The solution was filtered and the resin was washed with methanol
(2 x 50 ml). The filtrates were combined and the solvent was
removed in vacuo to give a yellow oil which was purified by column
chromatography on silica gel, eluting with ethyl acetate, to give
methyl (25)-[2-*H,]-5-deoxyquinate 39 as a colourless oil (122 mg,
65%); [a]lp®™ +24.2 (¢ 9.1, CHCL,); m/z (ES+) found 209.1243,
[CsH\;?HOs + NH,]* requires 209.1248; v, (film)/cm~" 3400
(OH) and 1732 (ester); 6y (300 MHz, C*H;O’H) 1.60 (1H, m,
H-6A), 1.80-1.98 (3H, m, H-6B + H-5), 2.03 (1H, s, H-2R), 3.66
(1H, m, H-4), 3.71 (3H, s, OCH;) and 3.83 (1H, t, J3, = J34 =
2.9, H-3); o¢ (75.5 MHz, C*HCl;) 24.12 (C-5), 33.35 (C-6), 37.02
(t, C-2), 52.99 (OCH,), 69.83 (C-4), 70.41 (C-3), 74.10 (C-1) and
175.94 (ester).

Trimethyl (2R,3R)-[2-*H,]-homocitrate (17b) and dimethyl
(2R,3R)-|2-*H,]-homocitrate lactone (18b)

A solution of sodium periodate (161 mgin 1.2 ml H,0, 0.75 mmol)
was added dropwise to a vigorously stirred suspension of chro-
matographic grade silica gel (1.2 g) in dichloromethane (10 ml) to
form a flaky suspension. Methyl (25)-[2-*H,]-5-deoxyquinate 39
(120 mg, 0.63 mmol) in dichloromethane (1.2 ml) was added and
the reaction was monitored by TLC until the disappearance of
the starting material was noted (typically 10 min). The mixture
was filtered and the silica gel was thoroughly washed with
dichloromethane (4 x 10 ml). The solvents were removed in vacuo
to give a colourless oil to which hydrogen peroxide (0.4 ml, 27%)
and formic acid (1.5 ml) were added. The mixture was stirred for
6 h at room temperature and the solvents were removed in vacuo
to give a yellow oil. The oil was dissolved in methanol (25 ml) and
Amberlite IR-120 (H*) resin (1 g) was added. The solution was
heated at reflux for 16 h and filtered. The resin was washed with
methanol (4 x 10 ml) and the solvent was removed in vacuo to
yield a yellow oil which was purified by column chromatography
on silica gel using a gradient of petroleum ether—diethyl ether to
give trimethyl (2R,3R)-[2-°H,]-homocitrate 17b (62 mg, 40%) as
an oil; [a]p* —13.5 (¢ 10.0, CHCl,); m/z (ES+) found 267.1304,
[CHs>HO; + NH,]" requires 267.1303; m/z (CI) 267.2 (M +
NH,]?); Vinax (film)/cm=' 3429 (OH) and 1737 (ester); oy (300 MHz,
C?HCl;) 2.00 (2H, m, H-5), 2.22 (1H, ddd, Jys 16.0, J4as5a 9.4,
Jiass 0.4, H-4A), 2.46 (1H, ddd, Jzss 16.0, Jups 8.7, Jupy 7.4,
H-4B), 2.64 (1H, s, H-2S), 3.62 (3H, s, OCH;), 3.63 (3H, s,
OCH,) and 3.75 (3H, s, OCH,); ¢ (75.5, C*HCl;) 28.32 (C-4),
33.45 (C-5), 43.16 (t, C-2), 52.03 (OCH,), 52.18 (OCH,), 53.34
(OCH,;), 74.46 (C-3) and 171.23, 173.52 and 175.26 (3 x ester) and
dimethyl (2R,3R)-[2-*H,]-homocitric lactone 18b (21 mg, 15%) as
an oil; [a],” —5.2 (¢ 11.0, CHCL); m/z (ES+) found 235.1037,
[CoH, >’ HO, + NH,]* requires 235.1040; v,,, (film)/cm~" 1790
(lactone) and 1741 (ester); dy (300 MHz, C*HCl;) 2.30 (1H, ddd,
Janap 13.2, Juasa 10.3, J4p 55 9.8, H-4A), 2.45-2.69 (3H, m, H-4B +
H-5), 2.91 (1H, s, H-2S), 3.65 (3H, s, OCH;) and 3.77 (3H, s,
OCHs;); d¢ (75.5 MHz, C*HCl;) 27.97 (C-4), 31.31 (C-5), 41.26 (t,
C-2),52.37 (OCH,), 53.48 (OCH,), 83.00 (C-3), 169.23 and 171.19
(2 x ester) and 175.58 (lactone).
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A short, efficient synthesis of 22-hydroxyacuminatine, start-
ing from a readily accessible hydroxy pyridone, is presented;
key steps include a Heck coupling with methyl pentadienoate,
a flash vacuum pyrolytic cyclization, and a Friedlander
condensation.

Camptotheca acuminata contains several closely related cytotoxic
lactone alkaloids,"* the best known of which is camptothecin (1),
isolated by Wall and coworkers in 1966 (Fig. 1).2 In 1989, Lin and
Cordell reported the isolation from this same Chinese tree and
the structure elucidation of two new non-lactonic alkaloids, 19-
hydroxymappicine (2) and 22-hydroxyacuminatine (3).* The latter
camptothecinoid displayed significant cytotoxic activity in the KB
and P388 in vitro test systems, with ED5, values of 0.61 and 1.32 pug
mL~!, respectively, and today is still the sole natural product
to possess the benz[6,7]indolizino[1,2-b]quinolin-11(13 H)one ring
system. These factors and its exceptionally low isolation yield
(6 mg from 100 kg of powdered seeds, 0.000006%) combine to
make 22-hydroxyacuminatine a particularly interesting synthetic
target.*

e

/ OH O

Camptothecin

CH,OH

22-Hydroxyacuminatine

Fig.1 Camptothecinoids from Camptotheca acuminata.

