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ortho-Lithiation of cyclic aryl sulfonamides in the presence of phosphoryl chloride provides a very
simple entry to fused polycyclic sultams (benzothiazolines and naphthathiazolines).

Introduction

Sulfonamides have found many important applications in or-
ganic synthesis including as protecting groups,' chiral auxiliaries®
and directed metallation groups (DMGs).* In addition, the
sulfonamide functionality is present in many biologically active
compounds where it can function as a stable amide equivalent.**
In particular, cyclic sulfonamides (sultams), of which there are
many variations, are well documented in the literature. For exam-
ple 3,5-diamino-1,2,6-thiadiazine-1,1-dioxide derivatives 1 pos-
sess anti-parasitic activity,* 1,2-benzisothiazolinone-1,1-dioxides
2 (saccharin derivatives) exhibit, among other properties, human
leukocyte elastase inhibitory® and anti-fungal® activity and 1,2-
benzisothiazine-1,1-dioxides such as the oxicams, e.g. piroxicam 3
are known for their anti-inflammatory properties,” Fig. 1.
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Fig. 1 Selected examples of cyclic sulfonamides.

Reflecting these diverse roles, there have been many methods
described for the synthesis of sultams. These include Diels—Alder
cycloadditions,® radical cyclisations,” intramolecular Heck
couplings,” ring closing metathasis,'! aziridination of
iminoiodinanes'? and N-chloramine sulfonamides," ortho-lithia-
tion (DMG) strategies™ and lithiation of o-tolyl sulfonamides.'>*¢
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1+ CCDC reference number 650785. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b708967h

Surprisingly, there have only been a limited number of methods
describing the synthesis of fused amido sultams.” In this paper
we report the synthesis of fused benzo- and napthathiazoline-1,1-
dioxide heterocyclic ring systems 5 via a sequence involving ortho-
lithiation—cyclisation—elimination reactions of readily prepared N-
arylsulfonyl lactams 4, Fig. 2

Results and discussion

As part of a program aimed at exploring new electrophilic
partners for cross coupling reactions,’” we have developed an
efficient protocol for the preparation of phosphonites, e.g 7,
involving treatment of a THF solution of N-Boc caprolactam 6
and TMEDA with LDA and trapping of the resultant anion with
diphenylphosphonic chloride, Scheme 1.

i. LDA, TMEDA, THF, -78 °C

qlo ii. PhoP(O)CI, THF

(e} O'Bu
6 7

Scheme 1

However, subjecting the N-tosyl caprolactam 4a to these condi-
tions afforded a new non-phosphorus containing product (44%)
accompanied by smaller amounts of the desired phosphonite 8a
(15%) and recovered starting material, Scheme 2. Analysis of the
"H NMR spectra indicated only three aromatic protons (6 (ppm) =
7.29, d; 7.41, s; 7.64, d) together with a new olefinic signal at 0 =
5.78 ppm (t, J = 7 Hz). Moreover, this last signal showed NOESY
and HMBC correlations with the proton signal at 6 = 7.41 ppm
and a quaternary carbon signal at 6 = 132.4 ppm respectively.
Combined with a molecular ion at MH* of m/z = 250.0896, this
suggested the unusual fused sultam 5a. Ultimate confirmation of
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this structure was subsequently realised when the bromo derivative
5f, which showed similar NMR correlations, provided crystals
suitable for an X-ray structure determination, Fig. 3.1
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Surprisingly, the Cambridge Crystallographic Database (Ver.
5.28, Nov. 2006) does not contain any structures of fused sultams.
However, the geometrical parameters of 5f are close to the expected
values. The 7-membered ring is disordered over two positions.
Within the crystal, 5f stacks to form slightly bent columns with
antiparallel arrangement of the molecules. Aromatic rings of
adjacent molecules are partially overlapped with the shortest
interatomic distance C7---C7 (1 — x, y, 0.5 — z) being 3.192 A.
The molecules are also linked together by a 3-D network of
CH---Oand CH - - - Br interactions.

Fig. 3 X-Ray molecular structure of 5f (50% displacement ellipsoids).

The scope and limitations of this process were then examined
varying both the lactam ring and sulfonyl group, Scheme 3
and Table 1. Each substrate 4 was prepared in variable but
unoptimised yields (33-80%) by metallation of the parent lactam
with n-BuLi and subsequent reaction with the appropriate sulfonyl
chloride. Cyclisation of both N-tosyl pyrrolidinone 4b and N-
tosyl piperidinone 4¢ were unsuccessful, entries 2 and 3. With
the exception of 3-nitrophenylsulfonamide 4h, entry 12, which
failed to provide any products, all the other sulfonamide analogues
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Scheme 3 Reagents and conditions: (a) i. n-BuLi, THF; ii. ArSO,CI; (b) i.
LDA, TMEDA, THF, —78 °C, 30 min; ii. Ph,P(O)CI, 2 h.

Table 1 Formation of cyclic sultams S by sequential ortho-lithiation, cyclisation and elimination

Entry n Ar Yield 5 (%) Yield 8 (%) Recovered 4 (%)
1 3 4-Me-C4H, 4a 41 15 0-50
2 1 4-Me-C¢H, 4b 0 0 43
3 2 4-Me-C¢H, 4c¢ Trace 30 32
4 4 4-Me-C¢H, 4d 18 24 0-16
5e 3 4-Me-C¢H, 4a 44 14 0
6 3 4-Me-C¢H, 4a 11 0 15
7 3 4-Me-C¢H, 4a 0 0 100
84 3 4-Me-C¢H, 4a 0 73 0
9 3 1-Napthyl 4e 26 17 41
10 3 4-Br-C.H, 4f 46 0 0
11 3 3-MeO-C4H, 4g 32¢ 23 0
12 3 4-NO,-C¢H, 4h 0 0 50-100

“No TMEDA present. * Ph,P(O)Cl replaced with TMSCL. No Ph,P(O)Cl present. “ LDA-TMEDA replaced with NaHMDS. ¢ Mixture of two

regioisomeric sultams (4 : 1).

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3472-3476 | 3473





examined followed a similar profile, providing mainly the fused
sultam accompanied by smaller quantities of the phosphonite and
recovered starting materials, with the exception of the 8-membered
ring which gave a higher proportion of the phosphonite, entry 4.
Attempts to enhance the yields through the use of alternative bases
(BuLi, LHMDS) and other additives (DMPU, HMPA) and higher
reaction temperatures provided no significant benefit.

The formation of the sultam can be explained when the powerful
directing metallating properties of the sulfonamide group are
taken into account.® We speculate that the reaction proceeds
via initial ortho-lithiation of the aryl sulfonamide. The resulting
carbanion then attacks the lactam carbonyl group activated by
co-ordination to the phosphorus centre. The presence of the
phosphorus reagent is essential, as experiments undertaken in
the absence of phosphoryl chloride and simply quenched with
water, entry 7, afforded only recovered starting sulfonamide 4a.
Replacement of phosphoryl chloride by trimethylsilyl chloride
also afforded the desired sultam Sa although in greatly reduced
yield of 11%, entry 6.

The competing formation of the phosphinite can arise either
from direct metallation or from the initial aryl carbanion func-
tioning as a base to generate the enolate through either lateral
or intermolecular proton abstraction.'® The latter is favoured as
increasing the concentration of the reaction leads to higher levels
of phosphinite formation (4a 0.08 M, 5a : 8a 3 : 1; 0.16 M,
1 :1; 032 M, 1 : 1.6). The alternative possibility of initial
enolate formation cannot be ruled out although metallation with
NaHMDS, which does not lead to ortho-metallation, affords
only phosphinite and no sultam, entry 8. Moreover, isolating
a pure sample of the phosphinite and re-subjecting this to the
deprotonation conditions, either in the presence or absence of
diphenylphosphoryl chloride, failed to provide any evidence for
sultam formation and led to efficient recovery of the phosphinite.
The failure of smaller lactam rings to undergo sultam formation
is attributed to the increased level of ring strain in the transition
state leading to preferential lateral metallation and phosphinite
formation."

Conclusion

In conclusion, ortho-lithiation of cyclic aryl sulfonamides in the
presence of phosphoryl chloride provides a very simple entry to
fused polycyclic sultams that are not easy to prepare by more stan-
dard methods. Moreover, further functionalisation of these prod-
ucts is straightforward. For example, Suzuki-Miyaura reaction
of bromosultam 5f affords biphenyl derivative 9 in excellent yield
(86%) whilst conversion of the methyl analogue 5a to the saturated
sultam 10 is easily achieved by simple hydrogenation, Scheme 4.

Experimental

All reactions were carried out under an argon atmosphere unless
otherwise stated. Solvents were purified following established
protocols. Petrol refers to petroleum spirit boiling in the 40—
60 °C range. Ether refers to diethyl ether. Commercially available
reagents were used as received unless otherwise stated. Flash
column chromatography was performed according to the method
of Still ez al. using 200-400 mesh silica gel.?® Yields refer to isolated
yields of products of greater than 95% purity as determined by

TolB(OH),,
N\ NaHCOjg, Pd(PPhg),
N. DME, H,0, 80 °C, 1h
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Scheme 4

'H and “C NMR spectroscopy or elemental analysis (Durham
University Microanalytical Laboratory).

Melting points were determined using Gallenkamp melting
point apparatus and are uncorrected. Infrared spectra were
recorded as thin films between KBr plates (liquids) or using an
ATR attachment (golden gate apparatus) on a Perkin-Elmer FT-
IR 1600 spectrometer. Unless otherwise stated "H NMR spectra
were recorded in CDCl; on either a Varian Mercury 200, Varian
Unity-300, Mercury-400 or Varian Inova-500 and are reported as
follows: chemical shift 0 (ppm) (number of protons, multiplicity,
coupling constant J (Hz), assignment). Residual protic solvent
CHCL; (04 = 7.26 ppm) was used as the internal reference. *C
NMR spectra were recorded at 101 MHz or 126 MHz on a
Mercury-400 or Varian Inova-500 respectively, using the central
resonance of CDCl; (0. = 77.0 ppm) as the internal reference.
All chemical shifts are quoted in parts per million relative to
tetramethylsilane (dy; = 0.00 ppm) and coupling constants are
given in Hertz to the nearest Hz. All *C spectra were proton
decoupled. Assignment of spectra was carried out using DEPT,
COSY, HSQC, HMBC and NOESY experiments. Low-resolution
electrospray mass spectra (ES) were obtained on a Micromass LCT
mass spectrometer or a Thermo-Finnigan LTQ. High-resolution
mass spectra (ES) were obtained on a Thermo-Finnigan LTQFT
mass spectrometer in Durham. Characterisation data for com-
pounds 4b—4h, 5d, Se, 5g, 8d, 8¢ and 8g can be found in the ESI.}

General method for /NV-alkylsulfonyl protection of lactams

Toacold (0°C)solution of lactam (0.34 M, 1.0eq.) indry THF was
added a solution of n-BuLi (1.6 M, 1.1 eq.) via a syringe and the
reaction mixture was stirred at 0 °C for 1 h (white precipitate (salt)
forms). To this was added a cold (0 °C) solution of arylsulfonyl
chloride (1.0 M, 1.3 eq.) in dry THF via cannula. The reaction
mixture was stirred at 0 °C and followed by TLC or LCMS until
all the starting material was consumed. The reaction was warmed
to room temperature and concentrated in vacuo, the crude material
was taken into DCM, washed with water (3x), dried over MgSO,
and concentrated under reduced pressure.

N-[(4-Methylphenyl)sulfonyl]-2-0xoazepane 4a

Purification by flash chromatography (1: 15%, 2: 25%, 3: 35%
ethyl acetate—pet. ether) afforded the desired product as a white
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solid (1.10 g, 4.12 mmol, 46%). Mp 117-120 °C. Found; C, 58.11;
H, 6.28; N, 4.92%; calc. for C,;H,,NO;S; C, 58.40; H, 6.41; N,
5.24%. vy (KBr) 2941, 2861, 1697 (NC=0), 1597, 1353 (S0O,),
1168 (SO,), 1123, 1088, 813, 549, 535 cm™'. 6, (500 MHz, CDCl,)
1.64-1.76 (4H, m, 4-H,, 5-H,), 1.81 (2H, m, 6-H,), 2.41 (3H, s,
4-CH;),2.53(2H,t,J =6 Hz, 3-H,),4.01 2H, t,J =5Hz, 7-H,),
7.29 2H,d, J =9 Hz, 3-H, 5-H), 7.87 2H, d, J =9 Hz, 2-H,
6-H).dc (125 MHz, CDCl,) 21.9 (4-CH,), 23.2 (C-4), 29.4 (C5),
29.6 (C-6), 39.0 (C-3), 46.7 (C-7), 128.8 (C-2'), 129.5 (C-3'), 136.8
(C-4),144.7 (C-1'), 175.1 (C-2). m/z (ES*) 268.0 (MH"*).

General method for cyclisation of NV-alkylsulfonyl protected
lactams

To a cold solution (0.08 M, —78 °C) of N-sulfonyl lactam (1 eq.)
and N,N,N’,N'-tetramethyl-1,2-ethylenediamine =~ (TMEDA,
1.3 eq.) in dry THF was added a cold solution of lithium diiso-
propylamide (LDA, 1.3 eq.) via cannula. The resulting reaction
mixture was stirred at —78 °C for 2 h after which time a cold
solution (0.2 M, —78 °C) of diphenylphosphonic chloride (1.2 eq.)
in dry THF was added via cannula. The reaction mixture was
stirred at —78 °C for 1 h then warmed to room temperature and
quenched with NH,Cl (aq.). The mixture was concentrated in
vacuo and the aqueous layer was extracted with ethyl acetate. The
organic phase was washed with NaHCO; (aq.) then brine, dried
over MgSO, and concentrated in vacuo affording crude material.

1,2,3,4-Tetrahydro-7-methylazepino[1,2-b][1,2]benzothiazole-
10,10-dioxide 5a

Purification by flash chromatography (15% ethyl acetate—
dichloromethane) afforded the title compound as a white solid
(0.19 g, 0.76 mmol, 41%) and phosphonite (0.13 g, 0.28 mmol,
15%). Mp 112-114 °C. v,,, (KBr) 2936, 1666, 1610, 1464, 1305,
1178, 1146, 1061, 941 cm™'. Jy (500 MHz, CDCl;) 1.79 (2H, m,
3-H,), 1.98 (2H, m, 2-H,), 2.42 (5H, m, 4-H,, 7-CH;), 3.57 (2H,
t,J =6 Hz, 1-H,), 578 (1H, t, J = 7 Hz, 5-H), 7.29 (1H, d, J =
8 Hz, 8-H), 7.41 (1H, s, 6-H), 7.64 (1H, d, J = 8 Hz, 9-H). d¢
(125 MHz, CDCl;) 22.2 (7-CHj;), 27.0 (C-3), 27.3 (C-4), 28.9 (C-
2),45.3 (C-1),106.3 (C-5), 120.8 (C-6), 121.1 (C-9), 128.9 (C-9a),
130.6 (C-8), 132.4 (C-5b), 135.9 (C-5a), 144.1 (C-7). m/z (ES*)
249.6 (MH*), HRMS (ES) found MH* 250.0896, C;H,;,NO,S
requires M* 250.0896.

1,2,3,4-Tetrahydro-7-bromoazepino[1,2-b][1,2]benzothiazole-
10,10-dioxide 5f

Purification by flash chromatography (1: 15% ethyl acetate—
cyclohexane, 2: 30% ethyl acetate—cyclohexane) afforded the title
compound as a white solid (0.219 g, 0.70 mmol, 46%). Mp
199-200 °C. Found; C, 46.25; H, 3.96; N, 4.38%; calc. for
C,,H,NO,SBr; C, 45.87; H, 3.85; N, 4.38%. v, (KBr) 2939,
2866, 1661, 1589, 1572, 1455, 1418, 1309, 1229, 1177, 1143, 1073,
1055 em™'. § (400 MHz, CDCl;) 1.79 (2H, quint., J = 6 Hz, 3-
H,),1.98 (2H, m, 2-H,),2.44 (2H, q,J = 6 Hz,4-H,), 3.58 2H, m,
1-H,), 5.79 (1H, t, J = 6 Hz, 5-H), 7.58-7.68 (2H, m, 8-H, 9-H),
7.76 (1H, s, 6-H). 6 (100 MHz, CDCl;) 26.9 (C-4), 27.4 (C-3),
28.8 (C-2),45.4(C-1),108.2 (C-5), 122.8 (C-9), 123.9 (C-6), 128.0
(Ar(C), 130.3 (ArC), 132.6 (C-8), 134.0 (C-5b), 134.7 (C-5a). m/z
(ES*) 314.2 [MH* (Br™)], 316.2 [MH* (Br®)].

Crystal data for 5f. C,H,,BrNO,S, M = 314.20, orthorhom-
bic, space group Pbcn, a = 16.5525(3), b = 10.1393(2), ¢ =
14.0826(3) A, U = 2363.5(1) A3, F(000) = 1264, Z = 8, D,
1.766 Mg m~, u = 3.643 mm~' (Mo-Kao, A = 0.71073 A), T =
120(1)K. 30330 reflections were collected on a Bruker SMART
CCD 6000 diffractometer (®-scan, 0.3° per frame) yielding 3450
unique data (R;,, = 0.0259). The SADABS absorption correction
has been applied. The structure was solved by direct methods
and refined by full-matrix least squares on F* for all data
using SHELXTL software.?! All non-hydrogen atoms (except the
disordered ones) were refined with anisotropic displacement pa-
rameters, H-atoms were located on the difference map and refined
isotropically. Final wR2 (F?) = 0.0724 for all data (190 refined
parameters), conventional R (F) = 0.0285 for 3450 reflections with
I > 20(I), GOF = 1.145. Crystallographic data for the structure
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication CCDC 650785.

1-Tosyl-4,5,6,7-tetrahydro-1H-azepin-2-yl diphenylphosphinate 8a

To a cold solution (=78 °C) of N-tosyl caprolactam (0.63 g,
2.36 mmol, 1 eq.) in dry THF (30 ml) was added sodium
hexamethyldisilazane (NaHMDS, 2 M, 1.25 ml, 2.51 mmol,
1.2 eq.) via syringe. The resulting reaction mixture was stirred
at —78 °C for 1 h after which time diphenylphosphonic chloride
(0.48 ml, 2.51 mmol, 1.2 eq.) was added via syringe. The reaction
mixture was stirred at —78 °C for 2 h before being warmed to
room temperature and quenched with H,O. The mixture was
concentrated in vacuo and the aqueous layer was extracted with
ethyl acetate. The organic phase was washed with brine then
dried over MgSO, and concentrated in vacuo affording the crude
material as a yellow soild. Purification on a Horizon® column
chromatography system (1: 5% ethyl acetate—pet. ether, 2: 10%
ethyl acetate—pet. ether) afforded the desired product as a white
solid (0.80 g, 1.71 mmol, 73%). v, (KBr) 3056, 2947, 2914, 2848,
1672, 1595, 1440, 1343, 1230, 1160, 1031, 993, 953, 869 cm™'.
on (400 MHz, CDCl;) 1.34 (2H, quint., J = 6 Hz, 5-H,), 1.65
(2H, quint., J = 6 Hz, 6-H,), 1.85 (2H, q, J/ = 6 Hz, 4-H,), 2.35
(3H, s, 4-CH;), 3.19 2H, m, 7-H,), 5.52 (1H, dt, J, = 2 Hz,
Ju =8 Hz, 3-H), 7.07 2H, d, J = 8 Hz, 3"-H, 5"-H), 7.41-7.47
(4H, m, Ar-H), 7.52-7.57 2H, m, 4-H), 7.67 (2H, d, J = 8 Hz,
2'-H, 6'-H),7.78-7.86 (4H, m, Ar-H). o (100 MHz, CDCl;) 21.9
(4'-CHj;), 24.1 (C-5), 24.4 (C-4), 30.1 (C-6), 49.6 (C-7), 113.6 (C-
3), 127.7 (C-2"), 128.8 (ArCH), 129.9 (C-3"), 130.3 (ArC), 131.6
(ArC), 132.4 (ArCH), 132.8 (C-4), 138.4 (ArC), 143.9 (C-2). 0p
(162 MHz, CDCl;) 33.0. m/z (ES*) 468.2 (MH"), 490.3 (MNa*),
956.8 (2MNa*). HRMS (ES) found MH* 468.1398, C,sH,,NO,PS
requires M* 468.1393; found MNa* 490.1214, C,sH,,NNaO,PS
requires M* 490.1212.

1,2,3,4-Tetrahydro-7-tolylazepino[1,2-b][1,2]benzothiazole-10,10-
dioxide 9

A mixture of p-tolylboronic acid (0.05 g, 0.37 mmol, 1 eq.),
NaHCO; (0.09 g, 1.10 mmol, 3 eq.) and 5f in a DME (7 ml)-
H,O (3 ml) mixture was degassed by 3 freeze—pump-thaw cycles.
Pd(PPh;), (0.02 g, 0.017 mmol, 0.05 eq) was then added and the
reaction mixture was heated at 80 °C for 45 min. The mixture was
allowed to cool to room temperature and concentrated in vacuo

This journal is © The Royal Society of Chemistry 2007
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and the aqueous layer was extracted with ethyl acetate. The organic
phase was washed with H,O then brine, dried over MgSO, and
concentrated in vacuo affording crude material. Purification by
flash chromatography (10% ethyl acetate—pet. ether) afforded the
title compound as an off-white solid (0.102 g, 0.31 mmol, 86%).
Mp >130 °C (sinters and decomposes). vy, (KBr) 2940, 2920,
1622, 1393, 1291, 1173, 1142, 1067, 1005, 973, 829, 805, 701 cm™'.
Jn (500 MHz, CDCl;) 1.83 (2H, quint., J = 6 Hz, 3-H,), 2.01
(2H, m, 2-H,), 2.43 (3H, s, 4-CH), 2.48 (2H, s, J = 6 Hz, 4-H,),
3.63 (2H, m, 1-H,), 5.90 (1H, t, J = 6 Hz, 5-H), 7.30 2H, d, J =
8 Hz, 3-H), 7.50 (2H, d, J = 8 Hz, 2-H), 7.68 (1H, dd, J, =
9Hz,J,=1Hz 8-H),7.77 (1H,d, J = 1 Hz, 6-H), 7.82 (1H, d,
J =9 Hz, 9-H). ¢ (125 MHz, CDCl;) 21.4 (4-CH,), 27.0 (C-3),
27.3 (C-4), 28.9 (C-2), 45.3 (C-1), 106.7 (C-5), 118.9 (C-6), 121.7
(C-9), 127.5 (C-2)), 128.6 (C-8), 129.8 (C-7), 130.0 (C-3'), 132.8
(C-5b), 136.0 (C-5a), 136.8 (C-1), 138.9 (C-4), 146.6 (C-9a). m/z
(ES*) 326.1 (MNa*), 389.1 (MNaMeCN*). HRMS (ES) found
MH* 326.1208, C,yH,,NO,S requires M* 326.1209.

1,2,3,4,5-Quintahydro-7-methylazepino[1,2-b][1,2]benzothiazole-
10,10-dioxide 10

A solution of 5a (0.05 g, 0.20 mmol, 1 eq.) in EtOH (1 ml,
0.2 M) was added via cannula to a flask containing 10% Pd/C
(7.5 mg, 15% w/w). The flask was placed under an atmosphere
of H, and the reaction mixture was stirred at room temperature
overnight. The flask was flushed with argon and the suspension
was filtered through a pad of Celite and washed through with
EtOAc; the organics were concentrated in vacuo affording crude
material. Purification by flash chromatography (20% ethyl acetate—
pet. ether) afforded the title compound as a white solid (0.022 g,
0.088 mmol, 44%). Mp 113-115 °C. v, (KBr) 2934, 2856, 1610,
1464, 1305, 1178, 1146, 1061, 941 cm™'. d (500 MHz, CDCl;)
1.57-1.90 (6H, m), 2.08 (1H, m, 2-HH), 2.28 (1H, m, 5-HH), 2.45
(3H, s, 7-CH;), 3.29 (1H, ddd, J, = 12 Hz, J, =8 Hz, J; = 4 Hz,
1-HH), 3.68 (1H, ddd, J, = 12 Hz, J, =8 Hz, J; = 4 Hz, |-HH),
447 (1H, dd, J, = 10 Hz, J, = 3 Hz, 5a-H), 7.16 (1H, s, 6-H),
7.31 (1H, d, J = 8 Hz, 8-H), 7.66 (1H, d, J = 8 Hz, 9-H). Jc
(125 MHz, CDCl;) 22.1 (7-CH,), 27.1, 27.6 (2 x CH,), 27.7 (C-2),
36.3 (C-5),42.5(C-1),62.3 (C-5a), 121.1 (C-9), 124.3 (C-6), 130.3
(C-8), 132.0 (C-9a), 139.2 (C-5b), 143.9 (C-7). m/z (ES*) 252.0
(MH"), 503.1 2MH"), 525.1 (2MNa*). HRMS (ES) found MH*
252.1060, C;3H,;NO,S requires M* 252.1858.
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A new clip-like receptor, which comprises two thiourea-based binding groups and two

naphthalene units, has been designed and synthesized as a fluorescent chemosensor for distinguishing
o-phthalate from two other isomers of dicarboxylates. Upon the addition of these three ions, the
emission intensity at 420 nm (excitation at 340 nm) decreases drastically through PET. When excited at
380 nm, a new emission band at 460 nm appears and develops gradually upon the addition of the

o-phthalate ion and the fluorescent intensity increases markedly over time, but the presence of
m-phthalate or p-phthalate do not cause this kind of change. It suggests a guest-induced “off—on”
conformational switching signaling transduction. The presence of the o-phthalate anion induces a
special conformation with two naphthalene units positioned close enough to exhibit a new emission.

Introduction

The development of synthetic receptors able to bind polyanions
selectively in a detectable fashion to an observer via changes in
electrochemical response or in fluorescence intensity constitutes
an important yet difficult task facing supramolecular chemists,'?
since these species are not only strongly solvated in protic media
but also characterized by multiple charges and complex shapes.
While several elegant receptor systems for the selective bindng
of dicarboxylate anions based on the use of two guanidium-
like units,® bis-urea and bisthiourea units,*> as well as the clever
use of amidopyridine® hydrogen bonding subunits within well-
defined structural arrays have been reported,” differentiation
of geometric isomers (such as ortho/meta/para dicarboxylates)
is, in general, a difficult task, because of their rather similar
chemical and physical properties e.g. charge density and structural
complexity.”!

In this paper, we address the problem of discriminating o-
phthalate from m-phthalate and p-phthalate isomers by using a
conformational switching fluorescent chemosensor (SN). The clip-
like receptor contains two thiourea-based binding groups and two
naphthalene units serving as the fluorescent read-out (Scheme 1).
It is well known that urea and thiourea derivatives are attractive in
the construction of neutral hydrogen bonding receptors.* The
relative acidic thiourea NH protons with a strong hydrogen-
bond donor capability, can establish multipoint, often cooperative,
hydrogen bonds with complementary acceptor groups in a specific
and predictable manner.’ In the presence of a specific anion as
the conformational template, the hydrogen bonds between the
thiourea groups and the anion induce the clip-like receptor to
display a cis-conformation with two naphthalene lumophores
close enough, from which an excimer fluorescence is formed.”*™

State Key Laboratory of Fine Chemicals, Dalian University of Technology,
Dalian, 116012, China. E-mail: cyduan@dlut.edu.cn

T Electronic supplementary information (ESI) available: Experimental
procedures and characterization data, fluorescence and absorption spectra
of SN. See DOI: 10.1039/b708983j
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Scheme 1 Chemical structure of SN.
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It is clear that the three isomers of dicarboxylates might induce
the molecular clips into different conformations, and different
fluorescence is expected.

Results and discussion

Compound SN was obtained by the reaction of isothio-
cyanatomethyl naphthylene with a biphenyl derivative in good
yield. The fluorescence spectrum of SN in a CH;CN solution
(Fig. 1) shows a strong emission band at 420 nm attributing to the
naphthyl-thiourea group (excitation at 340 nm).'*** Upon addition

150+
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o
1
\
’
’
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Fig. 1 Emission spectra of SN (1 x 10~*M) upon addition of o-phthalate
as its TBA salt in CH;CN. Excitation wavelength is 340 nm.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3535-3538 | 3535





of a o-phthalate ion in the form of tetrabutylammonium (TBA)
salt, the emission intensity decreases drastically, and no significant
shift of the wavelength is found when excited at 340 nm. The
observed fluorescent quenching could be attributed to the typical
guest-induced PET process.'* Upon coordination of the anion with
the sensor, the hydrogen bonds between the anion and thiourea
(TU) cause a decrease in the oxidation potential of the thiourea
receptor, which triggers the PET from thiourea to coordinate to
the relatively electron deficient naphthalene fluorophore, leading
to the enhancement of a PET effect, thus causing the fluorescence
to be “switched-off”.

Upon the addition of m- or p-phthalate ions, the intensity of
the emission band at 420 nm decreases similarly. The luminescent
titrations with the three isomeric phthalates suggest the formation
of 1 : 1 stoichiometry host-guest interacted species with the
association constants calculated as logK = 5.14 4+ 0.02, 5.65 £+
0.02 and 5.67 &+ 0.03, for the o-, p-, and m-phthalate anions,
respectively (Fig. S11). When excited at 380 nm, a new emission
band at 460 nm appears and develops gradually upon the addition
of a o-phthalate ion, whereas, no obvious emission is found
with the free SN receptor being excited at the same wavelength
(Fig. 2). And upon the addition of m-phthalate or p-phthalate
to the CH;CN solution of SN, no new emission band appears
(Fig. 3); even the excitation wavelength varies from 340 to 500 nm,
indicating that no new luminescence species are obtained. Such a
selectivity suggests that the observed process is an anion-binding
rather than a deprotonation process, since the three isomers have
similar abilities of deprotonation.
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Fig.2 Emission spectra of SN (1 x 10~* M) upon addition of o-phthalate
as its TBA salt in CH;CN. Excitation wavelength is 380 nm.
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Fig.3 Fluorescence spectra of SN (1 x 10~* M) in the presence of 60 equiv.

mole ratio of phthalate ions as TBA salts in MeCN. Excitation wavelength
is 380 nm.

Generally, such a new emission band could be assigned either
to the emission of an excited naphthyl dimer, or to a dimer of an
excited naphthyl with a second naphthyl in its ground state that
are attributed to the anion-induced mutual interactions between
naphthalene moieties,''” or to the emission of the biphenyl moiety
in the anion-induced restricted conformation.” The excitation
spectrum of the emission recorded at 460 nm is quite different
from that recorded at 420 nm (Fig. 4), and the excitation at 340 nm
does not induce any obvious emission at 460 nm, suggesting
that the new broad excitation band at 380 nm is the origin of
the emission band at 460 nm." Such a result demonstrates that
the new emission band at 460 nm should not be assigned to
the dimer of an excited naphthyl with a second naphthyl in its
ground state. Further investigation exhibits that the fluorescent
intensity at 460 nm is observed to increase markedly over time
(Fig. 5). Such a time-dependent behavior demonstrates that the
new emission should not be originated from the emission of the
biphenyl moiety in the anion-induced restricted conformation.?!
Thus, the new emission can be assigned to the emission of an
excited naphthyl dimer, in which the UV-vis irradiation may favor
the stableness of the excited naphthyl dimer. It also seems that
a photoreaction is taking place, and that the new band is due to
some photoproduct. Since the o-dicarboxylate anion itself exhibits
significant absorption, UV-vis titration (Fig. S27) could not give
enough useful information.
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300 320 340 360 380 400

Wavelength (nm)

Fig. 4 Excitation spectra with the emission recorded at 420 nm (solid)
and 460 nm (dash), respectively.
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Fig. 5 The plot of emission intensity against time in the presence of a 5
molar ratio of o-phthalate, irradiated at 380 nm at 20 seconds intervals.

Although no appropriate explanation would account satisfac-
torily for such fluorescent responding behavior, which has never
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been observed before, the receptor SN has high selectivity to the
o-phthalate ion over the other two isomers of dicarboxylates.
It is suggested that when receptor SN binds with m-phthalate
or p-phthalate, the two branches cannot compact together and
the two naphthalene units cannot overlap efficiently, and, as a
consequence, no excimer fluorescence is observed (“off” state),
despite that the twist conformation of the phenyl rings makes the
geometrical conformation of SN suitable for binding to different
phthalates. The tweezer-like o-phthalate anion induces the two
branches of SN to point in the same direction by H-bonding,
with the two naphthalene units being close enough to exhibit a
new emission. Compared with similar receptors that have been
reported,® the presence of torsional groups rather than foldaway
ones make the receptor SN only fit one isomer and high selectivity
is achieved (Fig. 6).

NH %
HN ©: NN
0 (o]0} 0 Y
) 1? Q
AH CHN-NH
HN H
>=s =
HN s Q 7

Fig. 6 Structure proposal of the complex formed between SN and the
o-phthalate anion with the twist conformation induced by the anion.

To further investigate the anion binding properties of the
receptor SN, 'H NMR spectra changes by the addition of the o-
phthalate as a TBA salt to acetonitrile-d; solution were measured.
As shown in Fig. 7, in the presence of o-phthalate, the signals of
the Hy, and Hy; protons are broad and downfield from 8.02 to
8.76 ppm, which may be attributed to the net deshielding that
is induced by hydrogen-bonding between the thiourea subunit
and the anion.” The signals of H, and H, shift downfield from
7.66 to 7.72 ppm, and from 7.26 to 7.35 ppm, respectively. These
deshielding effects may be created from the partial positive charge
of these protons that come from the nearness of the carboxyl
group of the guest and the protons, and the probable participation

I
T ™/ = T T T

22 80 78 76 74 12 70 G8pm

Fig. 7 '"H NMR spectra of SN (a) in acetonitrile-d; (5 x 10~° M) and
(b) upon the addition of a 2.0 equivalent molar ratio of the o-phthalate
anion.

of these protons in the formation of additional hydrogen bonds.
The presence of the o-phthalate anion also makes the signal of
H, shift upfield from 7.90 to 7.85 ppm and all other protons in
the naphthalene rings exhibit small but significant upfield shift,
due to the presence of anions enhancing the electron density on
these naphthalene rings.?®* From a mechanistic point of view, in the
free outspread conformation of SN, H, has the potential to form
intramolecular H-bonds with the C=0 group of the other arm,
whereas the presence of o-phthalate could induce the two branches
to form a cis conformation, and the H-bonding is destroyed with
the signal of H, exhibiting upfield shift. At the same time, the
formation of hydrogen bonds between the anions and the thiourea
groups causes significant downfield shifts of these imine protons
as well as the protons of the naphthalene rings that are close to
the thiourea group, with the two naphthalene lumophores close
enough to exhibit naphthyl dimer fluorescence.

Two dimensional NMR studies have been also carried out to
give more information about the anion binding properties of the
receptor SN. As shown in Fig. 8, in the presence of the o-phthalate
anion, NOESY experiments show that the H, and H, of SN
correlate with the protons of the anion, indicating the formation
of a complex between SN and the o-phthalate anion. In addition,
no obvious signal shows the nearness between the protons of the
naphthalene rings and the anion. With all this information, a
structure proposal as shown in Fig. 6 can be acceptable.

T T
8.4 8.2 8.0 7.8 7.6 74 7.2 7.0 ppm

Fig. 8 'H NOESY NMR spectra of SN in acetonitrile-d; (5 x 107 M)
upon the addition of a 2.0 equivalent molar ratio of the o-phthalate
anion.

Conclusions

In summary, a new clip-like receptor, which comprises two
thiourea-based binding groups and two naphthalene units, has
been described as a fluorescent chemosensor to distinguish o-
phthalate from two other isomers of dicarboxylates through
fluorescent response in an “off-on” manner. The presence of
torsional groups rather than foldaway ones makes the receptor
SN exhibit high selectivity by fitting the conformation of one
isomer well. Such fluorescent responding behavior has never been
observed before, and no appropriate explanation would account

This journal is © The Royal Society of Chemistry 2007
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satisfactorily for it. We are now going on with our investigation
of the system and expect that more results will be obtained in the
future.

Experimental section
Materials and measurements

Biphenyl-2,2'-dicarbohydrazide was prepared according to a pro-
cedure reported in the literature.** Elemental analyses (C, H, and
N) were carried out on a Perkin-Elmer 240 analyzer. UV-vis
spectra were obtained on a Shimadzu 3100 spectrophotometer in
CH;CN at room temperature. Fluorescence spectra were recorded
on an AMINCO Bowman Series 2 Luminescence spectrometer.
Both excitation and emission slit widths were 3 nm. Stock solutions
(0.10 M) of the tetrabutylammonium salts were prepared in
MeCN. Fluorescence titration experiments were performed with
0.10 mM solution of SN in MeCN and varying concentrations
of the tetrabutylammonium salts in MeCN. '"H NMR spectra
were measured on a Bruker DRX-500 NMR spectrometer. 'H
COSY NMR spectra and “C NMR spectra were measured on
a Varian INOVA spectrometer. Mass spectra were recorded on a
HP1100LC/MSD spectrometer. IR spectra were recorded in KBr
or neat on a Nicolet-20DXB spectrophotometer.

Preparation of SN

A solution of biphenyl-2,2'-dicarbohydrazide (0.270 g, 1 mmol)
and 1-naphthylisocyanate (0.407 g, 2.2 mmol) in 25 mL EtOH was
refluxed with stirring for 1 hour and then evaporated to SmL. After
cooling to room temperature, an ivory-white precipitate formed
(0.46 g, 72%), which was collected by filtration, and washed with
EtOH and ether. "H NMR (500 MHz, CD;CN), d(ppm): 9.41
(br, 2Hy,), 8.02 (br, 4H, 2Hy,, 2Hys), 7.94 (d, 2H,, J = 8.1),
7.89 (d, 2H,, J = 8.3), 7.66 (br, 2H,), 7.53 (m, 8H, 2H,, 2H.,
2H;, 2Hy), 7.26 (br, 2H,), 7.24 (m, 2H, 2H,), 7.17 (br, 4H, 2H;,
2H,). ®C NMR (100 MHz, CD;CN), d(ppm): 184.31, 169.85,
139.32, 134.40, 133.24, 130.90, 130.80, 130.18, 128.39, 128.34,
128.26, 128.15, 126.90, 126.75, 126.58, 123.36. Anal. calcd for
C;HxN(S,0,: C, 67.5; H, 4.4; N, 13.1%. Found: C, 67.4; H, 4.5;
N, 13.2%. IR (KBr):, 3222 (v u), 1671 (ve=o), 1596, 1508, 1397
(ven), 1340, 1229 (van), 1091 (vess), 774 (vew) ecm™'. MS m/z:
641.1 (M — H']), 663.2 (M — Na']).
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Caffeine affects the stereoselectivity of microbial high cell density reductions with commercial grade
Saccharomyces cerevisiae (Baker’s yeast). Cyclic B-keto esters ethyl 2-oxocyclopentanoate (1) and ethyl
2-oxocyclohexanoate (3) were shown to be reduced with increased diastereoselectivity (1: 90.1 — 92.1%
de, 3: 75.0 — 90.0% de) after addition of caffeine. Effects on enantioselectivity were less pronounced (1:
97.3 — 98.5% ee, 3: 90.1 — 92.1% ee). The observations are ascribed to the action of caffeine on
cellular calcium homeostasis. These effects are accompanied by caffeine-induced cell-death, which
preferably takes effect on pre-stressed cells which were found to decrease diastereoselectivity.

Introduction

The stereoisomerically pure cyclic cis-B-hydroxy esters 2 and
4 are important chiral pharmaceutical intermediates (CPI)
for macrolide' and carbapeneme antibiotics,> chymotrypsin
inhibitors,® HIV protease inhibitors* as well as for natural product
synthesis.> Above all, they have received attention as promising
chiral synthons for producing oxazolidinone antibiotics® for which
reason their synthesis has been investigated thoroughly.” However,
formation of the cis-configured species is thermodynamically
unfavourable, since the standard free energy of formation AG®
is higher for the respective trans-products (Fig. 1). This can

“Institute of Biochemistry, Dresden University of Technology, Dresden, D-
01062, Germany

bInstitute of Food Technology and Bioprocess Engineering, Dresden Univer-
sity of Technology, Dresden, D-01062, Germany
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nology, Freiberg, D-09596, Germany. E-mail: martin.bertau@chemie.tu-
freiberg.de; Fax: (+49) 3731 39-2324; Tel: (+49) 3731 39-2384

easily be demonstrated by incubation of 2 and 4, respectively,
with 0.5 eq. NaOEt in ethanol at 60 °C, where 64% (4: 62%)
isomerisation to the frans-isomer was observed within 1 h. Conse-
quently, asymmetric catalytic hydrogenation mostly favours trans-
product formation, and enantio- as well as diastereoselectivities
differ greatly (Table 1, entries 3-5, 9, 10).7%™ Where satisfactory
diastereoselectivity is achieved, enantioselectivity drops to almost
racemic mixtures (entries 6, 12).7

o] OH
CO,Et ‘. .COEt
> SR
X X
| x | x|
1| CH, 2 | CH, |cis:-337.3, trans: -343.7 kcal/mol
3| (CH,), 4 | (CH,),|cis: -352.7, trans: -362.2 kcal/mol

Fig. 1 Base catalysed isomerisation of cyclic cis-hydroxy esters to
thermodynamically more stable trans-products.

Table 1 Synthetic methods for the production of stereoisomerically pure cis-(1 R,2S)-B-hydroxy esters 2 and 4
Stereopurity (1R,2S)

Entry Product Method ee (%) de (%) Ref
1 2 Whole-cell-biotransformation (Saccharomyces cerevisiae) 97 97 9
2 n.d.” 60 Ta
3 Whole-cells (Daucus carota) 97 n.d. 7b
4 96 -92 Tc
5 Catalytic hydrogenation 95 —-94 7d
6 11 94 Te
7 Enzymatic resolution of racemates 99 n.d. 7f
8 4 Whole-cell-biotransformation (Saccharomyces cerevisiae) 91 75 9
9 96 72 Ta

10 Whole-cells (Daucus carota) 98 n.d. Te

11 Catalytic hydrogenation 88 8 7d

12 14 94 Te

13 Enzymatic resolution of racemates 99 n.d. 7f

14 86 n.d. g

15 95 n.d. Th

“n.d.—no data
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Enzymatic variants are often tedious, some exhibit long reac-
tion times (3-10 d), and conversions are mostly low (5-50%). While
enzymatic resolutions of racemates, e.g. with Candida antarctica
lipase B (CAL-B, entries 7, 13), proceed with high enantioselec-
tivity, there are no data available for the diastereopurity of the
obtained products.”-7&"8

Based on the literature data available (Table 1), the microbial re-
duction with S. cerevisiae appeared as the most promising method.
And, in contrast to other variants, this methodology allows facile
up-scaling into the gramme- to kilogramme-scale.” Furthermore,
no limitations concerning microorganism availability are encoun-
tered, since Baker’s yeast is produced commercially on a large
scale.’ Yet, a major drawback of whole-cell biotransformations of
2 and 4 with commercial grade yeast results from unsatisfactory
stereopurity which, in addition, tends to vary from batch to batch.

Because of their significance as chiral synthons in the synthesis
of pharmaceutically active compounds and natural products,
attempts were undertaken to optimise the whole-cell biocatalytic
syntheses of CPI 2 and 4 towards reproducibly good yields and
stereoselectivities. In this article, we wish to report on the reasons
for the varying product stereopurities and the outcome of caffeine
addition as a remedy to overcome these limitations in microbial
reductions of cyclic f-keto esters 1 and 3.

Results and discussion

The microbial reduction is initiated by the highly substrate specific
and highly diastereoselective reduction of the (1R)-configured
B-keto ester substrate to give the (1R,2S)-hydroxy ester as a
single product. After 18-20% conversion, (15,2S)- and (1S5,2R)-
stereoisomers were also detectable in measurable amounts, while
the (1R,2R)-diastereomer was not observed at all, even at the end
of the bioprocess (Fig. 2).

The aim of these investigations was to optimise stereoselectivi-
ties of the whole-cell biotransformations, and the major challenge
was to understand the underlying intracellular processes on a
molecular level.

First indications were obtained from experiments that demon-
strated that pure 4 is partially re-oxidised to give (R)-3 (Fig. 3).
After isomerisation of the latter to (S)-3, trans-isomer 11 was
formed, which according to Jalloh, is 1.6 times less cytotoxic
(maximal tolerated dose MTD(4) = 1.55 mmol g~' cell dry weight,
MTD(11) = 2.54 mmol g' cell dry weight)." Since 4 cannot be
formed but by (2.5)-carbinol selective reduction of (1 R)-configured
substrates, there must exist additional (S)-3-reducing enzyme
activity contributing to product formation. As a consequence,
not only re-oxidised material, but also unconverted substrate is
reduced to undesired stereoisomers 11 and 12 (Fig. 3). Upon
exposure to air and pure oxygen, 4 has proven chemically and
configurationally stable.

OH o)
i CO,Et CO,Et
(R) —_— > (R) = 6
re-oxidation
by yeast
4 vy (R)-3

~CO,Et ~CO,Et
é (R) (S) (R) +
X X
| x | x
{R)1 CH2 2| CH, 7| CH,
{R)-3|(CH,), 4 |(CH,), 10|(CH,),

% _CO,Et i CO,Et ce (%) | de (%)
2| 973 | 975

4| 90.1 75.0

1| CH, 5| CH,
3|(CH,), 6 | (CH,),
I
o] C_)H OH
% LCO,Et K (S) CO,Et ® CO,Et
] — (S) + ()
X X X
X | x [ x
(S)-1| CH, 8| CH, 9| CH,
(S)-3|(CH,), 11|(CH,), 12|(CH,),

Fig. 2 Stereoselective reduction of cyclic B-keto esters. The chiral
substrate exists in a tautomeric equilibrium consisting of the (l1R)-
and (15)-configured optical antipodes and their enol. Enzyme substrate
complex formation with the (1R)-substrate irrevocably determines config-
uration of the a-ester carbon in the product. Stereoselective reduction at
C-2 furnishes a diastereomeric mixture of cis- and trans-hydroxy esters.
Enantiomer formation requires enzyme substrate complex formation with
the (15)-substrate. For this reason, the biocatalytic approach to stereopure
cyclic B-hydroxy esters is superior to conventional attempts—under the
condition that there is no competing (1S)-specific enzyme activity as
encountered in stressed cells.

Improving stereoselectivity

Initially, since not all enzymes involved in the stereoselective
reduction of 1 and 3 have been identified and characterised
yet,'? established dehydrogenase inhibitors allyl alcohol,'* methyl
vinyl ketone (MVK),* allyl bromide' and ethyl chloroacetate'
had been tested for their stereodirecting properties. However, no
improvement of stereoisomer distribution was detected.