We envisioned its preparation as outlined retrosynthetically
in Scheme 1.° It seemed likely that the natural product could
be accessed from keto pyridone II (X = latent CH,OH) by
a Friedldnder condensation, an excellent reaction for late-stage
analog preparation.® Keto pyridone Il was viewed as arising from

Université Joseph Fourier de Grenoble, Chimie Recherche (LEDSS), 38041,
Grenoble, France. E-mail: Alice. Kanazawa@ujf-grenoble.fr; Fax: 33 4
76514494, Tel: 33 4 76514686

T Electronic supplementary information (ESI) available: Complete char-
acterization data for all new compounds. See DOI: 10.1039/b516154a
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benzylic-type oxidation of pyridone I, which we hoped to form
through benzannulation of hydroxy pyridone 4. Hydroxy pyridone
4 had earlier been prepared by Padwa and coworkers’ through a
clever application of isomiinchnone chemistry.”*

Hydroxy pyridone 4 was readily synthesized from 2-
pyrrolidinone, as described,” and then converted into its triflate
derivative 5° (89% yield, Scheme 2). Because of successful Heck
reactions that had previously been performed with closely related
compounds and methyl acrylate,”!! the palladium-mediated cou-
pling of triflate 5 and methyl 2,4-pentadienoate was examined as
a possible first step toward benzannulation.’ After considerable
trial and error, conditions were found that provided a 64% yield
(69% brsm) of 6, containing a few percent of the Z, E isomer. DMF
proved to be superior to THF and dichloromethane® as solvent in
this reaction and bis(triphenylphosphine)palladium(ir) dichloride

CO,CHs
o)
XX -C0,CH;,
N | OR p(in), (C,Hs)sN, 110°C
x 64% (69% brsm)
4,R=H Tf,0, pyridine 6
5R=Tf 89%
0
550 °C (FVP); N
Pd-C, A X
7%
CO,CHs
Scheme 2
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was found more effective than several other palladium catalysts
tested.

Ring closure' of 6 was first attempted photochemically (high-
pressure mercury lamp, quartz, Corex, or Pyrex filter), but at
best only poor yields of cyclized products were obtained. In
contrast, under flash vacuum pyrolysis conditions (550 °C, 0.02
torr) cyclization proceeded readily to provide a 3 : 1 mixture of
cyclohexadiene isomers and a small amount of the corresponding
dehydro derivative 7. The cyclohexadiene isomers on standing
slowly underwent dehydrogenation to yield 7; however, the crude
pyrolysis mixture was more conveniently aromatized by heating
for 8 h in toluene in the presence of palladium on carbon, which
gave the benzannulated product 7 in 77% yield for the 2 steps.i
This efficient transformation represents a rare example of pyridone
benzannulation.'

Benzylic-type oxidation of pyridone 7 was next examined in
preparation for the Friedldnder condensation (Scheme 3). While
IBX.,"” CrCO4-tert-C,H,O0H,"® Rh,(cap),~tert-C,H,OOH," and
NaHMDS-0,-P(OC,Hjs),,” failed to yield satisfactory results,
SeO, in refluxing dioxane® smoothly generated the expected
alcohol 8, together with a small amount of the corresponding
ketone. The oxidation was completed by treatment of the mixture
with the Dess—Martin periodinane (DMP) to afford keto pyridone
9 in 75% overall yield.

0
N
N
X CO,CH,
_ co,CH
7, X=HH 10 2CHy
Se0,, A
8, X =H,0H J 8o,

9, X=0 ) DMP

75% (2 steps)

Dibal-H, =78 °C

—

70%

CH,OH

22-Hydroxyacuminatine

Scheme 3

The Friedldnder condensation of keto pyridone 9 was next
achieved in high yield with an o-aminobenzaldehyde surrogate® to
give ester 10, which on Dibal-H reduction® in dichloromethane
produced 22-hydroxyacuminatine. The identity of the synthetic
material was confirmed by comparison of its spectroscopic data
with the literature values for the natural product.§

In summary, 22-hydroxyacuminatine has been synthesized from
readily available hydroxy pyridone 4 through a notably brief and
efficient approach (8 steps and 22% overall yield) and in sufficient
quantity for more complete biological testing. The flexibility

inherent in the approach should permit the preparation of a variety
of new analogs for SAR studies.
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Notes and references

1 Experimental procedure for FVP cyclization—-dehydrogenation: A 100-
cm® flask containing 283 mg (1.16 mmol) of diene 6 was attached to a
horizontal pyrolysis column (2 x 55 cm, filled with pyrolysis tubes (1.0 x
0.8 ¢cm) and preheated to 550 °C (Barnstead Thermolyne 21100 oven)),
which in turn was connected to a liquid nitrogen-cooled trap. The system
was evacuated to 2 x 1072 torr and the flask was heated, first to 150 °C
and then slowly to 200 °C (Biichi Kugelrohr oven), to effect sublimation
of the starting material onto the pyrolysis column. Following completion
of the sublimation (ca. 1 h), the apparatus was allowed to cool to room
temperature, the vacuum was broken, and the crude product was isolated
with CH,Cl, to give 244 mg of dark brown, viscous oil. This material
was dissolved in 10 cm® of toluene, 89 mg of 10% Pd-C was added, and
the resulting suspension was heated at 160 °C in sealed tube for 8 h.
The cooled mixture was then filtered and the filtrate concentrated under
reduced pressure to furnish the pure (>95%) benzannulated product 7 as a
pale yellow solid (216 mg, 77%). Mp 151-152 °C (ethyl acetate—ether; pale
yellow crystals); R; 0.60 (ethyl acetate); IR (Nujol) 1718, 1652, 1625, 1590,
1429, 1399, 1377 cm™'; "H NMR (200 MHz, CDCl;) 6 2.22 (tt, J = 7.2,
7.2Hz,2 H),3.15(t, J = 7.2 Hz, 2 H), 3.95 (s, 3 H), 4.19 (t, ] = 7.2 Hz,
2 H),742(,J=79Hz 1 H),7.60 (s, 1 H), 828 (d, / = 7.9 Hz, | H),
8.62(d,J =7.9Hz, 1 H); *C NMR (75.5 MHz, CDCl;) § 21.8 (CH,), 31.7
(CH,), 48.1 (CH,), 52.1 (CHj;), 98.1 (CH), 124.4 (CH), 124.9 (C), 125.9
(0), 132.5(CH), 135.1 (CH), 137.8 (C), 145.8 (C), 161.1 (C), 167.4 (C); MS
(DCI, NH; + isobutane) m/z 244 (MH*); HRMS calcd for C,,H,NO;:
244.0973. Found: 244.0985 (MH").

§ Pale yellow crystals, mp 290-295 °C (dec) [lit.} yellow crystals, mp 258—
260 °C (dec)]. For spectroscopic data, see the electronic supplementary
information.
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L-Rhamnose is transformed to (—)-Cassine via a remarkable four step one pot reaction. The
Horner-Wadsworth—Emmons [3 + 2]-1,3-dipolar cycloaddition reaction cascade is the pivotal step in

this reaction sequence and makes the synthesis highly efficient.

Introduction

Domino, also called tandem or cascade, reaction processes enable
the facile synthesis of complex molecules with different stereogenic
centers.'*# This type of reaction is also applicable to the synthesis
of piperidine derivatives.>* In recent years highly substituted
piperidines? and piperidine alkaloids,? especially polyhydroxylated
piperidine derivatives (iminosugars), have been the subject of
intensive investigations because of their ability to act as glycosidase
inhibitors.*

In our continuing studies of chiral, non-racemic piperidine
derivatives we showed that the tandem Wittig [3 + 2]-cycloaddition
process is a general strategy for building up azasugars and
piperidine alkaloids with multiple stereogenic centers starting
from 7y-(sugar)lactol derivatives based on a ring-enlargement
reaction.>* Lactol 1 is an example for this strategy, which was
reacted with (ethoxycarbonlymethylene)triphenylphosphorane to
the diastereomeric triazolines 2a,b, which were submitted to a
Rh(11)-mediated extrusion of nitrogen to furnish the vinylogous
urethane 3. This material could be easily transformed to (+)-
deoxoprosophylline® (Scheme 1).

/(\M > E‘OOC‘(O\/OTBDMS —'momws (+) Deoxoprosophyliine

OTBDMS N= \
2ab

I-

3

Scheme 1

Results and discussion

Surprisingly we found, meanwhile, that the transformation of
lactols to piperidine derivatives (e.g. 1 to 3) can be accomplished
as a one-pot reaction which makes this process highly attractive
and broadens the scope of such a procedure in synthetic organic
chemistry.

We envisaged that a 4-hydroxy-5-azidoaldehyde derivative in
which the OH-functionality is blocked by a protecting group,
therefore preventing lactolisation, should also react according to
our tandem Wittig [3 + 2]-cycloaddition methodology.

Institut fiir Pharmazie und Lebensmittelchemie der Universitit Wiirzburg,
Am Hubland, 97074, Wiirzburg, Germany. E-mail: herdeis@pharmazie.
uni-wuerzburg.de; Tel: +49-931 888 5443, Fax: +49 931 8885494

T Dedicated to Professor Dr Fritz Eiden on the occasion of his 80th
birthday.

To prove our concept we devised a new route to (—)-Cassine (5),
an alkaloid which was isolated from the leaves of Cassia excelsa. Its
structure’ and absolute configuration was established in 1966.% It
is reported that (—)-Cassine shows antimicrobial activity against
Staphylococcus aureus.® A series of elegant synthetic routes to
(—)-Cassine has been published. All of them are multistep reac-
tion sequences starting from difficult, available enantio-pure or
-enriched substrates.'

The key intermediate in our reaction sequence is the azidoalde-
hyde 4 as shown in the retrosynthetic plan (Scheme 2).

o H

OH " oAc HOy, OH
[E—
H,C = b
N" TCH, N, Y CH, HO*™ Y07 CH,
H

o

o

(-) Cassine (5) 4 L (+) Rhamnose

Scheme 2

Towards this end, L-(+)-rhamnose, a cheap starting material,
was transformed to diacetylrhamnal (6) in a three step, one-
pot process, modified and optimised according to Laatsch' in
acceptable yields (60%). The following modified Perlin-oxidation
provided the o,B-unsaturated aldehyde 7 in 90% yield (Scheme 3).1
Both compounds were prepared on a 100 g scale.

T )K/j/,

"GH, MesO” CHy
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MesO” “CH,
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H

HO'::O/OH ‘
o mcH, o eH,
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L (+) Rhamnose 6

)”I

Scheme 3 (i) HCIO,, Ac,0, 2 h; (ii) PBr;, H,O, 15 °C, 2 h; (iii) Zn/Cu,
AcOH/NaOAc, —10 °C, 6 h; (iv) HgSO,/H,0, acetone; (v) MeSO,Cl/
Et;N, CH,Cl,, —20 °C — 20 °C; (vi) Lindlar/H,, EtOAc; (vii) NaNj,
DMSO, 60 °C, 12 h.

The mesylation of the OH-function, according to standard
procedure, proved to be uneventful and mesylate 8 was isolated
in moderate yield. It turned out that the chemoselective catalytic
hydrogenation of the double bond without reduction of the alde-
hyde functionality is only successful after careful recrystallisation
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and purification of the mesylate 8. Contrary to the literature
data," the double bond could only be hydrogenated with a Lindlar
catalyst without reducing the aldehyde function.

On the basis of our previous work>* we tested the reactivity
of the azide 4 with (methoxycarbonylmethylene)triphenylphos-
phorane in a Wittig-reaction and found a rapid olefination within
10 min which can be monitored by TLC and NMR spectroscopy.
The crystalline ester 10 can be isolated and characterised on
preparative scale. In solution a slow 1,3-dipolar cycloaddition of
the azide functionality to the double bond of the a,B-unsaturated
ester moiety at room temperature was observed. After 41 h,
and monitoring the reaction by 'H- and *C-NMR spectroscopy,
a complete conversion of 10 to triazoline 11 was found. The
following isomerisation to the diazoester 12 in an equilibrium
mixture with 11 (11 : 12 = 1 : 1) was completed after 45 days.
This isomerisation process could be accelerated and brought to
completion with a Hunig base or triethylamine (Scheme 4, (v)).

CH,0,C
i \/\/I i, CHOC

N—N

\ lni
one pot
procedure
OAc OAc

v

~—— cHoL ).
2N Nen, N™ TCH,

O

N
cH,0,c” o ?
13
Scheme 4 (i) CDCl;, MeO,CCHP(Ph);, 10 min; (ii) 41 h; (iii) 45 days, 11 :
12 = 1: 1; (iv) Rhy(OAc),; (v) (a) CH,Cl,, MeO,CCHP(Ph);, 2 days, r. t.,
(b) NEt;, (5%), 8 h, (c) Rh,(OAc),, r. t., 84% yield.

This four step reaction sequence was scaled up and streamlined
as a one pot reaction process by reacting azidoaldehyde 4 with
(methoxycarbonylmethylene) triphenylphosphorane in methylene
chloride for 2 days. After addition of triethylamine the reaction
mixture turned yellow and TLC showed a complete conversion
to the diazoester 12 after 8§ h. When rhodium acetate (dimer)
was added (0.132%) an evolution of N, started immediately and
a spot to spot reaction was observed. After 12 h the vinylogous
urethane 13 was isolated by column chromatography in 84% yield
(Scheme 4).