For that reason, an alternative concept was pursued, namely the
perturbation of the intracellular enzyme network by a physiologi-
cally active substance (PAS). A living yeast cell can be understood
in terms of a multi-enzyme system with different dehydrogenases
acting on a substrate. And, as intracellular enzymes are highly
counter-regulated, affecting one enzyme’s activity may well be
conceived to affect other enzyme’s activities.”” The observed
stereoselectivity of a whole-cell biotransformation results from the
sum of the overall dehydrogenase activity. Since altered growth
conditions may greatly affect cell physiology, varying reaction
conditions will have a considerable outcome on the complex cellu-
lar enzyme network and therefore on stereoisomer distribution

OH OH
; CO,Et CO,Et

o — (OF . (P
1 12

—_—
~

Fig. 3 Reoxidation of cyclic B-hydroxy esters and subsequent reduction cause competing stereoisomer formation.
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Table 2  Effect of heat shock on stereoselectivities of the bioreductions 1
—3and2 —~ 4

Entry T/°C Product ee (%) de (%)
1 30 2 97.3 97.5
2 38 43.7 56.6
3 30 4 90.1 75.0
4 38 78.0 67.2

in the product.’® Moreover, already the substrates themselves
exert physiological effects because of which biotransformations
of xenobiotics generally should be regarded as a major impact on
cellular homeostasis. In other words, the cells experience stress,
defined by Hohmann and Mager as ‘any deviation from optimal
life conditions for the cell’.” How deeply biotransformations of
xenobiotics may interfere with cell physiology can be derived from
Table 1, entries 1,2,8,9, where varying reaction conditions had a
considerable outcome on stereoisomer distribution.

From earlier experiments, it is known that stressed cells produce
the undesired (15,2S5)- and (1S,2R)-stereoisomers.” Therefore, as
a working hypothesis, we ascribed the differing product stereopu-
rities to the presence of stress proteins with dehydrogenase activity.
This interpretation was supported by heat shock experiments at
38 °C, which led to far lower stereoselectivities than bioconversions
conducted at 30 °C (Table 2).

The participation of stress proteins with dehydrogenase activity
is not surprising. In fact, we were able to demonstrate that also
osmotic stress or acid stress did affect the stereoisomer distribu-
tions of whole-cell biotransformations.® Further, dehydrogenase
activity of stress proteins is a common motif in stress responses.?!
For these reasons, the initial idea to improve stereoselectivities
of the biotransformations of 1 and 3 was to impose additional
stress on the whole-cell biocatalysts with the aim of completely
interfering with the stress physiology of the cells. For these
purposes, caffeine was chosen since this compound exhibits broad
physiological activity.?

Influence of caffeine on stereoselectivity

Caffeine generally improved the stereoselectivity of S. cere-
visiae mediated bioreductions. Enantiopurity of ethyl-2-oxocyclo-
pentanoate (1) increased from 97.3 to 98.5% ee and that of ethyl-2-
oxocyclohexanoate (3) from 90.8 to 92.1% ee. Diastereomeric ex-
cess of the reduction 1 — 2 increased (97.5 to 98.9% de). Likewise
did the microbial conversion of the six-membered ring homologue
3 — 4, where an even more substantial increase from 75.0 to 90.0%
de was observed. Moreover, the effect of caffeine is concentration
dependent with an optimal concentration of 50 mM. Above this
value, cytotoxic effects of caffeine interfered with the biotransfor-
mation (Fig. 4), resulting in decreased diastereoselectivity and loss
of cell vitality. From these results, it is evident that the perturbation
concept proved successful and that caffeine-induced effects on
eukaryotic cell physiology have an outcome on stereoselectivities
of whole-cell biotransformations. Yet, substrate conversion and
chemoselectivity of biotransformations of cyclic substrates 1 and
3 remained unaffected by caffeine.

However, although stereoselectivities of the microbial reduc-
tions 1 — 2 and 2 — 4 increased considerably by addition of
caffeine, it has to be emphasised that improvements of biore-
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Fig. 4 Influence of caffeine on stereoselectivity of 3 — 4 whole-cell
bioreduction with S. cerevisiae.

ductions with additives mostly rely on empirical considerations.
It must be, for this reason, the aim to establish a thorough
understanding of microbial biotransformations on a molecular
level. The latter would thus allow developing rational strategies
to control the outcome of bioreductions and render biocatalytic
processes more efficient. Therefore, further work was invested to
investigate potential mechanisms underlying caffeine action on
resting cells of S. cerevisiae in whole-cell biotransformations.

Influence of Ca** on stereoselectivity

As reported by Courchesne and Ozturk, caffeine affects calcium
flux into yeast cells, for which reason altered intracellular Ca*-
levels were the first candidates in the investigation of effects caused
by caffeine.”® This appeared reasonable, since intracellular Ca**-
levels are known to considerably act on stereoisomer distribution
in whole-cell biotransformations of B-keto esters.?* Caffeine blocks
Ca’-channels (e.g. through ion channels Mid1p and Cchlp) and
therewith uptake of extracellular Ca®*, but does not completely
eliminate release of Ca’* from intracellular stores.** Hence,
stereoselectivity of a microbial reduction can be conceived to be
dependent on calcium homeostasis in yeast. In order to check
whether these affects apply to the biotransformations of 1 and 3,
caffeine was added in different amounts to a medium containing
100 mM CaCl,, the concentration of which had previously been
shown to affect stereoselectivity.* As shown in Fig. 5, caffeine-
fed cells are insensitive to CaCl,, and CaCl, induced effects on
stereoselectivity appear compensated by caffeine.

From this experiment, it is evident that in fact Ca’*-uptake
into cells is blocked by caffeine and that low intracellular Ca**-
levels have an outcome on the diastereoselectivity of a biotrans-
formation. Here, the effects favoured formation of the (1R,2S)-
stereoisomer.

Influence of Mg** on stereoselectivity

Magnesium salts are reported to direct stereoselectivity of a
microbial biotransformation in an opposite way to Ca**.® There-
fore, with the purpose of further elucidating the stereodirecting
effects of calcium ions, and in order to check for potential effects
of Mg* on stereoselectivity, biotransformations were conducted
with up to 100 mM MgCl, using MgO as a pH buffer instead
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Fig. 5 Influence of caffeine and CaCl, on the stereoselectivity of A: 1 —
2 biotransformation, and B: 3 — 4 biotransformation.

of CaCO;. However, stereoselectivity of the biotransformations
was not significantly altered. This finding indicates that cellular
ion homeostasis remained intact for the tested magnesium salt
concentrations.*

Influence of caffeine and p-keto esters on cell vitality

B-Keto-esters 1 and 3, as well as caffeine, impaired cell vitality of
the biocatalyst S. cerevisiae, with 3 exhibiting a more pronounced
effect (Fig. 6). Where caffeine was administered in combination
with 1(3) the fraction of vital cells was reduced by up to 20%.
Although cell vitality decreased, conversion remained unaffected.
Moreover, stereoselectivity was increasing to the abovementioned
values (Fig. 4). What, at first sight, appeared surprising was
finally the clue to the mode of action of caffeine in whole-cell
biotransformations.

110
100 ]
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-3
60
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with 50 mM Caffeine =  without Caffeine =—

Fig. 6 Effect of B-keto esters 1, 3 and caffeine on cell vitality of S.
cerevisiae. A: Reference. B: Incubation of yeast cells with 1 for 24 h. C:
Incubation of yeast cells with 3 for 24 h.

To start with, these results indicate an overall cell number
sufficient to fully convert the B-keto esters. It has to be stressed at
this point that the cells used were commercial grade. They were
applied as supplied for the purpose of a biotransformation in
order to reflect conditions in industrial biotechnology.?” In fact,
the whole-cell biocatalyst material consisted of intact cells that
produce the desired (1R,2S)-diastereomer. A minor amount of
cells, however, was capable of producing (15,2S)- and (1S,2R)-

stereoisomers. It appears reasonable that these cells have been
pre-stressed by the environmental conditions in the course of
manufacturing, transport and storage prior to use in a biotrans-
formation. As caffeine is described to cause apoptosis in stressed
cells,® it could have caused specific cell death of this pre-stressed
yeast subpopulation finally resulting in higher stereoselectivities.
Apoptosis will have an effect on the stereoselectivity of the
biotransformation, because the capability of a cell to produce
(1S)-specific reductase activity is the outcome of cell-stress.

In addition, caffeine exhibits broad physiological activity
including inhibition of cAMP hydrolysing phosphodiesterase,*
and phosphatidyl inositol kinase related protein kinases like the
DNA-integrity checkpoint protein kinase Meclp,* or the targets
of rapamycin, Torlp and Tor2p.’! Since these caffeine-sensitive
proteins are a part of signal transduction pathways (namely
protein kinase A (PKA) and protein kinase C (PKC)/mitogen
activated protein kinase (MAPK) pathways), all of their targets
may also be affected, each of which increases the effects of caffeine
on cell physiology. Last but not least, caffeine induces cell wall
stress by activation of the cell integrity pathway.?'’

For the purpose of determining the extent of a potential caffeine
induced apoptosis in S. cerevisiae, flow cytometry experiments, in
combination with fluorescent probes, were conducted in order
to measure formation of reactive oxygen species (ROS), which
constitute a key apoptotic feature.*

These investigations experienced further verification by tests
with freshly prepared cultures. The stereoselectivities were in
the range of those reported for caffeine addition. It has to be
noted, however, that in commercial applications, cell densities
>10" cells per mL come into use. This value is far beyond
what can be achieved by regular cell growth, where 10°-107
cells per mL are obtained. However, concentration processes in
order to produce high density cell cultures for commercial scale
applications provoke chemical (e.g. osmosis) and/or physical cell
stress (shearing forces). Therefore, the addition of caffeine is an
invaluable tool to increase product stereoselectivities of high cell
density biotransformations with cells from whatever source.

Caffeine induced apoptosis

In order to characterise the observed cell death, DNA content and
formation of reactive oxygen species (ROS) were measured by flow
cytometry. The results of flow cytometric measurements of ROS
formation in the course of the biotransformations of 1 and 3 are
depicted in Fig. 7. The density plots show that cells exposed to 3
alone, or in combination with caffeine, form increased amounts
of ROS, whereas less ROS are formed in the absence of caffeine,
indicating the occurrence of an apoptotic like process. The same
applied to 1 where effects were less pronounced, as this compound
is a less potent ROS inducer. Consequently, apoptosis is more
likely to occur with cells exposed to a combination of caffeine and
B-keto ester. Treatment with caffeine or B-keto ester alone resulted
in cell death without apoptotic markers.

During the cytometric analysis of ROS formation, counterstain-
ing cells with propidium iodide (PI) served to assay cell vitality.**
Dead cells were expected to appear as a uniform peak with high flu-
orescence intensity. After 24 h, the histograms of samples treated
with caffeine and either 1 or 3 showed PI-positive peaks with lower
fluorescence intensity (Fig. 8) indicating less stained DNA. This
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Fig. 7 Density plots obtained through flow cytometry of dihydrorhodamine 123 stained yeast cells, which were treated with or without caffeine in the
presence of 1 or 3 for 5 h. (A) Reference. (B) Yeast cells treated with 3. (C) Yeast cells treated with 3 and 50 mM cafteine. (D) Yeast cells treated with
50 mM caffeine. (E) Yeast cells treated with 1. (F) Yeast cells treated with 1 and 50 mM caffeine. Quadrants were defined on the basis of reference (A).
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Fig.8 Histograms obtained by flow cytometry of propidium iodide (20 pg
mL"") stained yeast cells, which were treated with or without caffeine
(50 mM) in the presence of 1, 3 for 24 h. (A) Cells treated with 1 and
caffeine. (B) Cells treated with 1. (C) Cells treated with 3 and caffeine. (D)
Cells treated with 3. (E) Cells treated with caffeine. (F) Reference.

effect is either attributable to (i) the activation of endonucleases
with subsequent loss of low molecular weight DNA fragments or
(ii) a change in conformation of DNA (chromatin condensation)
leading to reduced dye absorption capacity.** Appearance of the
latter—a so called sub-G1 peak—provides evidence for apoptotic
cells. Thus, these results support our hypothesis of apoptotic cell
death induced by 1, 3 in combination with caffeine.

The broad physiological activity of caffeine constitutes an
adaptational challenge to yeast cells. It affects pre-stressed cells,
and has an outcome on the bioreduction, where caffeine addition
contributes to a decrease in the formation of undesired (15,2S5)-
and (1S,2R)-stereoisomers by apoptotically eliminating the pre-
stressed subpopulation, which exhibits the highest (1.5)-specific
reductase activity.

These results are in line with the finding that caffeine ad-
dition had no effect on the conversion rate, although the cell
number was reduced. The biotransformatory capacity of pre-
stressed cells spreads on the formation of three stereoisomers,
i.e. they contribute to (1 R,2S)-product formation only to a minor
extent. Therefore, the caffeine-induced loss of these cells can be
compensated by intact cells. The same applies for the simultaneous
addition of caffeine and substrate, i.e. the biotransformation,
where the fraction of vital cells was reduced by up to 20%.

Further characterisation of apoptotic cell-death in S. cere-
visiae exposed to xenobiotics by determining phosphatidylserine
translocation,* caspase activity®® and mitochondrial function*
are a matter of forthcoming investigations and beyond the scope
of this contribution.

Conclusions

The biocatalytic synthesis of cis-configured cyclic f-hydroxy esters
2 and 4 with high cell density cultures of S. cerevisiae was
improved by applying a new concept, namely the perturbation
of the cells’ enzymatic network by a physiological active substance
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(PAS). Two different modes of action become effective upon
caffeine addition: (i) pre-stressed cells are stimulated to commit
apoptosis (programmed cell death). (ii) Intracellular calcium levels
are decreased. The combination of both factors is responsible for
the observed increase in stereoselectivity.

The former drawback of unsatisfactory diastereoselectivities
could be overcome by a facile easy-to-use methodology. This
way, batch to batch variations in bioreduction performance of
commercial grade yeast can reproducibly be minimised.

In addition to controlling the outcome of whole-cell bio-
transformations, these results provide important information for
xenobiotic metabolism e.g. in humans. Since pharmaceutically
active compounds have to pass the gastro-intestinal microbial
barrier prior to resorption in the gut, co-administration of caffeine
with drugs may exert effects that require further investigation.

Experimental
General

Baker’s yeast (S. cerevisiae L13) was the product of Societé in-
dustrielle de levure FALA, Strasbourg, France, and was obtained
from the local subsidiary in Kesselsdorf, Germany. Chemicals and
organic solvents were obtained from Fluka (Buchs, CH) and Acros
(Geelen, Belgium). Sucrose was obtained from a local store.

Product identity was confirmed by NMR spectroscopy. 'H-
NMR spectra were recorded in CDCl; with a Bruker DRX-
500 spectrometer at 500 MHz. Chemical shifts are quoted in
ppm from internal TMS or TSP. Absolute configuration was
determined using a Carl Zeiss Jena polarimeter Polamat A (¢ = 1.0,
CHCI,) and by comparison of the obtained results with ref. 8¢. All
reactions were monitored by GC using an Analytik Jena Perichrom
GC ST200. Conversions, yields and stereoisomer distributions
were determined by GC.

Determination of the extent of conversion

The conversions were measured using a J&W Scientific DB-5
column (30 m, 0.25 mm I.D.). The pressure of N, gas was | bar;
the temperatures of the injector and the detector were 250 °C and
260 °C, respectively. The percent conversions were determined
using an integrator.

1 — 2: Temperature programme: 50 °Cto 115°C with 5 K min".
Retention time of substrate 1 was 10.8 min. Products cis-2 and
trans-2 were observed at a retention time of 10.3 and 11.3 min.

3 — 4: Temperature programme: 50 °C to 100 °C with
10 K min~', then 10 min isothermal at 100 °C and to 200 °C
with 30 K min~', 3 min isothermal at 200 °C. The substrate 3
and products cis-4 and trans-4 were observed at retention times of
11.6 min (ketone) and 12.2 min (enol), 10.9 min and 11.2 min.

Determination of optical purity

For the determination of enantiomeric excess (ec) and diastere-
omeric excess (de), the pure carbinols were converted into the cor-
responding trifluoroacetates by reaction with a 1.2 molar amount
of trifluoroacetic acid anhydride in dry CH,Cl, at 65 °C. After the
reaction was complete, the volatile components were evaporated.
GC analysis of the resulting trifluoroacetates was conducted using
a Macherey & Nagel Lipodex E column (50 m, 0.25 mm I[.D.). The

trifluoroacetates of NaBH, reduced 1 and 3, respectively, were used
to find suitable conditions for chiral GC analysis. The pressure of
N, gas was 1 bar; the temperatures of the injector and the detector
were 240 °C and 250 °C, respectively. The relative amounts were
determined using an integrator.

1 — 2: Temperature programme: 80 °C to 160 °C with
3 K min™'. Retention times: (IR,2R)-2: 14.7 min, (1S,25)-2:
15.3 min, (1S5,2R)-2: 17.3 min, (1R,2S)-2: 17.6 min.

3 — 4: Temperature programme: 80 °C to 160 °C with
3 K min~'. Retention times: (IR,2R)-4: 15.8 min, (15,25)-4:
16.0 min, (1S5,2R)-4: 20.4 min, (1R,2S5)-4: 21.5 min.

Cultivation and culture conditions

S. cerevisiae 113 was routinely grown in shake-flasks in YPD
medium (1% yeast extract, 2% peptone, 2% glucose) at 30 °C,
150 rpm for 7 d (stationary-phase). Cells were harvested by
centrifugation (3000 x g, 20 min, 4 °C) and washed with 0.9%
aqueous solution of sodium chloride.

Whole-cell biotransformation

S. cerevisiae 113 (1.5 g dry weight) was suspended in a solution
of sucrose (5.0 g) and caffeine (500 mg, 2.57 mmol) in tap water
(50 ml) at 30 °C in a microaerated Erlenmeyer flask. The pH
was kept at 6.3 by addition of CaCO; (0.75 g). The cells were
incubated at 30 °C and shaken at 150 rpm for 30 min. B-Keto esters
1 and 3, respectively, were added hourly over a period of 5 h (1:
500 ul, 0.54 g, 3.45 mmol; 3: 500 pl, 0.55 g, 3.23 mmol). After that,
the suspension was shaken for 19 more hours at 30 °C, resulting
in an overall reaction time of 24 h. The biotransformation was
monitored by GC. After 24 h, the reaction mixture was centrifuged
and the yeast cells were washed with water. After incubation of the
combined aqueous phases with 75 U Bacillus subtilis protease for
18 h (allowing phase separation according to the method described
in ref. 36), the product was obtained through extraction (3x)
with tertiary-butyl-methyl-ether (TBME). The combined organic
phases were dried over MgSOy, filtered, and concentrated in vacuo.
2: (0.45 g, 83%), 97.3% ee, 97.5% de. 4: (0.43 g, 77%), 90.8% ee,
75.0% de.

Effects of caffeine on a whole-cell biotransformation

Biotransformations were conducted as described above with
caffeine (486 mg, 250 pmol) added. 2: (0.46 g, 84%), 98.5% ee,
98.9% de. 4: (0.47 g, 85%), 92.1% ee, 90.0% de.

Effects of CaCl, on a whole-cell biotransformation

Biotransformations were conducted as described above. CaCl, was
added as indicated in Fig. 5.

Effects of MgCl, on a whole-cell biotransformation

Biotransformations were conducted as described above. MgCl,
was added up to 100 mM using adequate amounts of MgO as a
pH buffer instead of CaCO;.
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Heat shock experiments

The whole-cell biotransformations were conducted as described
above at 38 °C.

Determination of the cell vitality

Cell vitality was determined by propidium iodide (PI) staining.
Therefore, an aliquot of cells was taken from the reaction mixture
and diluted 1 : 500 with PBS (pH 7.0). Afterwards, cells were
stained with 25 ml of a 1 mg mL~" PI stock solution for 6 min
in darkness at room temperature. The amount of dead cells was
analysed by a CyFlow SL Blue flow cytometer (excitation: 20 mW
solid sate laser at 488 nm; emission collected through a 630 nm
high pass filter).

Determination of reactive oxygen species

1 ml was withdrawn from the reaction mixture and incubated for
two hours with 25 ug ml~' dihydrorhodamine 123 (DHR 123)
in PBS, pH 7.0 at 30 °C and 150 rpm. Afterwards, cells were
diluted 1 : 500 with PBS (resulting in approx. 10° yeast cells per
ml) and incubated with 25 pg ml~' PI for 6 min in darkness at
room temperature. Samples were vortexed prior to flow cytometry
(excitation: 20 mW solid sate laser at 488 nm; emission collected
through a 530/20 nm band pass filter).

Force field calculations

Force field calculations were conducted on an IBM RS/6000
cluster with the software Molecular Simulations Cerius?® 3.5 using
the Universal 1.02 force field and the charge-equilibriation module
Qeq_charged 1.1. Minimisations were done according to the
adopted basis Newton—Raphson (abnr) routine, and optimisations
were performed till convergence at RMS force 0.001 A.
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The immunoprotective B-mannan of Candida albicans occurs as part of the cell wall phosphomannan
N-linked glycoprotein. This macromolecule is composed of an extended al,6 linked mannopyranan
backbone containing 01,2 mannopyranan branches, to which 1,2 mannopyranan epitopes are
attached. The synthesis of f1,2-mannan disaccharides clustered on a glucose core has been achieved as
a way to imitate the multipoint display of B-mannans in the native glycoprotein. The clustered epitopes
were conjugated to tetanus toxoid and bovine serum albumin. Rabbits immunized with tetanus toxoid

cluster glycoconjugate gave good antibody titres for the disaccharide cluster or simple trisaccharide
epitope (coupled to BSA). The anti-sera also showed strong cross-reactivity with a Candida albicans
B-mannan cell wall extract. These immunochemical results are compared with data obtained with
non-cluster disaccharide and trisaccharide glycoconjugate antigens. The same conjugates gave

substantially lower antibody levels when used to immunize mice.

Introduction

Candida albicans, the most common etiologic agent of can-
didiasis, commonly affects immunocompromised patients and
those undergoing long-term antibiotic treatment. The potential
of immunotherapy for this fungal infection is attracting attention
because mortality rates remain relatively high and antifungal
agents with excellent in vitro activity have significant toxicity
issues.!

The major antigenic complex of the Candida albican’s cell
wall is a N-linked glycoprotein. The structure of the cell surface
phosphomannoprotein complex (PMPC) has been proposed by
Suzuki and co-workers.>* Differential fractionation of the PMPC
by mild acid hydrolysis of a phosphate bond releases a fB1,2-
mannan component, an epitope that also occurs linked via a
glycosidic linkage to the ol,2-mannan chains that branch from
the al,6-mannan main chain (Fig. 1).

Mouse experiments show that a vaccine approach can heighten
host resistance against hematogenously disseminated disease
and against vaginal infection.*® Both active immunization and
passive protection by monoclonal antibody to the cell wall -
mannan afford protection. Short f1,2-mannan homo-oligomers
from disaccharide up to hexasaccharide were shown to inhibit
the binding of two protective, f1,2-mannan specific monoclonal
antibodies reported by the group of Cutler.” In sharp contrast to
a decades old paradigm first reported by Kabat*® we observed
that disaccharide and trisaccharide epitopes were the most potent
inhibitors of these monoclonal antibodies, whereas tetra, penta
and hexsaccharides exhibited rapidly diminishing activities.” The
paradigm repeatedly observed by others for oligomeric haptens

“Alberta Ingenuity Centre for Carbohydrate science, Department of Chem-
istry, University of Alberta, Edmonton, AB T6G 2G2, Canada. E-mail:
dave.bundle@ualberta.ca; Tel: +1 780-492-8808

*Laboratory of Organic Chemistry, Swiss Federal Institute of Technology
(ETH), Wolfgang-Pauli-Strasse 10, 8093 Ziirich, Switzerland. E-mail:
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Fig. 1 Composite structure of the C. albicans phosphomannoprotein
deduced by Suzuki and co-workers.>* 2,3 B-Mannan epitopes are linked
to the o-mannan side chains either via glycosidic bonds or via a
phosphodiester.

anticipates a steady increase in inhibitor power with size until an
antigenic determinant is reached that approximates the dimen-
sions and complimentary requirements of an antibody binding
site. In addition to speculation concerning antigen conformation
and the size of the binding site of these monoclonal antibodies,’
we conjectured that a small and readily synthetically accessible
oligosaccharide epitope when incorporated into a glycoconjugate
vaccine might be sufficient to raise antibodies that could confer
protection against Candida albicans infections.* Subsequent and
yet to be published research (Bundle ez a/. unpublished data) has
shown that a synthetic conjugate vaccine based on a trisaccharide
epitope conjugated to tetanus toxoid gave high titre anti-sera in
rabbits, but mice responded to the same immunogen with only
modest antibody levels.

In their approach to generating antigens that simulate multiple
epitope presentation in glycoproteins, work from Danishefsky’s
group has demonstrated that the immune system tends to
recognize clustered motifs of the sialyl T antigen." Clustering
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of oligosaccharide epitopes has been reported for the Vibrio
cholera antigen but without immunological data.’> Clustering of
an oligomannose epitope found on HIV-1 gp120 gave a conjugate
that was reactive with a defined antibody but immunization with
cluster glycoconjugates induced antibodies the majority of which
bound the linker rather than carbohydrate.”® In the search for a
presentation of the C. albicans B-mannan antigenic determinant
that is as immunogenic in mice as it is in rabbits, we have
investigated clustering of oligosaccharide motifs.

Results

We elected to cluster 1,2 linked disaccharide epitopes on a
glucopyranoside scaffold derivatized as a triethyleneglycol glu-
copyranoside (Scheme 1). An azide group would provide a latent
amine for eventual conjugation to protein. Per-allylation of a
tether glucopyranoside followed by epoxidation of the tetra-allyl
ether would allow for efficient coupling with a thiol terminated
mannobiose pentanyl glycoside.

Triethylene glycol glucopyranoside 1** was converted to the
tetra-allyl ether 2 under standard conditions (Scheme 2). Epox-
idation of 2 with meta-chloroperbenzoic acid (m-CPBA) gave the
important tetra-epoxy derivative 3, which was used later to create
the cluster antigen.

The synthesis of disaccharide 10 was accomplished as out-
lined in Scheme 3. The synthesis is based on a reported
procedure’ employing an oxidation—reduction strategy to convert
B-glucopyranoside to -mannopyranosides. The glycosyl acceptor
4% and glycosyl donor 5% were readily synthesized according
to literature methods. The glycosylation reaction between the
selectively benzylated acceptor 4 and trichloroacetimidate glycosyl
donor 5 was performed by activation with trimethylsilyl trifluo-
romethanesulfonate (TMSOTT) (0.05 equivalents) in CH,Cl, at
—10 °C, to give the required disaccharide 6 in excellent yield.
Deacetylation gave the desired alcohol 7 quantitatively, and
oxidation by DMSO and Ac,O (2 : 1) gave the corresponding
ketone, which was not characterized but immediately reduced with
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Scheme 2 Synthesis of epoxide 3.

L-selectride at —78 °C in THF to afford the target disaccharide
8 in 80% yield. It should be noted that the pentenyl glycoside
was employed instead of an allyl group because it is stable under
Birch reduction conditions at —78 °C. The smooth reduction of
per-benzylated disaccharide 8 and subsequent acetylation to the
peracetate 9 was achieved in 60% yield with sodium in ammonia
without affecting the pentenyl double bond. For the attachment
of disaccharide to the core glucose 3, a terminal thioacetate was
chosen as a versatile functionality from which the cluster could be
readily generated. The protected oligosaccharide 9 was elaborated
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Scheme 3  Synthesis of disaccharide 10.

via photoaddition of thioacetic acid" to the pentenyl glycoside to
give the key product 10 in 87% yield.

The coupling reaction of thioacetate 10 with epoxide 3 was
smoothly achieved in the presence of potassium carbonate
(K,CO;) in a mixture of methanol and water under argon in
60% yield to provide the mannobiose-cluster 11 (Scheme 4),
which was purified by HPLC and characterized by MALDI-
TOF. Subsequent reduction of the azide group of the cluster
epitope 11 with hydrogen sulfide (H,S) under basic conditions
gave pure amine-cluster 12 after HPLC. The structure of 12
was confirmed by MS spectrometry and '"H NMR spectra which
showed the correct number and identity of anomeric hydrogen
atoms.

Previously, we have demonstrated that coupling of a B1,2-
mannose trisaccharide to bovine serum albumin (BSA) or
tetanus toxoid (TT) could be achieved via a homobifunctional
p-nitrophenyl ester of adipic acid with incorporation rates of ~20
haptens per mole of BSA and 8-12 moles of trisaccharide per
mole of tetanus toxoid.'™"® Comparable incorporation levels for
conjugation 12 to protein would achieve a 4 fold higher level of
disaccharide hapten substitution. A potentially helpful outcome
that could enhance the antigenicity of the resulting glycoconjugate.

The cluster hapten as its amine derivative 12 was treated with
5 equiv. of the adipate p-nitrophenyl diester 13 in dry DMF at

room temperature for 5 h, affording the corresponding half ester
14 in good yield after washing with dichloromethane to remove
excess linker reagent, followed by purification on a reversed-
phase column (Scheme 5). Coupling of half ester 14 to BSA was
performed over 48 h in buffer (pH = 7.5) at ambient temperature.
The BSA conjugate 15 was obtained as a white powder after
dialysis against deionized water followed by lyophilization. In
the same way, half ester 14 was conjugated to tetanus toxoid in
phosphate buffer (pH = 7.2) overnight at ambient temperature.
After dialysis against phosphate buffered saline (PBS) pH=7.2,a
solution of conjugate 16 was obtained for use as a vaccine. In order
to compare immunological properties of simple and clustered
forms of disaccharide hapten we generated a conjugate 17 with a
lower incorporation of cluster hapten yielding a similar number of
disaccharide haptens to those present in conjugate 19 (Scheme 6).
Lower incorporation was obtained by decreasing the equivalents
of half ester in the reaction mixture. The molar ratio of protein
to activated half ester 14 and observed hapten incorporation are
tabulated (Table 1).

The degree of incorporation of the cluster hapten on BSA or
tetanus toxoid was established by MALDI-TOF mass spectrom-
etry using sinapinic acid as matrix. Conjugation efficiencies of
between 18 and 23% were achieved. Glycoconjugates of this type
are heterogeneous with respect to the precise number of ligands
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Scheme 5 Synthesis of cluster conjugates 15, 16 and 17.

Table 1 BSA and tetanus toxoid conjugates

Molar ratio of Hapten Incorporation
Conjugate protein-half ester ~ incorporated efficiency (%)
15 (BSA-cluster) 1:24 5.4 23
16 (TT-cluster) 1:20 4.6 23
17 (TT-cluster) 1:10 1.8 18
19 (TT-disac) 1:20 7 35
21 (TT-trisac) 1:20 7.9 40

o]
RO S H
o]

R= HO
HO -0
HO

18 n = 7.3, protein = BSA
19 n =7, protein = tetanus toxoid

SR
-
o e

20 n = 6.6, protein = BSA
21 n =7.9, protein = tetanus toxoid

Scheme 6 Structure of disaccharide 18, 19 and trisaccharide conjugates
20, 21.

attached to protein and with regard to the specific lysine residues
that are substituted. The non-integer number n refers to the average
degree of hapten substitution. Unfortunately, the incorporation
rates for cluster hapten 12 were 3—4 fold lower than those we have
observed for the direct coupling of oligosaccharides to proteins
by the same procedure.’® Despite clustering of the epitopes on a
common linker scaffold, the lower degree of conjugation resulted
in effective hapten loading on both BSA and tetanus toxoid that
were similar to those observed for direct coupling of an activated
non-clustered oligosaccharide.

Immunization studies

To place the results of this study in context we draw comparison
with the immune response observed in rabbits in response to
non-clustered disaccharide and trisaccharide epitopes conjugated
to tetanus toxoid conjugate, glycoconjugates 19 and 21. The
data for 19 were collected as part of this study but data for
trisaccharide conjugate 21 are taken from separate studies (Bundle
et al. unpublished data) that involved immunization of 24 rabbits.

Sera from rabbits vaccinated with the two cluster tetanus toxoid
conjugates 16 and 17, and the disaccharide conjugate 19 were
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analyzed in ELISA against the cluster BSA conjugate 15, the
disaccharide and trisaccharide BSA conjugates 18 and 20 (Fig. 2).
As well, the sera were titred against the C. albicans native cell wall
antigen. The reactivity pattern for sera obtained by immunization
with either of the cluster glycoconjugates 16 or 17 was similar to
sera from rabbits immunized with disaccharide glycoconjugate
19. All conjugates elicited a strong immune response to the
immunizing antigen. Sera from the group immunized with 19 rec-
ognized the clustered disaccharide antigen, while rabbit antibodies
from the group immunized with either cluster glycoconjugates
16 or 17 also showed strong recognition of the disaccharide
epitope 18. Surprisingly, sera from rabbits immunized with tetanus
toxoid disaccharide conjugate 19 gave titres with the cluster
BSA conjugate 15 that were higher than those obtained with
the homologous disaccharide-BSA antigen 18. We infer that the
clustered form of the disaccharide epitope performs better in
ELISA than disaccharide conjugates due to the higher density
of oligosaccharides on the protein coating the ELISA plate. In
general, both forms of the cluster disaccharide antigen 16 and 17

3.5x10° E 12 ]
3.0x10° [J20 3

A cell wall

19 17 16 21

Fig.2 Serum antibody titres of rabbits immunized with cluster conjugates
16 and 17 with different degrees of substitution (17 » = 1.8, and for
16 n = 4.6) and with disaccharide-tetanus toxoid conjugate 19 and
trisaccharide-tetanus toxoid conjugate 21. Sera were analysed by ELISA
on plates coated with 18 (light grey bar), 15 (black bar), 20 (white bar)
and Candida albicans cell wall extract (dark grey bar). Titres are recorded
as the geometric mean of the antibody levels for groups of 3 rabbits. Error
bars indicate the standard deviation.

as well as the disaccharide antigen 19 developed antibodies specific
for the B-mannan disaccharide. For these conjugates, we also
observed that all sera showed less reactivity with the C. albicans
cell wall antigen i.e. about 10% of the activity observed for the
corresponding synthetic BSA glycoconjugates.

In response to the trisaccharide glycoconjugate vaccine 21,
consistently high titre sera were obtained as measured by a solid
phase binding assay employing the trisaccharide conjugated to the
heterologous protein BSA 20. Mean titres against the immunizing
trisaccharide epitope were 1 : 350 000 but 2-3 fold lower against
cluster 15 and non cluster disaccharide epitopes 18 (Fig. 2).
This is consistent with preferred recognition of the immunizing
epitope. The ability of antibodies induced by any of the synthetic
glycoconjugates to recognize and bind to the C. albicans cell wall
B-mannan is of crucial functional significance. To quantitate this,
we employed a cell wall extract from C. albicans to coat ELISA
plates. When this was done, titres against the cell wall antigen were
approximately 10 to 20% of those against the trisaccharide-BSA
conjugate (Fig. 2).

In contrast to antibody responses in rabbits, vaccination of mice
with conjugates 16, 19 and 21 showed significant differences in
immunogenicity of these glycoconjugates (Fig. 3A-C). Glycocon-
jugate 19 carrying disaccharide directly coupled to TT induced the
highest antibody titre and all animals in the group responded to the
vaccination. Lower titres were observed when sera were analysed
against the cluster form of disaccharide 15 and even lower against
the trisaccharide antigen 20 but an almost negligible reaction with
Candida cell wall preparation (Fig. 3A). Conjugate 16 induced
high response to homologus antigen 15 but only in a few animals
in the group. Comparing the response to the two vaccines 16 and
19, the cross-reactivity of sera to 16 with trisaccharide 20 was lower
compared to sera raised to disaccharide conjugate 19 (Fig. 3B).
Surprisingly, glycoconjugate 21 was shown to be less active as an
immunogen, and only 5 mice out of 10 responded to the vaccine.
Two mice showed high titres (Fig. 3C). Only one of these high
titre sera was able to recognize cell wall. No reactivity towards
disaccharide glycoconjugates was observed.

Discussion

Extensive studies of the immunochemistry of synthetic com-
pounds related to cancer Tn antigens revealed the existence of
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Fig. 3 Graphs show results of ELISA mice sera titration against different antigens. Groups of 10 CD1 mice were vaccinated with disaccharide-TT
conjugate 19 (A), cluster disaccharide-TT conjugate 16 (B) and trisaccharide-TT conjugate 21 (C). For each group of 10 mice, the first 5 mice in each
group were given antigens with alum as adjuvant and the following 5, with Freund’s adjuvant. Sera were collected 10 days after the final immunization
and screened in ELISA against different BSA conjugates 15 (cluster), 18 (disaccharide), 20 (trisaccharide) and Candida albicans cell wall extract as shown
on each panel. For mouse 6 in A, the ELISA titre against the cluster antigen 15 is high and off scale.
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different presentation forms of the same sugar epitope. It was
proposed that Tn antigens can be found as clusters of 3—4 conse-
cutive Tn monosaccharides.” Lewis® antigen can also be displayed
as glycolipid or mucin glycoprotein.® An antibody able to distin-
guish cluster and single forms of antigens has been described.*

These observations justify the precedence for synthesis of cluster
forms of tumor associated carbohydrate antigens which have
been shown to improve the potency of experimental therapeutic
vaccines. >

Based on these reports and our observations we reasoned that
presentation of disaccharide units in a clustered form might re-
semble more adequately the multivalent organization of B-mannan
antigenic determinants in the fungal cell wall mannoprotein. The
Candida albicans cell wall mannoprotein is a complex structure,
composed of two moieties, acid-labile and acid-stable. The exact
organization of the C. albicans cell wall phosphomannoprotein is
not known in fine detail since the structural analysis of Candida
cell walls is inherently difficult and capable of yielding only an
aggregate structure. Nevertheless, a well supported composite
structure has been established (Fig. 1).%* This proposes that
multiple B-mannan epitopes are to be found on a single glycan
chain of the Candida phosphomannan. Therefore, synthesis of
cluster glycoconjugates can be a relatively simple way to address
the issue of a defined vaccine that simulates the cell wall antigen.
We reasoned that attachment of f-mannan epitopes to a glucose
core via 9 atom long tethers would fulfill two objectives. First
it would increase the number of B-mannan epitopes displayed
on the conjugate vaccine and second permit their diverse spatial
arrangement. In fact coupling efficiency dropped for the clustered
hapten so that the number of f-mannan units was virtually the
same in both cluster and non-cluster glycoconjugates.

It is not clear why the analyzed sera exhibit approximately 10
fold lower titres with the cell wall. Since the induced antibody
appears to be specific for the B-mannan disaccharide with no
difference if presented as simple disaccharide or cluster antigen,
similar activity would be expected for the cell wall. In general, mice
responded to immunization by producing antibodies that were
more specific for the immunizing antigen and exhibited less cross
reactivity to closely related epitopes than rabbit sera. However,
antibody responses were less consistent among a given group of
animals. It seems unlikely that the rabbit response is directed
in part to the tether, since if this were the case, stronger cross-
reactivity between disaccharide and trisaccharide haptens would
be expected, since all glycoconjugates utilize the same tether.

Conclusions

Clustering of four f-mannan disaccharide epitopes on a glucose
scaffold that is covalently attached to tetanus toxoid yields
glycoconjugates 16 and 17 that are highly immunogenic in rabbits
but significantly less immunogenic in mice. Antibodies raised in
response to these antigens in rabbits bind the C. albicans wall 3-
mannan. However, sera from rabbits immunized with the more
easily prepared disaccharide and trisaccharide conjugates 19 and
21 exhibited higher antibody levels against synthetic and native
antigen. As the conjugate of the trisaccharide epitope is simpler to
prepare and yields sera with high titres for the immunizing epitope
and especially the cell wall f-mannan, a glycoconjugate vaccine
based on this trisaccharide glycoconjugate is being developed.

However, there remains a pressing need to develop a vaccine
construct that is equally immunogenic in mice.

Experimental procedures

General methods

"H NMR spectra were recorded at either 400, 500, or 600 MHz,
and are referenced to the residual protonated solvent peaks; dy
7.24 ppm for solutions in CDCI;, and 0.1% external acetone
(0 2.225) for solutions in D,0. Mass analysis was performed
by positive-mode electrospray ionization on a hybrid sector-TOF
mass spectrometer and for protein glycoconjugates by MALDI
mass analysis, employing 2,5-dihydroxybenzoic acid (DHB) as
matrix. Analytical thin-layer chromatography (TLC) was per-
formed onsilica gel 60-F254 (Merck). TLC detection was achieved
by charring with 5% sulfuric acid in ethanol. All commercial
reagents were used as supplied. Column chromatography used
silica gel (SiliCycle, Quebec City, Quebec, 230-400 mesh, 60 A),
and redistilled solvents. HPLC separations were performed on
a Beckmann C18 semipreparative reversed-phase column with a
combination of methanol and water containing 0.1% HOAC as
eluents. Photoadditions were carried out using a spectroline model
ENF-260 C UV lamp and cylindrical quartz vessels.

(2-]2-(2-Azidoethoxy)ethoxy]ethyl)-2,3,4,6-tetra-O-allyl-$-D-
glucopyranoside (2)

To a stirred solution of compound 1 (674 mg, 2 mmol) in THF
(20 mL) was added allyl bromide (1.69 mL, 20 mmol) and NaH
(560 mg of NaH 60%,14 mmol) by small portions. The reaction
was then refluxed for 90 minutes and subsequently cooled to
room temperature. Water (5 mL) was added dropwise to destroy
excess NaH. The translucent solution was extracted with ethyl
acetate (1 x 100 mL, 3 x 30 mL). The combined organic layers
were dried (MgSO,) and the organic phase was evaporated. The
residue (1.256 g) was chromatographed on silica gel (acetone—
hexane, 1 : 4; R, = 0.32) to give 2 (648 mg, 65% from 1) as
a colorless oil. "H-NMR 6, (C,Dg, 500 MHz): 6.0-5.8 (4H, m,
OCH,CH=CH,), 5.35-5.21 (4H, m, OCH,CH=CH,), 5.07-5.03
(4H, m, OCH,CH=CH,), 4.52-4.48 (2H, m, OCH,CH=CH,),
4.36-4.30 (2H, m, OCH,CH=CH,), 4.29 (1H, d, °J,, = 7.7 Hz,
Hla), 423 (1H, m, *J = 12.9 Hz, OCH,CH=CH,), 4.12 (1H,
dd, *J = 12.8 Hz, °J = 5.4 Hz, OCH,CH=CH,), 3.93-3.87 (3H,
m, OCH,CH,0, OCH,CH=CH,), 3.63-3.59 (3H, m, H6a, H6a/,
OCH,CH,0), 3.53-3.44 (4H, m, H3a, H4a, OCH,CH,0), 3.43—
3.37 (4H, m, OCH,CH,0, H2a, OCH,CH,0), 3.33-3.27 (3H,
m, OCH,CH,0, H5a), 3.175 (2H, dd, OCH,CH,N;), 2.77 (2H,
dd, OCH,CH,N;); "C-NMR d¢ (C4Ds, 125 MHz): 136.3, 136.3,
135.9, 135.5, 116.2, 115.8, 115.8, 115.6, 104.1, 84.8, 82.3, 77.9,
75.4,74.4,73.7,73.5, 72.5, 70.9, 70.9, 70.8, 70.2, 69.6, 69.0, 50.7.
Low resolution mass: M + Na* 520.3. C,,H;N;O4Na: requires
520.3.

(2-]2-(2-Azidoethoxy)ethoxy|ethyl)-2,3,4,6-tetra-O-(2,3-
epoxypropyl)-p-p-glucopyranoside (3)

To a stirred solution of 2 (208 mg, 0.42 mmol) in CH,Cl,
(2.1 mL) was added, at room temperature, mCPBA (618 mg of
77%, 2.51 mmol, 6 eq) by small portions over 10 minutes. The
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reaction was stirred at room temperature for 75 minutes during
which time metachlorobenzoic acid precipitated as a white solid.
Dichloromethane (1 mL) was added and the reaction was refluxed
for 105 min. The reaction mixture was diluted with CH,Cl, (3 mL)
and filtered. The white solid was washed 3 times with CH,Cl,
(3mL). The combined filtrates were neutralized by extraction with
a saturated solution of NaHCO; (5 mL). The aqueous phase was
extracted 3 times with CH,Cl, (10 mL). The combined organic
layers were dried (MgSQO,) and then evaporated. The residue was
chromatographed on silica gel (acetone-hexane, 1 : 1.5; R; =
0.28) to give 3 (168 mg, 72%) as a colorless oil. "H-NMR oy
(CDCl;, 500 MHz): 4.25 (1H, d, *J,, = 7.7 Hz, Hla), 4.18-
4.04 (1H, m, OCH,C), 4.04-3.92 (3H, m, H6a, H6a’, OCH,C),
3.92-3.80 (1H, m, OCH,C), 3.80-3.60 (13H, m, OCH,CH,Nj, 8
H(OCH,CH,0), H5a, 2 x OCH,C), 3.60-3.52 (1H, m, OCH,C),
3.52-3.44(1H, m, OCH,C), 3.40-3.30 (5H, m, OCH,CH,N;, H3a,
H4a, OCH,C), 3.22-3.10 (5H, m, 4 x CH=CH,, H2a), 2.82-
2.74 (4H, m, OCH,C), 2.62-2.54 (4H, m, OCH,C); "C-NMR 6
(CDCl;, 125 MHz): 103.4, 103.3, 84.9, 84.5, 82.7, 82.5, 78.1, 77.5,
75.0, 71.9, 70.7, 69.8, 68.9, 50.9, 50.5, 44.6, 44.1. Low resolution
mass: M + Na* 584.2. C,,H3N;O,Na: requires 584.2.