With this reaction in hand it was envisioned that an attempt
should be made to introduce the complete side chain of Cassine
via a HWE-reaction and concomitant cycloaddition. As a model
reaction ketophosphonate 14 was reacted with azidoaldehyde 4
following the procedure of HWE-Masamune.™* After addition of
rhodium acetate not unexpectedly the vinylogous amide 15 was
isolated in 71% yield (Scheme 5).

Scheme5 (i) (a) CH;CN, 9, DIPEA, 2 days, r. t., (b) Rh,(OAc),, 12 h., 1. t.,
T1% yleld

Overall, the two successful model reactions described in
Schemes 4 and 5, set the precedent necessary to apply our idea of
coupling the appropriate side chain of Cassine to azidoaldehyde 4.

To this end, 4, ketophosphonate 16 and DIPEA were dissolved
in acetonitrile and stirred until a slight yellow colour appeared.
Monitoring by TLC showed complete consumption of 4 and 16.
After addition of rhodium acetate the vinylogous amide 17 was
isolated as an oil in 74% yield. Interestingly, upon standing this
oil crystallized to colourless needles which turned out to be the
tautomeric compound 18 (Scheme 6).
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Scheme 6 (i) (a) CH;CN, 16, DIPEA, 3 days, r. t.,
12 h, r. t., 74% yield; (ii) Crystallisation.

(b) Rh,y(OAC),,

As a result of the formation of the planar enamide functionality,
we anticipated that the reduction of both double bonds of
17 or 18, respectively, over Pd/C/H, should result in a high
diastereoselective hydrogenation from the less shielded a-side.'®
Indeed the all-cis configurated piperidine derivate 19 was isolated
in 77% together with 17% of ketone which was separated by
column chromatography. The Barton-McCombie deoxygenation
was attempted to complete the synthesis. We envisioned that the
introduction of the phenylthioformiate group to the hydroxyl
functionality should be accomplished with high regioselective
control because the attack on the piperidine nitrogen is blocked by
steric hindrance.* However various attempts failed and complex
mixtures of products were isolated. Therefore formylation of both
functional groups with pivaloylformyl anhydride® to compound
20 was accomplished in 89% yield. In methanolic ammonia a clean
and quantitative deprotection to the alcohol 21 occurred, which
was treated with phenylthiochloroformiate in methylene chloride
and triethylamine to furnish the thiocarbonate 22 (Scheme 7).

OAc
R-0
H,C =
S ’ N™ "CH,
18 I, 1, 1, v o o R
\/ IIC19- R=R'=H
20: R=R'=CHO
”'C21.R CHO, R'=H

22: R=CHO, R'=CSOPh

Scheme 7 (i) Pd/H,/C, EtOAc, 74% 19; (ii) Pivaloylformyl anhydride,
CH,Cl,, 89% 20; (iii) MeOH/25% aq. NHj;, 97% 21; (iv) PhOCSC], Et;N,
DMAP, CH,Cl,, 91% 22.

We expected the deoxygenation of compound 22 to be straight-
forward according to the classical Barton-McCombie conditions*®
(Bu;SnH, AIBN, boiling toluene) but all attempts to provide the
fully protected Cassine derivative 24 failed. We reasoned that the
harsh reaction conditions and the formamide functionality in the
vicinity of the secondary radical might prevent a high selectivity
of the reaction.
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A similar problem occurred in the synthesis of (R)-
homobaclofen'” which was ultimately solved with di-fert-butyl
peroxyoxalate'® (23) as a radical initiator. Indeed, when 22 was
treated with 23 and tributyltin hydride with rigorous absence of
oxygen in acetone at room temperature, 24 was isolated in 83%
(Scheme 8). Acid hydrolysis of 24 completed the synthesis and
provided (—)-Cassine (5) in 79% yield (mp. 58 °C, [a] = —6.5,
(¢ = 0.6, CHCL,)).”

OAc
0 HCW\/\/{I
3
0—-0 ) N CH,
2 o+ —'—0_0% —I_ i .0
o}

' L, o0 3

23

(-) Cassine (5)

Scheme 8 (i) Bu;SnH, r. t., acetone, 83%; (ii) 2 M H,SO,/CH;OH, rfl.
79%.

In conclusion we have developed a protocol for the preparation
of trisubstituted, all-cis configurated piperidine derivatives, which
employs a cascade reaction as a key step. The synthesis of other
bioactive trisubstituted piperidine alkaloids are under current
investigation.

Experimental
General details

Reagent grade solvents and reagents were purchased. All reac-
tions with organometallic reagents were carried out under a N,
atmosphere. THF was freshly distilled from sodium, CH,Cl, from
CaH,. TLC chromatography was performed on glass plates coated
with Merck SiO, 60 F254. The modified Barton-McCombie
reaction was done under rigorous exclusion of oxygen. Optical
rotations were measured on a Perkin-Elmer 241 polarimeter at
A =589 nm and are given 107" deg cm? g~'.

(4R,5R)-4-Acetoxy-5-azido-hexanal (4). To a solution of
mesylate 9 (22.5 g, 89 mmol) in DMSO (200 ml) sodium azide
(17.4 g, 267 mmol; 3 equiv.) was added and stirred overnight
at 60 °C. After cooling to room temperature, water was added
(1000 ml) and the mixture was extracted with five portions
(5 x 100 ml) of diethyl ether. The combined organic phases
were dried (Na,SO,), filtered and evaporated. The resulting
residue was subjected to column chromatography (silica gel) with
EtOAc/petroleum ether 1 : 9). Yield: 11.4 g (64%) of a colourless
liquid. R;: 0.62 (EtOAc/petroleum ether 8 : 2). IR (film): v (cm ™) =
2995 (w, CH), 2121 (m, N=N=N), 1769 (s, C=0). 'H NMR
(CDClLy): 6 = 1.21 (d, *J,5s = 6.8 Hz, 3H, 6-H), 1.82-1.96 (m,
2H, 3-H), 2.04 (s, 3H, O,CCHj;), 2.39-2.47 (m, 2H, 2-H), 3.37-
3.48 (m, 1H, 5-H), 4.83 (m, 1H, 4-H), 9.69 (t,*J,, = 1.0 Hz, 1H,
1-H). "C NMR (CDCl,): 6 = 15.7 (Cs), 21.0 (O,CCHj;), 23.9 (C,),
40.0 (C,), 59.2 (Cy), 75.2 (Cy), 170.8 (C=0), 201.1 (C)). [o]¥ =
—3.3 (¢ = 1.3, CHCL;). CgH3N;0; (199.21) requires C, 48.23; H,
6.58; N, 21.09% found C, 48.27; H, 6.65; N, 20.42%.

Diethyl (2-oxo-pentyl)-phosphonate (14). To a solution of
diethyl methylphosphonate (2.60 g, 17.2 mmol) in THF (10 ml)
was added a solution of methyllithium in diethyl ether (10.8 ml,
17.2 mmol, 1.6 M) at —78 °C under nitrogen. After 30 min a
solution of ethyl butyrate (1.2 ml, 8.6 mmol) in THF (10 ml) was
added dropwise. The mixture was stirred at —78 °C for 45 min,
quenched with NH,Cl solution and extracted with CH,Cl, (three
times). The combined organic phases were washed with brine,
dried (Na,SO,) and evaporated. The residue was distilled: bp.
92°C/0.06 mbar. Yield: 59%.IR:v(cm™")=2967,2935,2910, 2877
(s, CH), 1715 (s, C=0), 1256, 1024 (s, OCH,). '"H NMR (CDCl;):
0 =0.89 (t,*Jss = 7.32 Hz, 3H, 6-H), 1.31 (t, J = 7.04 Hz, 6H,
CH;CH,0), 1.58 (sext, *Jss = *Js, = 7.32 Hz, 2H, 5-H), 2.57 (t,
*J,s = 71.32 Hz, 2H, 4-H), 3.04 (d, *J,» = 22.76 Hz, 2H, CH,P),
4.11 (t, *Jcmpens = 7.04 Hz, 4H, CH;CH,0). *C NMR (CDCl;):
0 = 13.7 (Cy), 16.5 (CH;CH,0), 17.1 (Cs), 42.0 (d, J = 126 Hz,
C,), 46.1 (C,), 62.5 (CH,0), 202.2 (C=0).

(Z)-(2R,3R)-2-Methyl-6-(2’'-oxo-pentylidene)-3-piperidinyl -
acetate (15). To a suspension of lithium chloride (42 mg,
1.00 mmol) in CH;CN (12 ml) was added phosphonate 14
(222 mg, 1.00 mmol), DIPEA (129 mg, 1.00 mmol) and after
1 min azidoaldehyde 4 (199 mg, 1.00 mmol). The turbid solution
became clear after 20 min. Stirring was continued for 12 h and the
solution turned yellow (diazoketone). After two days rhodium(ir)
acetate (2 mg, 4.52 umol) was added and the solution turned
colourless with the evolution of nitrogen. After stirring overnight,
CH,Cl, (30 ml) was added and the mixture was extracted with
water (30 ml). The organic phase was separated, dried (Na,SO,)
and filtered. After evaporation of the solvent, the oily residue
was purified by column chromatography with diethyl ether. Yield:
169 mg (71%). R;: 0.42 (diethyl ether). IR (film): v (cm™) = 3450
(s, NH), 2980, 2940, 2860 (s, CH), 1730 (C=0) 1600, 1560, 1230.
'H NMR (CDCL): ¢ (ppm) = 0.89 (t, 1.24, *Js, = 7.32 Hz,
3H, 5-H), 1.18 (d, *Jym. = 6.80 Hz, 3H, 2-Me), 1.57 (tt, *Jyy =
7.32 Hz,*Jyy = 7.36 Hz, 2H, 4-H), 1.86 (m, 1H, 4-H,,), 1.95 (m,
1H, 4-H,,), 2.05 (s, 3H, O,CCH,), 2.17 (t, *Jy 4 = 7.36 Hz, 2H,
3-H), 2.25 (m, 1H, 5-H), 2.50 (m, 1H, 5-H), 3.56 (qd, *J,m. =
6.80 Hz, *J,; = 3.04 Hz, 1H, 2-H), 4.89 (m, 1H, 1’-H), 5.09 (m,
1H, 3-H), 10.94 (br., IH, NH). *C NMR (CDCl): 6 = 13.8 (Cy),
17.4 (2-CH,), 19.4 (Cy), 20.9 (O,CCHy;), 23.5 (Cs), 24.1 (C,), 43.9
(Cy), 49.3 (C,), 68.4 (C5), 92.9 (C)), 162.2 (Cy), 170.4 (O,CCH,),
197.9 (Cy). [a]¥ = —3.6 (¢ = 1.14, CHCL).

Ethyl 9-(2-methyl-(1,3-dioxolan-2-yl))-nonanoate

To a solution of ethyl 10-oxo-decanecarboxylate (5 g) in CHCl,
(20 ml) was added ethylene glycol (1.05 g, 0.016 mol; 1.1 equiv.)
and p-toluenesulfonic acid (5 mg, 29 umol). The solution was
refluxed overnight. After cooling, the mixture was washed with sat.
NaHCO; solution and the organic phase was dried over Na,SO,,
filtered and concentrated under vacuum. Distillation provided a
colourless oil. Yield: 3.47 g (86%), b. p. 110-114°C/0.06 mbar. 'H
NMR (CDCL): 0 = 1.27 (t,*J = 7.3 Hz, 3H, CH;CH,), 1.29-1.39
(m, 10H, 4-H, 5-H, 6-H, 7-H, 8-H), 1.32 (s, 3H, 2’-CH;), 1.61-1.65
(m,4H, 3-H,9-H), 2.29 (t,*J,; = 7.6 Hz, 2H, 2-H), 3.94 (m, 4H, 4'-
H, 5-H), 4.13 (q, *J = 7.3 Hz, 2H, CH,CH,). "C NMR (CDCl,):
0 = 14.2 (CH,CH;), 23.6 (2-CH,), 23.7, 24.0, 24.9, 29.1, 29.3,
33.9, 39.2, 43.7 (C,, G5, C,, Cs, Cq, C;, G, Cy), 60.1 (CH,CH,),
64.5 (Cy, Cy), 110.1 (Cy), 173.8 (C)).
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Diethyl [10’'-(2'-methyl-1,3-dioxolan-2-yl)-2'-oxo-decyl]-
phosphonate (16)