Pentenyl 2-0-(3,4,6-tri- O-benzyl-2- O-acetyl-p-D-glucopyranosyl)-
3,4,6-tri- O-benzyl-p-D-mannopyranoside (6)

The procedure used was analogous to the preparation of allyl
(3,4,6-tri-O-benzyl-2-O-acetyl-B-D-glucopyranosyl)-(1 — 2)-3,4,6-
tri-O-benzyl-B-D-mannopyranoside.® Glucopyranosyl imidate 5
(650 mg, 1.02 mmol), monosaccharide acceptor 4 (440 mg
0.85 mmol), and activated 4 A molecular sieves (100 mg) were
dried together under vacuum for one hour in a pear-shaped
flask (50 mL). The contents of the flask were then dissolved in
dichloromethane (8 ml). The suspension was stirred for 10 min
at room temperature under argon, and then the temperature was
reduced with a —10 °C bath, and trimethylsilyl trifluoromethane-
sulfonate (6 ul) was added dropwise. After 30 min, the reaction
mixture was neutralized with triethylamine and concentrated in
vacuum. Column chromatography in n-hexane—ethyl acetate (4 : 1)
gave the disaccharide 6 (758 mg, 85%). [a], —27.6° (¢ 1.0, CHCl,);
'"H-NMR 6, (CDCl;, 600 MHz): 7.2-7.42 (30H, m, Ar), 5.92—
5.85 (1H, m, CH,CH=CH,), 5.17-5.14 (1H, dd, °J = 7.8 Hz,
9.6 Hz, H2b), 5.7-5.11 (1H, m, CH,CH=CH,), 5.02-5.04 (1H, m,
CH,CH=CH,), 4.76-4.97 (6H, m, H1b, CH,Ph), 4.48-4.6 (7TH,
m, CH,Ph),4.33 (1H, s, Hla),4.28 (1H, d,*J = 3.0 Hz, H2a), 3.89—
3.93 (1H, m, OCHa), 3.79 (2H, m, H6a, H6'a), 3.75 (1H, dd, *J =
8.4 Hz, H3b), 3.69 (1H, m, H6b), 3.58-3.65 (4H, m, H4a, H4b,
HS5b, HO'b), 3.44-3.51 (3H, m, H3a, HS5a, OCHH), 2.25 (2H, m,
CH,CH=CH,), 1.98 (3H, s, Ac), 1.78 (2H, m, OCH,CH,); "*C-
NMR . (125 MHz, CDCl,), 138.6-127.5, 114.9, 101.1, 100.7,
83.2, 80.1, 78.2, 75.6, 75.3, 75.1, 74.9, 74.8, 73.6, 73.3, 73.2,
72.3,70.5, 69.8, 68.8. EMS; M + Na* 1015.46036: C;;Hgs O, Na*
requires 1015.46030.

Pentenyl 2-0-(3,4,6-tri- O-benzyl-p-D-glucopyranosyl)-3,4,6-tri-
O-benzyl-p-p-mannopyranoside (7)

The procedure used was analogous to the preparation of al-
Iyl (3.4,6-tri-O-benzyl-B-D-glucopyranosyl)-(1 — 2)-3.4,6-tri-O-
benzyl-B-D-mannopyranoside.’” To a solution of disaccharide 6

(758 mg, 0.76 mmol) in dichloromethane (5 mL), methanol (5 mL)
was added sodium methoxide (5 mg), and the solution was
stirred overnight at room temperature. The resulting mixture was
neutralized with IR 120 (H*-form), and concentrated in vacuum.
Column chromatography in n-hexane—ecthyl acetate (4 : 1) gave
the disaccharide 7 (722 mg, 100%). [a], —35.7° (¢ 1.0, CHCL);
'"H-NMR 4, (CDCl;, 600 MHz): 7.2-7.42 (30H, m, Ar), 5.92—
5.85 (1H, m, CH,CH=CH,), 5.07-5.11 (2H, m, CH,CH=CH,,
CH,Ph), 5.0-5.03 (1H, m, CH,CH=CH,,), 4.90-4.98 (3H, m, 3/2
CH,Ph), 4.83 (IH, d, *J = 11.4 Hz, CH,Ph), 4.73 (1H, d, °J =
7.8 Hz, H1b), 4.66 (1H, d, *J = 12.0 Hz, CH,Ph), 4.49-4.61 (6H,
m, 3 x CH,Ph), 4.41 (1H, s, Hla), 4.28 (1H, d, *J = 3.0 Hz, H2a),
3.96-4.0 (1H, m, OCHH), 3.93 (1H, t, °*J = 9.6 Hz, H4a), 3.75-
3.82(4H, m, H2b, H6b, H6a, H6'a), 3.68-3.71 (2H, m, H3b, H6'D),
3.49-3.62 (4H, m, H5b, H3a, H4b, OCHH), 3.43 (1H, m, H5a),
2.20 2H, m, CH,CH=CH,), 1.78 (2H, m, OCH,CH,); "C-NMR
Jc (125 MHz, CDCl,), 139.1-115.1, 104.1 (*J .y = 162 Hz, Clb),
100.5 (*Jes = 156 Hz, Cla), 85.2, 80.3, 76.8, 75.7, 75.4,75.3,75.1,
74.8,74.7,73.4,70.0, 69.8, 69.3, 69.2; EMS; M + Na* 973.44977:
CsHg O, Na* requires 973.44974.

Pentenyl 2-0-(3,4,6-tri-O-benzyl-p-pD-mannopyranosyl)-3,4,6-
tri-O-benzyl-$-D-mannopyranoside (8)

The procedure used was analogous to the preparation of allyl
2-0-(3,4,6-tri-O-benzyl-B-bD-mannopyranosyl)-3,4,6-tri-O-benzyl-
B-D-mannopyranoside.’” Disaccharide 7 (630 mg, 0.66 mmol)
was dissolved in freshly distilled dimethyl sulfoxide (10 mL)
and acetic anhydride (5 mL) was added. The resulting solution
was stirred for 18 h at room temperature, and diluted with ethyl
acetate, then washed with water, sodium bicarbonate solution and
a brine solution. Finally, the solution was concentrated at low
pressure to give a yellow syrup. This syrup was dissolved in THF
(10 mL) and then cooled to —78 °C under argon. L-selectride
(1 M THEF, 2 mL) was added dropwise and the reaction was
stirred for 5 min. The dry ice bath was removed and the reaction
was allowed to warm to room temperature. The reaction mixture
was quenched after 15 min with methanol (2 mL), and diluted
with dichloromethane. Washing with a solution of hydrogen
peroxide (5%) and sodium hydroxide (1 M) followed by sodium
thiosulfate (5%) and sodium chloride solutions gave a clear
colourless organic solution. The resulting solution was dried
over magnesium sulfate and concentrated to a colourless oil.
Column chromatography in n-hexane-ethyl acetate (5 : 2) gave
the disaccharide 8 (504 mg, 80%). [a]pb —59.4° (¢ 1.0, CHCl,);
"H-NMR 6y (CDCl;, 600 MHz): 7.19-7.42 (30H, m, Ar), 5.92—
5.85 (1H, m, CH,CH=CH,), 4.99-5.03 (1H, m, CH,CH=CH,),
4.93-4.98 (4H, m, H1b, CH,Ph, CH,CH=CH,), 4.84-4.90 (2H,
m,2J = 12.0 Hz, CH,Ph), 4.56-4.69 (4H, m, 2 CH,Ph), 4.44-4.50
(5H, m, H2a, 2 x CH,Ph), 438 (1H, s, Hla), 4.34 (1H, dd,
3J = 1.2 Hz, 3.0 Hz, H2b), 3.92-3.94 (2H, m, H4b, OCH,),
3.77-3.80 (3H, m, H4a, H6a, H6b), 3.67-3.74 (2H, m, H6'a,
H6'D), 3.56-3.59 (2H, m, H3a, H3b), 3.49-3.52 (1H, m, H5b),
3.42-3.47 (2H, m, H5a, OCHb), 2.20 (2H, m, CH,CH=CH,),
1.78 (2H, m, OCH,CH,); “C-NMR J. (125 MHz, CDCl,),
138.4-115.1, 101.1 ("Jey = 162 Hz, Cl1b), 99.3 ("Jcy = 156 Hz,
Cla), 81.5, 80.4, 75.6, 75.1, 74.4, 74.2, 73.5, 73.3, 70.8, 70.7, 70.1,
69.9, 69.5, 69.2, 67.7, EMS; M + Na* 973.44991: C5HO, Na*
requires 973.44974.
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Pentenyl 2-0-(2,3,4,6-tetra-O-acetyl-f-D-mannopyranosyl)-3,4,6-
tri- O-acetyl-p-D-mannopyranoside (9)

The perbenzylated disaccharide 8 (80 mg, 0.084 mmol) was
dissolved in THF (2 mL) and z-butanol (2 mL). The solution
was added in one portion to a solution of sodium metal (100 mg)
in ammonia (~50 mL) and the mixture was stirred with a glass
coated stir bar at —78 °C. The flask previously containing 8 was
rinsed with THF (2 mL) and #-butanol (2 mL) and this solution
was added to the ammonia solution. After 30 minutes the reaction
was quenched with methanol and the ammonia was allowed to
evaporate at room temperature. The remaining THF was removed
under vacuum and the resulting white solid was taken up in water
(5 mL). The suspension was neutralized with a 5 M acetic acid
solution against pH paper and filtered through a 0.2 uM filter.
The solution was then passed through a C18 Sep-pak cartridge
and eluted with methanol. The crude product was acetylated to
afford compound 9 (35 mg, 60%); [a], —86.6° (¢ 1.0, CHCL,); 'H-
NMR dy (CDCl;, 600 MHz): 5.76-5.84 (1H, m, CH,CH=CH,),
5.53 (IH, dd, °J = 1.2 Hz, 3.6 Hz, H2b), 5.03-5.21 (2H, m,
H4a, H4b), 4.95-5.03 (3H, m, H3b, CH,CH=CH,), 4.85 (1H,
bs, H1b), 4.63 (1H, dd, *J = 3.2 Hz, 10.1 Hz, H3a), 4.47 (1H, s,
Hla), 4.35 (1H, d, *J = 3.0 Hz, H2a), 4.19-4.29 (2H, m, Ho6a,
Ho6b), 4.06-4.10 (1H, m, H6'a), 3.98 (1H, m, H6'b), 3.89 (1H,
m, OCHH), 3.56 (1H, m, H5b), 3.51 (1H, m, H5a), 3.41-3.48
(1H, m, OCHH), 1.99-2.2 (23H, m, CH,CH=CH,, 7 Ac), 1.78
(2H, m, OCH,CH,); "C-NMR ¢, (125 MHz, CDCl;), 169.2-
170.8, 137.8, 115.0, 99.8 (*Jcy = 162 Hz, Clb), 97.9 ({Jen =
156 Hz, Cla), 72.3, 72.1, 71.9, 71.8, 70.7, 69.4, 68.6, 66.3, 65.1,
62.5, 61.9; EMS; M + Na* 727.24186: C;H,,O3sNa* requires
727.24199.

1-Thioacetyl-pentanyl 2-0-(2,3,4,6-tetra-O-acetyl-p-n-
mannopyranosyl)-3,4,6-tri- O-acetyl-p-D-mannopyranoside (10)

Thioacetic acid (18 pl, 0.226 mmol) was added to a solution of
peracetylated disaccharide 9 (53 mg, 0.075 mmol) dissolved in
CH,Cl, (4 mL) and the reaction mixture was flushed with argon
for 2 min. The reaction was exposed to UV light for 15 min
at which point the reaction was judged to be complete since
NMR indicated all starting material had been consumed. The
mixture diluted in CH,Cl, (10 mL) was washed with saturated
sodium bicarbonate solution, brine, and the solution was dried
over MgSO,. The solution was evaporated to give the crude
product and this residue was purified by chromatography to afford
pure 10 (51 mg, 87%). [a], 84.8° (¢ 1.0, CHCI,); '"H-NMR oy
(CDCl;, 600 MHz): 5.54 (1H, d, *J = 3.0 Hz, H2b), 5.18-5.21
(2H, m, H4a, H4b), 5.05 (1H, m, H3b), 4.85 (1H, s, Hlb), 4.64
(1H, dd, *J = 10.2 Hz, 3.0 Hz, H3a), 4.47 (1H, s, Hla), 4.35
(1H, d, *J = 3.0 Hz, H2a), 4.29 (1H, m, H6b), 4.22 (1H, m,
Ho6a), 4.09 (1H, m, H6'a), 4.01 (1H, m, H6'b), 3.87 (1H, m,
OCHH), 3.61 (1H, m, H5b), 3.50 (1H, m, H5a), 3.42 (1H, m,
OCHH), 2.87 (2H, t, CH,SAc), 2.30 (3H, s, SAc), 1.98-2.2 (21H,
m, 7 x Ac), 1.53-1.70 (4H, m, OCH,CH,CH,CH,CH,SAc), 1.4
(2H, m, OCH,CH,CH,CH,CH,SAc); "C-NMR J. (125 MHz,
CDCly), 99.8, 97.9, 72.4, 72.1, 71.9, 70.8, 69.7, 68.6, 66.4, 65.2,
62.6, 62.0; EMS; M + Na* 803.24013: C;;H,sOyNa* requires
803.24027.

(2-[2-{2-Azidoethoxy } ethoxy]ethyl) 2,3,4,6-tetrakis-(2-hydroxy-
[pentanyl 2- O-(B-D-mannopyranosyl)-f-D-manno-pyranosyl]-3-
thiapropyl)-p-D-glucopyranoside (11)

A stirred solution of 10 (47 mg, 0.06 mmol) and 3 (6.8 mg,
0.012 mmol) in MeOH (2 mL) was flushed with argon for
45 minutes at room temperature. Potassium carbonate (12 mg,
0.087 mmol) was added and the solution stirred for 1 hour at
room temperature. The reaction solution became turbid and five
drops of degassed water was added, and the solution was stirred
at room temperature for 18 h. The reaction mixture was diluted
with MeOH (10 mL) and neutralized with H*-ion exchange resin.
The solution was filtered and the resin was washed with MeOH
(5 mL, 3 times). Solvents were evaporated and the residue was
purified by HPLC on a Cl8-preparative column under gradient
conditions (a) 5 min — H,0-MeOH (100 : 0), (b) 15 min —
H,O-MeOH (67 : 33), (¢) 60 min — H,O-MeOH (0 : 100), (d)
20 min — H,0-MeOH (0 : 100) to give the product 11 (17 mg,
60%) as a white powder. 'H-NMR 4, (D,0, 600 MHz): 4.84 (4H, s,
4 x H1b), 4.75 (4H, s, 4 x H1b), 4.54 (1H, m, H1Glc), 4.25 (4H,
m, 4 x H2a), 4.13 (4H, m, 4 x H2b), 3.35-4.05 (77H, m, 4 x
[H3b, H4b, H5b, H6b-, H6'b, H3a, H4a, H5a, H6a, H6'a, OCH,,
OCH], H6aGlc, H6bGlc, H2Glc, H3Glc, H4Glc, 3 OCH,CH,),
3.24 (1H, m, H5Glc), 2.23-2.8 (16H, m, 4 x CH,SCH,), 1.62-1.68
(16H, m, 4 x OCH,CH,CH,CH,CH,S), 1.45-1.50 (8H, m, 4 x
OCH,CH,CH,CH,CH,S); MALDI-MS (positive mode, DHB,
H,0): M + K* 2377.33: Cy,H,4;N;05,S,K* requires 2376.92.

(2-12-{2-Aminoethoxy } ethoxy]ethyl) 2,3,4,6-tetrakis-(2-hydroxy-
[pentanyl 2- O-(B-D-mannopyranosyl)-p-p-mannopyranosyl]-3-
thiapropyl)-p-D-glucopyranoside (12)

Compound 11 (29 mg) was dissolved in a mixture solvent of H,O,
pyridine and NEt; (10 : 1 : 0.3) (10 mL), and H,S was bubbled
through the reaction mixture at room temperature. After 4 h,
TLC indicated that the starting material had reacted. Finally, the
solvents were removed together with excess H,S. The residue was
dissolved in H,O (2 mL), and lyophilized to give the product as
a white powder. "H-NMR 4§, (D,0, 600 MHz): 4.83 (4H, s, 4 x
H1b),4.74 (4H,s,4 x Hla),4.55 (1H, m, H1Glc), 4.25 (4H, m, 4 x
H2a), 4.15 (4H, m, 4 x H2b), 3.24 (1H, m, H2Glc); MALDI-MS
(positive mode, DHB, H,O): M + K* 2335.64: Cy,H,,sNO5S,Na*
requires 2334.93.

9-Aza-10,15-dioxo-15-(4-nitro-phenoxy)-(2-[2-{2-
ethoxy } ethoxy]ethyl) 2,3,4,6-tetrakis-(2-hydroxy-[pentanyl
2-O-(p-p-mannopyranosyl)-B-D-mannopyranosyl]-3-thiapropyl)-
B-D-glucopyranoside (13)

To a solution of free amine 12 (3.5 mg, 1.5 umol) in dry DMF
(1 mL) was added diester 14 (12 mg, 0.03 mmol) under argon
with stirring. After 5 h, TLC indicated almost complete reaction
of the amine 12. The reaction mixture was co-evaporated with
toluene to remove DMF, and the residue was dissolved in CH,Cl,
(5 mL), and washed with H,O (5 mL) containing 1% acetic acid.
The water solution was then applied to a C18-Sep-Pak cartridge.
The cartridge was washed with water and then with methanol
containing 1% acetic acid, to remove hydrophobic compounds
that would be irreversibly absorbed to the silica reverse phase
column. The solution was concentrated at low pressure to afford
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crude product as a solid. Final purification on a C18 reverse
phase column was accomplished with a water-methanol mixture
containing a 1% acetic acid gradient to yield pure half ester 13
(2.5 mg, 64%). '"H-NMR o (D,0, 600 MHz): 8.40 2H, m, C;H.,),
7.44 (2H, m, C4H,), 4.83 (4H, s, 4 x H1b), 4.71 (4H, s, 4 x Hla),
4.49 (1H, m, H1Glc), 4.23 (4H, m, 4 x H2a), 4.13 (4H, m, 4 x
H2b), 3.17 (1H, m, H2Glc); MALDI-MS (positive mode, DHB,
H,0): M + Na* 2585.8598: C,o,H,5N,Oq, S, Na* requires 2585.78.

Cluster glycoconjugates

The general procedure for generating protein—carbohydrate con-
jugates was as follows: BSA (10 mg) was dissolved in phosphate
buffer pH 7.5 (2 mL). Half ester was dissolved in DMF (100 pl)
and this solution was injected slowly into the buffered solution of
protein. The reaction was left for one day at room temperature. The
mixture was then diluted with deionized water and dialysed against
5 changes of deionized water (2 L). Tetanus toxoid conjugates were
dialysed against PBS and stored as a PBS solution, pH = 7.2. The
aqueous solutions of BSA conjugates were lyophilized to white
solids.

MALDI-MS (positive mode, matrix; sinapinic acid, H,O): BSA-
cluster conjugate 15 (79368), TT-cluster conjugates 16 (165059)
and 17 (157306).

Rabbit immunization

Groups of three New Zealand white rabbits (weighing approxi-
mately 3 kg) were immunized with each conjugate absorbed on
alum in PBS as adjuvant. Vaccine formulation in a suspension
of alum (1 mL) containing 300 ug of conjugate was administered
on day 0 by injections of 0.2 mL each to the quadriceps of the
posterior thigh, lumbar muscles (both sides) and 3 subcutaneous
sites. A second set of injections at the same sites were given on day
21. Blood samples were drawn on day 0 (pre-immune) and ten days
after the second injection.

Mouse immunization

Three groups of ten CDI1 mice were immunized with each
glycoconjugate. Each group of ten mice were divided into two
groups of five mice. One group received vaccine absorbed to
alum and the other group the vaccine emulsified with Freunds
adjuvant. The group immunized with alum deposited vaccine
received a total of 90 pg of cluster glycoconjugate in 300 uL of
vaccine suspension administered intraperitoneally (200 pL) and
subcutaneously (100 pnL) on days 0 and 21. Serum was collected
at day 31.

Mice immunized with the vaccine emulsified with Freunds
adjuvant received 90 ug of glycoconjugate in a 1 : 1 mixture of PBS
and adjuvant (200 pL) given at two subcutaneous sites. The first
injection employed a 50 : 50 mixture of complete and incomplete
Freunds adjuvant and the second injection used only incomplete
adjuvant.

ELISA titrations

Polystyrene 96-well microtitre plates were coated overnight with
BSA glycoconjugates at a concentration of 5pgmL~" in PBS. After

washing with PBS containing 0.1% Tween (PBST), wells were
filled with 100 pL of serial dilutions of sera (starting from 10-%)
in root of ten order. BSA (0.1%) in PBST was used for dilutions
to prevent non-specific binding. Plates were sealed and incubated
for 2 h at room temperature. After washing with PBST, a reporter
antibody (anti-mouse IgG, HRP conjugate) in 0.1% BSA PBST,
at a dilution of 1/2000 was applied and plates were incubated for
1 h at room temperature. Plates were washed again with PBST
and color developed with a HRP substrate system for 15 min. The
reaction was stopped with 1 M phosphoric acid and absorbance
measured in an ELISA plate reader. Titres were recorded as the
dilution giving an absorbance 0.2 above background at 450 nm.
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The four major components present in scent gland extracts of the male Costa Rica longwing butterflies
Heliconius cydno and Heliconius pachinus were identified as 12- and 14-membered macrolides
containing a Cg-carbon skeleton. By use of micro-reactions and spectrometric examinations, structural
proposals were made and subsequently proven by synthesis, using ring-closing-metathesis as the key
steps. These macrolides, (9Z,11FE,13S)-octadeca-9,11-dien-13-olide (5, S-coriolide),
(9Z,11E,138,152)-octadeca-9,11,15-trien-13-olide (6), (9Z2,13S)-octadec-9-en-13-olide (13), and
(9Z,118S)-octadec-9-en-11-olide (25), are biosynthetically obviously derived from oleic, linoleic, and
linolenic acids. Their absolute configurations were determined by gas chromatographic investigations

on chiral phases, showing all to possess (.S)-configuration.

Introduction

The Costa Rica longwing butterflies Heliconius cydno and H.
pachinus (Lepidoptera, Nymphalidae) are members of the Central-
and South-American Heliconiinae subfamily. These butterflies are
known for their complex mimicry rings and interesting behaviour.!

Gilbert postulated that males of a related species, H. erato, trans-
fer a pheromone, a so-called antiaphrodisiac, during copulation to
the female which deters other males from this female.> Chemical
investigations of another heliconiid, Agraulis vanillae, showed that
both males and females contain the same compounds in their scent
bouquet. Ross et al.? identified 6-methyl-5-hepten-2-one and fatty
acid esters of the corresponding alcohol as well as 1,15- and 1,16-
hexadecanediyl diacetates in their secretion. They postulated that
the secretion functions as a deterrent against predators, but no
experimental proof was given. Meinwald and coworkers isolated a
fatty acid derived macrolide, (R)-coriolide (R-5), from both sexes
of H. pachinus, a species closely related to H. cydno,* and suggested
a pheromonal role of this compound.’

Recently these butterflies have received considerable attention
in terms of the molecular genetics of wing colour pattern, genetics
of mate preference and speciation,® so additional details of the
chemistry of pheromonal secretions adds to an important model
system in evolutionary biology. Both H. pachinus and H. cydno
hybridise with an exchange of genes with H. melpomene,” a species
distinct in both colour pattern and pheromonal chemistry.® Thus
this system presents mysteries only understood when chemistry,
ecology, and behaviour are unravelled in concert.

In the present work the synthesis, identification, and enantiomer
determination of coriolide and three additional major macrolides
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occurring in the scent glands of male and female H. cydno and H.
pachinus are reported, and their function is discussed in relation
to the behaviour of the butterflies.

Results and discussion

Abdominal scent glands of male Heliconius cydno and H. pachinus
raised in a greenhouse were cut and extracted with pentane. The
extracts were analysed by GC-MS revealing the presence of four
major compounds A-D (Fig. 1). The mass spectrum of compound
C (Fig. 2) was almost identical to that reported for (9Z,11E)-
octadeca-9,11-dien-13-olide (coriolide, 5).°

C
D

d

35 40 45 t [min]

Fig. 1 Total ion chromatogram of an extract of male abdominal scent
glands of Heliconius cydno. The chromatogram of H. pachinus is very
similar.
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Fig. 2 Mass spectra of compounds A ((£)-octadec-9-en-11-olide,
Z-25), B ((Z)-octadec-9-en-13-olide, 13), C ((9Z,11E)-octadeca-9,11-
dien-13-olide, coriolide, 5), and D ((9Z,11E,15Z)-octadeca-9,11,15-trien-
13-olide, 6).

The other three compounds exhibited similar mass spectra,
but with different molecular ions. Compounds A and B had a
molecular mass 2 amu higher than that of C, suggesting these
to be two octadecenolides, while compound D had a molecular
mass 2 amu less than that of C and was therefore believed to
be an octadecatrienolide. The mass spectrum of 5 showed a
characteristic ion at m/z 207 (M — 71), which can be attributed to
the loss of the pentyl side chain. This ion occurs also prominently
in the spectrum of compound D, in which case it corresponds to
the loss of a pentenyl side chain (M — 69). Compound B showed
a small ion at m/z 209, which could be interpreted as a loss of a
pentyl side chain. In contrast, the mass spectrum of compound A
contained an intense ion at m/z 181 (M — 99) pointing to a heptyl
side chain. Hydrogenation of an extract with Pd/C furnished two
saturated macrolides E and F (for mass spectra see ESIT). The main
one E was identified as 13-octadecanolide by its characteristic ion
at m/z 211 (M — 71), while the minor one showed a peak at m/z
183 (M — 99), consistent with 11-octadecanolide. Biosynthetically,
coriolide is certainly derived from linoleic acid by oxidation
at C-13 with concomitant double bond migration, followed by

ring closure. A similar mechanism starting with linolenic acid
would lead to (9Z,11E,15Z)-octadeca-9,11,15-trien-13-olide, the
putative structure of compound D. Compounds A and B are
most likely derived from oleic acid, but a different precursor like
vaccenic acid seemed also to be plausible.

We therefore tried to elucidate the position of the double bond
in both octadecenolides by addition of dimethyldisulfide (DMDS)
to the extract, followed by GC-MS analysis.'*"* Surprisingly, the
adducts showed largely different mass spectra (Fig. 3). The adduct
of A exhibited an intensive cluster of peaks around m/z 171. This
can be explained by elimination of the ester group from the chain
and additional loss or transfer of hydrogen. When the double bond
islocated at C-9, cleavage between the two thiomethyl groups leads
to such ions carrying the alkyl end of the molecule. The other
cleavage product carrying the carboxyl end is also present at m/z
203. Tons at m/z 171 and 203 can be found in the spectrum of the
second adduct, too, but only of relatively low abundance. Instead,
ions at m/z 122 and 136 dominate. They can be explained by
additional losses of CH;SH, H,O, and H from m/z 171 or 203, as
shown in Fig. 3. These results pointed towards the location of the
double bond at C-9 in both compounds, but other positions could
not be completely ruled out by the derivatisation results.

The macrolides A-D were then synthesised to prove our
structural assignments, to elucidate their absolute configuration,
and provide material for biotests. (S)-Coriolide (5) has been syn-
thesised before using the enzymatic oxidation of linoleic acid (2)
with soy bean lipoxygenase, reduction and macrolactonisation,'***
while a similar reaction with linolenic acid (1) leading to
octadeca-9,11,15-trien-13-olide (6) was described in a patent.'
We followed this route using both 2 and 1 as starting materials.
The oxidation with soy bean lipoxygenase at C-13 proceeds
with concomitant double bond migration and is known to
furnish the S-configured hydroperoxide.’>** Reductive work-up
with NaBH," delivers the corresponding acids (9Z,11E,13S)-
13-hydroxyoctadeca-9,11-dienoic acid (coriolic acid, 3) and
(9Z,11E,135,15Z)-13-hydroxyoctadeca-9,11,15-trienoic acid (4).
Cyclisation worked best in our hands using Corey/Nicolaou
conditions® to furnish S-5 and S-6 (Fig. 4). Both macrolides
were generated in high ee (>95%), but only moderate yield.
Nevertheless, the target molecules are obtained in two steps only,
making this route very attractive for this class of compounds.
The two macrolides were identical to the natural compounds,
thus confirming our structural assignments for C and D. Non-
racemic mixtures of their enantiomers were then needed for
the determination of the absolute configuration of the natural
compounds. They were synthesised by inversion of S-3 and S-4 by
the Mitsunobu procedure, followed by macrolactonisation.

Gas chromatographic analysis of the synthetic macrolides 5 and
6 and a crude scent gland extracts of Heliconius cydno and Helico-
nius pachinus on a chiral Hydrodex (2,3-di-O-methyl-6-TBDMS-
B-cyclodextrin) phase showed that both natural macrolides are
enantiomerically pure and possess S-configuration (Fig. 5).
Therefore, compound C is (9Z,11E,135)-octadeca-9,11-dien-13-
olide (S-5, coriolide), while the structure of compound D is
(9Z,11E,135,15Z)-octadeca-9,11,15-trien-13-olide (S-6).

Our attention then turned towards the synthesis of the two
octadecenolides A and B. Attempts to apply the soy bean
lipoxygenase reaction to oleic acid for synthesis of the two com-
pounds failed. Therefore we switched to a synthetic route using

This journal is © The Royal Society of Chemistry 2007
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Fig. 3 Mass spectra and fragmentation pattern of DMDS-adducts
derived from A and from B.

ring-closing-metathesis (RCM) as the key step. The Grignard
reaction of hexanal (7) and 1-bromo-3-butene furnished dec-1-
en-5-ol 9, which was acylated with 9-decenoic acid (11), generated
from 9-decen-1-ol (10). The resulting ester rac-12 was then sub-
mitted to RCM using the Grubbs’ catalyst of the first generation
(Fig. 6). rac-Octadec-9-en-13-olide (13) was obtained in good

HO

1/2

HO

Fig. 4 Synthesis of coriolide ((S)-5) and (S)-6: a) soybean lipoxygenase,
0,, b) NaBH,, ¢) PPh;, (CsH;NS),.

A B s

R
S R S
1 1 1 . 1 1 I A
73 78 83 t[min] 73 78 81 t[min]

Fig. 5 GC investigation of coriolide 5 (A, ion trace 278) and of
octadecatrienolide (6, B, ion trace m/z 276) on a chiral stationary phase
(Hydrodex, 15 m, 150 °C, 0.2 °C min~! to 200 °C). The following samples
were analysed (from top to bottom): crude scent gland extract of H. cydno,
co-injection scent gland extract and synthetic (R/.S) mixture, synthetic
(S) compounds, and (R/S) mixture. The analysis of H. pachinus showed
identical results.

yield, surprisingly showing a 9 : 1 Z : E ratio in contrast to the
E-preference often found in RCM." The preference for the Z-
isomer, identical to compound B, was verified by NMR analysis
using NOESY spectra.

The configuration of B was then clarified by synthesis of pure
enantiomers. Alkyne RCM™ allowed a simple entry towards
diastereomerically and enantiomerically pure products (Fig. 7),
starting with 5-hexynoic acid (14). This acid was isomerised into 4-
hexynoic acid” and transformed into the aldehyde 15. Dipentylz-
inc was then used in an enantioselective alkylation accord-
ing to Kobayashi et al® using (1R,2R)-1,2-N,N'-bis(p-toluene-
sulfonylamino)cyclohexane as ligand for the chiral titanium cata-
lyst. The zinc reagent always attacks from the Re-side when this
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Fig. 6 Synthesis of rac-octadec-9-en-13-olide (13): a) PDC, DMF, b) SOCl,, c) bis(tricyclohexylphosphane)benzylidene ruthenium(iv) dichloride,

CH,CL.
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Fig. 7 Synthesis of (95)-octadec-9-en-13-olide (S-13): a) KOtBu, b) DIBAL, ¢) Zn(CsH,,),, (1R,2R)-(TsNH),CsH,, Ti(OiPr),, d) SOCl,, ) Mo(CO);,
4-CI-Ph-OH, f) Lindlar cat., H,, g) [Cp*Ru(MeCN);]PF,, HSi(OEt);, CH,Cl,, P(CH,OH);, h) AgF, MeOH.

ligand is used, producing the alcohol (S)-undec-2-yn-6-ol (16) in
moderate yield, but excellent ee (98%). Esterification with undec-9-
ynoic acid (18), which was obtained by isomerisation from undec-
10-ynoic acid (17),” gave the diynoate 19. This precursor was
submitted to alkyne RCM with Mo(CO), and p-chlorophenol in
chlorobenzene," furnishing octadec-9-yn-13-olide (S-20) in good
yield. The cyclic alkyne was finally hydrogenated under Lindlar
catalysis to deliver the pure Z,S-configured macrolide Z,S-13 with
an ee of 98%. The opposite (R)-enantiomer was obtained by a

similar sequence using the (S,S)-cyclohexanediamine derivative as
ligand in the asymmetric alkylation reaction. Attempts to obtain
pure (E)-13 from 20 by hydrosilylation according to Firstner
et al* were only partly successful, leading to a 44 : 56 E :
Z mixture under non-optimised conditions. Nevertheless, this
mixture proved to be very useful in the determination of the double
bond geometry of the natural product.

Finally, the enantiomers of 13 were separated on a chiral
cyclodextrin phase, showing that the natural compound possesses

This journal is © The Royal Society of Chemistry 2007
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exclusively S-configuration (see ESIf). It follows that B is
(9Z,135)-octadec-9-en-13-olide (S,Z-7).

Compound A was proposed to be octadec-9-en-11-olide (25)
and synthesised via alkene RCM starting from octanal and
vinylmagnesium bromide. The resulting dec-1-en-3-ol (23) was
acylated with 9-decenoic acid and the resulting ester 24 submitted
to RCM. In this case an 88 : 12 E : Z mixture of 25 was
obtained and the structure of A confirmed to correspond to
the Z-isomer. An enantioselective synthesis of 25 was then
accomplished (Fig. 8). Reaction of octanoyl chloride (21) with
ethynyltrimethylsilane gave dec-1-yn-3-one 22. This ketone was
enantioselectively reduced with LiAlH, in the presence of N-
methyl ephedrine® to yield (S)-dec-1-yn-3-ol with moderate ee
(67%). Reduction with LiAlH, furnished the decenol S-23, which
was acylated as described to form S-24. Finally, RCM gave an
88 : 12-mixture of (9E,118)-octadec-9-en-11-olide (£,S-25) and
(9Z,118)-octadec-9-en-11-olide (Z,S-25) with an ee of 67% in both
cases, showing the expected E preference.

Attempts to synthesise pure Z-25 by alkyne metathesis using
the Mo(CO), and p-chlorophenol system resulted in complete
product decomposition. The failure may be explained by the close
proximity of the ester group and the triple bond in the precursor
which may lead to interaction with the catalyst with an undesired
outcome.

Comparison with the natural compound A using gas chro-
matography with a 2,6-di-O-methyl-3-O-pentyl-B-cyclodextrin
phase® revealed that the (92,115)-25 enantiomer occurs naturally.

The three macrolides 6, 13, and 25 are new natural products,
while S-coriolide 5 has been found previously in the seed oil of
Monnina emarginata® and the fungus Stagonospora.* In a previous
investigation® Meinwald et al. isolated 5 from male H. pachinus
and determined its absolute configuration by optical rotatory
dispersion and comparison with an authentic sample of the S-
enantiomer obtained from M. emarginata as R-5. No specific
rotation was reported. In contrast, the coriolides produced by both

S§-23

H. pachinus and H. cydno investigated by us are S-configured.
This assignment is unambiguous, because the optical rotation
of the synthesised pure compound exhibits the same sense of
rotation as reported®'? and the soy bean lipoxygenase is known
to produce S-configured hydroperoxides. The agreement between
natural and synthesised compounds was proven by chiral GC-
MS. One explanation of the discrepancy in the results obtained by
Meinwald et al. and ours may be that the butterflies, originating
from different sources, produced different enantiomers, or that the
sample isolated by Meinwald et al. was not pure.

All natural macrolides are obviously derived from oleic, linoleic,
and linolenic acids, formed by oxidation at different positions
and ring closure. They all exhibit the same S-configuration. A
minor component in the secretion is ricinollactone ((Z)-octadec-
9-en-12-olide), showing that oxidation occurs in case of the
octadecenolides at the a-, -, and y-positions relative to the double
bond of oleic acid.

The identified macrolides might play a role in the chemical
communication system of H. cydno and H. pachinus. Females
contain a similar bouquet as the males, albeit in markedly
lower concentration. Investigation of females before and after
copulation showed that these lactones are produced by the
males and transferred during copulation. Gilbert postulated that
the transferred compounds generally act as antiaphrodisiacs in
Heliconius, protecting the fertilised female from additional male
courtship attempts.” This mechanism was recently investigated by
us in more detail in H. melpomene.® In this case (E)-f-ocimene is
transferred together with a matrix consisting of fatty acid esters.
While the esters modulate the evaporation rate, ocimene, the
major component of the scent glands, inhibits additional courtship
attempts of males on fertilised females. It may well be that the
macrolides, so far not found in other Heliconius sp. investigated
by us or others,*>® serve this function, especially because no major
component other than the macrolides was present in the glands. A
defensive role, proposed for the compounds identified in the same
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Fig.8 Synthesis of (S)-octadec-9-en-11-olide (S-25): a) ethynyltrimethylsilane, AICl;, b) LiAlH,, N-methyl ephedrine, c) LiAlH,, d) dec-9-enoyl chloride,

e) bis(tricyclohexylphosphane)benzylidene ruthenium(1v) dichloride.
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glands of another heliconid, Agraulis vanillae, without mentioning
the transfer mechanism,® might be a secondary function of these
glands. Different species of Heliconius show largely different,
species specific compositions of their scent glands, sometimes with
up to 100 components of different volatility. Further work on the
chemical ecology of these compounds is needed to clarify their
function in the life of these impressive butterflies.

Experimental

General remarks and starting materials

Dry CH,Cl, was distilled from CaH,, diethyl ether from LiAIH,,
toluene from Na, and THF from K and Na. All other chemicals
were commercially available (Fluka, Aldrich, Strem) and used
without further treatment. All reactions were monitored by
thin layer chromatography (TLC), carried out on Macherey-
Nagel Polygram SIL G/UV,, silica plates, visualised with heat
gun treatment with 10% molybdato phosphoric acid in ethanol.
Column chromatography was performed with Merck silica gel
60 (70-200 mesh). GC analyses were performed with a CE
instruments GC 8000 gas chromatograph equipped with a flame
ionisation detector and split/splitless injection using hydrogen
as carrier gas. GC-MS experiments were carried out with a
Hewlett-Packard model 5973 mass selective detector connected to
a Hewlett-Packard model 6890 gas chromatograph using a BPXS5
fused silica capillary column (SGE, 30 m x 0.25 mm, 0.25 pm
film thickness). Chiral GC and GC-MS analyses were performed
with the same instruments. Chiral GC was performed on different
phases: 15 m or 35 m Hydrodex-6-TBDMS (2,3-di-O-methyl-6-
TBDMS-B-cyclodextrin, Machery & Nagel), 0.25 mm diameter,
GC temperature program 150 °C, then with 0.2 °C min™! to
200 °C if not stated otherwise and 15 m 2,6-di-O-methyl-3-O-
pentyl-B-cyclodextrin in 50% OV 1701 phase, 0.32 mm diameter,*
GC temperature program 120 °C, then with 1 °C min™' to
200 °C. '"H NMR and *C NMR spectra were obtained with
Bruker AC-200 and AMX-400 instruments with CDCl, as solvent.
Tetramethylsilane was used as internal standard. J values are
given in Hz. The optical rotary power was measured using a
Dr. Kernchen Propol Digital Automatic polarimeter. The [a],*
values are given in 10~'deg cm? g™'.

Biological samples

Butterflies originating from Costa Rica were kept in a greenhouse
in which Passiflora caerulea and Lantana were maintained. The
butterflies had access to sugar water, and sources of pollen from
Psiguria and Lantana flowers. Abdominal glands were manually
exposed and directly dissected into 100 pl pentane. The samples
were shipped to Braunschweig and stored at —70 °C until analysis.

Microreactions

Hydrogenation of crude scent gland extracts was carried out under
Pd/C catalysis (0.5 mg) using methanol as solvent. A suspension
of Pd/C in methanol was first activated by stirring for 30 min
under a H, atmosphere. Then the scent gland extract was added
and again stirred for 30 min under a H, atmosphere. Finally, Pd/C
was removed by microfiltration over a short silica plug.

DMDS adducts were formed by addition of 50 ul DMDS and
5 ul of iodine solution (60 mg iodine in 1 ml diethyl ether) to a
sample of crude natural extract. The reaction vessel was sealed and
kept at 50 °C for 24 h. Then the reaction mixture was washed with
saturated Na,S,0; solution, extracted three times with hexane,
and the combined organic phases dried with NaCl. Finally, the
solution was concentrated under a gentle N, stream and analysed
by GC-MS.

General procedure A for macrolactonisation

A mixture of 2,2-dithiopyridine (100 mg, 0.5 mmol) and triph-
enylphosphane (130 mg, 0.5 mmol) was dissolved in dry toluene
(1 ml) under a N, atmosphere. Then the appropriate hydroxyacid
(0.3 mmol) was added. The reaction mixture was stirred for 5 h at
room temperature and then diluted with dry toluene to a 0.1 M
solution. This solution was added with a syringe pump to 100 ml
boiling dry toluene over a period of 15 h and heated under reflux
for another 10 h. Finally, the solvent was removed in vacuo and the
crude product purified by flash chromatography (pentane-diethyl
ether, 19: 1).

(+)-(9Z,11E,135)-Octadeca-9,11-dien-13-olide S-5

Pure S-5 (15 mg, 21%) was prepared from S-3 with an ee of
97% according to general procedure A. In an identical manner
R-enriched 3, obtained by Mitsunobu inversion, was transformed
into R-enriched 5.

[a]o® +17.2 (¢ 0.8 in diethyl ether); 6 (400 MHz, CDCI;) 0.81
(3H, t, J 6.9, CH;), 1.19-1.31 (14H, m, CH,), 1.48-1.54 (2H, m,
CH,), 1.79-1.85 (2H, m, CH,), 2.32-2.54 (4H, m, CH,), 5.35-5.39
(1H, m, CH), 5.45 (1H, dt, J 6.7 and 10.3, CH), 5.66 (1H, dd, J
3.7 and 15.4, CH), 5.96 (1H, t, J 10.8, CH), 6.43 (1H, dd, J 11.2
and 14.2, CH); d. (100 MHz, CDCl,) 14.0 (q), 22.5 (t), 24.76 (1),
24.84 (1), 25.1 (t), 25.4 (1), 26.3 (1), 26.7 (1), 27.0 (t), 31.6 (t), 33.0
(), 35.1(t), 72.3(d), 123.8 (d), 128.3(d), 131.2(d), 132.0(d), 172.9
(s); EI-MS m/z (%) 43 (35), 53 (10), 55 (42), 65 (11), 67 (47), 68
(11), 69 (13), 71 (35), 77 (28), 78 (10), 79 (57), 80 (35), 81 (38), 82
(13), 83 (14),91(31),93(36), 94 (19), 95 (25), 98 (16), 99 (100), 107
(16), 108 (10), 121 (13), 135 (12), 136 (15), 151 (26), 164 (10), 179
(18),278 (31); HR-MS C3H;,0,: calcd 278.2246, found 278.2241;
chiral GC (Hydrodex, 15m, 150 °C, 0.2 °C min~' to 200 °C): rty =
65.74, rtg = 71.24 min.

(+)-(9Z,11E,135,15Z)-Octadeca-9,11,15-trien-13-olide S-6

Acid S-4 was transformed into S-6 (6 mg, 16%) according
to general procedure A. In an identical manner R-enriched
4, obtained by Mitsunobu inversion, was transformed into R-
enriched 6.

[a]lp® +6.7 (¢ 2.0 in diethyl ether); dy (400 MHz, CDCl;) 0.96
(3H,t,J 7.5, CH;, H-18), 1.25-1.62 (8H, m, CH,), 1.86-1.92 (2H,
m, CH,, H-3), 1.99-2.13 (4H, m, CH,, H-8 and H-17), 2.36-2.38
(2H, m, CH,, H-14), 2.44-2.61 (2H, m, CH,, H-2), 5.31-5.41 (1H,
m, CH, H-15), 5.45-5.53 (3H, m, CH, H-13, H-16 and H-9), 5.72
(1H, dd, J 3.6 and 15.4, CH, H-12), 6.03 (1H, t, J 10.9, CH, H-
10), 6.51-6.60 (1H, dd, J 11.3 and 15. 4, CH, H-11); . (100 MHz,
CDCl) 14.1 (q, C-18), 20.7 (t, C-17), 24.8 (t, C-3), 24.8 (1), 25.4
(1), 26.3 (1), 26.6 (1), 27.0 (t, C-8), 32.9 (t, C-14), 33.0 (t, C-2), 71.8
(d, C-13), 123.2 (d, C-15), 124.1 (d, C-11), 128.2 (d, C-10), 130.5
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(d, C-12), 132.3 (d, C-9), 134.7 (d, C-16), 172.8 (s, C-1); EI-MS
m/z (%) 43 (12), 55 (38), 57 (11), 65 (11), 67 (47), 69 (22), 77 (18),
79 (48), 80 (10), 81 (43), 83 (23), 91 (36), 93 (39), 95 (28), 97 (12),
105 (24),107 (19), 109 (10), 119 (16), 133 (11), 147 (33), 161 (16),
171 (23), 207 (100), 208 (16), 276 (16). HR-MS C,;H,;0,: caled
276.2089, found 276.2099; ee = 96%, chiral GC (Hydrodex, 15 m,
150 °C, 0.2 °C min~" to 200 °C): rtg 64.23, rtg 71.05 min.

rac-(Z)-Octadec-9-en-13-olide rac-Z-13

A solution of 12 (28 mg, 85 umol) in dry CH,Cl, (25 ml)
was treated with a catalytic amount of bis(tricyclohexyl-
phosphane)benzylidene ruthenium(1v) dichloride (Grubbs’ cata-
lyst) under a N, atmosphere. The solution was heated under reflux
for 36 h. Then the solvent was removed and the crude product
purified by flash chromatography (pentane-diethyl ether, 19: 1) to
obtain pure Z-13 (15 mg, 63%).

oy (400 MHz, CDCl,) 0.88 (3H, t, J 6.9, CH;), 1.12-1.42 (13H,
m, CH,), 1.42-1.50 (2H, m, CH,), 1.53-1.64 (4H, m, CH,), 1.73—
1.86 (2H, m, CH,), 1.97-2.06 (1H, m, CH,), 2.13-2.24 (2H, m,
CH,), 2.30-2.36 (1H, m, CH,), 2.41-2.49 (1H, m, CH,), 4.98-5.04
(1H, m, CH), 5.31-5.45 (2H, m, CH); é (100 MHz, CDCl;) 14.0
(q), 22.0 (1), 22.5 (1), 24.72 (1), 24.74 (1), 25.27 (t), 25.3 (1), 26.2 (1),
26.5 (1), 27.0 (1), 31.7 (1), 33.3 (1), 33.6 (1), 34.3 (1), 73.4 (d), 129.2
(d), 130.0(d), 173.5 (s); EI-MS m/z (%) 43 (33), 53 (16), 54 (42), 55
(92), 56 (13), 57 (11), 67 (100), 68 (65), 69 (37), 79 (31), 80 (20), 81
(98), 82 (74), 83 (29), 93 (16), 94 (19), 95 (74), 96 (61), 97 (19), 107
(12), 108 (13), 109 (37), 110 (34), 121 (12), 122 (22), 123 (22), 124
(20), 135 (12), 136 (22), 137 (13), 138 (12), 149 (10), 150 (13), 182
(22), 196 (15), 280 (50); HR-MS C3H;,0,: calcd 280.2402, found
280.2391.

(+)-(S)-Undec-2-yn-6-ol 16

Pentyl bromide (10.90 ml, 13.31 g, 88 mmol) was added slowly
to a mixture of magnesium (2.33 g, 97 mmol) and dry diethyl
ether (100 ml) under a N, atmosphere. After formation of the
Grignard reagent it was slowly added to a solution of anhydrous
zinc chloride (5 g, 37 mmol) in dry diethyl ether (35 ml). This
mixture was stirred overnight. After settling of a precipitate, the
liquid phase removed using a syringe. The residue was washed
three times with diethyl ether. The combined liquid phases were
transferred into an distillation apparatus and distilled under a
N, atmosphere. Dipentyl zinc (bp 100 °C, 0.1 Torr, 4.54 g, 59%)
was isolated under low pressure. A solution of (1R,2R)-1,2-N,N-
bis(p-toluolsulfonylamino)cyclohexane (31.41 mg, 0.083 mmol)
in dry toluol (4 ml) and titanium tetraisopropoxylate (1.48 ml,
1.42 g, 5 mmol) was stirred under a N, atmosphere for 20 min
at 40 °C. The mixture was cooled to —78 °C and excess dipentyl
zinc (1.04 g, 5 mmol) in toluene (1 ml) and 4-hexynal (400 mg,
4.17 mmol) were added.® This mixture was stirred for 3 h at
—78 °C and then heated to 0 °C during 5 h. A solution of HCI
(2 N) was added, the mixture was washed with brine, and extracted
three times with diethyl ether. The combined organic layers were
dried with MgSO, and the solvent was removed. The crude product
was purified by flash chromatography (pentane-diethyl ether 5 :
1) to furnish (+)-(S)-16 (301 mg, 43%).

[a]o® +1.9 (¢ 4.2 in diethyl ether); J; (400 MHz, CDCl;) 0.88
(3H, t, J 6.5, CH;), 1.17-1.74 (10H, m, CH,), 1.78 (3H, t, J

2.6, CH;), 2.22-2.33 (2H, m, CH,), 3.68-3.79 (1H, m, CH); d¢
(100 MHz, CDCl;) 3.4 (q), 14.0 (q), 15.4 (1), 22.6 (), 25.3 (1), 31.9
(1), 36.1 (1), 37.3 (), 71.3 (d), 76.3 (s), 78.8 (5); MS m/z (%) 41 (93),
43(62), 53 (38), 55 (68), 57 (13), 66 (36), 67 (52), 68 (19), 69 (38), 71
(12),79 (38), 81 (12), 83 (23), 91 (10), 93 (26), 95 (11), 97 (100), 107
(17), 121 (18), 135 (10), 150 (7), 168 (3); HR-MS C,,H,,0: calcd
168.1514, found 168.1590; ee 98% (GC, 35 m Hydrodex, 100 °C,
1 °C min~' to 220 °C).

(+)-(S)-Octadec-9-yn-13-olide S-20

A solution of 19 (140 mg, 0.43 mmol), p-chlorophenol (55 mg,
0.43 mmol), and Mo(CO), (6 mg, 0.023 mmol) in dry 4-
chlorobenzene (85 ml) was heated to reflux for 2 days under a N,
atmosphere. The solvent was evaporated and the residue purified
by flash chromatography using pentane-diethyl ether (19 : 1) to
give pure 20 (74 mg, 88%).

[a]p® +1.2 (¢ 3.1 in diethyl ether); J, (400 MHz, CDCl;) 0.88
(3H, t, J 6.9, CH;), 1.21-1.84 (22H, m, CH,), 2.10-2.50 (4H, m,
CH.), 4.91-4.98 (1H, m, CH); . (100 MHz, CDCl;) 14.0 (q), 14.8
(1), 18.1 (1), 18.6 (1), 22.5 (1), 23.5 (1), 24.8 (1), 25.5 (1), 26.1 (1),
26.3 (1), 26.6 (1), 31.8 (2t), 33.7 (t), 34.0 (1), 73.6 (d), 80.0 (s), 80.7
(s), 174.1 (s); EI-MS m/z (%) 43 (42), 53 (20), 54 (13), 55 (84), 65
(18), 66 (14), 67 (57), 68 (13), 69 (20), 77 (30), 78 (22), 79 (100),
80 (69), 81 (48), 82 (11), 83 (14), 91 (38), 92 (9), 93 (56), 94 (395),
95(32),96 (13), 97 (10), 105 (14), 107 (31), 108 (12), 109 (13), 119
(11), 121 (28), 122(7), 135 (18), 136 (11), 149 (9), 150 (44), 151 (8),
167 (10), 193 (5), 207 (6), 221 (4), 236 (3), 249 (2), 278 (1); HR-MS
CsH(,0,: calcd 278.2246, found 278.2209.

(9E,135)-Octadec-9-en-13-olide 9E,135-13

According to Firstner er al* 1 mol% of [Cp*Ru(MeCN),]PF,
(0.34 mg) was added to a solution of 20 (19 mg, 0.068 mmol)
and triethoxysilane (13.3 mg, 0.081 mmol) in dry CH,Cl, (2 ml)
and the mixture stirred for 15 min at room temperature. Then
tris(hydroxymethyl)phosphine (1.3 mg) was added and the result-
ing mixture was stirred for 30 min. Filtration through a short
pad of silica and evaporation of the organic solvent furnished the
hydrosilylated crude product. Then a solution of AgF (1 M in aq.
MeOH, 0.14 ml) was added and stirring commenced for 3 h in the
dark. The mixture was filtered and thoroughly washed with diethyl
ether. The combined organic filtrates were concentrated and the
crude product was purified by flash chromatography (pentane—
diethyl ether 20 : 1) to furnish 13 (7 mg, 35%). Chiral GC (15 m
Hydrodex) showed that the product was a 44 : 56 E : Z mixture
with an ee of 99% in both cases.

(9E,139)-13: 6y (400 MHz, CDCl,) 0.88 (3H, t, J 6.9, CH,),
1.22-1.39 (13H, m, CH,), 1.40-1.52 (2H, m, CH,), 1.57-1.66 (4H,
m, CH,), 1.70-1.74 (3H, m, CH,), 1.97-2.14 (2H, m, CH,), 2.25-
2.36 (1H, m, CH,), 2.42-2.49 (1H, m, CH,), 4.93-4.99 (1H, m,
CH), 5.24-5.31 (1H, dt, J 7.3 and 15.1, CH), 5.50-5.57 (1H, dt,
J 7.6 and 15.1, CH); 6. (100 MHz, CDCl;) 14.0 (q), 23.5 (t), 24.2
(1), 25.2 (1), 26.2 (1), 26.5 (1), 27.0 (t), 28.3 (1), 30.3 (1), 32.7 (1), 32.7
(), 32.8 (), 32.9 (1), 74.4 (d), 77.2 (1), 129.5 (d), 131.4 (d), 173.7
(s); EI-MS m/z (%) 41 (83), 43 (34), 54 (45), 55 (93), 67 (100), 69
(36), 79 (27), 81 (89), 95 (67), 96 (50), 109 (33), 110 (28), 122 (17),
123 (18), 136 (16), 150 (9), 164 (6), 182 (16), 196 (12), 209 (4), 223
(2), 237 (1), 262 (2), 280 (35).
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(E)-Octadec-9-en-11-olide E-25

Alkene RCM was performed with 24 to furnish 25 as described
above for 13 (8 mg, 32%) in a E : Z ratio of 88 : 12.

Jn (400 MHz, CDCl;) 0.88 (3H, t, J 6.2, CH;), 0.98-2.01 (22H,
m, CH,), 2.11-2.38 (4H, m, CH,), 5.26-5.55 (2H, m, CH), 5.65—
5.83 (1H, m, CH); o (100 MHz, CDClL;) 14.1 (q), 22.6 (t), 24.4
(1), 25.4 (1), 25.7 (1), 26.0 (1), 26.3 (1), 28.1 (1), 29.2 (1), 29.3 (1),
31.8 (1), 32.8 (1), 33.8 (1), 35.4 (t), 74.5 (d), 130.4 (d), 137.0 (d),
174.3 (s); EI-MS m/z (%) E-25: 43 (47), 55 (98), 56 (15), 57 (35),
65 (10), 66 (10), 67 (100), 68 (39), 69 (42), 70 (11), 71 (10), 79
(36), 80 (21), 81 (81), 82 (56), 83 (39), 84 (28), 93 (21), 94 (15), 95
(54), 96 (32), 97 (35), 98 (96), 99 (10), 107 (11), 108 (15), 109 (34),
110 (37), 111 (25), 112 (11), 121 (12), 123 (14), 124 (11), 125 (17),
126 (16), 127 (29), 135 (24), 136 (15), 137 (10), 138 (15), 139 (11),
152 (15), 153 (23), 155 (12), 181 (30), 183 (10), 209 (11), 280 (15);
Z-25: 43 (41), 53 (15), 54 (31), 55 (88), 56 (11), 57 (38), 67 (100),
68 (39), 69 (38), 77 (11), 79 (42), 80 (16), 81 (80), 82 (51), 83 (32),
84 (19), 91 (10), 93 (25), 94 (14), 95 (61), 96 (30), 97 (30), 98 (60),
107 (13), 109 (31), 110 (42), 111 (20), 121 (16), 123 (16), 124 (12),
125 (13), 127 (23), 135 (35), 136 (16), 138 (15), 139 (11), 152 (12),
153 (21), 181 (31), 280 (13); HR-MS CH;,0,: caled 280.2402,
found 280.2384; chiral GC (15 m Hydrodex): rt,,s 50.20, rtz zas
51.04, rt; g5 51.50 min; chiral GC (2,6-di-O-methyl-3-O-pentyl-f3-
cyclodextrin): rty zas 51.80, 1t g25 52.15, rtz,s 52.65 min.

Conclusion

The major constituents of the scent glands used by the tropical
longwing butterflies Heliconius cydno and H. pachinus were iden-
tified and synthesised for the first time. The synthetic compounds,
accessible by short and enantioselective routes, now allow biotests,
needed to understand the function of the macrolides for the
complex behaviour of Heliconius. Given that species lacking
macrolides readily hybridise with H. cydno and H. pachinus,*
perhaps courtship and mating signals are to be discovered
among the minor components of the abdominal glands and on
androconial scales of the wing while the major macrolides may
serve in as yet unsuspected functions such as protecting eggs from
fungal disease or in protecting adults from predators.
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Arene-catalysed sodium reactions have been utilised in the generation of organosodium complexes,
from a variety of organochloride complexes, in high yield. Phenyltrimethylsilane, benzene and
2-methyl-1-phenyl-1-propanol were prepared in yields >80%, using polymer supported
naphthalene-catalysed sodium reactions, whereby phenylsodium, prepared from the reaction of
chlorobenzene, sodium powder and polymer-supported naphthalene (5-100%), was quenched with

chlorotrimethylsilane, water or Pr'CHO respectively.

Introduction

The use of alkali metal-arene radical anion complexes, ArH™ M*,
as soluble sources of metal in the formation of organoalkali metal
species from organic halides, is well established, with early work
focusing on the use of lithium naphthalenide.! Many radical anion
derivatives of lithium have been prepared in recent years, the 4,4-di-
tert-butylbiphenyl (DBB) complex being particularly noteworthy,
in that while it acts as a source of lithium, removal of DBB
by-product is facilitated by its low volatility.> Other approaches
to overcoming the objection of having solutions of the target
organolithium species loaded with the arene by-product have been
developed by Yus ef al.* and van den Ancker et al.** These have
included the use of a catalytic amount of arene, whereby the
arene undergoes electron transfer with the bulk metal affording
a radical anion complex, which then reacts with a variety of
organic compounds (including halides, phosphates, nitriles and
alcohols) to generate the corresponding lithium complex, which
can be successfully treated with a desired electrophile.® In these
reactions, only small amounts of the by-product arene are present
in the product mixture. Purification, however, is still essential when
pure compounds are required.

Macromolecule-supported lithium naphthalenide complexes,
prepared from the treatment of the corresponding functionalised
macromolecule with lithium biphenylide, developed by van den
Ancker et al, have also proven successful in the generation
of lithium complexes from a variety of organic compounds
including organochlorides, nitriles and phosphates.** The use of
these macromolecule-supported species led to a methodology for
producing lithium complexes that could be readily removed from
the supported arene. Polymer supported arene-catalysed reactions
developed by Yus et al.® utilised lithium powder in the generation
of the active lithium polymer, rather than the biphenylide species.
An investigation into the polymer’s ability to generate lithium
complexes proved viable.® Each of these approaches (catalysed,
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macromolecule- and polymer-catalysed) proved quite successful
in the generation of lithium complexes from a range of organic
compounds.

Sodium-arene radical anion complexes have received much
less attention than their lithium counterparts and do afford
organosodium complexes in relatively high yields.” As with their
lithium counterparts, the solutions of these reagents are loaded
with the arene by-product. We previously developed methods
for the preparation of sodium reagents using polymer-supported
sodium naphthalenide,** and preparation of sodium complexes via
arene-catalysed reactions.® The polymer-supported sodium naph-
thalenide, based on a silylnaphthalene-supported polystyrene,
generated high yields of the desired sodium complexes, and was
furthermore recyclable. The silylnaphthalene polymer, however,
was not suitable as a reagent due to the instability of the sodium
radical anion complex of the polymer.® Arene-catalysed reactions
with naphthalene and sodium powder generated high yields of
phenylsodium; however, the products still contain the by-product
arene, albeit in catalytic amounts.®

Following on from the successes of the arene-catalysed sodium
reactions of van den Ancker et al® and that of the polymer
supported arene-catalysed lithium reactions of Yus e al.,® we
have developed a new methodology that enables the generation
of sodium reagents, utilising a polymer supported arene-catalysed
approach.

Results and discussion
Organosodium generation: Reaction with naphthalene

We had previously determined the optimum condition for the
generation of phenylsodium as —78 °C, THF and naphthalene
(5%).2 We have continued with this research and now report on
the generation of sodium complexes of a range of organochloride
compounds (Scheme 1, Table 1).

Examples of quenched organosodium reagents, prepared using
sodium powder and 5% naphthalene, are presented in Table 1.
In all cases, target concentrations of the sodium reagent were
0.1 M. In a typical experiment, THF was added to the sodium pow-
der, then a catalytic amount of naphthalene (5%) was added to the
solution. The resulting green suspension was cooled and treated
with a solution of the relevant organochloride in THF. During
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Table 1 Yields of organosodium reagent and quenched products from mixtures of sodium powder and naphthalene (5%)*

Reagent (RCI) Electrophile (E*) Activity® Product (RE) Yield¢ Ref”
Cl H,O >95% @ 90%
CISiMe, @ ) 85%
SiMe3
Pr'CHO __ OH 85% 9
M
(CH,);CO [j 75% 9
HO
/ \ H,O 90% I\ 85%
O><./\/C| O><O/\
CISiMe, I\ 80% 10
o><0/\/3iMe3
Pr'CHO o/>—<\0/\90\/ 60% 11
(CH.);,CO —\ 60% 1
o o HO
CI\/\/\CI H,O 90% AN 85%
CISiMe, MeaSi\/\/\SiMea 85%
%\/Cl H,O 90% A 85%
CISiMe; o~ SiMes 90%
i : : H,O 95% @ 90%
Cl
CISiMe;

O ™
SiMe3

@ Average of three runs. ? Yield of organosodium reagent, established by back-titration. ¢Isolated yield of the quenched product (not optimised).
4 References given for sources of '"H NMR comparison where pure sample comparison not available.

the addition of the organochloride, the green suspension of the
reaction mixture gradually changed colour, depending on the
organochloride used. If a colour change was not observed, at
—78 °C, the mixture was warmed (=55 °C or —30 °C), to ensure
the formation of the organosodium reagent. Reactions involving
chlorobenzene and 2-(3'-chloropropyl)-2-methyl-1,3-dioxalane af-
forded deep red solutions of the corresponding organosodium
reagent; allyl chloride generated purple allylsodium, whilst reac-

tions with benzyl chloride and 1,4-dichlorobutane turned yellow—
green with the formation of their corresponding organosodium
reagents. The activities (Table 1) of the organosodium reagents
was determined by triplicate back-titrations, in which aliquots of
the solutions were quenched with 0.100 M HCI and back-titrated
with 0.100 M NaOH.

The resulting organosodium reagents were then treated with
the corresponding electrophile, resulting in the formation of pale

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3520-3523 | 3521





(iii)
RCI RNa ———— RE
(iv)

(ii)

Na @-152 (or naphthalene) ®-152 (or naphthalene)

.

(i)

Na

Scheme 1 Reagents and conditions: (i) —78 °C (=55 °C or —30 °C), THF,
20 min, (ii) —78 °C, 1 h, (iii) E* = H,0, Pr'CHO, (CH,);CO or CISiMe;,
=78 to 25 °C, 1-24 h, (iv) H,O.

yellow solutions. Work-up (purification and/or distillation) of
these solutions afforded high yields of the desired compound
(Table 1). The purities of the products were confirmed utilising
"H NMR, by comparison with the spectra of pure compounds or
literature values.* ™

Macromolecule-supported lithium reagents,** arene-catalysed
lithiations,® polymer supported arene-catalysed lithiations® and
arene-catalysed naphthalene reactions have all been successful in
the generation of the corresponding phenylalkali in high yields.
Generation of the other sodium reagents has not been previously
well covered. Grignard synthesis of allylic and benzylic halides
has been achieved, utilising macromolecule-supported magnesium
anthracene.’®"? Lithiation of benzylic halides and the dioxalane
have previously been reported,*® however the lithiation of al-
lylic (mono-chlorinated) compounds utilising macromolecule- or
arene-catalysed reactions has not been investigated. Yus et al.
has recently reported the generation of dilithium reagents from
dihalogenated alkanes utilising arene-catalysed lithiations.’®

Ininvestigating the viability of arene-catalysed sodium reactions
in the generation of organosodium reagents, we have further stud-
ied a range of halogenated and non-halogentated species including
alcohols, nitriles, phosphates and sulfates. These reactions have
proven viable, but have required the use of Barbier-type reaction
conditions, in which the electrophile is added to the reaction
mixture, resulting in lower yields (typically <50%) of the desired
quenched product. For Barbier-type reactions the activity of the
organosodium complexes is undetermined.™

Organosodium generation: Reaction with polymer-supported
naphthalene

Sodium powder with varying amounts of polymer-supported
naphthalene (P-152) was tested for the ability to form phenyl-
sodium, and the corresponding quenched products (Scheme 1,
Table 2), under the same conditions as described for naphthalene-
catalysed reactions. The generation of phenylsodium and subse-
quent formation of the quenched compounds can be followed by
a simple colour change.

Initially, the reaction mixture shows the dark green colour
of the polymer-supported sodium naphthalene (Na-P152). After
addition of chlorobenzene, the colour gradually changes to that of
phenylsodium (dark red). The quenching of phenylsodium causes

Table 2 Yields of phenylsodium and quenched products from mixtures of
sodium powder with varying amounts of polymer-supported naphthalene
(P152), and spent polymer*

Activity?

P152 (%) E* Cyclel Cycle2 Cycle3  Yield*
100 H,O 95% >90% 85% 95%
100 CISiMe; 80%
100 Pr'CHO 73%
50 H,O 95% 90% 85% 95%
50 CISiMe; 80%
25 H,O 95% 95%
25 CISiMe; 85%
10 H,0 95% >90% 90% 95%
10 CISiMe; 85%
10 Pr‘CHO 80%
10 (CH,);CO 70%
5 H,O0 90% 75% 75% 85%
5 CISiMe; 75%

“ Average of three runs. ® Yield of phenylsodium, established by back-
titration. “Isolated yield of the quenched product from cycle 1 (not
optimised).

the disappearance of the red colour, usually affording a clear/pale
yellow solution with the formation of the desired products. Thus
it is not necessary to follow the reaction through spectroscopic or
chromatographic means.

Optimal reaction conditions were determined to be —78 °C,
THF and P152 (10%). The spent polymer was tested for recycling
potential. After quenching the sodium polymer with chloroben-
zene, the resulting phenylsodium was filtered from the spent
polymer (Cycle 1, Table 2). The polymer was then isolated and
retreated with sodium powder and chlorobenzene to generate
phenylsodium (Cycle 2, Table 2). This process was repeated a
further time (Cycle 3, Table 2). The polymer changed from white
to pale yellow on recycling three times, with limited effect on
the activity. The ability of the spent P152 to regenerate Na-—
P152 is valuable, as previous work on polymer-supported sodium
silylnaphthalene had reduced success on subsequent recycling of
the spent polymer, due to the formation of dihydronaphthalene
species.** Similar recycling ability of P152 was also noted in
corresponding lithiation reactions.®

We have generated a variety of sodium reagents based on
several organochlorides utilising P152. As yet, reaction conditions,
activities and isolated yields have not been optimised.™

Conclusions

We have developed a more practical method for generating
organosodium complexes. The preparation of the sodium radical
anion complex is avoided, the reaction is clean, and easy to
follow through colour changes, and the work-up is simplified, with
reduced quantities of arene by-products. We have also developed a
procedure in which insoluble polymers are utilised, and as such, are
readily removed by filtration from the desired reaction products,
resulting in products free of arene by-product.
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Experimental
General

Sodium powder was obtained, from ACROS chemicals, as a
slurry in toluene (30 wt%, <0.1 mm particle size). The sodium
powder was filtered and dried in vacuo and stored under argon,
prior to use. All other chemicals were obtained from Aldrich
or Fluka and used without purification. Reagent-grade THF
was dried (Na wire), distilled (Na/K benzophenone) and freeze-
degassed prior to use. 2-(3'-Chloropropyl)-2-methyl-1,3-dioxalane
was prepared from S5-chloro-2-pentanone following literature
procedures.”® Polymer-supported naphthalene (P152) was pre-
pared from vinylnaphthalene (1 mol equiv.), styrene (5 mol equiv.),
divinylbenzene (2 mol equiv.) and polyvinyl alcohol in water,
following the Itsuno methodology to give crosslinked polymers.*'
All reactions utilising sodium powder were carried out in flame-
dried, evacuated glassware under an inert atmosphere of high
purity argon. '"H NMR spectra were recorded on a Varian Gemini
200 spectrophotometer operating at 200 MHz with CDCI; as
solvent.

General procedure for the synthesis of sodium reagents using
naphthalene

In a typical experiment: To a cooled (—78 °C) dark green
suspension of sodium powder (0.27 g, 11.7 mmol) and naphthalene
(0.005 g, 0.22 mmol) in THF (60 mL), was slowly added a
solution of organochloride (4.0 mmol) in THF (40 mL), and the
resulting coloured mixture was stirred at —78 °C for 1 h. (The
excess of sodium powder was filtered, at —78 °C, affording the
coloured organosodium reagent. The activity of the solution was
determined by titration.) The sodium reagent was then quenched
by the slow addition, over 5 min, of the desired electrophile
(H,0, CISiMe;, PriCHO or (CH,);CO; see Table 1), and the
mixture stirred overnight, gradually warming the solution to room
temperature. The resulting solutions were subsequently hydrolysed
(MeOH, HCl), extracted into diethyl ether and/or hexane, filtered,
dried over anhydrous Na,SO, and the solvent removed in vacuo,
affording the desired product. Alternatively the desired product
was distilled from the solvent. Purification, if required, of the
desired product was achieved by column chromatography (silica
gel, hexane—ethyl acetate 9 : 1). The purity of the isolated products
were determined by 'H NMR and compared to literature values.

General procedure for the synthesis of sodium reagents using
polymer-supported naphthalene

In a typical experiment: A yellow—green suspension of sodium
powder (0.44 g, 19.0 mmol) and polymer-supported naphthalene
(0.4-8.0 mmol) in THF (60 mL) was stirred for 20 min at
—78 °C. Chlorobenzene (8.0 mmol) in THF (40 mL) was then

added slowly, and the resulting red mixture was stirred at —78 °C
for 1 h. The mixture was quenched with the corresponding
electrophile (Table 2). Work-up followed the procedure as detailed
above (chromatographic purification was not required).

General procedure for the testing of the activity of spent polymer

A yellow—green suspension of sodium powder (0.44 g, 19.0 mmol)
and polymer-supported naphthalene (0.4-8.0 mmol) in THF
(60 mL) was stirred for 20 min at —78 °C. Chlorobenzene
(8.0 mmol) in THF (40 mL) was then added slowly, and the
resulting red mixture was stirred at —78 °C for 1 h. The excess of
sodium powder and polymer-supported naphthalene was filtered,
at —78 °C, affording a red solution of phenylsodium. The activity
of the solution was determined by titration. The isolated spent
polymer was washed with water (to remove any remaining sodium
powder), hexane, THF, and dried in vacuo. The polymer was
then re-treated with sodium powder, THF and chlorobenzene, to
regenerate phenylsodium. This process was subsequently repeated
once again with the clean, dried, spent polymer.
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Introduction

Cells are miniature factories consisting of a wide spectrum
of molecular machinery of the dimensions of nanometres to
micrometres,! which represent perfect examples that scientists
and engineers are attempting to mimic and re-engineer. Amongst
them, mechano-machines are those directly involving mechanical
force. They constantly sense, generate and bear mechanical force
under their biological settings and play indispensable roles in
achieving their optimum functions across different length scales,
from a single molecule to whole tissue.’”* Protein-based mechano-
machines consist of diverse members, ranging from “active”
elements, such as molecular motors** that convert chemical
energy into mechanical work, to passive elastic elements, such
as elastomeric proteins that function as molecular springs.®?®
Such mechano-machines have aroused tremendous interest not
only from a biological perspective,> but also from a nanoscience
and nanotechnology point of view.'®!! These mechano-machines
are ideal building blocks for the bottom-up construction of
nanomechanical devices and thus will have great potential in
nanotechnology. Molecular motors have been successfully in-
corporated into nanomechanical devices,'™! demonstrating the
great potential of using protein-based mechanical elements in
nano-devices. With the development of nanotechnology, it is
conceivable that nanomechanical devices will soon incorporate
more diverse protein-based components to function as molecular
springs, switches, sensors and motors, including both naturally
occurring ones as well as rationally designed and synthesized ones.
Investigating the mechanics of these protein-based mechanical
elements, as well as their molecular design principles, has be-
come increasingly important. Single molecule force spectroscopy
techniques,' such as optical tweezers, biomembrane force probe'
and atomic force microscopy (AFM), are playing particularly
important roles for fulfilling such important tasks.

Among the mechanical machinery and components, elastomeric
proteins are passive elastic elements and serve as molecular
springs inside cells as well as in extracellular matrix space to
establish elastic connections and provide mechanical strength
and extensibility.”*!* Elastomeric proteins can also function as

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3399-3406 | 3399





structural materials of superb mechanical properties, such as spi-
der silk protein.*'S Elastomeric proteins can withstand significant
deformation without rupture, and can return back to their original
state when the stretching force is removed. One of the common
features of the elastomeric proteins is their tandem modular
construction.”™ For example, the giant muscle protein titin is
composed of hundreds of individually folded immunoglobulin-
like (Ig) domains and fibronectin type III (FnlIl) domains, inter-
spersed by random coil-like unique sequences.® It was not until
very recently that the mechanical properties of individual proteins
could be directly measured. In 1997, three landmark papers
demonstrated for the first time that it is possible to mechanically
manipulate individual proteins and measure their force-extension
relationships at the single molecule level and with pico-Newton
resolution.'™*® Subsequently, protein engineering techniques were
employed to construct polyproteins made of identical tandem
repeats, enabling the studies of molecular determinants of protein’s
mechanical stability.’ These pioneer works opened up a new
field of inquiry: single protein mechanics. Due to its high force
sensitivity, superb spatial resolution and no need of specific
chemical immobilization, single molecule AFM has evolved into
the power house in the field of single protein mechanics. Fig. 1
shows the schematics of a single molecule AFM experiment in
which a tandem modular protein is being stretched to measure its
elastic behaviors.

Over the last ten years, there has been tremendous progress
in single protein mechanics. Extensive single molecule AFM
studies and molecular dynamics simulations have been carried
out to determine the mechanical properties of a wide range of
elastomeric proteins and to illustrate their underlying molecular
design principles.’** Tt was discovered that stretching force can
trigger sequential mechanical unfolding of individually folded
domains. Such a “modular” unfolding mechanism conveys high
toughness to elastomeric proteins and makes them perfect shock-
absorbers.*'* This mechanism has been extensively exploited in
nature and can be found in a wide variety of materials, ranging
from muscle fibres,® spider silk'® to biological adhesives.*® The
elastic properties of individual protein domains are combined
collectively to determine the overall mechanical properties of the
elastomeric proteins. For example, single molecule AFM studies
on titin have provided deep insights into the molecular mechanism
of how the passive elasticity of muscle is finely regulated by the
collective mechanical properties of its constituting folded Ig-like
domains as well as random coil-like sequences.***”* In parallel
to these single molecule AFM efforts to uncover biophysical
principles underlying elastomeric proteins and their associated
biological significance, efforts to engineer/design proteins of well-
defined mechanical properties are also under way. Inspired by
naturally occurring elastomeric proteins, researchers have started
to explore and develop new methodologies to tailor the mechanical
properties of proteins in a rational way with the aim to exploit
the engineered artificial elastomeric proteins for specific nanome-
chanical applications.** For example, the mechanical unfolding
of green fluorescent protein (GFP) was investigated in detail by
single molecule AFM,**7 with the ultimate goal of correlating the
mechanical unfolding with the fluorescence change of GFP and
employing GFP as molecular force sensors. Such efforts represent
a burgeoning new field in single protein mechanics, and hold
the promise to significantly expand the toolbox of elastomeric

glass piezo electric

substrate \ /Pogi[ioner

AFM cantilever Protein

and tip/ /
| -

%——%ZI @)

Fig. 1 Using single molecule atomic force microscopy to probe the
mechanical properties of single proteins. In a typical single molecule AFM
experiment, a tandem modular protein molecule, which is deposited onto
a glass cover slip, is picked up by the AFM tip and stretched between
the AFM tip and the solid substrate, which is mounted onto a high
precision piezoelectric positioner. Stretching a tandem modular protein
results in force-extension curves of the characteristic saw-tooth pattern
appearance of force peaks. The force can be measured from the deflection
of the AFM cantilever. The individual saw-tooth peak corresponds to
the sequential unravelling of individual domains in the tandem modular
protein. The unfolding force is a measure of the mechanical stability of the
protein domains. As the piezoelectric positioner moves away to increase
the end-to-end distance of the molecule (from state 1 to state 2), the
protein generates a restoring force following the worm-like-chain model
of polymer elasticity. Upon domain unfolding, the contour length of the
protein increases and the force acting on the cantilever is relaxed. Further
extension again results in an increase of force (state 4). The last peak in
the force-extension curve represents the extension of the fully unfolded
tandem modular protein prior to its detachment from the AFM tip or
substrate.

proteins and to develop artificial protein-based nanomechanical
elements for material science and nanomechanical applications.
Here I provide a personal account of this emerging area.

Non-mechanical proteins can exhibit significant
mechanical stability

The significant mechanical stability shared by elastomeric proteins
is perfectly suited to their biological functions under stressful
physiological conditions. In contrast, many other proteins are not
subject to stretching forces under their normal working conditions;
we refer to these proteins as non-mechanical proteins. It was
unknown whether mechanical stability is a property that is unique
to mechanical proteins and whether non-mechanical proteins can
be used for nanomechanical purposes. Although an early single
molecule AFM study on a non-mechanical protein, barnase,*
suggested that proteins that are not selected for mechanical
functions may not resist force in the same way as mechanical
proteins, recent single molecule AFM studies proved the opposite.
Inspecting the structures of mechanical proteins revealed that
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mechanical proteins do not contain unique structural elements
and characteristics that provide mechanical strength, suggesting
that the mechanical stability is determined by the same set of non-
covalent interactions that determine the overall three dimensional
structures and thermodynamic stability of proteins. This is very
similar to the scenario of hyperthermophilic proteins, which
possess extreme thermostability yet do not have unique structural
characteristics. Therefore, the mechanical stability of a protein
must depend on its optimal use and arrangement of known
interactions, such as hydrogen bonds, hydrophobic interactions
etc. Hence, if non-mechanical proteins are structurally similar
to natural mechanical proteins, it is likely that non-mechanical
proteins will have significant mechanical stability.

Steered molecular dynamics simulations (SMD) revealed that
protein topology plays critical roles in determining the mechanical
stability of proteins.*?%*»* Shear topology of the two terminal
force-bearing B strands appears to be a common feature amongst
most of the mechanically stable proteins. In these proteins, the
two terminal force-bearing P strands are arranged in parallel
and are pointing towards opposite directions. The arrangement
of A’ and G J strands in 127 is a typical example of the shear
topology (Fig. 2A). Shearing the backbone hydrogen bonds and
hydrophobic interactions between the two force-bearing strands
results in mechanical resistance to unfolding and constitutes the
molecular basis for the mechanical stability of the protein.*-°
If this view is correct, non-mechanical proteins in principle can
display or be engineered to display significant mechanical stability
just like their mechanical counterparts, provided that these non-

V13P

V11P V15P wt Y@

50
Fig.2 Point mutations in the mechano-active site of 127 alter its mechanical
stability. (A) Cartoon diagram showing the B-sandwich structure of the
127 module and the amino acids that were substituted by proline residues.
Black bars indicate the six backbone hydrogen bonds linking the A’ and G
B-strands that are predicted to be the mechano-active site and hold the key
to the mechanical stability of 127. (B) The force extension relationships
for the 127 polyproteins: wild type (black), YOP (cyan), VI11P (blue),
V13P (green), and V15P (red). The mutations V11P, V13P and V15P
decrease the force required to unfold the 127 module. By contrast, the
mutation Y9P increases this force. Adapted by permission from Macmillan
Publishers Ltd: Nature Structural Biology. H. Li, M. Carrion-Vazquez,

A. F. Oberhauser, P. E. Marszalek and J. M. Fernandez, Nat. Struct. Biol.,
2000, 7, 1117, copyright (2000).
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mechanical proteins possess, either by nature or by engineering,
desired structure and topology.

Experimental efforts proved it is indeed the case. Based on the
search criterion of shear topology, non-mechanical proteins of
significant mechanical stability have been successfully identified
and characterized. Non-mechanical proteins Bl IgG binding do-
main of protein L,*" Bl IgG binding domain of protein G*+* and
Top7* are three representative examples. All three proteins share
the feature of shear topology arrangement of the terminal force-
bearing B strands. Single molecule AFM experiments showed
that protein L* and protein G,** both belonging to the B-grasp
fold, exhibit significant mechanical stability and unfold at forces
of ~130 pN and ~180 pN, respectively, which are comparable
to that of elastomeric proteins, such as the 127 domain from
titin.*! In comparison, a de novo designed protein, Top7,* was
also demonstrated to exhibit significant mechanical stability and
yet the Top7 fold is distinct from the Ig-like fold and B-grasp
fold, representing a novel mechanically stable protein fold.** Non-
mechanical proteins do not just exhibit mechanical properties
that are similar to those of natural elastomeric proteins; instead,
artificial polyproteins can show mechanical features that surpass
the natural ones. For example, artificial polyprotein made of
protein G was shown to fold much faster than any elastomeric
protein that has been studied to date.*

These studies demonstrate the great potential of non-
mechanical proteins to achieve desirable mechanical properties,
and will greatly expand the toolbox of mechanically stable proteins
for nanomechanical applications. Moreover, the finding that Top7
carries significant mechanical stability is of particular significance.
Top7 was de novo designed by Baker and coworkers®? a few years
ago and was shown to have a novel fold that has not been
sampled by nature. The finding that Top7 is mechanically stable
demonstrates that it is possible to use computational methods
to de novo design proteins of novel topology to possess tailored
nanomechanical properties, although Top7 was not designed for
mechanical purposes per se.

Along the same line, other non-mechanical proteins have
also been identified with significant mechanical stability. Green
fluorescent protein is one typical example.***” With the further
development of this field, I anticipate that in the near future
a much expanded toolbox of artificial elastomeric proteins will
be built and proteins with well-defined biological functions and
mechanical stability will be engineered and used in well-defined
nanomechanical applications.

Tuning the mechanical stability of proteins by tuning
the mechano-active site of the mechanical protein

Single molecule AFM and SMD simulations showed that the
mechanical stability of proteins is largely a local property. Local
topology and interactions play critical roles in defining the overall
mechanical stability of a given protein. Taking the 27" Ig domain
of titin as an example, the AB and A'G regions are believed
to be key to the mechanical stability of 127 (Fig. 2A).** Such
critical region(s) of a mechanical protein can be considered as
the mechano-active site of a mechanical protein, analogous to
the active site for an enzyme. Therefore, tuning the mechanical
stability of a protein is similar in many ways to the tuning of the
enzymatic activity of a given enzyme.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3399-3406 | 3401





The initial efforts®*>7 of tuning mechanical stability of proteins
started with 127, a paradigm for single protein mechanics. The
mechano-active sites of 127 are believed to be the AB and A'G
regions, where backbone hydrogen bonds connecting the two 3
strands are believed to be the key for mechanical stability of
1274 (Fig. 2). Using site-directed mutagenesis, residues in the
A’ strand that are involved in the formation of key backbone
hydrogen bonds were mutated to proline to prevent the formation
of backbone hydrogen bonds and to disrupt the local B sheet
structure.® As anticipated, proline mutations at positions V11,
V13 and V15 significantly reduced the mechanical unfolding force
of 127. In addition, these mutations also increased the distance
from the native state to the transition state. However, proline
mutation at position Y9 increased the mechanical stability by
almost 50 pN. Due to the lack of detailed structural information
on the Y9P mutant, it remains a mystery how a supposedly
disruptive mutation Y9P makes the protein mechanically more
resistant. Nonetheless, this work demonstrated the possibility that
one can systematically tune the mechanical stability of protein
by fine tuning the non-covalent interactions in the mechano-
active site, if the molecular determinants of protein’s mechanical
stability are fully understood. Since then, extensive studies have
been carried out to investigate the phenotypical effects of point
mutations on the mechanical stability of proteins, and tuning the
key interactions in the mechano-active site has become a widely
used approach.’7#6

Despite extensive efforts in this direction, the molecular de-
terminants of mechanical stability of proteins are still not fully
understood. As such, decreasing the mechanical stability of a
given protein is readily achievable, however, rationally increasing
the mechanical stability of the given protein proves challenging.
The coupling of the mechano-active site with the rest of the protein
structure may be a contributing factor. For example, recent studies
showed that, despite the local attributes of mechano-active sites,
mutations outside the mechano-active site may also affect the
mechanical stability.5%

Ligand binding provides an effective approach to
modulate the mechanical stability of proteins

Ligand binding is ubiquitous in biological processes. It is well
known that ligand binding can affect the thermodynamic stability
of proteins by affecting the equilibrium between the folded and
unfolded states of proteins.®*** Ligand binding has been widely
exploited to stabilize proteins of interest. However, since the
mechanical stability does not correlate with the thermodynamic
stability of proteins, it was unknown whether ligand-binding
affects the mechanical stability of proteins in the same way it
affects thermodynamic stability. Using dihydrofolate reductase
(DHFR) from a Chinese hamster as a model system, Fernandez
and coworkers® elegantly demonstrated that ligand binding may
serve as a valuable tool to modulate the mechanical stability of
DHFR. As shown in Fig. 3, in the absence of ligands, DHFR
unfolds at very low forces (below ~50 pN) and does not produce
typical unfolding force peaks. Instead, the stretching of DHFR
results in a featureless mechanical response that is typical of
random coil-like polymers. Upon adding its ligand or inhibitor,
the mechanical stability of DHFR was significantly enhanced,
resulting in unfolding events of DHFR at ~80 pN. In addition,

they also found that the binding of multiple ligands to DHFR
simultaneously, such as MTX and NADPH, does not result
in additive stabilizing effects. These findings not only provide
effective ways to enhance protein’s mechanical stability, but also
carry important biological significance as they provide a possible
explanation for the observed slowing down effect for protein
translocation across membranes upon binding of a ligand or
inhibitor.

O-O-OOCOCOC;OO
(DHFR),
A
-MTX
B DHFR
+MTX

[ ——

100nm

100pN

Fig. 3 Ligand methotrexate (MTX) modulates the mechanical stability
of DHFR. (A) Force-extension curve of the polyprotein (DHFR)s. The
lack of a saw-tooth pattern suggests that DHFR is mechanically weak
and unfolds at forces below the detection limits of single molecule AFM.
(B) Force-extension curve of the polyprotein (DHFR); in the presence
of 1.2 mM MTX shows a clear saw-tooth pattern of unfolding events
at an average force of 78 pN. Fits of the WLC model of polymer
elasticity (thin lines) reveal a contour increment between unfolding events
of AL of 67.3 £ 0.5 nm, which is in close agreement with the expected
length gained by unfolding a DHFR molecule (65 nm). This result
indicates that the binding of MTX significantly improves the mechanical
stability of DHFR. Adapted from S. R. Ainavarapu, L. Li, C. L. Badilla
and J. M. Fernandez, Biophys. J., 2005, 89, 3337.

Although this methodology depends on specific protein-ligand
systems and may not be universal,®**® ligand-binding represents
an attractive way to modulate the mechanical stability of proteins
and has great potential in engineering proteins that are sensitive to
and can be modulated by environmental stimuli, such as ligands.

Anisotropy of proteins’ mechanical stability offers the
potential to entail new mechanical stability of proteins

Different from thermodynamic stability, mechanical stability
of proteins is an anisotropic property. Independent studies by
Fernandez’s group® and Radford’s group”™ demonstrated that the
mechanical stability of the same protein depends on the pulling
direction: the same protein can exhibit drastically different me-
chanical stability if the protein is pulled from different directions
via different pairs of residues. For example, ubiquitin unfolds
at ~200 pN when it is pulled from its N- and C-termini. In
contrast, the same ubiquitin will unfold at a much lower force
of ~80 pN when pulled from its C-terminus and residue Lys48.
The anisotropic nature of the mechanical response of the protein
offers unique possibilities to explore diverse mechanical properties
from the same protein. Using GFP as a model system, Rief and
coworkers have exploited this idea systematically.”* They substi-
tuted a pair of residues in GFP at selected locations with cysteine
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residues and used them to connect several GFPs into a polyprotein
via oxidizing cysteine residues. The disulfide linkage established
upon oxidation allows the stretching force to be applied to GFP
along the direction pre-determined by the two cysteine residues.
As shown in Fig. 4, the mechanical unfolding force of GFP
exhibits great diversity and anisotropy depending on the pulling
direction. The unfolding forces of GFP range from ~100 pN to
more than 500 pN, the latter representing the highest unfolding
force of any protein mediated by non-covalent interactions. In
addition, each individual GFP polyprotein also showed different
spring constants. This study elegantly demonstrates the feasibility
that one protein building block can be used for multiple purposes
involving different mechanical stability, entailing the perspective
of multi-purpose nanomechanical protein building blocks.

Fig. 4 Directional deformation response of the GFP fold. The width of
the strings connecting points of force application (space-filled residues)
represents the average unfolding force in that particular direction. The
color of the strings encodes the directional spring constant, i.e., protein
rigidity in the respective direction. Depending upon the pulling directions,
the mechanical unfolding forces of GFP range from 100 pN to more than
500 pN. Adapted from H. Dietz, F. Berkemeier, M. Bertz and M. Rief,
Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 12724. © 2006 by The National
Academy of Sciences of the USA.

Engineering novel proteins by recombining protein
fragments

Since the molecular determinants of proteins’ mechanical stability
are yet to be fully established, the rational design of proteins
with tailored mechanical properties remains a great challenge.
This situation resembles the scenario encountered in the field
of enzyme engineering. To circumvent this difficulty, directed
evolution of enzymes has been an efficient way to engineer
enzymes with improved or even novel enzymatic activity. Different
from rational design, directed evolution allows one to evolve
particular enzymatic properties by building a large enough library
that contains rare beneficial mutations. Although different from
rational design, directed evolution samples a large sequence space
that allows one to screen proteins of improved functionality.
Recombination is an important approach used in laboratory-
based directed evolution. Recombination is an important mecha-

nism in nature for proteins to acquire novel functions. Recombi-
nation offers the advantage of combining beneficial mutations
from multiple parents into a single offspring and has been
exploited extensively by nature during evolution in improving
protein traits such as enzymatic activity. This method has also
been used extensively in the directed-evolution of proteins in the
laboratory and has become one of the most important strategies
in engineering proteins with novel functions.”” My laboratory
has explored the use of recombination of protein fragments to
engineer proteins of novel mechanical stability.>*

Using the 27" and 32" immunoglobulin domains, the two
well-characterized domains from muscle protein titin,* as model
systems, we demonstrated the feasibility of using protein recom-
bination to engineer proteins of novel mechanical properties. 127
and I32 share high sequence homology and are ideal systems for
protein recombination. We interchanged two structural fragments
between the two parent proteins and constructed four hybrid
daughter proteins: 127-A’G-132, 132-A’G-127, 127-CDE-I32 and
132-CDE-127 (Fig. 5). In the first two hybrid proteins, the force-
bearing A’ and G strands (mechano-active site) are interchanged
between 127 and 132, and in the latter two, the non-force-bearing
C, D and E B strands are interchanged between 127 and 132,
respectively. We found that all four hybrid daughter proteins fold
into well-defined three-dimensional structures. Compared with
the mechanical stability of the parent proteins, the four hybrid

Unfolding force:
B2y 204+20 pN )
4.