To a stirred solution of methane diethylphosphonate (1.48 g,
9.74 mmol) in abs. THF (20 ml) was added 1.6 M butyllithium
(6.09 ml, 9.74 mmol) at —78 °C. The mixture was stirred
for 15 min then ethyl 9-(2-methyl-[1,3]-dioxolan-2-yl)-nonanoate
(1.33 g, 4.87 mmol) dissolved in abs. THF (10 ml) was added. This
mixture was stirred for a further 30 min. A solution of saturated
aqueous NH,Cl (100 ml) was added and the aqueous layer
was extracted with CH,Cl, (3 x 50 ml). The combined organic
layers were washed with brine (25 ml), dried (Na,SO,) and the
solvent was evaporated. Purification by column chromatography
(CH,C1,/MeOH 19 : 1) provided 16 as a colourless oil. Yield
1.25 g (68%). R;: 0.72 (CH,Cl,/MeOH 19 : 1). '"H-NMR (CDCl;):
0 1.18-1.31 (m, 19H, 2 x OCH,CH,, 2’-CH,, 5-H, 6-H, 7-H, 8-H,
9-H), 1.50-1.56 (m, 4H, 4-H, 10-H), 2.54 (t, *J;, = 7.3 Hz, 2H,
3-H), 3.01 (d, >/, = 22.7 Hz, 2H, 1-H), 3.85 (m, 4H, 4-H, 5-H),
4.05 (m, 4H, 2 x OCH,CH;). "C-NMR (CDCl;): 6 16.2 (2-CHs,),
23.3,24.0,28.9, 29.0, 29.2, 29.3, 29.7 (C,, Cs, Cq, C;, Cy, Cy, Cyy),
23.7(2 x OCH,CH;),42.3(d, 'J,» =126 Hz, C)), 44.0 (C;), 62.42,
2.49 (2 x OCH,CH,), 64.5 (Cy, Cy), 110.1 (Cy), 202.1/202.2 (C,).
CsH;504P (378,45)

(2R,3R)-2-Methyl-6-[10'-(2'-methyl-1,3-dioxolan-2-yl)-2'-oxo-
decyliden]-piperidin-3-yl acetate (17)

(2R,3R)-2-Methyl-6-[2'-hydroxy-10'-(2'-methyl-1,3-dioxolan-2-
yl)-dec-1'-en-yl]-2,3,4,5-tetrahydro-pyridin-3-yl-acetate (18). To
a degassed suspension of lithium chloride (56 mg, 1.32 mmol)
in abs. acetonitrile (15 ml) was added phosphonate 16 (500 mg,
1.32 mmol), DIPEA (171 mg, 1.32 mmol) and after 1 min
azidoaldehyde 4 (263 mg, 1.32 mmol). After 12 h of stirring the
resulting colourless solution turned yellow (diazoketone). After
3 days rhodium(1) acetate (2 mg, 4.52 umol) was added. Under
evolution of nitrogen the mixture turned colourless. Stirring was
continued overnight then the solvent was removed under vacuum.
The residue was dissolved in CH,Cl, (50 ml) and extracted
with H,O (50 ml). The organic phase was dried (Na,SO,) and
evaporated. Column chromatography provided 17 as a colourless
oil. After some hours at 8 °C the oil crystallized as the tautomeric
compound 18. Yield: 386 mg (74%). Mp. 43 °C. R;: 0.36 (diethyl
ether). IR (KBr) v (cm™") = 3450 (s, OH, NH), 2950, 2860 (s,
CH), 1600 (s, C=C). 'H NMR (CDCL): 6 = 1.24 (d, *Jopm. =
6.32 Hz, 3H, 2-Me), 1.10-1.44 (m, 13H, 5-H, ¢-H, 7-H, §8-H,
9-H, 2"-CH,), 1.55-1.66 (m, 4H, 4-H, 10'-H), 1.81 (m, 1H, 4-H),
1.99-2.07 (m, 1H, 4-H), 2.11 (s, 3H, O,CCH,), 2.25 (t, *Jyy =
6.84 Hz, 2H, 3-H), 2.34 (m, 1H, 5-H), 2.56 (m, 1H, 5-H), 3.65
(m, 1H, 2-H), 3.94 (m, 4H, 4’-H, 5"-H), 4.93 (br., 1H, I’-H), 5.15
(m, 1H, 3-H), 10.89 (br., 1H, OH). *C NMR (CDCl;): 0 = 174
(2-CH,), 20.9 (2’-CH,), 23.7 (O,CCH,), 24.1, 26.1, 29.4, 29.5,
29.6,29.8 (C,, Cs, Cy, Cy, Cy, Cy, Cy, Cy), 39.2 (Cyy), 42.0 (Cy),
49.5 (C,), 64.6 (Cy,Csr), 68.3 (C;), 110.2 (Cy), 170.4 (O,CCHy).
[o]¥ = —35.7 (¢ = 1.135, CHCL;). C,,H3;;NOs (395.54) requires C,
66.81; H, 9.43; N, 3.54%, found C, 66.72; H, 9.67; N, 3.79%

(2R,3R,6R)-2-Methyl-[2'-hydroxy-10’-(2'-methyl-1,3-dioxolan-
2-yl)-decyl]-piperidin-3-yl-acetate (19). Compound 18 (135 mg,
341 umol) was dissolved in ethyl acetate (15 ml) and Pd/C 10%
(50 mg) was added. The mixture was hydrogenated (50 bar) for

2 days with stirring at room temperature. After filtration, the
solvent was removed under vacuum and the oil was purified by
column chromatography. CH,Cl,/MeOH 9 : 1). Yield: 105 mg
(77%) colourless oil. R;: 0.21 (CH,Cl,/MeOH 9 : 1). IR (film): v
(cm™") = 3600-3100 (s, OH), 2940, 2860 (s, CH), 1730 (s, C=0),
1430, 1360, 1220. "H NMR (CDCl;): 6 = 1.06 (d, *J,y. = 6.8 Hz,
3H, 2-Me), 1.22-1.52 (m, 19H, 3'-H, 4-H, 5-H, 6'-H, 7-H, §8'-H,
9-H, 10'-H, 2’-CHj;), 1.53-1.66 (m, 4H, 5-H, 1'-H), 1.71 (m, 1H,
4-H), 2.03 (m, 1H, 4-H), 2.12 (s, 3H, O,CCH,;), 2.92 (m, 2H,
2-H, 6-H), 3.83 (m, 1H, 2’-H), 3.93 (m, 4H, 4’-H, 5"-H), 4.84 (m,
1H, 3-H). *C NMR (CDCl;): 6 = 18.3 (2-CH;), 21.1 (O,CCH,),
23.7 (2’-CHs;), 24.1, 25.4, 27.5, 29.1, 29.5, 29.7, 29.9, 38.1, 39.2,
424 (C,, Cs, Cy, Cy,Cy, Cy, Cy, Cy, Cy, Cy, Cyy), 53.5, 58.1
(C,, Cy), 64.6 (Cp,Cy), 69.7 (Cy), 73.0 (Cy) 110.2 (Cyr), 170.4
(0,CCH,). [a]y = —15.6 (¢ = 2.3, CHCL;). MH* C,,H,,NO;
requires 400.30575, found MH* 400.30535.