&8
A’G shuffling \ )

: CDE shuffling
127-A'G-I32 127-CDE-132
Unfolding force: (Unf‘olding force:

178+44 pN 212435 pN

13%-]1?'0}127‘\ /’ 132-CDE-127
Unfolding force: i ;
( 229+87 pN ) i (Uﬁ(’?ﬁ%gp%me'

Unfolding force:
132 ( 298 pN )

Fig. 5 Engineering novel mechanical proteins by recombination of protein
fragments from 127 and 132. The middle column shows the three dimen-
sional structures of 127 (yellow) and 132 (green). The structure of 132 was
obtained by homology modeling. By interchanging the A’ and G 3 strands
between 127 and 132, hybrid proteins 127-A’G-132 and 132-A'G-127 were
engineered (left column). Interchanging the C, D, and E f strands between
127 and 132 resulted in hybrid proteins 127-CDE-I132 and 132-CDE-127
(right column). In the hybrid proteins, the fragments coming from the wild
type 127 are shown in yellow, while those from wild-type 132 are shown in
green. The hybrid daughter proteins exhibit mechanical properties that are
distinct from those of parent proteins. Adapted from D. Sharma, Y. Cao
and H. Li: Engineering Proteins with Novel Mechanical Properties by
Recombination of Protein Fragments. Angew. Chem., Int. Ed., 2006, 45,
5633. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.
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daughter proteins exhibit mechanical properties that are distinct
from their parents (Fig. 5). It is noted that two daughter proteins,
127-CDE-132 and 132-A’G-127, exhibit mechanical stability that
is higher than the parent protein 127, but lower than I132. It
is conceivable that if one can build a library large enough, it
is possible to obtain daughter proteins that are mechanically
stronger than both parent proteins. Such a library will also entail
proteins with diverse mechanical stability and make it possible to
use statistical analysis to help decipher the molecular determinants
of mechanical stability.

This study demonstrated the great potential of shuffling protein
fragments among homologous parent proteins to engineer novel
mechanically stable proteins. Currently, the main challenge in this
methodology is the lack of efficient screening methods to select
hybrid mutants with desirable mechanical properties, due to the
lack of full knowledge of molecular determinants of mechanical
stability of proteins. Determining the mechanical stability of
the resultant hybrid mutants will still require single molecule
AFM. Therefore, developing efficient methods to screen proteins
of desirable mechanical stability will be an important task for
future endeavors.

Rational tuning of the mechanical stability of proteins
by redesigning unfolding pathways

Since the molecular determinants for mechanical stability of
proteins are not fully understood, it remains a great challenge
to modulate the mechanical properties of proteins in a rational

A) B)

fashion. Despite the progress in this field, most efforts in tuning
proteins’ mechanical stability are largely trial-and-error in nature.
Recently, based on a model system Top7, we have developed
a new strategy to tune the mechanical stability of proteins in
a rational fashion.*® This strategy is based upon redesigning
the mechanical unfolding pathways of the protein to achieve
predefined mechanical stability.

Combining single molecule AFM and SMD, we discovered
that Top7 unfolds via a novel substructure-sliding mechanism.
Due to the symmetry of the structure, Top7 could unfold in two
potential unfolding pathways with apparently different heights of
the energy barrier (Fig. 6A): one being the sliding of substructure
A against B/C, and the other one being the sliding of substructure
C against A/B. SMD simulations revealed that the unfolding
of Top7 is dominated by the pathway of sliding A against
B/C, suggesting that this is the pathway of the lower energy
barrier. Using computationally designed disulfide mutants, we
were able to specifically block one unfolding pathway and forced
Top7 to unfold via the pathway of the higher energy barrier,
thereby increasing the mechanical stability of Top7. Lowering the
mechanical stability of a given protein is well within the reach
of current knowledge,’*% however, it remains challenging to
rationally increase the mechanical stability of a protein. The
successful example on Top7 represents a unique approach towards
this challenge: tuning the mechanical stability of the protein
via regulating its mechanical unfolding pathway. This method
illustrates the great potential of employing simulation and com-
putational biology methods in tailoring the mechanical properties
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Fig. 6 Tuning the mechanical stability of Top7 by redesigning its mechanical unfolding pathway. (A) There are two potential unfolding pathways for
Top7: the first one corresponds to the sliding of substructure A against B/C, while the second one corresponds to the sliding of substructure C against
A/B. SMD simulations showed that the first unfolding pathway dominates the unfolding of Top7. (B-E) The formation of a disulfide bond modulates
the mechanical unfolding pathway of Top7 and its mechanical stability. Force-extension curves and cartoon representations of designed Top7 mutants
are shown in (B) and (D). (B) Mechanical properties of reduced Q3C/T51C-Top7. In the presence of DTT, the disulfide bond does not form. The
force-extension curves show unfolding events of reduced Q3C/T51C with AL of ~30 nm (green). (C) The average unfolding force of reduced Q3C/T51C
is 140 pN and AL is 31.0 & 2.0 nm (inset). (D) The mechanical stability of oxidized Q3C/T51C increased due to the shifting of the unfolding pathway.
Upon oxidation, 3C and 51C form a disulfide bond that covalently links strands 1 and 3, blocking the unfolding pathway of sliding substructure A against
B/C. The unfolding of oxidized Q3C/T51C results in unfolding events with AL of ~13 nm. (E) The average unfolding force of oxidized Q3C/T51C
is 172 pN, a ~30 pN increase as compared with the reduced Q3C/T51C, and AL is 13.5 & 1.7 nm (inset). Red lines in (C) and (E) are Gaussian fits.
Adapted from D. Sharma, O. Perisic, Q. Peng, Y. Cao, C. Lam, H. Lu and H. Li, Proc. Natl. Acad. Sci. U. S. A.,2007, 104, 9278. © 2007 by The National
Academy of Sciences of the USA.
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of proteins in a systematic and rational way. It is anticipated that
this new strategy will serve as one of the important criteria to
computationally design novel proteins with tunable mechanical
stability that can be further modulated via environmental stimuli,
such as redox potential.

Outlook

Single protein mechanics and engineering has made tremendous
progress over the last decade. However, this is still a new burgeon-
ing field of inquiry. Many fundamental questions regarding the
molecular determinants of proteins’ mechanical stability remain
to be answered. The lack of full understanding of such molecular
interactions has become a significant hurdle to rationally engineer
proteins of tailored mechanical stability, which limits the further
exploration of elastomeric proteins for nanomechanical applica-
tions. Therefore, efforts to dissect the molecular determinants
of proteins’ mechanical stability will continue to be of critical
and immediate importance. Towards this goal, new methodolo-
gies, both experimental and computational, will be required to
thoroughly examine the contribution of different non-covalent
interactions to the mechanical stability of proteins. Methodologies
developed in biochemistry and protein/peptide chemistry will
be directly beneficial to such efforts. For example, the recently
developed amide-to-ester mutagenesis™’ can be employed to
directly probe the role of backbone hydrogen bonds in determining
the mechanical stability of proteins. Furthermore, it is also
important to continue exploring new approaches to use external
means to modulate the mechanical stability of proteins. Recent
noteworthy examples include the use of light to modulate the
structure and mechanical stability of a bacterial blue light receptor
protein Per-Arnt-Sim* and the use of oligomerization domains
to construct mechanical proteins of higher order structures.”
These combined efforts will uncover the design principles of
mechanical proteins and enable the rational design of proteins with
well-defined and tailored nanomechanical properties that can be
utilized as novel biomaterials and components in nanomechanical
and biomedical devices.””®
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Metal complexes of alkynyl carbenes undergo a [1,3]-bond shift known as a metallotropic shift. Since
the discovery of the metallotropic [1,3]-shift of Rh-carbenoid, many more alkynyl carbene complexes
with Ti, Cr, Mn, Mo, Ru, W, Re, Pt, and Au have been discovered to show metallotropic shift behavior.
This article briefly summarizes the [1,3]-bond shift of alkynyl carbenes and their metal complexes.

1. Introduction

Carbene is one of the most versatile reactive intermediates in
organic chemistry. Especially, the transition metal-complexed
version known as metal-carbenoid has been extensively utilized in
tandem reaction sequences to generate complex ring structures via
the formation of carbon—carbon and carbon-heteroatom bonds.!
The unique capacity to form and break more than two bonds in
a concerted or sequential manner is characteristic of a “complex
reaction”, which is represented by “coarctate” electron-shifting
topology compared to the linear and cyclic topologies of common
organic reactions and pericyclic reactions, respectively.?

The typical reactivity of carbenes and carbenoids, represented
by their insertion to C-C, C-H, N-H, O-H, Si-H bonds (ad-
dition to a single bond), addition to double and triple bonds
(cyclopropane and cyclopropene formation), and rearrangement,
is strongly influenced by the nature of substituents and the
hybridization of carbenic carbons. Rearrangements in unsaturated
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carbene systems including vinylidenes,® allenylidenes* and alkynyl
and vinyl carbenes® have been a long-standing subject for theo-
retical and experimental investigation. However, it is only recently
that the interest in alkynyl carbenes has been renewed, leading
to significant advances in our understanding of their structure
and reactivity. Especially, the development of transition metal-
based methods for their efficient generation directly from alkynes
permits the study of [1,3]-carbenoid shift behaviors, which could
be developed into synthetically useful processes.

The intention of this Perspective is to survey the metallotropic
[1,3]-shift of metal-carbenoids with an emphasis on recent de-
velopments. Due to similarities between the chemistry of free car-
benes and metal-carbenoids, the bond shift and structural features
of free alkynyl carbenes (propynylidene and petadiynylidene) will
be briefly introduced and the metallotropic [1,3]-shift of various
transition metal-alkynyl carbenoids will be reviewed.

2. Bond shift of alkynyl carbenes

The rearrangement (bond shift) of acetylenic carbenes has long
been a topic of interest from a range of perspectives. Since
propynylidene, first generated photochemically by Skell and Klebe
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in 1960, showed equal reactivity at C1 and C3,® many experimental
and theoretical efforts have been made to elucidate the bond shift
behavior of various acetylenic carbenes (Fig. 1).

H Ph H
‘/'%H .  Ph—=1C—=ph
Ph

Fig. 1 Acetylenic carbenes.

The bond shift in free carbenes was inferred by the product
distribution in trapping experiments with alkenes (Scheme 1)” and
alcohols (Scheme 2)® as well as dimerization reactions (Scheme 3).°
These results indicate that no straightforward rationale can be
provided based on steric and electronic effects. Products are
probably determined by the equilibrium ratios of the bond shift
isomers and by their relative reactivities with the trapping agents
or other carbenes.

R
hv
N — S N == R__Z h
=\
OEt
R
X 7
R N R 4
EtO OEt

R=H 34% 66%

R =Me 100% 0%

R = Bror CO,Me 0% 100%

Scheme 1  Alkene trapping by an alkynyl carbene.
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l(l —_— H Q _— /\Ph
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P PR
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R=Me 2(1) : 3(10)
R =iPr 5 1

Scheme 2 Alcohol trapping by an alkynyl carbene.

In addition to experimental evidence supporting bond shift
behaviors of alkynyl carbenes, several theoretical calculations were
carried out to get more accurate structural information for these
carbene species. Recently, studies of propynylidene (propargylene)
by McMahon and coworkers provided conclusive evidence that,
among linear carbenic structure, C,-symmetric bent allenic
diradical,’ and C,-bent carbenic structure,’* the C,-symmetric
bent allenic diradical with a bent angle of 155° is the best fit
based on spectroscopic analyses (ESR/IR/UV-Vis) and ab initio
calculations (Fig. 2)."

Electronic and structural information for pentadiynylidene
(HCsH), a prototype of diacetylenic carbenes RCSR’, was also

N(L))NTs
Z N
Me;Si SiMeg
l heating, ODBC SiMes
MesSi_ __SiMes
A Z Me3Si
Z N
Me;Si SiMe; Me;Si SiMeg
Megsi
———=——SiMe;
MesSi———= /
SiMe,
Scheme 3 Dimerization of alkynyl carbenes.
H— E_H H%'\' Hi\ =~ aH
" s

le.//§‘H

Fig. 2 Propargylene.

obtained by McMahon and coworkers from the photochemical
decomposition of 1-diazo-2,4-pentadiyne followed by matrix
isolation and spectroscopic characterization." From this study,
the linear penta-1,4-diyne-3-ylidene structure with the largest
unpaired spin density at the central carbon was ascribed to the
major resonance contributor while the other degenerate resonance
contributors are also important for describing the spin density
at the terminal carbon. In contrast to HC;H, the penta-1,2,3,4-
tetraene-1,5-diyl structure bearing spin density at the terminal
carbons is not a discrete minimum on the potential energy surface

(Fig. 3).

Fig. 3 Pentadiynylidene.

Interest in the alkynyl carbene species does not merely remain
in the realm of curiosity and theoretical interest. Involvement of
an alkynyl carbene is implicated in the polymerization of diynes
to generate polydiacetylenes. Since 1969 it has been known that
1,3-diynes undergo polymerization in a topochemically controlled
fashion under uv-irradiation (Scheme 4)." This polymerization
process gives conjugate polymers with delocalized m-systems
along the polymer backbone, which confers interesting optical,
electronic, and photochemical properties to those polymers.'
Carbene-mediated polymerization, a generally accepted mecha-
nism, implies that a triple bond is a 1,2-dicarbene equivalent
under suitable photochemical or thermal activation.'” Due to the
short lifetime of putative dicarbenes involved in this process, their
generation within the well-organized topology of monomers is
required to effect polymerization.'®

Therefore, generation of stable yet reactive metal complexed
equivalents of these carbenes would be expected to have significant
impact on polymer chemistry and organic synthesis.

This journal is © The Royal Society of Chemistry 2007
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Scheme 4 Topochemical polymerization of 1,3-diynes.

3. Alkynyl carbenoids: metallotropic [1,3]-shift
3.1. Rh-complex from diazoketone

The decomposition of diazoketones with various transition metal
catalysts constitutes one of the most convenient methods to
generate metal-carbenoids.” Padwa and coworkers treated a 1,3-
diyne-tethered diazoketone 1 with Rh,(OAc),, which generated
vinyl alkynyl Rh-carbenoids 2 after addition of the initially
formed a-keto-Rh-carbenoid to a proximal triple bond of the
tethered 1,3-diyne.® The regioselectivity in trapping of alkynyl
Rh-alkylidene intermediates was examined under various settings
by using different trapping reagents (Scheme 5). The putative Rh-
carbenoid 3 was first reacted with an external alkene such as ethyl
vinyl ether to give the corresponding cyclopropanation product
4a in 90% yield. Exclusive cyclopropanation was observed at the
remote alkynyl site with no sign of regioisomeric cyclopropane
on the proximal site, indicating the proclivity of a metallotropic
[1,3]-shift of the initially formed alkynyl Rh-carbenoid. Since a
[1,2]-hydrogen shift in a singlet carbene is known to form an
alkene, a carbene species bearing a group capable of undergoing
a [1,2]-hydrogen shift gave indenone 4b in 92% yield. Similarly, an
intramolecular cyclopropanation with a tethered alkene gave 4c
in 95% yield. The exclusive formation of 4a could be explained
by a higher rate of trapping of carbenoid 3 by ethyl vinyl ether,
probably due to a lower steric hindrance at the remote site.
Alternatively, the regioselectivity can be attributed to a more
favorable equilibrium toward the fully conjugated, more stable
phenyl substituted regioisomer.

O
Me o4

Rh

N  — O’ Me — O’ Me

, — = LAy

X - \\
1 A L.RR ., TR 3 RhL,

R R

4c (95%)

PH  H

Intramolecular
alkene insertion

Intermolecular
alkene insertion

[1,2] H shift

Scheme 5 Rh-alkynyl carbene complex and its metallotropic [1,3]-shift.

The alkynyl Rh-carbenoid is the first example of a metal
complexed alkynyl carbene showing [1,3]-shift behavior, which
was proposed to proceed through the formation of transient

intermediate metallacycle 5 followed by structural rearrangement
(Scheme 6). This transient intermediate undergoes ring opening
to form a new Rh-carbenoid. The putative dehydrometalla cy-
clobutadiene complex shares a common structural feature with the
tungstenadehydrocyclo-butadiene complex reported by Schrock
and coworkers.”!

o
o
Me
OQ Me O’ Ve
_ —_—

~ = \

L,Rh” TR L\Rh) \
2 5 R 3 LR R

Scheme 6 Putative intermediates for metallotropic [1,3]-shift.

3.2. Ru-complex from metathesis (RCM)

Grubbs-type ruthenium alkylidene complexes are very efficient
catalysts for enyne ring-closing and cross metathesis.”> Due to
the conceptual similarity between the enyne RCM and the
metallotropic shift (Scheme 7), Lee and coworkers hypothesized
that a reaction between a 1,3-diyne 6 and a ruthenium alkylidene
7 would form a regioisomeric intermediate 8, which would then
undergo the expected metallotropic [1,3]-shift to generate a new
alkylidene 9 to provide a 1,5-diene-3-yne 10 as a final product
(Scheme 8).2 However, a 2-alkynyl-1,3-diene 12 was obtained
from the cross metathesis reaction as the only observable product,
a consequence of the formation of an inappropriate regioisomeric
alkylidene intermediate 11 for the [1,3]-shift.

R - R . 5 L Ru
LR LR
Enyne RCM " UM N " g _ dLR
E m 3 m
- LnRqu .
Metallotropic ~ boRY, _ RuL,
[1,3]-shift =R b e | — =
R

Scheme 7 Enyne RCM and metallotropic shift.

RhL,
6 R R
R—==R; J =R, —» ) — R4

™\
Mes-N . N-Mes Ry M Re 12
Rel
Ru—=
Y cr” | _\Rz
PCy;
Rz 7 R, R,
R / | \
=R, — R Xx_ri, — X
LRR™ 4 9 10
Ry R4

Scheme 8 Cross metathesis of 1,3-diynes without metallotropic shift.

It was hypothesized that generation of a Ru-alkynyl alkylidene
species appropriate for the [1,3]-shift could be achieved by tether-
ing an alkene to a diyne such that the formation of intermediates
becomes intramolecular, providing an appropriate regioisomeric
alkynyl alkylidene. This supposition was vindicated by the RCM
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This journal is © The Royal Society of Chemistry 2007





of ene-diyne 13a, which provided a single regioisomeric product 17
in quantitative yield (Scheme 9). On the other hand, the RCM of
a similar ene-diyne 13b containing a silyl group at the terminal
position of the 1,3-diyne moiety generated a cross conjugated
product 16 exclusively. We believe that an initial RCM from
both substrates 13a and 13b generated an intermediate alkylidene
14 in equilibrium with another alkylidene 15. The fate of these
equilibrating intermediates to choose divergent reaction paths
would depend on the nature of substituents.

RulL,
s/ iy R —Is'i ! SiEts

| 13a(R=CH,0Me) | 14 16
13b (R = SiEty) L
o RuL, o
>Si\;/>%/( — :sH
R
15 17 MeO

Scheme 9 RCM of 1,3-diynes with an alkene tether.

The generality of the RCM followed by a metallotropic [1,3]-
shift was further demonstrated with various enediynes 18a—
d (Table 1) that provided efficient metallotropic [1,3]-shifted
products 19a—d.

The enyne RCM reactions of 20a—e reported by van Otterlo
and coworkers provided products 21a—e (Table 2).* The authors
proposed that an eneyne RCM product such as 21a’ was ini-
tially formed, which then underwent ethylene extrusion due to
thermodynamic reasons via an unknown mechanism. However,
considering that a product such as 21a” has never been isolated even
in trace amounts, it is unlikely that 21a’ was formed and completely
transformed to 2la. It is more reasonable to assume that the
products 21a—e were formed via the aformentioned mechanistic
steps involving an RCM-metallotropic [1,3]-shift sequence.

To further expand the scope of the RCM-metallotropic [1,3]-
shift sequence, Lee and Kim designed a substrate that can undergo
repetitive ring-closing metathesis—metallotropic [1,3]-shift (M &
M) process, which can lead to the formation of oligoenynes

Table 1 RCM-induced metallotropic [1,3]-shift

Enediyne Product Yield (%)
\
Ssi—=——= 0-Si™
0] — OTHP < > — 2 66
/T / OTHP
18a 19b
S Vo Ny y
\ 18b 18d
TBSO oTBS
== C,H,
— J— 96
18¢c 19e  CaHo

e}
AY) 7
/SH r
19f

Table 2 van Otterlo’s synthesis of bicyclic 1,5-diene-3-ynes

Dienediyne Product Yield (%)
)
©¥ O V= \ O 54
o 0 21a
20a o O 0

/—// 21a’

e _ — n N = n0
n— o) \
o) n
20b n=1 //_/ 21b n=1 88
20c n=2 21c n=2 58
L/
TsN - N A o nNTS
- — \
n NTs TsN n
20d n=1 4 21d n=1 32
20e n=2 21e n=2 53

(Scheme 10). The projected M & M sequence resulted in a highly
efficient sequential bond-forming process, producing a variety of
oligoenynes 22a-g in reasonably good yield (Fig. 4).%

X
X YI [1,3]-shift R
A N I If
L,Ru
~ LRu=\ el
\L Ph RCM
c S

M&M],

X R
L,Ru RCM
HVII It
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Scheme 10 RCM and metallotropic [1,3]-shift (M & M).
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N
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22b, X = O (63%)
22¢, X = NTs (47%)

22d, X =0, Y = 0 (51%)
22e, X = O, Y = NTs (45%)

22f X =0, Y = 0 (32%)
22g, X = NTs, Y = O (36%)

Fig. 4 Oligoenynes generated by M & M.
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3.3. Ti-complex from titanation of thioacetals

Takeda and coworkers utilized a thioacetal-titanocene(11) system
to develop a range of transformations in which the active
intermediate is assumed to be a titanium carbenoid.”® Un-
der these conditions, desulfurizative titanation of thioacetals
and related organosulfur compounds with titanocene(11) reagent
Cp,Ti[P(OEt);], could provide access to titanium carbenoids,
which participate in various reactions such as cyclopropanation
and carbonyl olefination. In particular, the reaction of thioacetal
23 with a bulky silyl group and a substituted alkyne moiety was
expected to proceed via the less sterically encumbered titanium
carbenoid 25 (Scheme 11).*” The metallotropic [1,3]-shift of the
initially formed carbenoid 24 would be driven by steric hindrance
of the bulky silyl substituent in the carbenoid 24.

)

S, S 2 Cp,Ti[P(OEt);],

—_—— .
/SiRs s / SiRs
- Cp,Ti :> R 24
S

TiCp,

=z R
RsSi

PR, ‘ OJ\

R3S

R Ry
Rz /\(
e =
/Kl/ R3Si
26 27

Scheme 11  Ti-alkylidenes and their metallotropic [1,3]-shift.

The titanocene-promoted cyclopropanation of silyl and methyl
substituted thioacetals 28 and 29 was examined under ethylene. As
expected, a single regioisomeric trimethylsilyl ethynyl substituted
cyclopropane 30 was obtained in 68% yield from 28, whereas a 79 :
21 mixture of regioisomeric alkynylcyclopropanes 31 and 32 was
obtained from 29 in 61% yield in favor of the sterically less crowded
cyclopropane. The cyclopropanation of regioisomeric acetylenic
thioacetals 33 and 34 with 4-phenylbut-1-ene produced a single re-
gioisomeric cyclopropane 35 with the same ratio of stereoisomers.
These results indicate that regioselectivity of the cyclopropanation
depends on the relative steric bulkiness of substituents on both
sides of the alkynyl Ti-carbenoid (Scheme 12).

Mechanistically, cyclopropanation is assumed to proceed
through a titanacyclobutane intermediate formed from a [2 + 2]
cycloaddition between Ti-carbene and an alkene. Reductive elim-
ination of titanium from this intermediate affords the observed
cyclopropanes. To provide further evidence for the involvement of
ametallotropic[1,3]-shift and the formation of trialkylsilylethynyl-
substituted Ti-alkylidene 37, an insertion reaction of this car-
benoid with group 14 metal hydrides and deuteration reactions
were explored (Scheme 13).® Desulfurizative titanation of 28 in
the presence of dimethylphenylsilane produced propargylsilane 39
as a major product along with the allenylsilane 38. It is apparent
that these compounds are formed from trialkylsilylethynyl Ti-

%X,

H,C=CH, Ph

Ph S._§ __ T2 % 68%
L/&MegCPZWP(OEU:ﬂz MesS” 5o

Ph HZC CH, Ph Me
g M CpTIP(OENely 32
™ 69% (79:21 )
};e Me
N Ph
Mesi” 33 T F
(Y CpTiPOEN;, MeoS 70% (80:20) from 33
S__S 35 oy, 63% (81:19) from 34
/<suv|e3
Me Z 34
Scheme 12 Reactivity and selectivity of substituted thioacetals.

alkylidene 37 via [2 + 1] and [2 + 3] carbenoid insertion reactions.
On the other hand, deuterium incorporation occurred from both
alkylidenes to generate 40 and 41 in a 15 : 85 ratio. Although
this result can be rationalized by the presumed sole intermediacy
of 37, another plausible explanation is that the products of these
reactions are the consequence of the differential trapping rates of
the alkylidene species 36 and 37 while they are undergoing rapid
[1,3]-shifts.

D D D D
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~ SiMeg
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. SiMey
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H
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AN
SiMe; * SiMe;
Ph 35 Ph 39

Scheme 13 Reactivity and selectivity of Ti-alkynylidenes.

3.4. Cr-, W-, Mo-Fischer carbene complexes

Since the discovery of a number of Fischer carbene complexes
of group 6 metals, a variety of synthetic applications have been
developed.® In the course of expanding the scope of Fischer
carbene complexes to chiral alkynyl(alkoxy)carbenes,* Barluenga
and coworkers reported the utilization of alkoxyacetylides.’! This
methodology did not just allow the easy implementation of the
chiral alkoxy group to the metal carbene complexes but also
provided an unprecedented example of [1,3]-migration of the
metal center. Thus, when the carbene complex 42 was treated with
an alkoxyethynyl lithium reagent, initially formed nonstabilized
carbene 43 underwent rapid rearrangement, providing the more
stable alkoxy carbene 44 as a final product (Scheme 14).

It was implied that the [1,3]-migration of the carbene center
is an electronically controlled process for a given system. This
facile process was not only applied to tungsten and chromium
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Scheme 14 Rearrangement of alkynyl carbenoids.

carbenes but also to a more elusive molybdenum carbene species.
It is noteworthy that [1,3]-migration of metal carbene complexes
was invoked as a possible pathway in a different type of reaction of
alkynyl Fischer carbene complexes. Barluenga reported that metal
alkynylcarbene complexes 45a,b were synthetic equivalents of the
electrophilic propargylcarbene species 47 (Scheme 15).%° In this
reaction, both stabilized and nonstabilized metal alkynyl carbene
complexes 45a,b were reacted with 2-oxyfurans. Olefination of
these complexes gave the dienyne products 48a.b, the formation of
which involves a formal [1,2]-migration of the triple bond to give
an overall regioselective olefination at C; of the alkynylcarbene.
AT THF, -80 °C

o)
@—OMe
(0C)scr=<

(OC)sCr
- =
OMe  then TMSOTF N | s0oc >t
-80°C 46 Ph

45a (Ar = Ph)

Ph Li Ar

45b (Ar= p-MeOCgH,) Ar Al
/ /:\_/
. MeO,C —
Ph 47 48ab Ph

Scheme 15 Reactions of alkynyl Fischer carbene complexes.

The observed results were rationalized by a Michael-type
addition of oxyfuran to the electron deficient alkynyl carbenes 46
to generate the zwitterionic allenyl intermediate 50. Subsequent
C-O bond cleavage by metal elimination regenerates the alkyne
functionality conjugated to the (Z)-pentadienoate moiety. An
alternative view invokes a [1,3]-Cr(CO);s shift to generate the
rearranged metal carbene 49, which undergoes 1,2-addition to
form 51 followed by a ring-opening concomitant with metal
elimination. The latter pathway seems less likely at least for the
metal carbene 49b (R? = OMe) due to its unfavorable equilibrium
(Scheme 16). Expansion of the latter concept to more complex
structures allows assessment of the ability of substituents to induce
the [1,3]-carbene shift: substituent effects follow the order of
alkyl > aryl > trialkylsilyl (Scheme 17).

RZ
R2 [Cr]
- = R2
sab N\ RN
R1

o7 0
i Me 5085 F\;/
{1, 3]shit s0a, Rz MeO,C -
' R2 48a (R = Ph, R2= p-MeOCgH,)
Vi Q\OMe = / 48b (R' = Ph, R2= OMe)
(0C)sCr 0770 & [
R1
49ab Me stab
Scheme 16 1,4-Addition vs. a metallotropic [1,3]-shift.

Product formation involving isomerization of the alkynyl moi-
ety might not be a direct consequence of metal migration as

Rz RZ
/ 0 —. COMe
74 | )—ome _
(0C)sCr — | ©oc)yer W
80°C >rt
N /
53ab R
52a (R' = 4-MeO-CgHg4, R? = nPr) 54a (66%)
52b (R' = iPrySi, R?=Ph) 54b (77%)

Scheme 17 Substituent effects on a [1,3]-carbene shift.

alluded in the former mechanistic picture. However, as addressed
by the authors, the metallotropic[1,3]-shift is a conceptually useful
framework to view and design alkynyl carbene mediated reactions.

3.5. Cu-complex

Haley and co-workers reported the conversion of (2-ethynyl-
phenyl)-triazenes into isoindazole aldehyde. Experimental and
theoretical investigation led the authors to conclude that kinetic
trapping of the reversibly formed carbene 56 intermediate with
oxygen was responsible for the formation of the observed isoin-
dazole aldehyde 58 (Scheme 18).3* When copper salt was used
as a catalyst, the carbene-mediated reaction manifold became
more effective, generating products derived from typical carbene-
mediated processes. Thus, use of a Cu-catalyst supports not only
the involvement of carbene species but also provides a means to
control chemoselectivity.**

EEtZ NEt, NEt,
N R N-N N-N 4
Z l & s
R' R=H H
R 55 R 56 R 58
Cu+
NEt,
N
N e
VY Me R =1tBu |
Me =
Ve R'=H
BU 59 R

Scheme 18 Reaction of isoindazolyl Cu-carbene complexes.

Having established a facile Cu-catalyzed cyclization of an
azo-enyne substrate via isoindazolyl carbenoids, these authors
pursued a sequential cyclization involving a [1,3]-shift of the Cu-
carbenoid intermediate. Thus, the azo-enediyne compounds 61a
and 61b were treated with CuCl in the presence of 2,3-dimethyl-
2-butene. Upon heating in aprotic solvent, cyclopropane-
containing products 62a and 62b were obtained in 75% and 52%
yields, respectively.** The observed product formation can be
rationalized by a sequence of events involving an initial formation
of alkynyl carbenoid 63 followed by a [1,3]-shift to a more stable
carbenoid 64 and its trapping by an external alkene. However,
another plausible explanation involves electrophilic activation
of the remote triple bond by coordination with CuCl to form
an intermediate 65 with more extended electron delocalization.
DFT-based computational study supported the latter resembling
Sy2', which was calculated to have the lowest energy barrier
(Scheme 19).*
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Scheme 19 Cu-carbene complexes and their metallotropic [1,3]-shift.
3.6. Au-, Pt-, Ru-complex from diyne activation

One of the most notable trends in metal-carbenoid chemistry
is the use of triple bonds as a direct source of carbenes.’® With
the propargyl acetate 66 and the 1,6-enyne 67 shown to be valid
precursors for carbenes 68 and 69, respectively, under electrophilic
metal catalysis (Scheme 20), substrates incorporating a 1,3-diyne
could be envisaged for the generation of the alkynyl metal-carbene
species and its [1,3]-shift. An alkyne moiety attached to the
reacting alkyne of the propargyl carboxylate might be expected to
behave as a controlling element for the formation of the requisite
metal-carbenoid for the metallotropic [1,3]-shift (Scheme 21).

o*o ML, O/LO o/\<o@
R \\
H
66
= ML,
 —
R o
67

Scheme 20

iML
69 "

Vinyl and cyclopropyl carbenoids generated from alkynes.

Recently, Lee and coworkers demonstrated an efficient met-
allotropic [1,3]-shift during bond reorganization of 1,3-diynes
using platinum and gold catalysts.”’” The homo- and hetero-
combinations of propargyl acetate and 6-heptene-1-yne moieties
within the 1,3-diyne platform were employed for the formation
of metal-alkylidenes followed by metallotropic [1,3]-shifts. Two
salient reactivity features of these transformations are: acetate is a
more reactive initiating functionality than the tethered alkene, gen-
erating [1,2]-acetate migrated alkylidene in the first step, and the
tethered alkene is better than acetate as a terminating functionality
to generate the cyclopropane moiety in the last step. Representative
examples of three classes of 1,3-diyne rearrangement are depicted
in Scheme 22.

Ohe and co-workers also reported the Ru-catalyzed bond
reorganization of 1,3-diynes.* They employed a 1,3-diyne 80 with
propargylic acyl groups, which efficiently provided 1,5-dien-3-yne
structure 81. The bond reorganization and the stereochemistry of
the product was rationalized to proceed via a metallotropic [1,3]-
shift (82 — 83) as shown in Scheme 23.

— AcO OAc

Scheme 21 Formation of alkynyl carbene complexes from diynes and
their metallotropic [1,3]-shifts.
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Scheme 22 Bond reorganization of 1,3-diynes Pt and Au.

An NHC-gold complex was employed by Echavarren and
coworkers to induce the structural reorganization of 86 to 87 in
91% yield.** The authors invoked formation of an alkynyl Au-
alkylidene intermediate followed by its metallotropic [1,3]-shift
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Scheme 23 Ohe’s Ru-catalyzed bond reorganization of 1,3-diynes.

as the requisite steps for formation of the observed product
(Scheme 24).

[\
Mes-Ny_ N-Mes
Z 85 AuCl / AgSbFg
7 CH,Cl, 1t z

86
//—/ Z = C(CO,Me),

Scheme 24

87

NHC-gold complex-catalyzed bond reorganization.

Toste and coworkers developed a tandem sequence for the syn-
thesis of benzonorcardienes 90 by gold-catalyzed incorporation of
the 1,3-diyne moiety 88 to styrene, where the enynyl cyclopropane
89 was observed as an isolable intermediate during the reaction
course (Scheme 25).¥ Two pathways could be suggested for
formation of the enynyl cyclopropane 89. The first involves
a metallotropic [1,3]-shift of the initially formed Au-carbene
91 to its regioisomeric intermediate 92 (path a). The second
pathway proceeds via a cumulene intermediate derived from the
coordination of cationic Au to the remote alkyne (path b).

= <]
= i 5% PhsPAuCI 16h
BzO. = ORI . .
5% AgSbFg
rt, 15 min BzO // BzO X
88 Oy
%6 | 89 90
N
path a)

Auly 4 31shift X
N3N g0 22 Al
|
91 92

Scheme 25 Toste’s synthesis of benzonorcardiene.

3.7. Mn-, Re-complex

The bond-shift behavior of alkynyl Mn- and Re-carbene com-
plexes is slightly different from the typical metallotropic [1,3]-shift
of other metal-carbenoids. However, the overall transformation
results in product formation that always involves a formal [1,3]
bond-shift of alkynyl carbenes. Casey and coworkers reported
the dimerization of manganese and rhenium alkynyl carbene
compexes.” The alkynyl Re-carbene complex 95 was prepared
by addition of metal acetylide reagent 94 to the metal carbyne

complex 93 and the mixture was heated at 120 °C in toluene
(Scheme 26). They observed an unusual regioselective carbene-
mediated dimerization at the remote alkyne carbon: a small
amount of isomeric Re-carbene complex 96 resulting from [1.3]-
migration was observable only spectroscopically.

@ Fh 2 3 Ph
(Bl Oreg * | OC\.ﬁe%
ocy TN S
OC/ Tol ZnBr OC  Tq
93 94 95

- Tol
Cp(OC)Re._, oge - v
Tol 1 96 3
Ph

Scheme 26 Regioselective Re-carbene mediated dimerization.

The authors proposed a mechanism for the formation of the
enediyne 97 invoking a [1,1.5]-shift of the rhenium moiety from
C, of the carbene complex 95 to the midpoint between C, and
C, of the resulting alkyne complex 98. Thus, slow addition of the
carbene center of the [1,1.5]-shifted carbene intermediate 98 to
the C; center of another molecule of 95 generates a vinyl carbene
intermediate 99, which then undergoes another [1,1.5]-shift to give
the final enediyne bis-Re-complex 97 (Scheme 27).

Ph Ph
cooekRe, 0|, 2
V%) ocv/ ®
OC  Tol

OC  Tol Tol 1
95 98

.@2 3 Ph 145

Re ! _—

Scheme 27 Enediyne via [1,1.5]-Re shift.

The carbene character induced on the remote C; center
of intermediate 98 was further verified by an intramolecular
cyclopropanation with an alkene tethered to the C; position
(Scheme 28).*

3
2
P
Tol” Re(CO),Cp

—

Scheme 28 17-Alkynyl Re-carbene complex from [1,1.5]-Re shift.

The synthetic utility of the [1,1.5]-shift of Re-carbene complexes
was further demonstrated in the synthesis of various cyclic cis-
enediynes (Scheme 29).
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Conclusions

A survey of reactions involving various alkynyl metal carbenoids
shows three characteristic reactivity patterns, which are graph-
ically summarized in Scheme 30. Carbenoids generated by a
catalytic amount of Rh-, Ru-, Au-, and Pt-complexes undergo
facile [1,3]-shift at relatively low reaction temperatures. Similar
bond shift behaviors were observed with Ti-, Cr-, W-, and Mo-
carbenoids but they require a stoichiometric amount of the
corresponding metal precursors. The Cu-catalyzed conversion of
1,3-diyne presursors to isoindazoles is considered to be a formal
[1,3]-shift process because an alternative reaction that does not
involve a [1,3]-shift was found to be a lower energy pathway. Also,
the addition process of alkynyl Cr-carbenoids to 2-oxyfurans can
be described under the framework of [1,3]-shift, although 1,4-
addition is actually involved. Compared to a typical [1,3]-shift,
the bond shift behaviors of Mn- and Re-complexes are viewed
as [1,1.5]-shift. Only stoichiometic reactions involving these two
carbenoids are reported.

Catalytic H Rh, Ru, Au, Pt‘

-

Stoichiometric H Ti, Cr, Mo, W ‘

Catalytic H Cu |

StoichiometricH Cr ‘

4{ [1,1.5] ‘4{ Stoichiometric ‘4{ Mn, Re‘

Scheme 30 Comparison of various alkynyl carbenoids.

‘ Shift Mode F4 Formal [1,3] |

The emerging diversity in structure and reactivity of alkynyl
carbenoids has promoted an increasing number of synthetic and
mechanistic studies. Insights into the reactivity of different types
of metal-stabilized alkynyl carbenoids from these studies will
enable the designs of a host of new substrates of conceptual and
practical interests. The metallotropic shift process allows for se-
quential bond-forming events leading to the efficient construction
of multiply unsaturated complex molecular structures. Further
spectroscopic, crystallographic, and computational studies are
necessary to get a more accurate picture of the metallotropic
[1,3]-shift and to characterize intermediates in the rearrangement
process.

Direct application of the metallotropic [1,3]-shift in natural
product synthesis is yet to be seen but its capacity to change
and increase molecular complexity bodes well for its synthetic
utility. Especially, enediyens and enynes, readily constructed by
alkynyl metal carbenoids undergoing metallotropic [1,3]-shift, are
substructures in many biologically important natural products as
well as polymeric materials such as polydiacetylenes. Therefore,
discovering the right match between alkynyl substrates and metal
complexes that generate reactive yet selective alkynyl carbenoids
will be one of the highest priorities in the field.
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The gas phase reactions of the bridgehead 3-carboxylato-1-adamantyl radical anion were observed with
a series of neutral reagents using a modified electrospray ionisation linear ion trap mass spectrometer.
This distonic radical anion was observed to undergo processes suggestive of radical reactivity including
radical-radical combination reactions, substitution reactions and addition to carbon-carbon double
bonds. The rate constants for reactions of the 3-carboxylato-1-adamantyl radical anion with the
following reagents were measured (in units 107> cm® molecule™" s7'): *O, (85 +4), NO (38.4 +0.4), I,
(50 £ 50), Br, (8 £ 2), CH;SSCH; (12 + 2), styrene (1.20 & 0.03), CHCI; (H abstraction 0.41 &+ 0.06, CI
abstraction 0.65 + 0.1), CDCl; (D abstraction 0.035 £ 0.01, Cl abstraction 0.723 £ 0.005), allyl
bromide (Br abstraction 0.53 £ 0.04, allylation 0.25 £ 0.01). Collision rates were calculated and
reaction efficiencies are also reported. This study represents the first quantitative measurement of the
gas phase reactivity of a bridgehead radical and suggests that distonic radical anions are good models

for the study of their elusive uncharged analogues.

Introduction

Bridgehead radicals are fascinating molecules with their rigid
structures making them exceptional probes of fundamental chem-
istry. Invariant intermolecular distances and bond angles allow
these species to be utilised in the exploration of subjects such
as orbital and bond interactions, as well as conformational and
substituent effects upon reactivity.! Bond angles for a series of
bridgehead radicals have been obtained by electron spin resonance
(ESR) spectroscopy from measurement of *C hyperfine tensors
and at 77 K the 1-adamantyl radical is estimated to have a bridge-
head C-C-C angle of 113.6°.> This experimentally derived value
is congruent with gas phase structure calculations that predict
a bond angle of 113° for the l-admantyl radical using density
functional methods.>* Such deviation from the 118° for the near
planar zert-butyl radical,>” demonstrates the degree of pyrami-
dalisation around the bridgehead radical. Further computational
studies predict that as the geometry of a carbon-centred radical
deviates increasingly from its most stable planar conformation,
the energy increases since spin delocalisation mechanisms such
as resonance and hyperconjugation are compromised.® These
calculations also predict an increase in the bridgehead C—H bond
dissociation energy in strained hydrocarbons as a function of
increases in the sum of the H-C—C bond angles.® Such calculations
are supported by experimental measurements of spin density at
radical centres that reveal an increase from 83 to 88% upon
transition from 1-adamantyl to, the even further distorted, 1-
bicyclo[1.1.1]pentyl radical.> In a previous computational study
from our own laboratory* we have shown that the 1-adamantyl
radical 2 is pyramidal about C, but has shorter Co—Cp bonds,
longer CB-Cy bonds, larger C-Co~Cp angles and smaller Co-—
CB—Cy angles than adamantane 1 (Scheme 1). These observations
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are supported by previous calculations by Schaefer and co-
workers® and are consistent with the radical centre being slightly
flattened by H-CB-Ca hyperconjugation.

In solution, bridgehead radicals undergo the expected suite of
free radical reactions including: (i) addition to multiple bonds, (ii)
abstraction of hydrogen or halogen atoms, (iii) coupling with other
radicals, and (iv) B-scission promoted rearrangements, although
such isomerisations are facile only for species containing 3- or
4-membered rings.” Pyramidalisation of a carbon-centred radical
at a bridgehead carbon might be expected to increase its rate of
reaction relative to unconstrained tertiary radicals. Alternatively,
the strained geometry about the bridgehead radical centre might
retard reactions in some instances due to frontier orbital effects.’
To this point, however, a paucity of empirical data has provided
a significant impediment to the rigorous exploration of such
ideas. In one of the few experimental comparisons available, rate
constants for the addition of bicyclo[1.1.1]pent-1-yl radical to o-
methylstyrene (1.4 x 10" M~"'s7' or2.32 x 10~ molecule™ cm*s™)
and hydrogen atom abstraction from 1,4-cyclohexadiene (4.6 x
10° M~' s7! or 7.64 x 107'® molecule™' cm® s~') were measured at
25° C by laser flash photolysis."” These rate constants are, respec-
tively, 200 and 50 times greater than those for the same reactions
of tert-butyl, confirming that for these reactions the bridgehead
radical is more reactive than its unconstrained analogue.

Bridgehead radicals provide a unique model in which to
investigate the intrinsic reactive properties of carbon-centred
radicals. Gas phase radical reactions, however, have typically been
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difficult to study for several reasons: the occurrence of secondary
chemistry, high reaction rates, instability of intermediates and
difficulties with detection. Yet, important radical-mediated pro-
cesses such as combustion of hydrocarbons and the production
of photochemical smog often lack solid evidence in support of
postulated reaction schemes and putative reaction intermediates.'
In this paper, we describe how it is now possible to study a single
step in the reactions of a bridgehead radical using a combination
of distonic radical anions and linear ion trap mass spectrometry.

Ton trap mass spectrometry allows gas phase ions to be isolated
(purified) by mass selection, contained (stored) within electric
fields for periods of time and fragmented (energised) by collision
with an inert bath gas to yield smaller ions which provide structural
information. Product ions may then be trapped and fragmented
further, often several times. A significant recent development has
been the conversion of ion trap mass spectrometers into ‘gas
phase synthetic reactors’ by the introduction of reagents into
the trap atmosphere such that ion-molecule reactions may be
observed.'»”® For our purposes, the technique has the following
strengths: the reactions of one type of ion at time may be studied,
like-charge repulsion prevents ions from reacting with each other
(no interference with radical termination events), and reaction rate
data may be obtained.

As mass spectrometers detect only ionic species, it was necessary
to introduce a charged functional group into the l-adamantyl
radical. However, the charge and radical centres must remain
separate—both spatially and electronically—in order not to
interfere with the reactivity of the radical. The charge must be
relatively inert, to avoid a predominance of ionic chemistry. Ac-
cordingly, the distonic** radical anion 3-carboxylato-1-adamantyl
3 (Scheme 1) was a logical target of choice. The distonic approach
to radical reactivity has been employed previously by the groups
of Kenttdmaa, ! Kass'® and O’Hair."?!

The calculated structures of the 1-adamantyl radical 2 and 3-
carboxylato-1-adamantyl radical anion 3 reveal that comparable
bond lengths and angles are very similar, suggesting that distonic
ion 3 makes an excellent model to study the reactivity of 2
(Scheme 1).* Radical anion 3 can be generated by oxidative
decarboxylation of the 1,3-adamantane dicarboxylate dianion 4
(Scheme 2),* in a similar manner to the production of distonic 4-
carboxylato-1-phenyl radical anions from benzene dicarboxylate
dianions.” However, low yields from this process have been
encountered in the presence of some gas-phase reagents due
to the preponderance of ionic reactions of the dianion. A
convenient solution to this problem lay in the derivatisation of
one carboxylic acid group of 1,3-adamantane dicarboxylic acid to
its N-acyloxypyridine-2-thione—or colloquially, Barton ester—
functional group.”? Della and Tsanaktsidis have successfully
adopted this function in the generation of radical intermediates for
the synthesis of bridgehead halides.”® In solution, treatment of an
N-acyloxypyridine-2-thione with a radical initiator, or subjection
to thermolysis or photolysis, is known to generate a carbon
centred radical by homolysis of the N-O bond, then subsequent
rapid decarboxylation.?? Our computational estimate of the bond
dissociation energy of the weak N-O bond of methyl Barton ester
is 65 kJ mol™'. Preparation of the adamantyl Barton ester acid was
accomplished in one step from 1,3-adamantane dicarboxylic acid
by adaptation of a standard method.?* Electrospray ionisation of a
methanolic solution of the Barton ester in the mass spectrometer
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Scheme 2

resulted in the observation of carboxylate anion 5 at m/z 332
(Scheme 2). This ion was trapped then subject to collision induced
dissociation (CID), which produced the desired radical ion 3 of
m/z 178 efficiently, demonstrating that Barton esters are also
effective in the generation of gas phase radicals. The intermediate
acyloxy radical 6 was not observed due to the extremely rapid
rate of decarboxylation.* In the present study, reactions of 3 with
nine reagents were observed and occurred overall in a manner
similar to what would be predicted from a knowledge of solution
phase chemistry. Second order rate constants were measured and
reaction efficiencies were estimated based on theoretical collision
rates.

Results and discussion
Validation of kinetic measurements

As a test of the accuracy of our experimental approach, we
measured the rate constants of three ion—molecule reactions whose
kinetics had previous been determined by flowing afterglow-
selected ion flow tube (FA-SIFT) mass spectrometry (Table 1).22
These reactions were: (1) the displacement of iodide from
iodomethane by *Cl~ (eqn (1)), (2) the displacement of iodide
from iodomethane by ”Br~ (eqn (2)), and (3) the bimolecular reac-
tion of 1,1,1,3,3,3-hexafluoroisopropoxide ion with bromoethane
(eqn (3)). Although this last reaction yields products resulting from
both a substitution and elimination reaction (eqn (3a) and (3b),
respectively), Br~ (m/z79/81) is the only charged product detected
in this experiment and thus the rate constant determined is in
fact the sum of the rate constants of two second-order processes.
As a check of accuracy with reactions of radicals, the rate

Table 1 Comparison of second order rate constants (k,) for the ion—
molecule reactions depicted in eqn (1)-(4), determined by the current ion
trap method and by FA-SIFT or FT-ICR techniques

Reaction k, by current ion trap Literature k,/cm? Literature
equation method/cm® molecule™ s™'  molecule™! s™! method
(1) 1.240.3 x 107" 1.66 +0.03 x 107"  FA-SIFT*
2) 3.0+04 x 107" 2.89 +0.09 x 10" FA-SIFT*
3) 5.6+0.6 x 107" 7.83+£0.33 x 107> FA-SIFT*
@) 3754 0.1 x 107 844 x 107 FT-ICR"
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constant for the reaction of the distonic 3-carboxylato-1-phenyl
radical anion (7) with dimethyl disulfide (eqn (4)) was determined
and is compared to the value previously reported from Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometry.’®
The results of kinetic measurements for the reactions shown in
eqn (1)—(4) are presented in Table 1 and represent an average
of at least three separate determinations, each under differing
neutral concentrations. The uncertainties represent one standard
deviation of the precision.

SCI- + CHy—I — “CI-CH, + I- (1)
"Br~ + CH,—I — PBr-CH, + I )

(CF;),CH-O" + CH;CH,-Br — (CF;),CH-O-CH,CH,
+ Br- (3a)

(CF,),CH-O~ + CH,CH,-Br — (CF;),CH-OH
+ CH,=CH, + Br~ (3b)

CO, ~ CO, —

+ CH3S-S-CHy; — + CHj3S ¢

(4)
SCH,

7

The measured rate constants obtained for reactions (1)—(3) agree
favourably with the respective FA-SIFT values, considering that
the absolute accuracy of the latter method is estimated at £20%?2
and an estimation of accuracy of ion-trap derived rate constants of
+25%." The measured rate constant for the reaction of a distonic
radical anions (eqn (4)) of 3.75 & 0.1 x 107" also agrees well
with a value previously obtained by FT-ICR mass spectrometry
of 8 £ 4 x 1072 cm® molecule™ s'.'® The data suggest that the
linear ion trap mass spectrometer used in this study is expected
to provide highly reproducible gas phase rate measurements (high
precision) and yield rate constants of reasonable absolute accuracy
for the reactions of both closed-shell and radical ions with neutral
reagents.

Verification of the structure of the radical

Before discussion of the reactions of the 3-carboxylato-1-
adamantyl radical anion (3), it is important to establish that the
putative structure shown in Scheme 1 is the correct connectivity
of the ion observed at m/z 178 resulting from CID of the Barton
ester anion 5. We have previously addressed the possibility that
the radical in question may instead be the ring-opened isomer
8 (Scheme 3).* Tertiary radical 8 is stabilised by resonance
interactions with the adjacent carboxylate group and by relief
of ring strain relative to 3, thus making it the most likely
structural alternative to 3. Electronic structure calculations at
the B3LYP/6-31+G(d)//HF/6-31+G(d) level of theory suggest
that an activation energy of 81 kJ mol™ must be overcome for
conversion of 3 into 8.* It was previously argued that this barrier
was sufficiently large to prevent isomerisation given: (i) the gentle
method of radical formation, (i) the fact that CID does not
produce energetic secondary collisions in ion traps and (iii) the
rapid cooling (5-10 ms)*™* of ions by collisions with the helium

/o.
(¢)
_ O,
. CO, X
%" oD CO,~
3 9

-0,
8
m/z178 m/z178 m/z210
CID
-HO*
0]
9b
m/z193
Scheme 3

buffer gas. Further experimental evidence for the bridgehead
structure of 3 is presented below.

The ion at m/z 178 reacts with adventitious dioxygen inside the
ion trap, forming an ion of m/z 210 that has been assigned as the
peroxyl radical 9. When the latter ion is isolated and provided with
additional energy in a CID experiment, the original progenitor ion
at m/z 178 is reformed. Furthermore, when this new ion of m/z
178 is subsequently trapped (in an MS® experiment), it reforms
m/z 210 at the same rate as initial peroxyl radical formation.
Such observations are consistent with previous reports of the
loss of dioxygen from the benzyl peroxyl radical forming the
benzyl radical® and suggest that in this instance the structure
of the adamantyl radical is unchanged following addition and
subsequent removal of O,. In addition, CID of the ion we have
assigned to be 9 forms a small amount of m/z 193, corresponding
to the 1,2-epoxyadamantane-3-carboxylate anion 9b which forms
by loss of hydroxyl radical (Scheme 3). If m/z 210 were the peroxyl
radical of 8, under CID one should expect also to see formation
of m/z 177 via loss of hydroperoxyl radical, but none is observed.

To ensure that the structure of the radicals of m/z 178 formed
by oxidative decarboxylation of the 1,3-adamantane dicarboxylate
dianion 4 and by homolysis of the Barton ester carboxylate anion
5 were identical, the kinetics of their reaction with background
oxygen were measured under identical conditions. The ratio of
rate constants was Kpurion/Kawnion = 0.98 £ 0.05, indicating that
radical structures were identical. In addition, the kinetic plots were
highly linear (R* = 0.9983 and 0.9994 respectively) and reaction
to immeasurably small ion counts of m/z 178 was evident at large
reaction times, indicating that this ion population consists of the
single isomer 3 not a mixture of 3 and 8.

The distonic radical ion of m/z 178 reacts with molecular iodine
to yield an ion of m/z 305, attributed to 3-iodoadamantane-1-
carboxylate anion 10 (Scheme 4). Commercial adamantanecar-
boxylic acid was converted to 3-hydroxyadamantanecarboxylic
acid 11 by treatment with alkaline, aqueous potassium
permanganate.®® Subsequent treatment of 11 with aqueous
HI yielded 3-iodoadamantanecarboxylic acid 12 quantitatively
(Scheme 4).

Fig. 1 depicts comparative spectra resulting from CID of m/z
305 for the product resulting from reaction between radical 3 and
iodine (Fig. 1a) and for authentic 3-iodoadamantanecarboxylate
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Fig. 1 Comparative mass spectra for CID of m/z 305 at a normalised
collision energy of 15 arbitrary units and reaction time 50 ms. Spectrum
(a) is of the authentic 3-iodoadamantanecarboxylate anion 10 and (b)
the trapped product resulting from the reaction between radical 3 and
iodine. (¢) Comparison of the amount of iodide product ion formed
versus activation time for CID at normalised collision energy 15. The
solid curve represents data for authentic 3-iodoadamantanecarboxylate
10 and the dashed curve those for the product ion resulting from reaction
of 1-adamantyl-3-carboxylate radical ion 3 with iodine inside the ion trap.

10 (Fig. 1b), generated by deprotonation of parent acid 12. Both
spectra were obtained with nominally identical iodine vapour
concentrations since the presence of massive neutrals in the trap

imparts greater collision energy to an ion given the same applied
excitation amplitude. It is clear that the spectra look similar
since the only product detected is iodide ion at m/z 127. In
fact, the iodide ion remained the only product over the range
of collision energies. Fig. lc illustrates the comparison between
the CID spectra for the authentic and gas-phase synthesized
species at collision energy 15 (arbitrary units) at activation times
ranging from 0-100 ms, representing a wide internal energy
distribution. Data are expressed as iodide ion abundance as a
proportion of the total ion count (i.e., normalized ion counts)
versus activation time. Data points for the trap-synthesized
product ion and the authentic iodocarboxylate anion 10 compare
favourably at all activation times, indicating that the ions of
m/z 305 have identical structure. This evidence strongly supports
the structure assigned to 3, confirming that the adamantane
ring system has not opened upon formation of the radical
nor during subsequent reactions. Analogous experiments were
also undertaken using the reagent bromine instead of iodine.
Authentic 3-bromoadamantanecarboxylic acid was obtained by
HBr treatment of 11. Comparison of CID spectra at several
collision energies indicated that the product ion resulting from
reaction of radical 3 with bromine was entirely consistent with
authentic 3-bromo-1-adamantanecarboxylate (data not shown).
Thus, data from several experiments are consistent with the
structure of the ion at m/z 178 being that of a bridgehead radical
3 and not the ring opened isomer 8.

Reactions of the bridgehead radical

Reactions of the distonic bridgehead radical ion 3 with nine
reagents were observed and their rate constants determined at
307 +£ 1 K, the ambient temperature of the ion trap section of
the mass spectrometer. It has been demonstrated that for low
Q values (such as 0.25, used for these experiments) the effective
temperature of ions held at zero collision energy inside an ion
trap is approximately equivalent to the temperature of the buffer
gas, and hence the temperature of the gas inlet to the trap
itself.*"32 Gronert has determined the effective temperature of ions
contained within a three dimensional ion trap (from the same
manufacturer as the linear trap employed herein) to be 310 £ 20 K,
by measurement of the equilibrium constant of a complexation
reaction displaying very large temperature dependence.*? Collision
rates z have been calculated at 307 K by average dipole orientation
(ADO) theory® using an available Fortran routine* to enable re-
action efficiencies to be estimated. Collision rates for ion-molecule
reactions exceed those for comparable uncharged systems and are
variable because they depend upon the mass of the reagent and
attractive intermolecular forces between the neutral reagent and
the ion. Reaction efficiencies @ are calculated by dividing the
empirical rate constants k, by theoretical collision rates z and are
expressed as a percentage. Reaction rate constants and calculated
reaction efficiencies are presented in Table 2.

Radical-radical combination reactions

Gross and co-workers have previously observed the gas phase ad-
dition of 32 Da to an ethylpyridinium radical cation in the presence
of oxygen.*® This observation was attributed to the radical-radical
combination of the B-distonic radical cation and dioxygen to form
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Table 2 Kinetic data, including second order rate constants (k,), for the reaction at 307 £ 1 K of 3-carboxylato-1-adamantyl radical (3) with neutral

reagents. Uncertainties represent one standard deviation

Reagent Reaction Rate constant k,/cm® molecule ™' s~ Collision rate z/cm® molecule ™' s Efficiency @ (%)
80, radical combination 854+04 x 107" 54 x 1071 16

NO radical combination 3.84 4+ 0.04 x 107" 6.1 x 1071° 5.7

1, 1 abstraction S5£5%x 107" 7.3 x 1071 6.8
Br, Br abstraction 8+2x 107" 6.7 x 1071 1.2
CH,SSCH; thiomethylation 1.2+£02x 107" 1.2 x 107~ 0.96
PhCH=CH, addition 1.20 +0.03 x 10" 1.8 x 1071 0.65
CHCl, H abstraction 4.14£0.6 x 1078 9.7 x 1071° 0.042
CHCl, Cl abstraction 6.5+ 1x 107" 9.7 x 1071° 0.067
CDCl, D abstraction 35409 x 107" 9.7 x 1071 0.0036
CDCl, Cl abstraction 7.23 £0.05 x 107 9.7 x 1071° 0.074
CH,=CH-CH,Br Br abstraction 53+£04 x 1078 9.7 x 1071 0.055
CH,=CH-CH,Br allylation 254+£0.1 x 1078 9.7 x 1071 0.026

a peroxyl radical. In the present study, the bridgehead radical
3 was observed to undergo a radical-radical combination with
both (a) dioxygen and (b) nitric oxide (Scheme 5). Reaction of
the radical 3 with "*O-labelled dioxygen yields a major product of
m/z 214, with a rate constant of 8.5 x 107!! cm® molecule™ s7!.
The product ion is ascribed the structure of doubly O-labelled
3-carboxylato-1-adamantylperoxyl radical anion 13 and is formed
with a reaction efficiency of 16%. Given that no kinetic barrier is
expected in the formation of the peroxyl radical, the relatively low
efficiency for this reaction reflects the ability of this alkyl peroxyl
radical to accommodate the 169 kJ mol~" of energy released by
the formation of the nascent carbon—oxygen bond.* The kinetic
isotope effect is expected to be small between the rate constants for
reaction of 3 with O, and naturally abundant '°O,. Consequently,
the measured rate constant can be used in conjunction with the
competing appearance of unlabelled peroxyl radicals at m/z 210 to
estimate the background concentration of dioxygen within the ion
trap to be 3.0 = 0.2 x 10° molecules cm . This value is remarkably
close to the crude estimate of 10'° molecules cm— presented in our
previous communication.*

COz ™~ a) '%0, COz~
b) NO 13 R= '80-180"
. R 14 R= N=0
3
Scheme 5

Bayes and co-workers have previously measured the rate
constants for the reaction of butyl radicals generated by laser
flash photolysis with O, in the gas phase at room temperature
by photoionisation mass spectrometry.* Their results for n-butyl
(0.75 £ 0.14), sec-butyl (1.66 £+ 0.22) and tert-butyl (2.34 +
0.39 x 107" cm® molecule™" s7') reveal the reactivity trend 3° >
2° > 1° and are of comparable magnitude to those obtained
in the present study using the distonic radical anion approach.
Furthermore, using simple hard sphere theory, we estimate the
collision frequency for a tert-butyl radical with dioxygen at 298 K
is 3.9 x 107 cm® molecule™" s7', resulting in a reaction efficiency
of 6.0%. This value is less than half that for the reaction of 3,
suggesting that the bridgehead radical is more reactive with oxygen
than its planar cousin. Consistent with expectation from solution

phase experiments, this comparison presents the first evidence for
the enhanced reactivity of bridgehead radicals in the gas phase.

The reaction of 3 with nitric oxide produced an ion of m/z
208, assigned to be the 3-nitrosoadamantanecarboxylate anion
14, with rate constant 3.84 4 0.04 x 10" cm® molecule™' s~! and
efficiency of about 6%. The addition of NO to the radical anion
rather than the displacement of CO, (as previously observed by
Wenthold and Squires for the acetate radical anion)® provides
further support to the distonic character of 3. No rate constant
could be found in the literature for the reaction of a bridgehead
radical with NO but previous studies of reactions of carbon-
centred radicals with NO have been reported and represent an
interesting comparison. The rate constant for the reaction of zerz-
butyl with NO determined by the muon spin relaxation technique
is 1.0 £ 0.3 x 107" cm® molecule™' s' and that for ethyl radical is
2.2+ 0.6 x 107" cm® molecule™ s7! at 307 K.*® A value of 3.5 +
0.1 x 107" ¢m® molecule™! s! was measured by colour centre
laser kinetic spectroscopy for the reaction of ethynyl radical with
NO* and 9.5 £ 1.2 x 1072 cm® molecule™' s~' for benzyl radical
with NO at 298 K by laser flash photolysis.** Our value compares
favourably with these, with a rate constant ca. four times greater
than that of tert-butyl, which could be accounted for by increased
reactivity arising from bridgehead strain and from greater collision
frequency arising from the ion—dipole interactions.

Substitution reactions

Radical 3 underwent substitution reactions with (a) iodine, (b)
bromine, (c¢) dimethyl disulfide, (d) chloroform, (e) deuterochlo-
roform and (f) allyl bromide (Scheme 6). The concentrations of
bromine and iodine in the trap were estimated by measuring the
mass decrease over time of the halogen in a sealed vial connected
to the low pressure helium inlet to the trap. Uncertainties represent
primarily those in the mass loss measurements. Formation of 3-
iodo- 10 and 3-bromoadamantanecarboxylate anion 15 occurred

a) |2 10 R = |
C02" 1B, €Oz~ 15 R= Br
c) MeSSMe 16 R= SMe
. 17 R=H
d) CHCl3 R 18R=0D
e) CDCl3 19 R= Cl
3 ) H2C=CHCHBr 20 R = CH,CH=CH,
Scheme 6
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with rate constants of 5 = 5 x 107" and 8 £ 2 x 107" cm?
molecule™" s7! respectively. Given that the rate constants could
not be measured with high precision, it is difficult to establish with
certainty which of the two is faster.

Kenttimaa and co-workers have previously used dimethyl
disulfide (DMDS) as an effective probe of the distonic character
of radical cations.” They have established that non-distonic
(resonance stabilised) species are generally unreactive towards the
reagent while distonic radical cations undergo a substitution reac-
tion at sulfur resulting in formation of a thiomethyl ether. From
the literature, however, the case for radical anions is less clear, but
at face value one should expect comparable reactivity. Bridgehead
radical 3 underwent a relatively rapid reaction (k = 1.2 £ 0.2 x
107" cm® molecules™ s7!, @ = 0.96%) with DMDS to yield an ion
of m/z 225, assigned as the 3-methylthioadamantanecarboxylate
anion 16, demonstrating the ease with which methylthio radicals
may be displaced in an Sy2 process. The observation of a CH;S—
adduct and the relative efficiency of this reaction is taken as
additional evidence for the distonic structure of 3. For comparison,
distonic aryl radical anion 3-carboxylato-1-phenyl 7 reacts with
DMDS with a rate constant of 8 x 107> cm?® molecules™ s™' and
efficiency of 0.5%."

Chlorine atom abstraction from chloroform by 3 to form
19 is sluggish compared with most other reactions, but clearly
consonant with Cl abstraction from CDCI; (@ =0.067 and 0.074%
respectively) as expected. A large primary kinetic isotope effect of
ku/kp =13 + 2 was evident for hydrogen/deuterium atom removal
in the formation of 17 and 18 respectively. The ratio of abstraction
of hydrogen to chlorine in chloroform was ky;/k¢ = 0.62.

Both bromination and allylation of 3 with allyl bromide,
forming 15 and 20 respectively, were relatively slow compared
to other substitution processes, with alkylation being favoured
by a factor of 2.1. Given the steric bulk of 3, installation of the
allyl group at the bridgehead carbon most likely occurs via an Sy2’
mechanism,* with 3 attacking at the methylene of the double bond
(Scheme 7a). Based on these data, however, a direct Sy2 reaction
at the allylic position cannot be rigorously excluded (Scheme 7b).

CO, ™ CO, ™
(a) Q\/Br _SH_Z“, + Bre
NI -
3 20
CO, ™ CO, ™
(b) Br S + Bre
. AN ~
3 20
Scheme 7

Addition to carbon—carbon double bonds

Radical 3 underwent addition to styrene yielding a product ion
of m/z 282, almost certainly the stabilised benzylic radical 21
(Scheme 8). This reaction appeared considerably slowed due to
the decreased collision frequency resulting from the low polarity of
styrene, but the efficiency was in fact two-thirds that for reaction of
3with DMDS. A subsequent addition of styrene to 21-—an attempt

CO, CO, ™ CO, ™
Ph-CH=CH, 0, o°
* Ph Ph
3 21 22
Scheme 8

at gas phase free radical polymerisation—was not observed,
indicating that the resonance stabilised intermediate radical was
considerably less reactive than the bridgehead radical initiator.
However, addition of adventitious dioxygen to the benzylic radical
to give peroxyl radical 22 was observed. Once formed, subsequent
trapping of 21 gave amounts of m/z 314, the yields escalating with
increasing reaction time. This process was considerably slower
than the reaction of 3 with O,, an estimate for k, being 2 + 1 x
107" cm® molecule™" s7'.

Conclusion

Electrospray ionisation ion trap mass spectrometry has enabled
generation of the distonic 3-carboxylato-1-adamantyl radical
anion 3 from a readily prepared precursor and allowed the study
of the radical reactions of this mass-selected bridgehead radical
with neutral reagents. Strong evidence has been obtained for
the intact bridgehead radical structure. Reaction with common
reagents occurs in a manner expected from classic solution phase
free radical chemistry, with radical-radical combination, addition
to double bonds and substitution reactions observed. Rate data
have been obtained for the first time for 12 reactions of 3 in
the gas phase and represent the first gas phase rate data for
any bridgehead radical. Rate constants spanned several orders
of magnitude, the fastest reaction being the addition of *O, (8.5 x
107" cm® molecule™' s7!) whose rate constant was 2400 times that
for the abstraction of a deuterium atom from CDCI; (3.5 x 107').
A comparison of reaction efficiencies for the reactions of 3 and zert-
butyl radical with dioxygen suggest that the pyramidal bridgehead
species is more reactive than its near-planar relative.

Experimental

Reagents (AR grade) and solvents were obtained commercially,
taken from freshly opened bottles and used without further
purification, unless stated otherwise. '*O, gas (95%) was obtained
from Cambridge Isotopes. DMF was dried over activated 3 A
molecular sieves. Crystalline N-hydroxypyridine-2-thione was
obtained economically by treatment with concentrated HCI of a
commercial 40% aqueous solution of sodium 2-mercaptopyridine
N-oxide, as described previously.** Chloroform was run through
silica gel to obtain a sample which was ethanol free. Allyl bromide
was treated in the same manner to afford a colourless sample.

N-(1-Adamantanoyloxy-3-carboxylic acid)pyridine-2-thione

A general method* was adapted and performed under minimal
light to minimise decomposition of the photolabile product. A
stirred solution of 1,3-adamantanedicarboxylic acid (100 mg,
0.446 mmol) in 500 pL dry DMF was cooled to 0 °C. A
solution of dicyclohexylcarbodiimide (94 mg, 0.46 mmol) and N-
hydroxypyridine-2-thione (55 mg, 0.43 mmol) in 1.5 mL dry DMF
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was added dropwise over 5 min. The mixture was allowed to warm
to room temperature, stirred for an additional 8 h, then filtered to
remove the insoluble dicyclohexyl urea. A further 2 mL DMF was
used to rinse the precipitate. The filtrate was treated with 15 mL
water, causing the yellow product to precipitate. After cooling to
0 °C, the product was collected by filtration, washed with 10 mL
cold water and dried under vacuum to give a yellow solid (110 mg).
A portion (40 mg) was purified by flash chromatography on silica,
eluting with 20-40% (v/v) EtOAc in chloroform (R; 0.34, 20%
EtOAc), which yielded a yellow, crystalline solid (18 mg, 35%), mp
172.5-174 °C. Recrystallisation from CHCl;-hexane gave yellow
prisms of mp 176-177 °C. 6y (500 MHz, CD;SOCD;) J 1.76 (s,
br, 2H), 2.08-2.11 (m, 8H), 2.26 (s, br, 2H), 2.44 (s, br, 2H), 6.88
(ddd, 1H), 7.43 (ddd, 1H), 7.54 (dd, 1H), 8.34 (dd, 1H), 12.20 (s,
br, 1H). v (neat powder)/cm™" 3327, 2932, 2858, 1785, 1714 (s),
1699 (vs), 1626, 1610, 1576, 1529, 1454, 1413, 1276, 1232, 1132,
1053, 978, 906, 754.

3-Hydroxyadamantanecarboxylic acid 11

A published method* was altered slightly for convenience. KOH
(4.955 g, 88.31 mmol) was dissolved in 200 mL water and 1-
adamantanecarboxylic acid (20.0 g, 111 mmol) was dissolved
portionwise in the stirred solution. KMnO, (20.0 g, 127 mmol) was
added in several portions and the mixture was stirred overnight,
then heated at 80 °C until it became brown in colour. After cooling
to RT, concentrated H,SO, was added (~30 mL), followed by 20 g
(190 mmol) NaHSO; to destroy the MnO,. An aqueous suspension
of the white product resulted, which was treated with 20 g NaCl,
then cooled to 0 °C, filtered and washed repeatedly with 10%
aqueous H,SO,, then with cold water. After drying the product
under vacuum (20.9 g, 96% crude), it was dissolved in 320 mL
boiling EtOAc, hot filtered and allowed to recrystallise to yield
white prisms (9.09 g, 42%) of mp 203-205.5 °C (lit.** 202-203 °C).
A second crop (2.57 g, 12%) of mp 198-200 °C was obtained by
concentration of the mother liquors. oy (300 MHz, CD;SOCD;)
1.47-1.52 (2H, m), 1.52-1.56 (4H, m), 1.62-1.67 (6H, m), 2.08—
2.15 (2H, m), 4.49 (1H, s, br, OH), 12.01 (1H, s, br, COOH). J
(75 MHz, CD;SOCD:;) 29.7 (2CH), 34.9, 37.6 (2C), 42.9 (quat),
44.3 (20), 46.5, 66.3 (C-0), 177.7 (C=0). v (neat powder)/cm™!
3446, 2909, 1705 (vs), 1265 (vs), 1248 (vs), 1229, 1120, 1010, 941,
880, 723.

3-Bromoadamantanecarboxylic acid

3-Hydroxyadamantane-1-carboxylic acid (500 mg, 3.55 mmol)
and 48% aqueous HBr (5.0 mL, 44 mmol) were placed in a capped
reaction vial and stirred for 3.5 h at 90 °C. After cooling to 0 °C,
the mixture was filtered and the precipitate washed with 5 mL
cold water. The resulting product was dried under vacuum to
yield white crystals (0.659 g, 99.8%), mp 144.5-146.5 °C (lit.*
145-146 °C), used without further purification. d, (500 MHz,
CDCl,) 1.65-1.74 (2H, m), 1.89-1.96 (4H, m), 2.21-2.23 (2H, m),
2.28-2.35 (4H, m), 2.48-2.53 (2H, m), 5.25 (1H, s, br, OH). Jc
(125 MHz, CDCl;) 31.5 (2C), 34.4, 36.8 (2C), 44.6, 48.0 (20),
49.3, 63.2 (C-Br), 181.7 (C=0). v (neat powder)/cm™" 3446, 2914,
2858, 1689 (vs), 1293, 1280, 1090, 948, 830, 768.

3-lodoadamantanecarboxylic acid 12

3-Hydroxyadamantane-1-carboxylic acid (501 mg, 2.55 mmol)
and 55% aqueous HI (5.0 mL, 66 mmol) were placed in a capped
reaction vial and stirred for 16 h at 60 °C. After cooling to 0 °C, the
mixture was filtered and the precipitate washed with 3 x 5mL cold
water to remove all colour from the product. After drying under
vacuum, the yield of white crystals was 0.780 g (99.8%), mp 166—
168 °C (lit.** 165 °C), and the sample was used without further
purification. dy4 (500 MHz, CDCl;) 1.75-1.82 (2H, m), 1.95-2.05
(4H, m), 2.02-2.12 (2H, m), 2.53-2.2.60 (4H, m), 2.71-2.79 (2H,
m), 5.00 (1H, s, br, OH). d. (125 MHz, CDCl;) 31.9 (2C), 34.4,
36.8 (2C), 44.6, 45.7 (C-1), 51.0 (20), 52.2, 181.5 (C=0). v (neat
powder)/cm™" 2934, 2904, 1704 (vs), 1450, 1413, 1332, 1283 (s),
1261 (s), 1233, 1076, 967, 893, 820.

Nitric oxide

Nitric oxide was generated and purified on a 50 mL scale by
an ingeniously simple established method.** The reaction in a
60 mL capped disposable syringe between sodium nitrite (0.250 g,
3.62 mmol) and ferrous sulfate (3.0 mL of an aqueous solution
1.2 M in FeSO, and 1.6 M in H,SO,) produced about 60 mL
of crude nitric oxide. After expulsion of the liquid, the gas was
washed by drawing 5 mL of aqueous 1 M NaOH solution into
the syringe and shaking. The base wash was expelled and the now
colourless gas was washed further with 2 x 5 mL water, and then
dried by passage into a second 60 mL syringe, through PVC tubing
containing a plug of anhydrous MgSO,.

Mass spectrometry

Mass spectra were obtained using a Finnigan (now ThermoFisher)
LTQ quadrupole linear ion trap spectrometer (San Jose, CA).?®
Solutions of analytes at concentrations below 1 mM in HPLC
grade methanol were subject to electrospray ionization (ESI) in
negative mode. Capillary potentials were typically 3-4 kV. Once
formed, anions were held in the ion trap at a manufacturer-stated
pressure of ultrahigh purity helium (BOC, Australia) and reagent
of 2.50 £ 0.20 mTorr. Pressure inside the trap was measured at
2.58 4 0.13 mTorr using a known rate constant® for the reaction
of bromide with methyl iodide (eqn (2)). Radical 3 was formed
by mass selection of ion 5 (2-5 Th isolation window), followed
by CID (25-35 arbitrary normalised collision energy units) for a
time of 30 ms. Once formed, the ion isolation window for radical
3 was set to 2.0 Th to exclude isotope peaks and the Q-value
set to 0.25 to ensure that the effective temperature inside the
trap was not significantly elevated above ambient. lons arriving
from the ion optics were subjected to two trapping cycles prior to
kinetic analysis to ensure their effective thermalisation with buffer
gas. An acquisition of 100-200 scans was usually obtained and
reaction times varied from 10 ms to 5 s.

Reagent molecules were provided to the linear trap atmosphere
in known concentration in a manner similar to that reported by
Gronert et al. for a 3-D trap instrument.”> Mixtures of helium
and reagent enter the trap inside the mass spectrometer via a
nipple on the exit endcap electrode and exit via small holes in the
entrance and exit endcap electrodes. A mixing system allowing the
introduction of reagents into the helium stream was constructed
(Fig. 2). A reagent (liquid or gas) is injected by pump-driven
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Fig. 2 A schematic drawing of the mixing system that permits the
introduction of reagents into the ion trap mass spectrometer.

syringe into the helium gas (3-5 psi) flow. The stainless steel helium
line (2 m) is wound around a copper bar fitted with a thermostatted
100 W electric heating element so as to allow heating (25-250 °C)
of the gas flow if volatility of the reagent at room temperature
is insufficient. A variable leak valve (Granville-Phillips Model
203, Boulder, Colorado) in the heated zone admits a flow of the
reagent-helium mixture to the ion trap such that the pressure may
be varied in the trap. A second metering valve can be used to
vary the concentration of reagent by controlling the split flow,
similar to a GC injector port. For admission of corrosive reagents
or those possessing a very low vapour pressure, an inlet restricted
with PEEK tubing is provided. The entire heated zone can be
placed under vacuum to expedite removal of a reagent prior to the
introduction of the next.

Kinetic measurements

At full capacity, the trap contains approximately 2 x 10* ions.*”*
A practical concentration range for neutral reagents inside the
trap is 10°~10" molecules cm~ and the volume inside the trap is
13.5 cm®.#”* Consequently, the molar ratio of neutral reagent to
ions is of the order 10°-10", clearly establishing the ions as the
limiting species. Thus, bimolecular reactions of ions and neutral
reagents display pseudo-first order kinetics.

True second order rate constants, k, (cm® molecule™' s7') for the
reactions of l1-adamantyl-3-carboxylate radical anion with each
neutral reagent were obtained by Gronert’s method" from the
pseudo-first order rate constant, k; (s™') and the pressure of the
neutral reagent in the ion trap, P, (molecule cm—) according to
eqn (5). Pseudo-first order rate constants, k, (s™') were obtained
from a series of mass spectra, recorded as a function of reaction
time between the radical ion (R) and neutral reagent. The reaction
time is defined as the interval between the isolation of the selected
ion and ejection of all ions from the trap for analysis. A plot of the
natural logarithm of the abundance of the radical ion at m/z 178
as a proportion of the total signal abundance (initial abundance of
R) against reaction time yielded a linear relationship, with slope
of —k, (eqn (6)). Plots consisted usually of 8 data points and
extended to 4-5 half lives. Pressure of the neutral reagent (P,)
for each reaction was calculated from the pressure inside the ion
trap (Pr) and the respective molar flows and molecular weights
of the helium damping gas and reagent, using eqn (7). The final
term accounts for difference in effusion, since lighter molecules are

removed more quickly from the trap into the surrounding vacuum
chamber.

&
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molar flow rate of neutral molar mass of neutral

P, =P -
X molar mass of helium
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It is known that for low Q values, the effective temperature
of ions at equilibrium inside the trap is equivalent to ambient
temperature.®*> The temperature of the case surrounding the ion
trap was measured at 307 & 1 K, which is taken as being the
effective temperature for these experiments. In some instances,
reaction of the radical with a neutral formed two or more products.
If a secondary species was formed as a result of decomposition of
a primary product, its concentration was attributed to that of
the primary to ensure accurate kinetics. Formation of products
by separate pathways was treated by a standard parallel pseudo-
first order kinetics analysis. Collision rate coefficients for the ion—
molecule reactions were estimated by average dipole orientation
(ADO) theory® for 307 K. The dipole moment, molar mass and
polarisability are required for the neutral and the charge and molar
mass are required for the distonicion. An available Fortran routine
was used to facilitate these calculations.®

molar flow rate of helium
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Pyrrolidine-2,4-diones have been identified as a novel starting point for the synthesis of peptide
analogues. This paper describes a method for the efficient and diastereoselective incorporation of this
moiety into peptide chains to furnish di- and tripeptide analogs. The stability of these pyrrolidinone
modified di- and tripeptides was found to be markedly improved when compared to that of a natural
peptide. In addition, solid phase peptide synthesis employing a pyrrolidinone containing tripeptide is

demonstrated.

Introduction

Peptides are very attractive as drug candidates, due to their
selectivity for specific targets and high efficacy as compared to
traditional small molecule based drugs, and there is also less
concern with the formation of toxic metabolites. However, there
are some limitations associated with peptide drugs, the greatest
problem being very low bioavailability upon oral administration."?

The main cause of this limitation is pre-systemic enzymatic
degradation and, moreover, the gastrointestinal tract provides an
additional barrier. If a peptide drug manages to pass these barriers,
enzymatic digestion in the blood stream will occur, resulting
in a very low half-life. To overcome these obstacles one must
first identify the problems associated with degradation,® and in
this respect many research groups have developed a range of
pseudopeptides to aid drug development.*

In our group, we have focused our strategy on site-specific
modifications of amino acids in peptides with pyrrolidine-2,4-
dione derivatives, a motif which is found in several biologically
significant natural products® such as dolastatin 15, which contains
the pyPhe-OMe moiety,* and mirabimide E, containing a pyAla-
OMe unit (Fig. 1).7

The 5-alkyl-pyrrolidine-2,4-diones (1) have an amide group in-
stead of the amine functionality of amino acids, and an acidic OH
resembling the carboxylic acid of the natural amino acid, hence the
name tetramic acids. The side-chain of the amino acid is retained
by this modification, and likewise the chirality is preserved. The
rigid 5-membered ring system furthermore gives higher levels of
conformational restriction, which can be advantageous in terms
of target selectivity. By these site-specific alterations, we believe
that we can regulate the enzymatic degradation of peptide drugs,
while maintaining the activity which is inherent to the side chain
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Fig. 1 Natural products containing pyrrolidinones.

of amino acids. When introducing a pyrrolidinone as replacement
for an amino acid, the backbone of the peptide will be altered:
the natural amide bond in the peptide chain will be substituted
by an imide bond at the nitrogen, and to an amine or alkoxy
at the 4-carbonyl of the pyrrolidinone. This will have an effect
on the recognition pattern in enzymatic degradation processes as
well as the receptor interaction pattern. The optimal scenario is
naturally one where the enzymatic degradation is disturbed while
the interaction with the receptor target is either unaffected or
increased.

To reach these goals we firstly focused on developing the
chemistry, which will enable us to introduce diastereo- and chemo-
selectively a pyrrolidine-2,4-dione motif in a peptide chain. Our
strategy is the use of N-acylation to funtionalize the amide
nitrogen of the pyrrolidine-2,4-dione® and a reductive amination
process for functionalization at the 4-carbonyl.’

This method has enabled us to functionalize pyrrolidinones
with amino acids at nitrogen, giving structures of the type H-
AA-pyAA-OH, at an intermediate position of a small peptide,
giving structures of the type H-AA-pyAA-AA-OH, and at the 4-
carbonyl of pyrrolidine-2,4-diones, giving structures of the type
pyAA-AA-OH.

3486 | Org. Biomol. Chem., 2007, 5, 3486-3494

This journal is © The Royal Society of Chemistry 2007





Results and discussion

The synthesis of 5-alkylpyrrolidine-2,4-diones has previously been
described in the literature. The primary routes take advantage of
amino acids as chiral precursors and ring formation by Dieckmann
cyclization, or condensation with Meldrum’s acid followed by
decarboxylative cyclization.'

As our strategy requires enantiopure pyrrolidine-2,4-diones,
we did not attempt to use the Dieckmann procedure, which
previously has been reported to afford epimerization." The
procedure using Meldrum’s acid was therefore explored, and
we found that it furnished enantiopure products, but the final
purification was problematic. However, by substituting DCC
with EDC as activating agent and using a modified extraction
procedure, we could obtain pure gram-scale product in high
yield and excellent enantiopurity, without the need for column
chromatography (Table 1).

With this convenient procedure at hand, we were ready to
incorporate the products into peptides. As these pyrrolidinones
possess a weakly acidic a-proton (pK, ~ 6.4),"? protection for the
S-oxygen was required to allow selective N-acylation. We explored
different protective groups (TIPS, TPS, TBS, Ts, PMB, SEM, Et,
Me) and found that the subsequent acylation was possible in high
yield only when simple alkyl groups were used to protect the
oxygen (Table 2). Furthermore, we found that the deprotection
(10% HBr) of these ethyl enol ethers (pyAA-OEt) was faster
than the naturally occurring methyl enol ethers (pyAA-OMe), and
therefore settled on the ethyl group.

As previous reported routes to pyAA-OAlk were rather tedious
and resulted in low yield,” we decided to optimize the reaction
with regard to different bases and electrophiles. Conversion of
PYAA-OH to pyAA-OEt was best performed using KHMDS/ 18-
crown-6 as base and EtOTs as the hard electrophile, ensuring
selective O-alkylation.

We furthermore found that the use of lithium bases (LIHMDS
and n-BuLi) with the aid of 12-crown-4 did not provide notice-
able amounts of product, which presumably is a result of the
insolubility of the anion, while alkyl halides (EtI, EtBr) did not
provide any product, which can be ascribed to their soft nature.
Among the potassium bases, KHMDS afforded yields in the range
of 74-87%, with no racemization of the final product. This was

Table 1 Synthesis of pyrrolidine-2,4- diones
R Meldrum's acid
EDC, DMAP B°°HN EtOAc A
BocHN™ "COM “hoy RT, 8 30min.
R R
BOCQ/OH TFA HI\Q/OH
o (0)
1a-d
Entry Compound R Isolated yield (%)
1 pyAla (1a) Me 92
2 pyVal (1b) i-Pr 92
3 pyLeu (1¢) i-Bu 93
4 pyPhe (1d) Bn 91

Table 2 Synthesis of 4-ethoxy-3-pyrrolin-2-ones

R R
Hlﬁ/OH Base, EtX Hl}ﬁ/OEt
0] 0]
la-d 2a-d
Entry X R Base Solvent  Isolated yield (%)
1 1 Bn (2a) KOr-Bu  DMF —
2 Br Bn (2a) KO#-Bu  DMF —
3 OTs Bn (2a) KOz-Bu DMF 26
4 OTs Bn (2a) KO¢-Bu THF —
Se OTs Bn (2a) KOr-Bu  THF 62
6 OTs Bn (2a) K,CO, THF 92°
7 OTs Bn (2a) BuLi THF —
8« OTs Bn (2a) LHMDS THF —
9 OTs Bn (2a) KHMDS THF 84
10° OTs Me (2b) KHMDS THF 87
11e OTs i-Pr (2c) KHMDS THF 84
12¢ OTs i-Bn (2d) KHMDS THF 74

“ Crown ether added. ® 58% ee.

superior to both KOz-Bu in terms of yield and to K,CO; in terms
of enantiopurity (Table 2). With this procedure in hand, we now
had access to stable protected 4-ethoxy-3-pyrrolin-2-ones (2a—d)
in high yield without loss of enantiopurity.

To further functionalize these compounds 2a—d at nitrogen, we
were reluctant to use strong base, as deprotonation at C-5 and
formation of an aromatic intermediate leading to racemization of
the product was a concern. Traditional peptide coupling reagents,
which provide milder reaction conditions, have previously been
shown not to facilitate the reaction, as the nucleophilicity of
the amide nitrogen is relatively poor,'* and even at elevated
temperature (60 °C) no product was detected in our studies
employing peptide coupling reagents (EDC, HOBt, TEA). We
therefore had no choice but to use strong bases as previously
reported for similar compounds,”* while paying close attention
to the problem of racemization.'

To investigate the dependence of racemization on temperature,
we conducted a series of experiments on pyPhe-OEt, measur-
ing the extent of racemization by chiral HPLC. Performing a
deprotonation/quench sequence below —45 °C gave no trace
of racemization, while this process was quite fast at higher
temperatures.®

For further coupling, we were interested in developing a route
that could be used both in solution and on solid support. There-
fore, a procedure that would be compatible with both Boc and
Fmoc chemistry was necessary. We were naturally concerned with
the use of base in the presence of the base-labile Fmoc protecting
group; however, initial experiments and a previous report* had
shown that the acylation of the activated amino acids was much
faster than the undesired deprotection of the Fmoc group. In initial
experiments, we used the commercially available pyGly-OMe and
Fmoc-Phe-OPfp to optimize the acylation conditions to form the
dipeptide analogue (3a).

We explored different bases and found that lithium bases were
superior to potassium bases in terms of reactivity, BuLi providing
the highest yield. However, the highest yield in this series (Table 3,
entries 1-8) was not satisfactory. We therefore warmed the reaction
mixture to a maximum of —45 °C, which we previously found to
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Table 3 Optimization of acylation conditions

FmocHN\)l\opr
Bn
H,ﬂ/OMe Base FmOCHN\/U\Q/OMe
THF
0 0]
3a
Entry Base® Temp./°C Isolated yield (%)
1? KO#-Bu —78 8
2° KOz-Bu —78 14
3¢ KO#-Bu —78 14
4b LiHMDS —78 62
5b BuLi —78 69
6 i-PrMgCl —78 — 22 65
7 BuLi —78 76
8¢ BuLi —78 72
9 BuLi —55 - —45 91

“1.0 eq. base used. * 1.0 eq. nucleophile used. © 2.0 eq. nucleophile used.

be the maximum temperature before racemization was observed,
and found that at these temperatures the yields were now quite
satisfactory (Table 3, entry 9).

With this procedure in hand, we synthesized a range of dipeptide
analogues (3a—u) with pyAA-OEt at the C-terminus. Both Boc-
and Fmoc-protected activated amino acids gave high yields, while
no epimerization was observed by '"H NMR (Table 4).

Deprotection of these dipeptide analogues to enable further
synthesis was accomplished with either TFA or DBU (depending

Table 4 Synthesis of dipeptide analogues

0
r PGHN\;)]\O Act

R?
N OEt BuLi PGHNQL OFt
THF, -50°C
3a-v

0 30 min
2a-d

Compound* Isolated yield (%)”
Fmoc-Phe-pyGly-OMe (3a) 91
Fmoc-Val-pyAla-OEt (3b) 92
Fmoc-Leu-pyAla-OEt 3¢) 88
Fmoc-Phe-pyAla-OEt (3d) 85
Fmoc-Ala-pyVal-OEt (3e) 89
Fmoc-Val-pyVal-OEt (3f) 76
Fmoc-Leu-pyVal-OEt 3g) 78
Fmoc-Phe-pyVal-OEt (3h) 78
Fmoc-Ala-pyLeu-OEt (3i) 84
Fmoc-Val-pyLeu-OEt 3i) 81
Fmoc-Phe-pyLeu-OEt (3k) 80
Fmoc-Ala-pyPhe-OEt (R)))] 84
Fmoc-Val-pyPhe-OEt (3m) 88
Fmoc-Leu-pyPhe-OEt (3n) 85
Boc-Ala-pyVal-OEt (30) 85
Boc-Val-pyVal-OEt 3p) 86
Boc-Leu-pyVal-OEt (3q) 80
Boc-Phe-pyVal-OEt 3r) 94
Boc-Ala-pyPhe-OEt (3s) 85
Boc-Val-pyPhe-OEt (3t) 89
Boc-Leu-pyPhe-OEt (3u) 88
Boc-Phe-pyPhe-OEt (3v) 92

“ Fmoc-AA-OPfp and Boc-AA-ONp were used as electrophiles. » Only one
diasterecomer was observed by 'H NMR (de > 95%)).

Table 5 Deprotection of dipeptide analogues”

0
peHN. L Aot TFA or DBU HZN\)J\
: / DCM, RT
R R
0 5-15 min

0

3f-h,p-r 4a-c

Product Protecting group Isolated yield (%)
H-Val-pyVal-OEt (4a) Fmoc 96
Boc 97
H-Leu-pyVal-OEt (4b) Fmoc 97
Boc 98
H-Phe-pyVal-OEt (4¢c) Fmoc 95
Boc 99

“DBU and TFA were used for deprotection of Fmoc- and Boc-protected
compounds, respectively.

on the protecting group) and provided the free-amine dipeptide
analogues (4a—c, Table 5) in high yield and with no trace of
epimerization. Use of standard Fmoc deprotection conditions
(20% piperidine/DMF) caused significant difficulty in purifica-
tion, while treating the substrate with DBU for prolonged times
(>30 min) resulted in polymeric byproducts.

As we recently’ developed a method to access dipeptide ana-
logues by means of reductive amination of pyAA-OH at C-4 with
protected amino acids (Scheme 1), we explored the opportunity to
elongate these further to tripeptide analogues.

0
HZN\_)LR3

R1 liz R1 o
PtO,/H, H
Ny O i SN
85-95% >,
R
o o}

Scheme 1 Reductive amination of dipeptide analogues.

Our starting point was the use of our optimized acylation
procedure, which had provided high yields in the synthesis of the
dipeptide analogues described above (Table 4). Initial experiments
revealed that the reaction was very sensitive to temperature.
Interestingly, reactions at lower temperature provided higher yield,
whereas for high temperature reactions several byproducts were
formed. We therefore increased the amount of nucleophile (which
was apparently unstable) to 2 eq., and lowered the temperature to
—100 °C, which provided the highest yield in this series (Table 6).