(2R,3R,6R)-N-Formyl-2-methyl-6-[2'-formyloxy-10'-(2’-methyl-
[1,3]-dioxolan-2-yl)-decyl]-3-piperidinyl-acetate (20). To a
solution of 19 (98 mg, 245 umol) in CH,Cl, (30 ml) pivaloylformyl
anhydride (67 mg, 515 umol; 2.1 equiv.) was added with stirring.
After 20 min the solvent was removed under vacuum, and the
residue was purified by column chromatography (CH,Cl,/MeOH
19:1). Yield: 99 mg (89%) colourless oil. R;: 0.46 (CH,Cl,/MeOH
19 : 1). IR (film): v (cm™) = 2920, 2860 (s, CH), 1740, 1650
(2 x s, C=0), 1420, 1360, 1200. '"H NMR (CDCL): 6 = 1.13
(d, *J,me = 6.56 Hz, 3H, 2-Me), 1.11-1.35 (m, 15H, 4-H, 5-H,
6-H, 7-H, §8-H, 9-H, 2"-CH;), 1.44-1.89 (m, 10H, 4-H, 5-H,
I'-H, 3-H, 10-H), 1.99/2.00 (2 x s, 3H, O,CCH,;), 3.54/3.99
(2 x m, 1H, 6-H), 3.86 (m, 4H, 4"-H, 5"-H), 4.42/4.71 (2 x m,
1H, 2-H), 4.71 (m, 1H, 3-H), 4.93 (m, 1H, 2’-H), 7.98/8.05 (2 x
s, 2H, CHO). “"C-NMR (CDCl;): 6 = 16.3 (CH;), 18.7 (CHs),
22.8 (CH,), 22.9(CH,) 23.0 (CHs;), 23.9 (CH,;), 24.0 (CH,), 25.0,
25.2,26.1,26.2,29.3,29.4,29.5, 34.1, 34.6, 38.5, 39.2, 40.0 (12 x
CH,), 43.3/44.9 (C,) 49.9/51.4 (C,), 64.8 (Cy,Cy), 70.4/71.4
(Cy), 71.5/71.6 (Cy) 110.1 (Cy), 160.7/161.0 (CHO) 162.2/162.5
(CHO), 169.8/170.1 (O,CCH,). [0]¥ = +33.9 (¢ = 2.0, CHCL,).
MS (70 eV, CI): m/z (%) = 456.7 (100) [M + H*], 396.6 (23)
[M* — C,H;0,], 227.2 (56).

(2R,3R,6R)-N-Formyl-2-methyl-6-[2'-hydroxy-10'-(2'-methyl-
[1,3]-dioxolan-2-yl)-decyl]-3-piperidinyl-acetate (21). To a solu-
tion of compound 20 (88 mg, 193 umol) in methanol (15 ml) was
added NH,OH solution (25%, 2 drops) with stirring. The reaction
was monitored by TLC. After 5 h the solvent was removed under
vacuum. The crude oil is pure enough for the next reaction step.
Yield: 79 mg (97%). R;: 0.15 (CH,Cl1,/MeOH 19 : 1). IR (film): v
(cm™") = 3660-3140 (s, OH), 2915, 2860 (2 x s, CH), 1720, 1650
(2 x s, C=0), 1200. '"H NMR (CDCl;): 6 = 1.15-1.42 (m, 18H,
2-CH;, 4-H, 5-H, ¢-H, 7-H, 8-H, 9-H, 2’-CH;), 1.45-1.91
(m, 10H, 4-H, 5-H, 1’-H, ¥-H, 10-H), 1.98/2.10 (2 x s, 3H,
0,CCH,), 3.49 (m, 1H, 2’-H), 3.86 (m, 4H, 4’-H, 5"-H), 3.86/4.02
(2 x m, 1H, 2-H), 4.45/4.74 (2 x m, 1H, 2-H), 4.71 (m, 1H, 3-H),
7.96/8.06 (2 x s, 1H, CHO). "C-NMR (CDCl;): § = 16.3 (CHj;),
18.7 (CH;), 22.8 (CH,), 22.9 (CH;) 23.7 (CH,), 24.0 (CHj;), 25.5,
25.7,26.2,26.7,27.1,29.5, 29.5, 29.5, 29.6, 29.7, 29.8, 29.8, 37.8,
38.3, 39.2, 43.0,43.3 (17 x CH,), 44.8/44.8 (C,), 50.2/51.6 (Cy),
64.6/64.9 (C,,Cy), 69.3/70.0 (Cy), 70.7/71.4 (C;), 110.2 (Cy),
162.5/163.0 (CHO), 170.1 (O,CCH,). [0y = +17.8 (¢ = 0.5,
CHCl,). C;3H, NOg (427.59). MS (70 eV, CI): m/z (%) = 428.4
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(100) [M + H*], 410.3 (16) [M* - H,0], 368.3 (16) [M* — C,H, 0],
340.4 (12) [M* — C,H,0, — COJ, 227.2 (62).