However, we were not satisfied with the use of —100 °C and 2 eq.
of the non-commercially available nucleophile, as this can be quite
tedious in routine parallel synthesis and even more in scale-up
processes. We therefore attempted to optimize the reaction with
the use of other bases.

Potassium bases (KHMDS), as previously observed (Table 4),
led to a low degree of conversion; however, utilizing a sterically
hindered Grignard reagent as base furnished a much more stable
nucleophile, which even at room temperature led to very clean
product formation with no epimerization. Furthermore, only
1.0 eq. of the nucleophile was now required as a result of the
stability of the anion.
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Table 6 Optimization of tripeptide synthesis

0 [0}
H .
+ FmocHN _Act BuLi
HN N\;)J\OT-BU \__)J\O - .
E Bn

THF, 30 min

0
FmocHN\)J\ H \)?\

H 7~ "Ot-Bu

Bn :

0
5f

Entry  Eq.nucleophile  Temp./°C  Isolated yield (%)"
1 1.0 —15 28
2 1.0 -25 33
3 1.0 -35 37
4 1.0 —45 36
5 1.0 —55 32
6 1.0 —78 41
7 2.0 —78 63
8 2.0 —100 76

“Only one diastereomer was observed by '"H NMR (d.e > 95%).

We then examined the scope of this reaction, and synthesized a
range of tripeptide analogues with different amino acids protected
as Boc, Fmoc and Cbz derivatives (5a—i, Table 7).

Throughout the series products were diastereoisomerically pure
as determined by '"H NMR and isolated in good yield. Hence,
this method provides a very convenient synthetic route to libraries
of tripeptide analogues. When pyrrolidinones with functionalized
side chains are to be employed, appropriate protecting groups
must be chosen. Thus, for O-protection, #-Bu is preferred to
the Bn group, since Bn groups can be readily cleaved during
PtO,-mediated reductive amination. For N-protection, a double
protection scheme should be employed to avoid NH deprotonation
in the acylation step.

To evaluate the proteolytic stability of the new peptide ana-
logues, we conducted a series of peptide stability tests in 50%
pooled human plasma (Fig. 2).* Evaluating H-Val-pyAla-OEt and
the corresponding natural peptide H-Val-Ala-OMe showed clear

Table 7 Synthesis of tripeptide analogues

PG-AA-OAct 0 h oo
N N\)LO_ FPIMgCl PGHN\i)J\N N \,)J\Ot-su
THF, RT, THF, RT, Th R :
0 o)
Sa-i
Isolated
Entry” PG R yield (%)”
1 Boc i-Pr (5a) 78
2 Boc i-Bu (5b) 90
3 Boc Bn (5¢) 83
4 Fmoc i-Pr (5d) 83
5 Fmoc i-Bu (Se) 85
6 Fmoc Bn (5) 88
7 Cbz i-Pr (5g) 82
8 Cbz i-Bu (5h) 83
9 Cbz Bn (5i) 89

“ Fmoc-AA-OPfp, Boc-AA-ONp and Cbz-AA-ONp were used as elec-
trophiles. * Only one diastereomer was observed by '"H NMR (d.e > 95%).

differences in their degradation. After the chosen reaction time of
200 min, only 20% of the natural peptide was intact, while 53%
of the pyrrolidinone-modified peptide was intact. From LCMS
analysis, we could not determine the degradation products of the
natural peptide, while H-Val-pyAla-OEt was clearly cleaved at the
imide bond.

100 2
90 +
80
70 A
60 -
50 -
40
30 A
20 -
10 ~
0

_— . H-ppVal-Ala-Of-Bu
Z-Val-ppVal-Ala-Of-Bu

H-Val-py&la-OEt

Intact peptide (%)

H-Val-AleOMe

0 100 200
Time {min.)

Fig. 2 Degradation curves of selected peptide analogues.

We likewise examined pyVal-Ala-O¢-Bu, for which no degrada-
tion could be observed, indicating the amine bond in this system
was very stable. The proteolytic stability of the tripeptide Z-Val-
pyVal-Ala-Ot-Bu (5a) was found to be even more stable than the
dipeptide H-Val-pyAla-OEt (4a), with 76% of 5a remaining in
solution at the end of the 200 min experiment.

To evaluate the compatibility of 5 with solid phase peptide
synthesis, 5d was deprotected and the resulting 6a was attached
to a 2-CITrt resin preloaded with H-Ser(z-Bu)-OH. Deprotection
of the amine group and attachment of a phenylalanine residue,
followed by cleavage of the peptide from the resin, provided a
pentapeptide (7a) containing a pyrrolidinone moiety (Scheme 2).

Conclusion

In conclusion, we have developed a methodology for the incorpo-
ration of pyrrolidine-diones into peptide chains either at the C- or
N-terminus or in an intermediate position in good to excellent
yield and with excellent enantio- and diastereoselectivity. The
pyrrolidinone-containing tripeptides were shown to be applicable
in solid phase peptide synthesis, allowing parallel synthesis
and possible identification of biologically active compounds for
therapeutic and diagnostic purposes. In support of this, we have
examined the proteolytic stability of these, showing markedly
increased stability towards human plasma.

Experimental
General methods and materials

NMR spectra were recorded on 400 MHz or 300 MHz Bruker in-
struments. Chemical shifts are reported in ppm (parts per million)
using the solvent residual peak as the internal reference. NMR

1A peptide concentration of 0.5 mg mL™" in 50% human plasma was
used. Solutions were stirred at 37 °C for 200 min and analyzed by HPLC
at appropriate intervals.

This journal is © The Royal Society of Chemistry 2007
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5 _TFA F"“"’HN\,)I\N N\)I\OH HOBY, DIEA F"‘""HN\,)I\N N\)LNJ/\FOO
—_— = 2 - 2 s
RT, 10h Bn d E DMF, RT, 1h Bn g = H 3
95%
6a

1) 20% Piperidine, DMF
2) Fmoc-Phe-OPfp
DIEA, DMF, RT, 1h
3) 2% TFA, DCM, RT, 5 min

26%, from 6a

Bn H O H 0
FmocHN/HrN\;)J\N NJ\N%(OH
O Bn 2. H

0

Ot-Bu

o]

7a

Scheme 2 Solid phase peptide synthesis of a pyrrolidinone-containing peptide (polystyrene resin with a 2-CITrt linker was used as the solid support).

abbreviations are as follows: quin = quintet, sext = sextuplet,
sept = septuplet, dsept = double septuplet, oct = octuplet.
TLC was performed on aluminium sheets coated with silica gel
60 F,,, and visualizing was effected with UV-light and/or 1%
ninhydrin in n-BuOH-AcOH. pyAA-OH (1a-d), pyAA-OEt (2a—
d) and dipeptides (3a—n) were prepared as previously described.?
Synthesis of pyVal-Ala-Ot-Bu using reductive amination was
performed as previously described.’

Boc-Ala-pyVal-OEt (30)

To a solution of pyVal-OEt (35 mg, 0.21 mmol) in THF (3 mL)
was added BuLi (1.6 M, 0.13 mL, 0.21 mmol) and the mixture was
stirred for 10 min whereafter Boc-Phe-ONp (71 mg, 0.23 mmol)
in THF (2 mL) was added dropwise over 15 min. The mixture was
allowed to stir for an additional 10 min and quenched with AcOH
(0.1 mL) and evaporated on silica. Column chromatography over
silica gel (EtOAc/Hep 1:3) provided the pure product (60 mg,
0.18 mmol, 85%). '"H NMR (CDCl;, 300 MHz): § 5.21-5.43 (m,
2H), 5.03 (s, 1H),4.49(d, J =2.6 Hz, 1H), 3.95-4.10 (m, 2H), 2.46—
2.65 (m, 3H), 1.36-1.49 (m, 13H), 1.32 (d, J = 6.4 Hz, 3H), 1.10
(d,J =7.2Hz, 3H),0.76 (d, ] = 7.2 Hz, 3H). "C NMR (CDCl;,
75 MHz): 0 14.1, 15.4, 18.2, 18.8, 28.3, 28.5, 50.1, 64.2, 67.8, 79.4,
94.5,155.0,170.1, 173.4,178.7. [a]® +5 (¢ 0.63, MeOH). IR (KBr):
3440(s), 2955(m), 1729(s), 1832(s), 1180(m). HRMS (EI*): Calcd.
for C;;HxN,Os5 [M + H*] 341.2079. Found 341.2079.

Fmoc-Val-pyVal-OEt (3f)

Following the procedure for 3o (76%): 'H NMR (CDCl;,
400 MHz): 6 7.70 (d, J = 7.6 Hz, 2H), 7.56 (d, J = 7.6 Hz, 2H),
7.34 (t, J = 7.3 Hz, 2H), 7.26 (t, J = 7.6 Hz, 2H), 3.81-5.67 (m,
11H), 1.91-3.29 (m, 4H), 1.30-1.67 (m, 6H), 0.35-1.11 (m, 16H).
BC NMR (CDCl;, 100 MHz): 6 13.63, 14.06, 14.12, 15.11, 16.28,
17.55, 18.90, 19.08, 19.99, 22.67, 23.02, 26.76, 28.51, 29.29, 29.33,
29.54,29.57,29.61, 29.63, 30.00, 30.39, 30.56, 31.37, 31.89, 41.00,
47.18,47.22,58.73, 64.36, 65.19, 66.93, 67.17, 67.81,94.59, 119.93,
125.20, 127.04, 127.62, 127.69, 141.27, 143.78, 143.93, 144.03,
156.23, 156.80, 170.19, 171.63, 178.76. [a]y +24 (c 0.22, MeOH).
IR (KBr): 3435(s), 2927(m), 1727(s), 1619(s), 1240(m). HRMS
(EI"): Calcd. for C,yH3,N,O5 [M + H]491.2546. Found 491.2564.

Boc-Val-pyVal-OEt (3p)

Following the procedure for 30 (86%): 'H NMR (CDCl;,
400 MHz): 6 5.43 (dd, J = 9.6, 4.0 Hz, 1H), 5.26 (d, J = 9.1 Hz,
1H), 5.04 (s, 1H), 4.49 (d, J = 3.0 Hz, 1H), 3.97-4.10 (m, 2H), 2.84—
3.10 (m, 1H), 2.55-2.69 (m, 1H), 1.97-2.15 (m, 1H), 1.36-1.49 (m,
12H), 1.12 (d, J = 7.1 Hz, 3H), 1.02 (d, J = 7.1 Hz, 3H), 0.84
(d,J = 7.1 Hz, 3H), 0.76 (d, J = 7.1 Hz, 3H). *C NMR (CDCl,,
100 MHz): ¢ 14.1, 15.2, 16.4, 18.9, 19.9, 28.3, 28.5, 30.4, 58.2,
64.3, 67.8, 79.4,94.6, 155.8, 170.2, 172.3, 178.7. [a]¥ +46 (¢ 0.71,
MeOH). IR (KBr): 3446(s), 2968(m), 1729(s), 1620(s), 1174(m).
HRMS (EI*): Caled. for C,,H:,N,Os [M + H*] 369.2389. Found
369.2402.

Boc-Leu-pyVal-OEt (3q)

Following the procedure for 3o (80%): 'H NMR (CDCl;,
400 MHz): 6 5.42 (dt, J = 10.0, 3.3 Hz, 1H), 4.99-5.21 (m, 2H),
449 (d, J = 2.5 Hz, 1H), 4.05 (dt, J = 2.5, 7.5 Hz, 1H), 3.99—
4.10 (m, 2H), 2.36-2.96 (m, 2H), 1.68-1.86 (m, 1H), 1.41-1.48 (m,
12H), 1.11 (d, J = 7.6 Hz, 3H), 1.02 (d, J = 6.6 Hz, 3H), 0.92
(d, J =6.6 Hz, 3H), 0.77 (d, J = 7.1 Hz, 3H). "C NMR (CDCl;,
100 MHz):6 14.1,15.3,18.9,21.2,23.6,24.9,28.3, 28.5,41.1, 52.9,
64.2,67.7,79.4,94.5, 155.5, 170.1, 173.6, 178.6. [a]2 +22 (¢ 0.26,
MeOH). IR (KBr): 3449(s), 2978(m), 1725(s), 1629(s), 1180(m).
HRMS (EI*): Calced. for C,0H3;,N,Os [M + H*] 383.2546. Found
383.2531.

Boc-Phe-pyVal-OEt (3r)

Following the procedure for 3o (94%): Following the procedure
for 30 (94%)'H NMR (CDCl;, 400 MHz): 6 7.13-7.40 (m, 5H),
5.14-5.75 (m, 2H), 5.05 (s, 1H), 4.51 (d, J/ = 2.5 Hz, 1H), 3.98-4.13
(m, 2H), 3.03-3.26 (m, 1H), 2.50-2.86 (m, 2H), 1.44 (t,/ = 7.1 Hz,
3H), 1.22-1.39 (m, 9H), 1.12 (d, J = 7.1 Hz, 3H), 0.77 (d, J =
6.6 Hz, 3H) "C NMR (CDCl;, 100 MHz): 6 14.5, 15.8, 19.2, 28.6,
28.9, 38.3, 55.8, 64.7, 68.2, 79.8, 94.9, 127.0, 128.7, 130.0, 137.3,
155.5, 170.7, 172.3, 179.2. [a]y +50 (¢ 0.24, MeOH). IR (KBr):
3372(m), 2979(m), 1726(s), 1619(s), 1315(s). HRMS (EI*): Calcd.
for C,;H3,N,O4 [M + H*] 417.2389. Found 417.2404.
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Boc-Ala-pyPhe-OEt (3s)

Following the procedure for 3o (85%): 'H NMR (CDCl,,
400 MHz): 6 7.22-7.18 (m, 3H), 7.02 (d, J = 6.6 Hz, 2H),
5.40-5.28 (m, 2H), 4.80-4.77 (m, 2H), 4.06-3.89 (m, 2H), 3.55
(dd, J = 5.1, 13.6 Hz, 1H), 3.12 (d, J = 13.6 Hz, 1H), 1.48
(s, 9H), 1.45 (t, J = 7.1 Hz), 1.34 (d, J = 6.6 Hz) "C NMR
(CDCl;, 100 MHz): 6 14.1, 18.3, 28.4, 34.7, 50.1, 60.0, 67.7, 79.5,
94.7, 127.1, 128.2, 129.8, 134.1, 155.2, 169.3, 173.9, 177.2. [aly
+120(c0.17, MeOH). IR (KBr): 3436(s), 1727(s), 1674(s), 1621(s),
1304(m). HRMS (EI*): Calcd. for C,; H,xN,O5 [M + H*] 389.2076.
Found 389.2068.

Boc-Val-pyPhe-OEt (3t)

Following the procedure for 3o (89%): 'H NMR (CDCl;,
400 MHz): 6 7.16-7.26 (m, 3H), 6.99 (d, J = 6.6 Hz, 2H), 5.44
(dd, J = 9.9, 3.8 Hz, 1H), 5.24 (d, J = 10.1 Hz, 1H), 4.73-4.82
(m, 2H), 3.87-4.09 (m, 2H), 3.57 (dd, J = 13.6, 5.1 Hz, 1H), 3.12
(dd, J = 13.9, 2.3 Hz, 1H), 2.04-2.17 (m, 1H), 1.49 (s, 9H), 1.45
(t,J =7.3Hz 3H),1.03(d,J=7.1 Hz, 3H), 0.86 (d, / = 7.1 Hz,
3H). "C NMR (CDCl;, 100 MHz): ¢ 14.1, 16.1, 19.9, 28.3, 30.1,
34.7, 58.1, 60.0, 67.6, 79.4, 94.8, 127.0, 128.2, 129.7, 134.0, 155.8,
169.4,172.8,177.0. [a]® +130 (¢ 0.21, MeOH). IR (KBr): 3452(s),
2966(m), 1735(s), 1622(s), 1378(s), 1165(m). HRMS (EI*): Calcd.
for C;H;,N,O5 [M + H*] 417.2389. Found 417.2381.

Boc-Leu-pyPhe-OEt (3u)

Following the procedure for 30 (88%): 'H NMR (CDCl,,
400 MHz): 6 7.18-7.26 (m, 3H), 6.90-7.08 (m, 2H), 5.46 (t, J =
11.6 Hz, 1H), 5.13 (d, J = 8.6 Hz, 1H), 4.68-4.85 (m, 2H), 3.89-
4.09 (m, 2H), 3.56 (dd, 1H), 3.12 (dd, J = 13.6, 2.0 Hz, 1H),
1.74-1.86 (m, 1H), 1.32-1.51 (m, 14H), 1.01 (d, J/ = 6.6 Hz, 3H),
0.92 (d, J = 7.1 Hz, 3H). *C NMR (CDCl;, 100 MHz): 6 14.1,
21.0, 23.6,24.9, 28.4, 34.6, 41.0, 53.0, 60.0, 67.6, 79.4,94.7, 127.1,
128.2, 129.8, 134.1, 155.7, 169.3, 174.3, 177.1. [a]} +73 (c 0.76,
MeOH). IR (KBr): 3336(m), 1732(s), 1688(s), 1386(m), 737(m).
HRMS (EI*): Caled. for C,,H3,NOs [M + H*] 431.2546. Found
431.2554.

Removal of the Boc group

H-Val-pyVal-OEt (4a). To a solution of Boc-Val-pyVal-OEt
(6) (41 mg, 0.11 mmol) in DCM (3 mL) was added TFA (3 mL)
and the residual mixture was stirred for 15 min at RT. The
mixture was evaporated and residual TFA was removed by solid
phase extraction (PS-H,CO;) to provide the pure product (29 mg,
0.11 mmol, 97%). "H NMR (CDCl;, 400 MHz): 6 8.18 (br. s, 4H),
5.15(d, J = 3.0 Hz, 1H), 5.10 (s, 1H), 4.50 (d, J = 2.5 Hz, 1H),
3.99-4.16 (m, 2H), 2.56-2.69 (m, 1H), 2.23-2.35 (m, 1H), 1.45 (t,
J =7.1Hz, 3H), 1.16 (d, / = 7.1 Hz, 3H), 1.11 (d, J = 7.1 Hz,
3H), 0.96 (d, / = 7.1 Hz, 3H), 0.70 (d, / = 7.1 Hz, 3H). "C NMR
(CDCl;, 100 MHz): 0 14.1, 14.6, 15.1, 18.9, 19.2, 28.4, 29.1, 58.2,
64.7, 68.2, 94.3, 167.8, 170.5, 179.8. [a]¥ +88 (¢ 0.37, CHCL).
IR (KBr): 3437(m), 2976(m), 1698(s), 1614(s), 1318(m), 1203(s).
HRMS (ET*): Calcd. for C,;H,,N,O; [M + H*] 269.1865. Found
269.1874.

H-Leu-pyVal-OEt (4b). Following the procedure for 4a (98%):
'"H NMR (CDCl;, 400 MHz): 6 5.28 (s, 1H), 5.10 (dd, J = 9.6,

3.5 Hz, 1H), 4.55 (s, 1H), 4.06-4.22 (m, 2H), 2.62-2.76 (m, 1H),
1.60-1.84 (m, 3H), 1.43 (t, / = 7.1 Hz, 3H), 1.17 (d, J = 7.6 Hz,
3H), 1.04(d, J = 6.6 Hz, 3H), 0.98 (d, J = 6.1 Hz, 3H), 0.79 (d, J =
6.6 Hz, 3H). *C NMR (CDCl,, 100 MHz): 8 14.6, 15.5, 19.3,21.1,
24.0,25.5,29.8,40.6,53.7,66.0,69.9,95.3,170.2, 172.4, 181.7. [a]
+30(c0.16, MeOH). IR (KBr): 3436(s), 1691(s), 1619(s), 1339(m),
1224(m), 757(m). HRMS (EI'): Caled. for C sHyN,Os [M + H*]
283.2022. Found 283.2029.

H-Phe-pyVal-OEt (4¢). Following the procedure for 4a (99%):
'HNMR (CDCL, 400 MHz): 5 8.39 (br. s, 3H), 7.15-7.36 (m, SH),
5.34 (dd, J = 8.6, 3.5 Hz, 1H), 5.04 (s, 1H), 4.39 (d, J = 2.0 Hz,
1H), 3.97-4.15 (m, 2H), 3.33 (dd, J = 14.1, 3.5 Hz, 1H), 2.40-2.62
(m, 1H), 1.45 (t, J = 7.1 Hz, 3H), 1.06 (d, J = 7.1 Hz, 3H), 0.68
(d, J = 7.1 Hz, 3H). *C NMR (CDCl,, 100 MHz): 5 14.5, 15.1,
19.1, 28.9, 36.7, 55.8, 65.0, 63.7, 94.5, 128.2, 129.5, 130.0, 134.2,
167.7,170.8, 180.3. [a]?® +96 (¢ 0.62, MeOH). IR (KBr): 3436(s),
1691(s), 1619(s), 1373(m), 1224(m), 701(m). HRMS (EI*): Calcd.
for C,sH,,N,O; [M + H*] 317.1865. Found 317.1861.

Removal of the Fmoc group

H-Val-pyVal-OEt (4a). To a solution of Fmoc-Val-pyVal-OEt
(3f) (38 mg, 0.08 mmol) in DCM (3 mL) at room temperature was
added DBU (0.02 mL, 0.14 mmol) and the mixture was stirred
for 5 min, at which point 3 mL silica was added and the mixture
evaporated at reduced pressure. Column chromatography (0— 5%
MeOH in EtOAc) afforded the pure product as a low-melting
solid. Yield (20 mg, 96%). '"H NMR (CDCl;, 400 MHz): 6 8.18
(br. s, 4H), 5.15 (d, J = 3.0 Hz, 1H), 5.10 (s, 1H), 4.50 (d, J =
2.5 Hz, 1H), 3.99-4.16 (m, 2H), 2.56-2.69 (m, 1H), 2.23-2.35 (m,
1H), 1.45(t,J =7.1 Hz,3H), 1.16 (d, J = 7.1 Hz, 3H), 1.11 (d, J =
7.1 Hz, 3H), 0.96 (d, J = 7.1 Hz, 3H), 0.70 (d, J = 7.1 Hz, 3H).
BC NMR (CDCl;, 100 MHz): 0 14.1, 14.6, 15.1, 18.9, 19.2, 28 4,
29.1, 58.2, 64.7, 68.2, 94.3, 167.8, 170.5, 179.8. [a]y +88 (¢ 0.37,
CHCL). IR (KBr): 3437(m), 2976(m), 1698(s), 1614(s), 1318(m),
1203(s). HRMS (EI*): Calcd. for C,,H,,N,O; [M + H*] 269.1865.
Found 269.1874.

H-Leu-pyVal-OEt (4b). Following the procedure for 4a (97%):
'H NMR (CDCl;, 400 MHz): 6 5.28 (s, 1H), 5.10 (dd, J = 9.6,
3.5 Hz, 1H), 4.55 (s, 1H), 4.06-4.22 (m, 2H), 2.62-2.76 (m, 1H),
1.60-1.84 (m, 3H), 1.43 (t, / = 7.1 Hz, 3H), 1.17 (d, J/ = 7.6 Hz,
3H), 1.04(d, J = 6.6 Hz, 3H), 0.98 (d, J = 6.1 Hz,3H), 0.79 (d, J =
6.6 Hz, 3H). "CNMR (CDCl;, 100 MHz): ¢ 14.6, 15.5,19.3, 21.1,
24.0,25.5,29.8,40.6, 53.7,66.0,69.9,95.3,170.2, 172.4, 181.7. [a]y
+30 (¢ 0.16, MeOH). IR (KBr): 3436(s), 1691(s), 1619(s), 1339(m),
1224(m), 757(m). HRMS (EI*): Calcd. for C;sH,xN,O; [M + H*]
283.2022. Found 283.2029.

H-Phe-pyVal-OEt (4c). Following the procedure for 4a (95%):
'"HNMR (CDCl;, 400 MHz): 6 8.39 (br. s, 3H), 7.15-7.36 (m, SH),
5.34 (dd, J = 8.6, 3.5 Hz, 1H), 5.04 (s, 1H), 4.39 (d, / = 2.0 Hz,
1H), 3.97-4.15 (m, 2H), 3.33 (dd, J = 14.1, 3.5 Hz, 1H), 2.40-2.62
(m, 1H), 1.45 (t, J = 7.1 Hz, 3H), 1.06 (d, J = 7.1 Hz, 3H), 0.68
(d, J = 7.1 Hz, 3H). "C NMR (CDCl,, 100 MHz): ¢ 14.5, 15.1,
19.1, 28.9, 36.7, 55.8, 65.0, 68.7, 94.5, 128.2, 129.5, 130.0, 134.2,
167.7, 170.8, 180.3. [a] +96 (¢ 0.62, MeOH). IR (KBr): 3436(s),
1691(s), 1619(s), 1373(m), 1224(m), 701(m). HRMS (EI*): Calcd.
for C,sH,,N,O; [M + H*] 317.1865. Found 317.1861.
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Boc-Val-pyVal-Ala-OtBu (5a)

To a solution fo pyVal-Ala-Oz-Bu (50 mg, 0.18 mmol) in THF 3mL
was added i-PrMgCl (2.0 M in THF, 0.090 mL, 0.18 mmol). The
mixture was allowed to stir for 10 min, at which point a solution of
Boc-Val-ONp (69 mg, 0.20 mmol) in THF (2 mL) was added. The
mixture was stirred for 1 h, and then AcOH (0.1 mL) was added,
and the mixture was diluted with DCM (20 mL), washed with
10% NaHCO; (20 mL) and evaporated under reduced pressure.
Column chromatography over silica gel EtOAc-heptane (1 : 4)
provided the pure compound (68 mg, 0.14 mmol, 78%). '"H NMR
(CDCl;, 400 MHz): 6 5.36 (dd, J = 9.6, 4.0 Hz, 1H), 5.12 (d,
J =9.6 Hz, 1H), 4.50-4.65 (m, 1H), 3.75-3.91 (m, 1H), 3.63 (q,
J =6.9 Hz, 1H), 2.90 (dd, J = 16.9, 12.4 Hz, 1H), 2.68 (dd, J =
17.2, 8.1 Hz, 1H), 2.22-2.38 (m, 1H), 1.89-2.05 (m, 1H), 1.47-
1.54 (m, 12H), 1.42 (s, 9H), 1.08 (d, J/ = 6.6 Hz, 3H), 1.01 (d, J =
6.6 Hz, 3H), 0.98 (d, J = 7.1 Hz, 3H), 0.83 (d, J = 7.1 Hz, 3H).
BC NMR (CDCl;, 100 MHz): 6 16.3, 17.2, 18.1, 19.9, 22.1, 27.9,
28.1,28.3,30.0, 36.9, 54.0, 56.6, 58.7,61.7, 80.1, 84.7,115.7, 126.2,
141.4,141.4,156.1,161.4,161.7,161.8,170.9, 171.5, 174.1. [a]¥ +6
(¢ 0.40, MeOH). IR (KBr): 3436(s), 2924(m), 1720(m), 1246(m).
HRMS (EI*): Caled. for C,,H,;3N;O, [M + H*] 470.3230. Found
470.3226.

Boc-Leu-pyVal-Ala-Oz-Bu (5b)

Following the procedure for 5a (90%): 'H NMR (CDCl,,
400 MHz): 6 5.38 (dt, J = 10.0, 3.3 Hz, 2H), 4.78-5.09 (m, 1H),
432 (dd, J = 7.1, 4.0 Hz, 1H), 3.33 (td, / = 10.2, 7.3 Hz, 1H),
3.15(q, J = 7.1 Hz, 1H), 2.59 (s, 1H), 2.57 (s, 1H), 2.17-2.30 (m,
1H), 1.63-1.84 (m, 2H), 1.46 (s, 9H), 1.40 (s, 9H), 1.32 (dd, J =
11.1, 4.0 Hz, 1H), 1.24 (d, J/ = 7.1 Hz, 3H), 1.04 (d, J = 7.1 Hz,
3H), 0.99 (d, J = 6.6 Hz, 3H), 0.93 (d, J = 7.1 Hz, 3H), 0.89 (d,
J = 6.6 Hz, 3H). "C NMR (CDCl;, 100 MHz): ¢ 18.7, 19.6, 21.0,
21.7,23.5,24.8, 27.7, 28.0, 28.2, 39.6, 40.9, 53.3, 54.2, 56.2, 63.0,
79.4,81.5,155.5,173.1,175.3,175.8. [a]¥ —13 (¢ 6.40, MeOH). IR
(KBr): 3436(s), 2975(m), 1721(s), 1368(m), 1168(m). HRMS (EI*):
Calcd. for C,sHsN;Oq [M + H*] 484.3387. Found 484.3383.

Boc-Phe-pyVal-Ala-O7-Bu (5c¢)

Following the procedure for 5a (83%): 'H NMR (CDCl;,
400 MHz): ¢ 7.13-7.34 (m, 5H), 5.61-5.74 (m, 1H), 5.17 (d, J =
8.6 Hz, 1H), 4.19-4.31 (m, 1H), 3.15(q, J = 7.1 Hz, 2H), 2.74-3.08
(m, 2H), 2.44-2.65 (m, 2H), 2.20-2.28 (m, 1H), 1.48 (s, 9H), 1.25
(d, J =7.1Hz, 3H), 1.05(d, J = 6.6 Hz, 3H), 0.92 (d, J = 7.1 Hz,
3H). C NMR (CDCl;, 100 MHz): 6 18.7, 19.6, 21.6, 27.8, 28.1,
28.2, 38.5, 39.5, 54.1, 55.2, 56.2, 63.1, 76.7, 77.0, 77.2, 77.3, 79.6,
81.5, 126.8, 128.3, 129.5, 136.3, 155.1, 173.4, 173.9, 175.3. [a]¥
—45 (¢ 1.20, MeOH). IR (KBr): 3435(s), 1723 (s), 1368(s), 1169(s),
700(w). HRMS (ET*): Caled. for CxH,;; N3O [M + H*] 518.3230.
Found 518.3244.

Fmoc-Val-pyVal-Ala-O¢-Bu (5d)

Following the procedure for 5a (83%): 'H NMR (CDCl;,
400 MHz): 6 7.77 (d, J = 7.6 Hz, 2H), 7.61 (d, J = 7.6 Hz, 2H),
7.40(t,J =7.3Hz, 2H), 7.32(t,J = 7.3 Hz, 2H), 5.52 (dt, J = 10.0,
2.8 Hz, 1H), 5.15-5.46 (m, 1H), 4.08-4.46 (m, 5H), 3.76 (s, 1H),

3.31-3.42 (m, 1H), 3.19 (q, J = 6.9 Hz, 1H), 2.57-2.67 (m, 1H),
2.16-2.33 (m, 1H), 1.68-1.83 (m, 1H), 1.48 (s, 9H), 1.27 (d, J =
7.1 Hz, 3H), 0.87-1.09 (m, 12H). *C NMR (CDCl;, 100 MHz): 6
18.7,19.5, 20.9, 21.6, 21.7, 22.8, 23.5, 24.7, 24.8, 27.7, 28.0, 39.4,
41.2,41.7,47.1,52.3,53.8,54.3,56.2,63.1,66.9,81.7,119.9, 125.1,
125.1,127.0, 127.6, 127.7, 141.3, 143.7, 143.9, 156.1, 173.3, 173.7,
175.0,175.3. [a]y) +16 (¢2.90, MeOH). IR (KBr): 3351(m), 2960(s),
1726(s), 1518(m), 1151(m). HRMS (EI*): Calcd. for C;,H,sN;Oq
[M + H*]592.3387. Found 592.3383.

Fmoc-Leu-pyVal-Ala-Ot-Bu (5e)

Following the procedure for 5a (85%): 'H NMR (CDCI;,
400 MHz): 0 7.77 (d, J = 7.6 Hz, 2H), 7.61 (d, J = 7.1 Hz, 2H),
7.40 (t, J = 7.6 Hz, 2H), 7.32 (d, J = 7.1 Hz, 2H), 5.52 (s, 2H),
4.20-4.48 (m, 4H), 3.32-3.42 (m, 1H), 3.20 (g, / = 7.1 Hz, 1H),
2.56-2.66 (m, 2H), 2.23-2.34 (m, 1H), 2.00-2.11 (m, 1H), 1.48 (s,
9H), 0.76-1.12 (m, 14H). *C NMR (CDCl;, 100 MHz): 6 14.1,
16.1, 18.8, 19.5, 19.9, 21.6, 22.7, 27.6, 28.0, 29.0, 30.5, 31.8, 39.5,
47.1, 54.4, 56.3, 59.0, 63.3, 67.0, 81.7, 119.9, 125.1, 127.0, 127.6,
141.3, 143.8, 143.9, 156.4, 173.54, 173.46, 175.3. [a]? +16 (c 2.90,
MeOH). IR (KBr): 3435(s), 2967(w), 1723(s), 1697(s), 1452(w),
740(w). HRMS (EI*): Caled. for CssH,,N;O, [M + H*] 606.3543.
Found 606.3514.

Fmoc-Phe-pyVal-Ala-Ot-Bu (5f)

Following the procedure for 5a (88%): 'H NMR (CDCI;,
400 MHz): 0 7.76 (d, J = 7.6 Hz, 2H), 7.55 (t, J = 7.3 Hz, 2H),
7.40 (t, J = 7.6 Hz, 2H), 7.17-7.34 (m, 7H), 5.71-5.83 (m, 1H),
5.22-5.51 (m, 1H), 3.93-4.37 (m, 4H), 3.06-3.25 (m, 3H), 2.75-
2.91 (m, 1H), 2.43-2.58 (m, 2H), 2.09-2.30 (m, 1H), 1.49-1.53 (m,
9H), 1.26 (d, / = 7.1 Hz, 3H), 1.05 (d, J = 7.1 Hz, 3H), 0.92 (d,
J =7.1Hz, 3H). "C NMR (CDCl;, 100 MHz): 6 14.1, 18.7, 19.6,
21.5,22.7,27.8, 28.1, 29.0, 31.8, 38.6, 39.4, 47.1, 50.3, 54.2, 55.6,
56.2,63.2,65.1,66.9,81.5,119.9, 120.0, 124.7, 125.1, 127.0, 127.6,
128.4,129.5,136.0, 141.2, 141.5, 143.8, 143.8, 144.3, 155.5, 173.2,
173.5,175.3.[a]¥ +20 (¢ 1.20, MeOH). IR (KBr): 3436(s), 2968(m),
1727(s), 1368(m), 1222(m). HRMS (EI*): Calcd. for C;H,sN;Oq
[M + H*] 640.3387. Found 640.3399.

Cbz-Val-pyVal-Ala-Ot-Bu (5g)

Following the procedure for 5a (82%): 'H NMR (CDCl;,
400 MHz): 6 7.28-7.41 (m, SH), 5.51 (dd, J = 9.6, 4.0 Hz, 1H),
5.43(d,J =9.1 Hz, 1H), 5.10 (s, 2H), 4.23-4.32 (m, 1H), 3.26-3.37
(m, 1H), 3.17 (q, J = 6.7 Hz, 1H), 2.51-2.65 (m, 2H), 2.18-2.33
(m, 1H), 1.95-2.09 (m, 1H), 1.47 (s, 9H), 1.45 (s, 9H), 1.25(d, J =
7.1Hz,3H), 1.06(d, J =7.1 Hz, 3H), 1.02 (d, J = 6.6 Hz, 3H), 0.92
(d,J =7.1Hz, 3H), 0.80 (d, J = 7.1 Hz, 3H). "C NMR (CDCl;,
100 MHz): ¢ 16.0, 18.8, 19.6, 20.0, 21.6, 27.6, 28.0, 30.4, 39.6,
54.3,56.2, 59.0, 63.3, 66.9, 81.5, 128.1, 128.5, 136.4, 156.2, 173.3,
173.5,175.3.[a]¥ +17 (¢ 2.50, MeOH). IR (KBr): 3435(s), 2968(m),
1726(s), 1369(m), 1151(m). HRMS (EI*): Calcd. for C,;H, N;Oq
[M + H*] 504.3074. Found 504.3086.

Cbz-Leu-pyVal-Ala-Ot-Bu (5h)

Following the procedure for 5a (83%): 'H NMR (CDCI;,
400 MHz): 0 7.28-7.39 (m, 5H), 5.48 (dt, J = 10.0, 2.8 Hz, 1H),
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5.33(d, J = 9.1 Hz, 1H), 5.10 (s, 2H), 4.32 (dd, J = 7.1, 4.0 Hz,
1H), 3.29-3.39 (m, 1H), 3.16 (q, J = 6.7 Hz, 1H), 2.60 (d, J =
10.1 Hz, 2H), 2.19-2.31 (m, 1H), 1.72-1.83 (m, 1H), 1.47 (s, 9H),
1.25(d,J = 7.1 Hz, 3H), 1.03 (dd, J = 11.9, 6.8 Hz, 6H), 0.86-0.95
(m, 6H). *C NMR (CDCL,, 100 MHz): § 18.7, 19.6, 21.0, 21.6,
23.5,24.8,27.8, 28.0, 39.5, 41.3, 53.8, 54.3, 56.2, 63.1, 66.8, 81.5,
128.0, 128.4, 136.4, 155.9, 173.2, 175.0, 175.3. [a]® —8 (c 1.60,
MeOH). IR (KBr): 3436(s), 1487(s), 1375(s), 1069(w), 846(w).
HRMS (EI*): Caled. for CsHyyN,O, [M + H] 518.3230. Found
518.3246.

Cbz-Phe-pyVal-Ala-Oz-Bu (5i)

Following the procedure for 5a (89%): 'H NMR (CDCl;,
400 MHz): § 7.08-7.37 (m, 10H), 5.70-5.85 (m, 1H), 5.41 (d,
J = 8.6 Hz, 1H), 5.00 (s, 2H), 4.14-4.31 (m, 1H), 3.12-3.22 (m,
2H), 3.00-3.10 (m, 1H), 2.83 (dd, J = 13.1, 8.1 Hz, 1H), 2.41-2.57
(m, 2H), 2.11-2.28 (m, 1H), 1.48 (s, 9H), 1.25 (d, J = 6.6 Hz,
3H), 0.95-1.08 (m, 3H), 0.67-0.94 (m, 3H). *C NMR (CDCl,,
100 MHz): ¢ 18.7, 19.6, 21.5, 27.8, 28.1, 38.6, 39.4, 54.1, 55.6,
56.2, 63.2, 66.7, 81.5, 126.9, 128.0, 128.4, 128.4, 129.4, 136.0,
136.3, 155.5, 173.2, 173.5, 175.2. [a]¥ +41 (¢ 2.20, MeOH). IR
(KBr): 3378(s), 2973(m), 1725(s), 1669(s), 1358(m). HRMS (EI*):
Calcd. for C;;Hy N;Oq [M + H*] 552.3074. Found 552.3068.

Peptide stability

Peptide or peptide analogue (5 mg) was added to a temperature-
equilibriated solution of 50% human plasma (37 °C, 10 mL, the
lyophilized material from SigmaAldrich was dissolved in Millipore
water) was added and the mixture stirred vigorously at 37 °C. At
appropriate times samples were taken and analyzed by HPLC.

Fmoc-Phe-pyVal-Ala-OH (6a)

A solution of Fmoc-Phe-pyVal-Ala-Ot-Bu (5f) (23 mg,
0.036 mmol) in TFA (2 mL) was stirred at RT for 10 h. Evaporation
of the mixture provided the pure product as a clear oil (20 mg,
0.034 mmol, 95%). '"H NMR (MeOD, 300 MHz): 6 0.92 (d, J =
6.78 Hz, 3H), 1.11 (d, J = 6.78 Hz, 3H), 1.60 (d, J = 7.16 Hz,
3H), 2.13 (s, 1H), 2.80 (m, 3H), 3.09 (dd, J = 13.56, 4.90 Hz, 1H),
4.12 (m, 5H), 4.60 (dd, J = 6.78, 4.14 Hz, 1H), 5.65 (dd, J = 9.80,
4.52 Hz, 1H), 7.28 (m, 9H), 7.54 (d, J = 7.16 Hz, 2H), 7.73 (d, J =
7.54 Hz, 2H). "C NMR (MeOD, 75 MHz): 5 14.9, 18.8,23.2, 28.6,
35.7, 38.1, 52.6, 56.4, 57.6, 62.4, 67.9, 120.8, 126.2, 127.8, 128.0,
128.1, 128.7,129.3, 130.5, 138.3, 142.4, 145.0, 158.3, 171.9, 172.2,
175.1 HRMS (EI*): Calcd. for C;,HxN;Oq [M + H*] 584.2761.
Found 584.2745.

Fmoc-Phe-Phe-pyVal-Ala-Ser(z-Bu)-OH (7a)

To a solution of Fmoc-Phe-pyVal-Ala-OH (6a) (58 mg,
0.10 mmol) in DMF (2 mL) was added bromotris(pyrrolidino)-
phosphonium hexafluorophosphate (46 mg, 0.10 mmol),
N-hydroxybenzotriazole (14 mg, 0.10 mmol) and N,N-
diisopropylethylamine (0.03 mL, 0.18 mmol). The mixture was
stirred for 5 min at room temperature, added to a suspension of
H-Ser(z-Bu)-2-CITrt resin (1.1 mmol g*, 120 mg) in DMF (2 mL)
and shaken for 1 h at room temperature. The resin was washed

with DMF (3 x 5 mL), treated with 20% piperidine/DMF (3 x
5 min) and washed with DMF (3 x 5 mL). To the resin in DMF
(4 mL) was added Fmoc-Phe-OPfp (150 mg, 0.27 mmol) and N,N-
diisopropylethylamine (0.01 mL, 0.06 mmol), and the mixture was
shaken for 1 h at room temperature. The resin was washed with
DMF (3 x 5 mL) and treated with 2% TFA in DCM. The resin
was washed with DCM (3 x 5mL). The combined DCM fractions
were evaporated and purified by preparative HPLC (MeCN-H,0)
to afford the pure product as a white solid (23 mg, 26 mmol, 26%).
'H NMR (MeOD, 300 MHz): ¢ 0.91 (d, J = 7.16 Hz, 3H), 1.08
(d,J =6.78 Hz, 3H), 1.18 (s, 9H), 1.43 (d, J/ = 7.16 Hz, 3H), 2.16
(m, 1H), 2.57 (dd, J = 17.33, 8.29 Hz, 1H), 2.77 (m, 3H), 3.05
(m, 2H), 3.62 (m, 3H), 3.87 (dd, J = 9.42, 4.14 Hz, 1H), 4.26 (m,
5H), 4.60 (t, J = 3.58 Hz, 1H), 5.88 (m, 1H), 7.26 (m, 14H), 7.55
(dd, J = 7.16, 2.26 Hz, 2H), 7.77 (d, J = 7.54 Hz, 2H), 8.35 (d,
J =7.54 Hz, 1H). "C NMR (MeOD, 75 MHz): ¢ 18.02, 18.83,
22.74,27.39,28.31, 37.83, 38.17, 38.70, 47.95, 54.03, 54.25, 55.48,
57.16, 57.23, 62.48, 63.10, 67.79, 74.30, 120.59, 125.94, 126.03,
127.37, 127.64, 127.87, 128.47, 129.09, 130.09, 130.23, 137.63,
138.15, 142.21, 144.84, 144.93, 157.72, 172.66, 173.51, 173.65,
173.94. Mp 149-152 °C. HRMS (EI*): Calcd. for Cs,HgN5Oy
[M + H*] 874.4386. Found 874.4380.
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Selective biocatalytic deacylation studies on furanose triesters: a novel and
efficient approach towards bicyclonucleosidesT
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Lipozyme® TL IM catalyses the deacylation of 4-C-acyloxymethyl-3,5-di-O-acyl-1,2-O-
(1-methylethylidene)-B-L-threo-pentofuranose to form 3,5-di-O-acyl-4- C-hydroxymethyl-1,2-O-
(1-methylethylidene)-a-D-xylo-pentofuranose in a highly selective and efficient manner. The rate of
lipase-catalyzed deacylation of tributanoyl furanose is 2.3 times faster than the rate of deacylation of
the triacetyl furanose derivative. In order to confirm the structure of the lipase-catalyzed deacylated
product, it was converted to a bicyclic sugar derivative, which can be used for the synthesis of bicyclic
nucleosides of importance in the development of novel antisense and antigene oligonucleotides.
Further, it has been established that the monohydroxy product of the lipase-catalyzed reaction is the
result of selective deacylation of the 4-C-acyloxymethyl function in the substrate and not of any acyl

migration process.

Introduction

The synthesis of novel nucleoside analogues is gaining im-
portance because of their applications as key intermediates in
the development of antisense and/or antigene oligonucleotides
to regulate targeted gene expression,”™* and for their direct
utilization as anti-tumor or antiviral compounds.”*"” In re-
cent studies for development of ideal and practical antisense
molecules, oligonucleotide analogues containing non-genetic 2',5'-
phosphodiester linkages have been found to be good candidates
due to their RNA-selective hybridization properties and resistance
towards enzymatic degradation.’® A novel class of 2,5-linked
oligonucleotide analogs containing 3'-0,4'-C-methylene bridged
ribonucleosides—i.e. an oxetane-fused ribofuranoside ring system
along with normal 3',5-linked oligonucleotide analogs containing
2'-0,4'-C-methylene bridged ribonucleosides—commonly known
as locked nucleic acids (LNAs), have been known to possess
favorable features towards development of antisense and/or
antigene candidates.?3!