(2R,3R,6 R)-N-Formyl-2-methyl-6-[10'-(2"-methyl-{1,3]-dioxolan-
2-yl)-2'-phenoxythiocarbonyloxy-decyl]-3-piperidinyl-acetate (22).
To a solution of compound 21 (50 mg, 121 pmol) in CH,Cl,
(15 ml) phenylchlorothioformiate (23 mg, 133 umol; 1.1 equiv.),
DMAP (16 mg, 133 pumol; 1.1 equiv.) and triethylamine (24 mg,
242 umol; 2 equiv.) were added with stirring. The reaction was
monitored by TLC. After 2 days at room temp. the mixture was
extracted with 1 M HCl, washed with H,O (10 ml) and the organic
phase was dried over Na,SO,. The solvent was removed under
vacuum and the residue was purified by column chromatography
(Et,0). Yield: 62 mg (91%). R;: 0.22 (Et,0). IR (film): v (cm™") =
2940, 2860 (s, CH), 1735, 1665 (2 x s, C=0), 1200. 'H NMR
(CDClLy): 6 = 1.24 (d, *J,m. = 7.08 Hz, 3H, 2-Me), 1.27-1.39
(m, 15H, 4-H, 5-H, 6-H, 7-H, §-H, 9-H, 2"-CH,), 1.61-2.04
(m, 10H, 4-H, 5-H, I'-H, 3-H, 10'-H), 2.06/2.07 (2 x s, 3H,
0,CCH,), 3.77/4.09 (2 x m, 1H, 6-H), 3.93 (m, 4H, 4"-H, 5"-H),
4.66/4.83 (2 x m, 1H, 2-H), 4.83 (m, 1H, 3-H), 5.44 (m, 1H,
2-H), 7.11 (m, 2H, Ar-H), 7.29 (m, 1H, Ar-H), 7.42 (m, 2H,
Ar-H), 8.08/8.11 (2 x s, 1H, CHO). “C NMR (CDCL): 6 =
14.7/16.8 (CH;), 20.8/23.7 (CHs;), 21.0, 24.0, 24.0, 25.0, 25.0,
26.8,27.0,29.3,29.4,29.5, 29.5, 29.8, 29.8, 33.5, 34.1, 38.2, 39.2,
39.7 (18 x CH,), 43.2/44.9 (C,), 50.2/51.4 (Cy), 64.6 (C,,Cy),
70.4/71.5 (C;), 83.1/83.4 (Cy), 110.1/110.2 (C,»), 121.9/122.0
(Ar-C), 126.4/126.7 (Ar-C), 129.5/129.6 (Ar-C), 153.3/153.4
(Ar-C), 162.2/162.4 (CHO), 169.8/170.1 (O,CCHj;), 194.8/194.9
(OCSO). [0]? = —8.1 (¢ = 1.6, CHCL,). C;0H,;;NO;S (563.76). MS
(70 eV, CI): m/z (%) = 410.3 (78) [M* — C,H,0,S], 350.3 (54) [M*
- C,H(0,S - C,H,0,], 243.2 (100), 154.2 (13) [C,;H,0,S].

(2R,3R,6S)-N-Formyl-2-methyl-6-[10'-(2"-methyl-[1,3]-dioxolan-
2-yl)-decyl]-3-piperidinyl-acetate (23). To a solution of
compound 22 (40 mg, 71 pumol) in oxygen free acetone was
added tributyltin hydride (207 mg, 710 umol; 10 equiv.) under N,
atmosphere. Di-#-butylperoxyoxalate (4 mg, 14 umol; 0.2 equiv.)
was added in three portions over 12 h with stirring. The reaction
progress was monitored by TLC. After 30 h the solvent was
removed under vacuum and the residue was purified by column
chromatography (Et,0). Yield: 24 mg (83%). R;: 0.19 (Et,0). IR
(film): v (cm™") = 2940, 2860 (s, CH), 1740, 1660 (2 x s, C=0),
1230. '"H NMR (CDCl;): 6 = 1.13 (d, *J, . = 6.84 Hz, 3H, 2-Me),
1.17-1.88 (m, 27H, 4-H, 5-H, I'-H, 2’-H, 3-H, 4-H, 5-H, 6-H,
7-H, 8-H, 9-H, 10"-H, 2"-CH,), 1.99/2.00 (2 x s, 3H, O,CCH,),
3.42/3.99 (2 x m, 1H, 6-H), 3.88 (m, 4H, 4"-H, 5"-H), 4.33/4.72
(2 x m, 1H, 2-H), 4.72 (m, 1H, 3-H), 7.97/8.00 (2 x s, 2H, CHO).
“C NMR (CDCl,): 6 = 14.5/16.8 (CHj;), 20.8 (CHs), 29.8 (CH,),
23.7,24.1,26.2,26.8,26.9,27.2,27.7,29.4,29.4, 29.5, 29.6, 29.9,
30.3, 34.4, 35.2, 39.2 (16 x CH,), 44.9/46.9 (C,), 51.6/53.7 (C,),
64.6 (C,,Cs), 70.8/71.8 (C,), 162.4/162.6 (CHO), 169.9/170.2
(0,CCH,). [a]? = +7.9 (¢ = 1.1, CHCL). C;H,NO;s (411.59),
MS (70 eV, CI): m/z (%) = 428.3 (6) [M + CH,*], 411.4 (3) [M*],
383.1 (2) [M* - CO]J, 351.4 (26) [M* — C,H,0,], 323.4 (22) [M* -
C,H,0, - CO] 291.1 (100).

(25,5R,6R)-12-(5-Hydroxy-6-methyl-piperidin-2-yl)-dodecan-
2-one, (—)-Cassine (5). Compound 23 (24 mg, 59 pumol) was
dissolved in a mixture of methanol (4 ml) and 2 M H,SO,

(1 ml) and refluxed for 4 h. The solvent was removed under
vacuum and the residue dissolved in sat. NaHCO; solution. The
aqueous phase was extracted (three times) with CH,Cl, (15 ml),
and the combined organic phases were dried over Na,SO,,
filtered and evaporated. The residue was purified by column
chromatography (CH,Cl,/MeOH/NH,OH 25% 88 : 10 : 2).
Yield: 14 mg (47 umol; 79%). mp: 58 °C; ref.: 57-58 °C." R;: 0.25
(CH,Cl,/MeOH/NH,OH 25% 88 : 10 : 2). IR (KBr): v (cm™) =
3700-3050 (s, NH, OH), 2900, 2840 (s, CH), 1675 (s, C=0). 'H
NMR (CDClLy): 6 = 1.04 (d, *Josg = 6.56 Hz, 3H, 6'-CHj;),
1.17-1.25 (m, 16H, 5-H, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H),
1.27 (m, 1H, 3-H), 1.39 (m, 1H, 3-H), 1.42 (m, 1H, 4-H,,), 1.49
(m, 2H, 4-H), 1.83 (m, 1H, 4-H,,), 2.06 (s, 3H, 1-H), 2.34 (t,
*J;4 = 7.56 Hz, 2H, 3-H), 2.47 (m, 1H, 2"-H), 2.70 (m, 1H, 6-H),
3.48 (m, 1H, 5-H). *C NMR (CDCl;): § = 18.6 (6'-CHj;), 23.9,
25.8,26.0,29.2 (4 x CH,), 29.3 (C)), 29.4, 29.4, 29.5, 29.5, 29.7,
32.0, 36.9 (7 x CH,), 43.8 (C,), 55.8 (Cy), 57.3 (Cy), 68.0 (Cy),
209.4 (Cy). [a]? = —6.5 (¢ = 0.6, CHCl;). MS (70 eV, CI): calc.
298.27406 for [CsH;,NO,]*, found 298.27416.
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