One of the major problems emphasized in the synthesis of
modified nucleosides is the presence of multiple functionalities
of nearly identical reactivity which are difficult to protect and
deprotect selectively.’*** Further, synthetic routes involving var-
ious protection and/or deprotection steps reduce the overall
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yields of the desired products and make the whole process
tedious, time-consuming and inefficient.®3* It is at this juncture
that nature’s catalysts, enzymes, come into the picture. Recent
advances in enzyme-assisted organic synthesis have allowed the
preparation of structurally well-defined molecules in high yields
and greater selectivity. The added advantages of the application
of enzymes in organic synthesis are that they work under mild
reaction conditions and are often environmentally benign. Among
the different biocatalytic processes, lipase-catalyzed selective
acylation/deacylation reactions represent an important class of
enzymatic transformations in organic synthesis, which is mainly
attributed to the low cost of lipases and their wide tolerance
towards a variety of reaction conditions and substrates.’*
Enzymes are being recognized as efficient catalysts for many
of the stereospecific and regioselective reactions necessary for
carbohydrate modifications and nucleoside synthesis.*”
4-C-Hydroxymethyl-1,2-O-(1-methylethylidene)-B-L-threo-pen-
tofuranose (A) is an important precursor for the synthesis of
different types of bicyclonucleosides, ie. 3'-0,5-C-methylene
bridged nucleoside B, 3'-N,4'-C-methylene bridged nucleoside C
and 2'-0,4-C-methylene bridged 3'-azido-/3'-aminonucleoside
D (Scheme 1). For the synthesis of these bicyclonucleosides,
discrimination between the two primary hydroxyl groups of the
trihydroxyfuranose precursor sugar A is highly desired. Chemical

-
HN/N, ©

Scheme 1 Compound A—a key precursor for the synthesis of various
bicyclonucleosides.
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methods for the manipulation of two such primary hydroxyl
groups in sugar precursors as well as in nucleosides are reported,
but they are non-selective and lead to the formation of isomeric
mixtures. For example, an effort towards selective benzylation of
3-0-benzyl-4- C-hydroxymethyl-1,2-O-(1-methylethylidene)-o-D-
erythro-pentofuranose led to the formation of the desired 3,5-
di-O-benzyl-4-C-hydroxymethylpentofuranose product in 59%
yield only together with other benzylated compounds.* Similarly,
selective tosylation of one out of the two primary hydroxyl
functions of 2',3'-O-cyclohexylidene-4'-hydroxymethyluridine
afforded a mixture of 4'-tosyloxymethylated- and 5'-O-tosylated
derivatives.” We have earlier reported the asymmetrization of
the two diastereotopic diols viz. 3-O-benzyl-4-C-hydroxymethyl-
1,2-O-(1-methylethylidene)-B-L-threo-pentofuranose and 3-azido-
3-deoxy-4- C-hydroxymethyl-1,2- O-(1-methylethylidene)-a-D-
erythro-pentofuranose by lipase-catalyzed acylation reactions in
organic solvents as part of our chemosynthetic approach targeted
towards the formation of modified nucleosides.®®** Recently,
Kumar and Gross® have used the trihydroxy pentofuranose
derivative A as a suitable scaffold for building well-defined
macromolecules. They used different lipases for the strict control
of the three-dimensional arrangement of substituents on the
carbohydrate core.

In the present study, we have developed a highly efficient chemo-
enzymatic route for the diastereo- and regioselective deacylation
of one out of the three acyloxy groups of 2a-2c¢ (Scheme 2),
derived from two primary and one secondary hydroxyl groups
of the potentially useful triol A, and subsequent reactions on the
novel diacetyl derivative 3a leading to the formation of the bicyclic
nucleoside sugar precursor 8.

Results and discussion

The trihydroxy sugar derivative A was synthesized starting from
D-glucose following the modified procedure! of Youssefyeh er al.
and others®"*? yia the furanose derivative 1 (Scheme 2).

The trihydroxy sugar derivative A was converted in yields of
80-85% to its triacylated derivatives, 4-C-acetoxymethyl-3,5-
di- O-acetyl-1,2-O-(1-methylethylidene)-3-L-threo-pentofuranose
(2a),  3,5-di-O-propanoyl-1,2-O-(1-methylethylidene)-4- C-pro-
panoyloxymethyl-B-L-threo-pentofuranose (2b) and 4-C-buta-
noyloxymethyl-3,5-di-O-butanoyl-1,2-O-(1-methylethylidene)-f3-
L-threo-pentofuranose (2c¢) using acetic anhydride, propanoic
anhydride and butanoic anhydride, respectively, in the presence
of a catalytic amount of 4-(dimethylamino)pyridine (DMAP)

40
D-Glucose — " 5 5 steps
OX
HO o) RCOO
OH (|v)
HO RCCO
A

2a- Zc

(Scheme 2). Based on our experience of biocatalytic acyla-
tion/deacylation reactions, we chose to use the enzymes Candida
antarctica lipase-B  immobilized on polyacrylate (Lewatit),
commonly known as Novozyme-435, porcine pancreatic
lipase (PPL), Candida rugosa lipase (CRL), Thermomyces
lanuginosus lipase immobilized on silica (Lipozyme® TL IM)
and Candida antarctica lipase-B immobilized on accurel (CAL
B-L(A)) for selective deacylation of the triacylated pentofuranose
derivatives 2a-2c in different organic solvents in the presence of
n-butanol as the acyl acceptor. Lipozyme® TL IM in toluene
was found to be the most efficient biocatalyst for the selective
deacylation of compounds 2a-2c¢. The other four lipases, i.e.
Novozyme-435, PPL, CRL and CAL B-L(A) did not accept any
of the acylated sugar derivatives as substrates.

In a typical reaction, a solution of 4-C-acetoxymethyl-3,5-di-O-
acetyl-1,2-O-(1-methylethylidene)-B-L-threo-pentofuranose  (2a)
in toluene containing a small amount of n-butanol was agitated
with Lipozyme® TL IM in an incubator shaker at 40-42 °C. On
completion of the reaction, as indicated by TLC examination, the
enzyme was filtered off and the solvent removed under reduced
pressure. The crude product thus obtained was passed through a
small silica gel column to afford the pure deacylated compound
3a, with lower R; value than the starting compound 2a in 98% yield
(Scheme 2, Table 1). The structure of the diacetylated compound
3a was established as 3,5-di-O-acetyl-4-C-hydroxymethyl-1,2-O-
(1-methylethylidene)-a-D-xylo-pentofuranose by a detailed study
of its IR, 'H and “C NMR, HRMS and 'H NOE data, and
comparison of its '"H NMR spectrum with that of the starting
triacetate 2a.!

Table 1 Diastereoselective deacylation study of 4-C-acyloxymethyl-3.5-
di-O-acyl-1,2-O-(1-methylethylidene)-B-L-threo-pentofuranose 2a—2¢ and
the mixed esters 4-C-acyloxymethyl-3,5-di-O-acetyl-1,2-O-(1-methyl-
ethylidene)-B-L-threo-pentofuranose 9a-9d catalyzed by Lipozyme® TL
IM in toluene in the presence of n-butanol”

Substrate Reaction time/h Product Yield (%)
2a 9 3a 98
2b 7 3b 88
2¢ 4 3c 93
9a 8.5 3a 95
9b 8 3a 94
9¢ 10 3a 92
9d 96 No Reaction 0

“All these reactions, when performed under identical conditions but
without adding the lipase Lipozyme® TL IM, did not yield any product.

Gy AcO OS (i)
o)
X

1a b O
RCOO R
500 s
N H,
)( b -CH,CH,
3a-3c c -CH,CH,CH,

Scheme 2 Synthesis and lipase catalysed selective deacylation studies on compounds 2a-2¢. Reagents and conditions: (1) Ac,0, DMAP; (ii) H,/Pd-C,
EtOAC; (iii) K,CO;, MeOH; (iv) excess of (RCO),0, DMAP; (v) Lipozyme® TL IM, toluene, n-butanol.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3524-3530 | 3525





The structure of the deacetylated compound obtained in
the lipase-mediated selective deacetylation of 2a was further
confirmed as  3,5-di-O-acetyl-4-C-hydroxymethyl-1,2-O-(1-
methylethylidene)-a-D-xylo-pentofuranose (3a) by its chemical
transformation. Treatment of compound 3a with p-
toluenesulfonyl chloride in the presence of base led to the
tosylation of the free hydroxyl function. The tosylated sugar
derivative on treatment with aqueous methanolic potassium
carbonate formed a diol. Mesylation of this diol afforded a
monomesyl derivative (due to preferential mesylation of the
primary hydroxyl function), which on treatment with sodium
hydride in DMF led to the formation of the novel tricyclic
compound 3-0,4-C-methylene-1,2-O-(1-methylethylidene)-5-O-
(p-toluenesulfonyl)-B-L-arabino-pentofuranose (7), the product of
a series of reactions which are possible only when the hydroxyl
group in compound 3a is at the C-1" position (Scheme 3). The
tosyloxymethylfuranose 7 was further transformed into the
novel bicyclic compound 5-O-acetyl-3-0,4-C-methylene-1,2-O-
(1-methylethylidene)-B-L-arabino-pentofuranose (8) on treatment
with potassium acetate and 18-crown-6 ether in dioxane. This
series of reactions demonstrates that the compound 3a, obtained
through a highly selective biocatalytic route using a novel silica
gel-supported fungal lipase, can be used as a suitable precursor
for the synthesis of bicyclic nucleosides (Scheme 3).

To see the effect of different acyl moieties, biocatalytic
deacylation study was extended to 3,5-di-O-propanoyl-1,2-O-
(1-methylethylidene)-4- C-propanoyloxymethyl-f-L-threo-pento-
furanose (2b) and 4- C-butanoyloxymethyl-3,5-di-O-butanoyl-1,2-
O-(1-methylethylidene)-B-L-threo-pentofuranose (2¢). Lipozyme®
TL IM-catalyzed deacylation of compounds 2b and 2¢ afforded
the corresponding diacylated compounds, 3,5-di-O-propanoyl-
4-C-hydroxymethyl-1,2-O-(1-methylethylidene)-o-D-xylo-pento-
furanose (3b) and 3,5-di-O-butanoyl-4-C-hydroxymethyl-1,2-
O-(1-methylethylidene)-a-D-xylo-pentofuranose (3c), respectively
(Scheme 2, Table 1). It was observed that the increase in the chain
length of the acyl moiety increases the rate of lipase-catalyzed
deacylation reaction (Table 1). Thus, the rate of deacylation of
propanoylated sugar derivative 2b is about 1.3 times faster than the
rate of deacylation of acetylated sugar derivative 2a. Accordingly,
the rate of deacylation of butanoylated sugar derivative 2¢ is about
2.3 and 1.8 times faster than the rate of deacylation of acetylated
and propanoylated sugar derivatives 2a and 2b, respectively. The
structures of all the novel compounds obtained in this study (1b,
2a-2¢, 3a-3c and 4-8) were unambiguously established on the
basis of their spectral (IR, 'H and *C NMR, HRMS and NOE)

5
AcO o) ; AcO o
4K OAc DAc
HO Q TsO (e}
13 )( )(

3ao 4O

. (0]
™ 4 1
TsoJ 20
53 2
7 o ¥

)

E——

v)

0
v 5
AcO o)
8 o

(i)

—_

.
—>
—

analysis. The structure of compound 3a was further confirmed by
its chemical transformation to stereochemically restricted bicyclic
sugar derivative 8. Structures of known compounds mentioned in
Scheme 2 were further confirmed by comparison of their physical
and/or chemical data with those reported in the literature. It
should be noted that though compound 1a is known,* its physical
and spectral data were not reported earlier. All deacylation
reactions, when performed under identical conditions but without
adding any lipase, did not proceed to any extent.

It has been observed that monoacyl derivatives of certain
1,2-diol systems isomerize by acyl migration, and the problem
of acyl migration has also been reported in partially acylated
nucleosides.®*> Thus the selectively deacylated 3,5-di-O-acyl-
4-C-hydroxymethyl-1,2-O-(1-methylethylidene)-o-D-xylo-pento-
furanose products 3a-3c may in theory also arise due to
deacylation of other acyloxy functions at C-5/C-3 in 2a-
2¢, followed by acyl migration. To confirm that the isolated
compounds 3a-3c are formed in the enzyme-catalyzed reaction
solely due to the deacylation of the 4-C-acyloxymethyl function
and not due to partial or complete acyl moiety migration, the
mixed esters 3-O-acetyl-4-C-acetoxymethyl-1,2-O-(1-methyl-
ethylidene)-5-O-propanoyl-p-L-arabino-pentofuranose (9a), 3-
O-acetyl-4-C-acetoxymethyl-5-O-butanoyl-1,2-O-(1-methylethyl-
idene)-B-L-arabino-pentofuranose (9b), 3-O-acetyl-4-C-acetoxy-
methyl-1,2-O-(1-methylethylidene)-5- O-pentanoyl-B-L-arabino-
pentofuranose (9¢) and 3-O-acetyl-4-C-acetoxymethyl-5-O-
benzoyl-1,2- O-(1-methylethylidene)-f-L-arabino-pentofuranose
(9d) were synthesized from 3a using propanoic anhydride,
butanoic anhydride, valeric anhydride or benzoic anhydride in
dichloromethane (DCM) in the presence of a catalytic amount
of DMAP to afford the corresponding mixed triesters in 93-95%
yields (Scheme 4). The mixed triesters 9a-9d were subjected to
Lipozyme® TM IL-catalyzed deacylation reactions in toluene in
the presence of n-butanol as acyl acceptor. It was observed that
the lipase-catalyzed deacylation of all the mixed esters resulted
in the exclusive formation of 3,5-di-O-acetyl-4-C-hydroxymethyl-
1,2-O-(1-methylethylidene)-a-D-xylo-pentofuranose (3a), except
in the case of deacylation of 3-O-acetyl-4-C-acetoxymethyl-5-O-
benzoyl-1,2- O-(1-methylethylidene)-B-L-arabino-pentofuranose
(9d), which is not a substrate for Lipozyme® TM IL (Table 1).
The formation of just one product in all the enzyme-catalyzed
reactions showed that it is obtained by selective deacylation
of the 4-C-acyloxymethyl function of 9a-9c¢ only, and not
through deacylation of any other acyloxy function, followed
by acyl migration. Furthermore, the results of Lipozyme® TM
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3526 | Org. Biomol. Chem., 2007, 5, 3524-3530

This journal is © The Royal Society of Chemistry 2007





AcO
()
RCOO

AcO o) 0
OAc OAc
HO (e}

o X

3a 9a-9d

o]

9 R
(i) a | -CHCH,
= 3a b | -CH,CHCH,
¢ | -CH,CH,CH,CH,
d | -CHs

Scheme 4 Lipase-catalyzed selective deacylation studies on mixed triacylated pentofuranoses 9a-9d. Reagents and conditions: (i) (RCO),0, DCM,

DMAP; (ii) Lipozyme® TL IM, toluene, n-butanol.

IL-mediated selective deacylation of mixed esters 9a—9c indicates
that the increase in the chain length of the acyloxymethyl function
at C-4 does not alter the selectivity of the lipase.

Conclusion

Lipozyme® TL IM discriminated between three ester functions
derived from two primary hydroxyls and a secondary hydroxyl
group in novel sugar derivatives. There are ways to differentiate
between primary and secondary hydroxyl groups, but discrimi-
nation between two primary hydroxyl groups or their derivatives
is in general not possible by purely classical chemical methods.
The very efficient and convenient enzymatic method discovered
for the discrimination of primary hydroxyl groups of furanose
derivatives herein may find applications in ‘green’ synthesis of
bicyclonucleosides, important precursors for the preparation of
state-of-the-art antisense or antigene oligonucleotides.

Experimental section
General procedures

Reactions were conducted under an atmosphere of nitrogen
when anhydrous solvents were used. Column chromatography
was carried out using silica gel (100-200 mesh). Melting points
were determined using a H,SO, bath and are uncorrected. The
'H and BC NMR spectra were recorded on a Bruker Avance
spectrometer at 300 and at 75.5 MHz, respectively. The chemical
shift values are reported as é ppm relative to TMS used as internal
standard and the coupling constants (J) are measured in Hz.
The FAB-HRMS spectra of all the compounds were recorded
on a JEOL JMS-AX505W high-resolution mass spectrometer in
positive mode using the matrix HEDS (bishydroxyethyldisulfide)
doped with sodium acetate. The Candida antarctica lipase (CAL
B or Novozyme-435), Candida antarctica lipase-B immobilized
on accurel, i.e. CAL B-L(A), and Thermomyces lanuginosus
lipase immobilized on silica (Lipozyme® TL IM) were gifts from
Novozymes A/S (Copenhagen, Denmark), whereas C. rugosa
lipase (CRL) and porcine pancreatic lipase (PPL) were purchased
from Sigma Chemical Co. (USA). All the enzymes were dried over
P,O; under vacuum for 24 h prior to use. Toluene was distilled
over P,Os and stored over Na wire prior to use.

4-C-Acetoxymethyl-5-O-acetyl-3-O-benzyl-1,2-O-(1-
methylethylidene)-B-L-threo-pentofuranose (1a)*

To a solution of the diol 1* (20.15 g, 65 mmol) in acetic anhydride
(1.1 equiv.) and pyridine (2.0 equiv.) was added a catalytic amount
of 4-N,N-dimethylaminopyridine and the reaction mixture was
stirred at 25-28 °C. On completion (analytical TLC), pyridine

was removed under reduced pressure, ice-cold water (200 ml) was
added to the residue and the product was extracted with ethyl
acetate (2 x 150 ml). The combined organic phase was washed with
sodium bicarbonate solution (200 ml) and dried over anhydrous
sodium sulfate. The solvent was removed under reduced pressure
and the residue was subjected to column chromatography on silica
gel. The diacetylated furanose 1a was obtained as a colourless oil
(21 g; 82%) using ethyl acetate—petroleum ether (1 : 4) as eluent.
'"H NMR (CDCl;, 300 MHz): 6 7.35-7.32 (m, 5H), 5.96 (d, J =
4.0 Hz, 1H), 4.75-4.72 (m, 2H), 4.51 (d, J = 11.7 Hz, 1H), 4.37
(d,J =11.7Hz, 1H), 4.20-4.04 (m, 4H), 2.04 (s, 3H), 1.96 (s, 3H),
1.54 (s, 3H), 1.35 (s, 3H); "C NMR (CDCl;, 75.5 Hz): 6 169.91,
169.81, 136.56, 128.12, 127.82, 127.69, 127.41, 113.08, 104.80,
85.40, 85.08, 83.37, 71.98, 63.15, 62.73, 26.75, 26.37, 20.50, 20.27,
IR (thin film) 2941, 1747, 1729, 1497, 1455, 1374, 1236, 1164, 1046,
862, 749, 700, 604 cm™'.

4-C-Acetoxymethyl-5-O-acetyl-1,2-O-(1-methylethylidene)-p-L-
threo-pentofuranose (1b)

To a solution of the benzylated furanose 1a (19.7 g, 50 mmol)
in ethyl acetate (350 ml), 10% Pd/charcoal (4.5 g) was added
and the reaction mixture was degassed with H, under reduced
pressure. After stirring the contents at RT under an atmosphere
of H, gas for 28 h, the reaction mixture was passed through a
pad of silica gel and washed with hot chloroform. The combined
filtrate was concentrated under reduced pressure and the residue
thus obtained was subjected to column chromatography over silica
gel using ethyl acetate—petroleum ether (3 : 7) as eluent to afford
the furanose 1b as a white solid (10.26 g; 67.5%). Mp 74-76 °C.
'"H NMR (CDCl;, 300 MHz): 6 5.92 (d, J = 4.0 Hz, 1H), 5.35 (s,
1H), 4.60 (dd, J = 1.0 and 4.0 Hz, 1H), 4.36 (d, J = 11.5 Hz, 1H),
4.29(d,J =11.5Hz, 1H),4.27(d, J = 11.5 Hz, IH), 4.10 (d, J =
11.5 Hz, 1H), 2.08 (s, 3H), 2.06 (s, 3H), 1.60 (s, 3H), 1.33 (s, 3H);
BC NMR (CDCl;, 75.5 MHz): ¢ 175.52, 175.42, 117.29, 110.22,
92.92,91.94, 81.21, 68.30, 32.08, 31.68, 26.21, 26.10; HRMS m/z
calculated for [C,;H,,OsNa]* 327.1056, observed 327.1083.

General procedure for acylation of 4-C-hydroxymethyl-1,2-O-(1-
methylethylidene)-f-1L-threo-pentofuranose (A); preparation of
triesters 2a—2c

To a mixture of 4-C-hydroxymethyl-1,2-O-(1-methylethylidene)-
B-L-threo-pentofuranose (A, 1.98 g, 9.0 mmol) and the corres-
ponding acid anhydride (acetic/propanoic/butanoic anhydride,
3.3 equiv.) was added a catalytic amount of DMAP and the
reaction mixture was stirred for 4-5 h at 28 °C. On completion
(analytical TLC), the reaction mixture was poured over ice water
and the product triesters were extracted with ethyl acetate (2 x
60 ml). The combined organic extract was washed with saturated
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aqueous NaHCO; (80 ml), dried over anhydrous Na,SO,, and
the solvent was removed under reduced pressure. The residue
thus obtained was purified by column chromatography on silica
gel using ethyl acetate—petroleum ether (1 : 3) as eluent to
afford the triacylated products 2a—2c¢ (80-85%). (See ESI for the
characterization data of 2b,c.)

4-C-Acetoxymethyl-3,5-di- O-acetyl-1,2-O-(1-methylethylidene)-
B-L-threo-pentofuranose (2a)

Obtained as a white solid (2.6 g; 85%). Mp 45-46 °C. '"H NMR
(CDCl;, 300 MHz): 6 5.98 (d, J = 4.1 Hz, 1H), 5.35 (s, 1H), 4.61
(dd,J=1.0and 4.1 Hz, 1H),4.36(d,J=11.5Hz, 1H),4.29(d,J =
11.5Hz, 1H),4.27(d,J = 11.6 Hz, 1H), 4.10 (d, J = 11.6 Hz, 1H),
2.10 (s, 3H), 2.08 (s, 3H), 2.06 (s, 3H), 1.60 (s, 3H), 1.33 (s, 3H);
BC NMR (CDCl;, 75.5 MHz): 6 170.60, 170.54, 169.67, 113.95,
105.70, 86.18,77.78, 63.69, 62.88,27.19, 26.76,21.22,21.16, 21.03;
IR (KBr) 2993, 2948, 1751, 1736, 1461, 1432, 1391, 1373, 1235,
1166, 1117, 1079, 1026, 903, 851 cm™'; HRMS m/z calculated for
[CsH»,OgNal* 369.1162, observed 369.1165.

General procedure for lipase-catalyzed selective deacylation of
4-C-acyloxymethyl-3,5-di- O-acyl-1,2- O-(1-methylethylidene)-p-L-
threo-pentofuranose 2a—2c

To a solution of the triacylated furanose 2a—2¢ (3.0 mmol) in anhy-
drous toluene (30 ml) was added n-butanol (1.2 equiv) followed by
the addition of Lipozyme® TL IM (500 mg). The reaction mixture
was stirred with shaking at 40-42 °C in an incubator and the
progress of the reaction was monitored periodically by TLC. On
completion, the reaction was quenched by filtering off the lipase,
the solvent was removed under reduced pressure, and the residue
was purified by column chromatography on silica gel using ethyl
acetate—petroleum ether (2 : 3) as eluent to afford the deacylated
products 3a-3c (88-98%). (See ESI for the characterization data
of 3b,c.1)

3,5-Di-O-acetyl-4-C-hydroxymethyl-1,2- O-(1-methylethylidene)-
a-D-xylo-pentofuranose (3a)

Obtained as a white solid (894 mg; 98%). Mp 95-96 °C. '"H NMR
(CDCl;, 300 MHz): 6 5.97 (d, J = 4.1 Hz, 1H), 5.29 (s, 1H), 4.64
(dd,J=0.9and4.1Hz, 1H),4.24(d,J=11.5Hz,1H),4.13(d,J =
11.5Hz, 1H), 3.82(dd, J = 5.43 and 11.91 Hz, 1H), 3.73 (dd, J =
8.26 and 11.91 Hz, 1H), 2.42-2.38 (m, 1H), 2.08 (s, 6H), 1.57 (s,
3H), 1.33 (s, 3H); "C NMR (CDCl;, 75.5 MHz): 6 170.25, 169.50,
113.17, 104.75, 87.73, 85.89, 77.33, 62.46, 62.08, 26.75, 26.22,
20.67, 20.49; IR (KBr) 3439, 2938, 1754, 1718, 1379, 1270, 1216,
1163, 1039, 887 cm™'; HRMS m/z calculated for [C,;H,,0O;Na]*
327.1056, observed 327.1083.

4-C-Acetoxymethyl-3-0-acetyl-1,2-O-(1-methylethylidene)-5-O-
(p-toluenesulfonyl)-B-L-arabino-pentofuranose (4)

To a solution of 3,5-di-O-acetyl-4-C-hydroxymethyl-1,2-O-(1-
methylethylidene)-a-D-xylo-pentofuranose (3a, 760 mg, 2.5 mmol)
in anhydrous pyridine (25 ml) was added p-toluenesulfonyl
chloride (715 mg, 3.75 mmol) pinchwise during 20 min at 0 °C, and
the reaction mixture was stirred for 10 h at 28 °C. On completion
(analytical TLC), the reaction mixture was poured into ice-cold

dilute hydrochloric acid (50 ml) and extracted with ethyl acetate
(2 x 50 ml). The combined organic layer was dried (Na,SO,),
evaporated to dryness under reduced pressure and the residue
was subjected to column chromatography on silica gel using ethyl
acetate—petroleum ether (2 : 3) as eluent to afford the furanose
4 as a white solid (1.1 g; 92%). Mp 116 °C. '"H NMR (CDCl;,
300 MHz): 6 7.80 (d, J = 7.8 Hz, 2H), 7.35 (d, J/ = 7.8 Hz, 2H),
5.91 (brs, 1H), 5.24 (s, 1H), 4.52 (brs, 1H), 4.26-4.20 (m, 3H), 4.07
(d, J = 11.7 Hz, 1H), 2.44 (s, 3H), 2.08 (s, 3H), 1.95 (s, 3H), 1.39
(s, 3H), 1.26 (s, 3H); “C NMR (CDCl,, 75.5 MHz): ¢ 170.32,
169.40, 145.44, 133.06, 132.90, 130.26, 128.54, 113.56, 105.85,
85.87, 85.65, 77.41, 67.75, 62.20, 26.61, 26.20, 21.97, 20.92; IR
(KBr) 2991, 1767, 1745, 1600, 1456, 1364, 1242, 1217, 1181, 1100,
1072, 1047, 1013, 977, 923, 843, 816, 726, 667, 556, 541 cm™';
HRMS m/z calculated for [C, H,,O,,SNa]* 481.1144, observed
481.1164.

4-C-Hydroxymethyl-1,2-O-(1-methylethylidene)-5-O-p-
toluenesulfonyl-p-L-arabino-pentofuranose (5)

To a solution of the furanose 4 (687 mg, 1.5 mmol) in methanol
(20 ml) was added an aqueous solution of potassium carbonate
(414 mg in 10 ml water, 3 mmol), and the reaction was stirred for
1 hat 28 °C. On completion (analytical TLC), the reaction mixture
was neutralized with dilute hydrochloric acid and extracted with
ethyl acetate (2 x 40 ml). The combined organic phase was
washed with water (50 ml), dried (Na,SO,), evaporated to dryness
under reduced pressure, and the residue was subjected to column
chromatography on silica gel using ethyl acetate—petroleum ether
(3:2) as solvent to afford the diol 5 as a white solid (342 mg; 61%).
Mp 145 °C. '"H NMR (CDCl;, 300 MHz): 6 7.79 (d, J = 8.2 Hz,
2H), 7.35 (d, J = 8.2 Hz, 2H), 5.95 (d, J = 3.6 Hz, 1H), 4.58 (d,
J =3.7Hz, 1H), 4.28 (s, IH), 4.23 (d, J = 10.0 Hz, 1H), 4.08 (d,
J=10.0Hz, 1H),3.94 (d,J =11.9 Hz, 1H), 3.73 (d, J = 11.9 Hz,
1H), 2.45 (s, 3H), 1.35 (s, 3H), 1.27 (s, 3H); *C NMR (CDCl;,
75.5MHz): 0 145.62, 132.73,130.37, 128.45, 113.07, 105.92, 87.82,
87.56, 78.00, 69.77, 63.26, 26.83, 26.26, 22.02; IR (KBr) 3529,
2975, 2932, 1596, 1451, 1421, 1358, 1261, 1224, 1179, 1068, 1010,
960, 864, 836, 812, 790, 665, 557, 534 cm™'; HRMS m/z calculated
for [CsH»,O5SNa]* 397.0933, observed 397.0957.

4-C-Methanesulfonyloxy-1,2-O-(1-methylethylidene)-5-O-(p-
toluenesulfonyl)-B-L-arabino-pentofuranose (6)

To a solution of the diol 5 (300 mg, 0.8 mmol) in anhydrous
CH,Cl, (25 ml), were added triethylamine (121 mg, 1.2 mmol)
and methanesulfonyl chloride (110 mg, 0.96 mmol) at 0 °C. The
temperature of the reaction mixture was allowed to attain 28 °C
and it was stirred at this temperature for 5 h. On completion
(analytical TLC), the reaction mixture was neutralized with dilute
hydrochloric acid and extracted with CH,Cl, (2 x 40 ml). The
combined organic phase was washed with water (50 ml), dried
(Na,SO0,), evaporated to dryness under reduced pressure, and the
residue was subjected to column chromatography on silica gel
using ethyl acetate—petroleum ether (1 : 1) as eluent to afford the
furanose 6 as an oil (228 mg; 63%). '"H NMR (CDCl;, 300 MHz):
0 7.80 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 5.93 (d,
J = 3.5 Hz, 1H), 4.57 (d, J = 3.9 Hz, 1H), 4.35 (brs, 3H),
4.25-4.16 (m, 2H), 3.01 (s, 3H), 2.45 (s, 3H), 1.36 (s, 3H), 1.26
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(s, 3H); *C NMR (CDCl;, 75.5 MHz): 6 145.19, 129.89, 127.99,
112.84, 105.59, 105.03, 86.79, 86.21, 77.30, 67.36, 66.91, 37.29,
29.56, 26.08, 25.63, 21.51; IR (KBr) 3435, 2924, 1376, 1333, 1175,
1036, 1011, 982, 966, 821, 774, 553 cm~'; HRMS m/z calculated
for [C;H,,0,,S,Na]* 475.0709, observed 475.0739.

3-0,4-C-Methylene-1,2-O-(1-methylethylidene)-5-O-(p-
toluenesulfonyl)-f-1L-arabino-pentofuranose (7)

To a solution of the furanose 6 (181 mg, 0.4 mmol) in anhydrous
DMF (8 ml) was added sodium hydride (12 mg, 0.5 mmol) portion-
wise during 10 min at 0 °C and the contents were stirred for 12 h
at 28 °C. On completion (analytical TLC), the reaction mixture
was poured into ice-cold water (25 ml) and the compound was
extracted with CH,Cl, (2 x 25 ml). The combined organic layer
was dried over Na,SO,, evaporated to dryness under reduced
pressure, and the residue was subjected to column chromatography
on silica gel using ethyl acetate—petroleum ether (2 : 3) as eluent to
afford the pure furanose derivative 7 as a white solid (91 mg; 64%).
Mp 80-82 °C."H NMR (CDCl;, 300 MHz): 6 7.81 (d, J = 7.9 Hz,
2H), 7.36 (d, J = 7.9 Hz, 2H), 6.19 (s, 1H), 4.98 (s, |H), 4.67-4.62
(m, 2H), 4.29 (d, J = 7.6 Hz, 1H), 4.19 (brs, 2H), 2.45 (s, 3H),
1.40 (s, 3H), 1.33 (s, 3H); "C NMR (CDCl;, 75.5 MHz): 0 145.61,
132.73, 130.33, 128.47, 115.25, 108.40, 87.55, 86.11, 84.44, 78.70,
68.31,27.97,27.03,22.01; IR (KBr) 2929, 1597, 1454, 1368, 1176,
831 cm™!; HRMS m/z calculated for [C,sH,,O,SNa]* 379.0827,
observed 379.0832.

5-0-Acetyl-3-0,4-C-methylene-1,2- O-(1-methylethylidene)-f-L-
arabino-pentofuranose (8)

To a solution of the furanose derivative 7 (71 mg, 0.2 mmol) in
dioxane (8 ml) was added potassium acetate (40 mg, 0.4 mmol) and
18-crown-6 ether (63 mg, 0.24 mmol), and the resulting mixture
was refluxed for 12 h. On completion, the contents were cooled
to RT, poured into ice-cold water (10 ml) and extracted with ethyl
acetate (2 x 20 ml). The combined organic phase was dried over
Na,SO,, evaporated to dryness under reduced pressure, and the
residue was subjected to column chromatography on silica gel
using ethyl acetate—petroleum ether (3 : 7) as eluent to afford
the acetylated furanose derivative 8 as an oil (35 mg; 71%). 'H
NMR (CDCl;, 300 MHz) 6 6.18 (s, 1H), 4.96 (s, 1H), 4.62-4.59
(m, 2H), 4.32 (d, J = 6.9 Hz, 1H), 4.27-4.21 (m, 2H), 2.04 (s,
3H), 1.46 (s, 3H), 1.30 (s, 3H); *C NMR (CDCl;, 75.5 MHz):
0 169.54, 113.88, 106.75, 86.52, 85.21, 83.28, 78.13, 62.67, 26.87,
25.76, 19.74; IR (thin film) 2956, 1746, 1372, 1229, 1162, 1094,
1070, 1047, 1012, 961, 890, 850 cm™'; HRMS m/z calculated for
[C11HsO¢Na]* 267.0845, observed 267.0863.

General procedure for acylation of 3,5-di-O-acetyl-4-C-
hydroxymethyl-1,2-O-(1-methylethylidene)-a-D-xylo-
pentofuranose (3a)

To a solution of 3a (400 mg, 1.3 mmol) in DCM (10 mL)
was added the corresponding acid anhydride (propanoic/
butanoic/pentanoic and benzoic anhydride, 1.2 equiv.) and a
catalytic amount of DMAP, and the reaction mixture was stirred
for 4-5 h at room temperature. On completion (analytical TLC),
the reaction mixture was poured over ice water and the mixed
triester product was extracted with chloroform (2 x 60 ml). The

combined organic extract was washed with saturated aqueous
NaHCO; (2 x 50 ml), dried over anhydrous Na,SO,, and the
solvent was removed under reduced pressure. The residue thus
obtained was purified by column chromatography on silica gel
using ethyl acetate—petroleum ether (1 : 3) as eluent to afford
the pure mixed triesters 9a—9d in 93-95% yields. (See ESI for the
characterization data of 9b-9d.})

3-0-Acetyl-4-C-acetoxymethyl-1,2-O-(1-methylethylidene)-5-O-
propanoyl-p-L-arabino-pentofuranose (9a)

Obtained as a viscous oil (445 mg; 95%). '"H NMR (CDCl;,
300 MHz): 6 598 (d, J = 4.1 Hz, 1H), 5.36 (s, 1H), 4.62 (d,
J=3.6Hz, 1H),4.33(d, J = 12.6 Hz, 2H), 4.25(d, J = 11.7 Hz,
1H), 4.09 (d, J = 11.6 Hz, 1H), 2.36 (q, J/ = 7.2 Hz, 2H), 2.11 (s,
3H),2.08 (s, 3H), 1.60 (s, 3H), 1.33 (s, 3H), 1.14 (t, / = 7.5 Hz, 3H);
BC NMR (CDCl;, 75.5 MHz): 6 173.90, 170.40, 169.54, 113.67,
105.45,85.94,77.50, 63.21, 62.68, 27.52,26.90, 26.44, 21.00, 20.81,
9.13; IR (thin film) 2993, 2948, 1751, 1736, 1461, 1432, 1391,
1373, 1235, 1166, 1117, 1079, 1026, 903, 851 cm™'; HRMS m/z
calculated for [C,sH,,O,Na]* 383.1313, observed 383.1312.

General procedure for lipase-catalyzed selective deacylation of
3-0-acetyl-4-C-acetoxymethyl-5-O-acyl-1,2-O-(1-
methylethylidene)-f-1L-arabino-pentofuranose 9a-9d

The Lipozyme® TL IM-catalyzed deacylation reaction on mixed
triesters 9a-9d was performed in the same way as that on
compounds 2a-2¢. The products formed due to incubation of
triesters 9a—9c¢ were found to be identical to 3,5-di-O-acetyl-4-C-
hydroxymethyl-1,2-O-(1-methylethylidene)-a-D-xylo-pentofura-
nose (3a). Incubation of 3-O-acetyl-4-C-acetoxymethyl-5-O-
benzoyl-1,2-O-(1-methylethylidene)-B-L-arabino-pentofuranose
(9d) did not lead to the formation of any product.
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The efficient (up to 93% ee) resolution of racemic N-benzyl B*-amino acids has been achieved by an
iterative (two cycle) liquid-liquid extraction process using a lipophilic chiral (salen)cobalt(1r) complex
[Co™(1)(OAC)]. As a result of the resolution by extraction, one enantiomer of the N-benzyl *-amino
acid predominated in the aqueous phase, while the other enantiomer was driven into the organic phase
by complexation to cobalt. The complexed amino acid was then quantitatively released into an aqueous

111

phase, by a reductive (Co

— Co") counter-extraction using L-ascorbic acid. The reductive cleavage

allowed for the recovery of the cobalt(ir) selector in up to 90% yield (easily re-oxidable to Co™ with

air/AcOH).

1. Introduction

B-Peptides are appealing substrates due to their stability to
proteolitic enzymes and their ability to form specific folded
structures and mimic o-peptides in peptide—protein and protein—
protein interactions.' For these reasons, the practical production
of enantiopure B-amino acids is an important and challenging
endeavour for the chemical community. Numerous methodologies
for the enantioselective synthesis of these compounds have recently
emerged, which often require multistep processes and are usually
rather limited in scope.’” On the other hand, the large-scale
separation of racemic mixtures of f-amino acids has been essen-
tially restricted to enzymatic resolution processes (using lipases,
aminoacylases, etc.),® chiral HPLC separation being confined to
analytical purposes.*

An alternative and promising methodology is the enantiomeric
separation of racemic mixtures of hydrophilic substrates by liquid—
liquid extraction, where one enantiomer is driven into the organic
phase by selective coordination to a hydrophobic selector (e.g. a
chiral metal complex), leaving the uncomplexed enantiomer in the
aqueous phase.’ One of the attractions of this method is that it
circumvents the use of excessive solids handling that is associated

“Dipartimento di Chimica Organica e Industriale, Centro di Eccellenza
C.I.S.1., Universita degli Studi di Milano, Via G. Venezian, 21, 20133,
Milano, Italy. E-mail: cesare.gennari@unimi.it; Fax: +39 02 5031 4072;
Tel: +39 02 5031 4091

"Dipartimento di Scienze Chimiche e Ambientali, Universita degli Studi
dell’Insubria, Via Valleggio, 11, 22100, Como, Italy. E-mail: umberto.
plarulli@uninsubria.it

T Electronic supplementary information (ESI) available: Chiral HPLC
traces of the N-benzyl B*-amino acids, NMR spectra (‘H, “C) of
the N-benzyl B*-amino acids and of the cobalt complexes. See DOI:
10.1039/b711477j

1 Recently, a f*-dodecapeptide has been prepared and its secondary and
tertiary structures studied. The oligomer forms a 3,,-helix secondary
structure (characteristic of f*-amino acids) and crystallizes as an octamer
which is best described as a pair of tetrameric “hands”, see ref. 15. -
Amino acids are also efficient enantioselective catalysts for the aldol and
Mannich reactions, see ref. 16.

with classical resolution via crystallization of diastereomeric salts:
on production scale this is often the slowest step in the process.
Following the above concepts, we have recently disclosed the
resolution of racemic N-benzyl a-amino acids by liquid-liquid
extraction, using a lipophilic chiral (salen)cobalt(ii1) complex
[Co™(1)(OAc)] (ligand 1 = N,N’-bis(3,5-di-zert-butylsalicylidene)-
1,2-cyclohexanediamine), in excellent yield and enantioselectivity.®
As a result of the resolution by extraction, one enantiomer of
the N-benzyl a-amino acid predominated in the aqueous phase,
while the other enantiomer was driven into the organic phase
by complexation to cobalt. The complexed amino acid was then
released by a reductive (Co™ — Co'") counter-extraction into an
aqueous phase. The original chiral complex [Co™(1)(OAc)] could
be restored and reused with essentially no loss of reactivity and
selectivity.

2. Results and discussion

Herein, we report on the highly enantioselective separation
of racemic N-benzyl B*-amino acids by iterative liquid-liquid
extraction using [Co™(1)(OAc)]. A racemic mixture of N-benzyl
B?*-homophenylglycine (N-Bn-f?-hPhg) (2 equiv) was dissolved in
water and added to a dichloromethane solution of [Co™(1)(OAc)]
(1 equiv) at 10 °C (Scheme 1).§ The biphasic mixture was
thoroughly stirred, then the two phases were separated. Practically
one equivalent (>0.95 equiv) of N-benzyl f*-homophenylglycine
was driven into the organic phase by complexation to the
chiral selector, and the unbound N-benzyl *-homophenylglycine
present in the aqueous phase (>0.95 equiv) was analysed by chiral
HPLC, showing a 55% enantiomeric excess (ee) in favour of the
R enantiomer. By evaporation of the dichloromethane phase,
a brown-green solid [Co™(1)(N-Bn-B*-hPhg)] was isolated and
characterised by FT-IR, HRMS, 'H- and *C-NMR spectroscopy.

§ We have observed a moderate effect of the temperature in this extraction
and the best enantiomeric excesses were obtained operating between 5 and
10 °C (lower temperatures are not possible because of the solidification of
the reaction mixture).
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S _coon + =N N= Dm0 .1 _coon
HN Lol 0°C tBu HN'R
CHyPh t+Bu o] o CH,Ph
N-Bn-p3-hPhg +Bu
-Bn-p™- NH
2 equiv OAc /

[Co"(1)(OAC)]; 1 equiv

Ph S 0

[Co"(1)(N-Bn-B3-hPhg)]

Scheme 1  Resolution of a racemic mixture of N-benzyl p*-homophenylglycine by liquid-liquid extraction using the chiral complex [Co™(1)(OAc)].

Unfortunately, no conclusive evidence regarding the diastere-
omeric composition of the complex could be obtained from the
"H- and "C-NMR spectra (see also the ESIY).

The release of N-benzyl P*-homophenylglycine from the
cobalt(111) complex was then studied. In the case of N-benzyl a-
amino acids,® a reductive cleavage with aqueous sodium dithionite
(10 equiv) had been used. This caused the reduction of cobalt
and formation of complex [Co"(1)] with concurrent release of the
bound N-benzyl a-amino acid into the aqueous solution. While
this methodology allowed for the quantitative recovery of the
released amino acid, the yield of the reduced cobalt complex was
generally moderate (<78%) and not always reproducible. Many
other reducing agents were then investigated and it was found
that L-ascorbic acid was definitely more efficient and reliable.’
In fact, reaction of complex [Co™(1)(N-Bn-B*-hPhg)] with an
equimolar amount of L-ascorbic acid in methanol for 15 min
caused precipitation of the red [Co"(1)] complex, which was
isolated by filtration. In this way, up to 90% recovery of the
cobalt(11) complex was obtained (the average recovery yields were
in the range 85-90%). The methanolic filtrate was then applied
to a Dowex 50W-X8 resin, to eliminate dehydroascorbic acid and
excess L-ascorbic acid, and eluted with 2 M ammonia to give pure
N-benzyl B*-homophenylglycine in quantitative yield and 58% ee

R

(in favour of the S enantiomer). From the above discussion it is
evident that, while the separation yield is satisfactory (>95%),
the ee’s are only moderate. To improve the enantiomeric excess to
a preparatively useful level, we decided to iterate the extraction
protocol once.

After the first separation step, which was performed using
1 equiv of the chiral selector [Co™(R,R-1)(OAc)] and 2 equiv of
the racemic B-amino acids (see above), two alternative paths were
followed (Scheme 2). In the first procedure (see Scheme 2, upper
part, and Table 1), the aqueous phase (Aql), which is enriched in
the Renantiomer (ee 55%), was treated with 0.5 equiv of [Co"'(S,S-
1)(OAc)] in order to complex the more abundant enantiomer. In
this way 0.48 equiv of N-Bn-B*-hPhg with 16% ee were found in
the aqueous phase (Aq3), while [Co™(S,S-1)(N-Bn-B*-hPhg)] was
isolated from the organic phase (Org2), which, after cleavage with
L-ascorbic acid and resin purification, gave 0.47 equiv of (R)-N-
Bn-B*-hPhg in 90% ee (Aq4).

The organic phase (Orgl) was treated with L-ascorbic acid and
Dowex 50W-X8, to release the complexed amino acid; in this
way 0.95 equiv of N-benzyl B*-homophenylglycine (ee = 58% in
favour of the S enantiomer) was isolated (Aq2). Reaction with
0.5 equiv of [Co™(R,R-1)(OAc)] yielded an aqueous phase (Aq5)
containing 0.48 equiv N-benzyl-B*-homophenylglycine (16% ee)

Ag3 Ag4 Aq6 Ag5
] Org2 — leJ/k/ e -~— Org3
\ / CHPh 2 equiv b
s R = Ph N-Bn-B3-hPhg Co'(R,R-1)0Ac
Co {S,‘S 1)0Ac R = Me N-Bn-B%-hAla 1) k—A(;scorbic |
H.0 - _RA.R3. Cl
5 R =i-Pr N-Bn-B°-hVal 2) Dowex 50X-X8
Aqt Org1 Aq2
1 CH,Cl, Q
| =N N=
A0 I
Co'(R,R-1)0AC t-Bu o |0 tBu Co''(S.5-1)0Ac
Ag3' / \ Ag#' +Bu 8 Agt’ / \ Ag5'
Org2' — OAc -~— Org3

Co"(R,R-1)0OACc; 1 equiv

Scheme 2 Iterative extraction of N-Bn-B-amino acids with [Co™(1)OAc]. In the upper part of the scheme the aqueous phases Aql and Aq2 are reacted
with the enantiomer of the cobalt complex which is more selective for the major enantiomer; in the lower part of the scheme the minor enantiomer of the
mixture is preferentially complexed. The HPLC traces in the scheme refer to the iterative extraction of N-Bn-B*-hPhg (see the ESIT).

This journal is © The Royal Society of Chemistry 2007
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Table 1 Iterative extraction of N-Bn-B*-hPhg using [Co"(1)OAc]

Aqueous phase” Selector (equiv) N-Bn-f*-hPhg (equiv) % Extract. yield % Selector recovery” % ee* (abs. conf.)

Aql [Co(R,R-1)(OAC)] (1.0)  0.97 55(R)
Aq2 0.95 95 90 58(S)
Aq3 [Co(S,S-1)(OAC)] (0.5) 0.48¢ 16 (R)
Aqd 0.47 94 82 90 (R)
Ag5 [Co(R,R-1)(OAC)] (0.5)  0.48¢ 16 (S)
Aq6 0.47 94 85 90 (S)
Aq¥ [Co(R,R-1)(OAC)] (0.5)  0.48¢ 93 (R)
Aqd 0.47 9% 84 10 (S)
AqS [Co(S,S-1)(OAC)] (0.5) 0.47¢ 93 (S)
Aq6’ 0.46/ 9 87 5(R)

“See Scheme 2 for the origin of the aqueous phases. * Based on the yield of [Co"(1)] after reductive cleavage with L-ascorbic acid. © Determined by chiral
HPLC analysis using a Chirobiotic T column. ¢ The absolute configuration was determined by comparison of the optical rotation with reported values
(see the Experimental section). ¢ The equiv were calculated after evaporation of the aqueous phase./ The equiv and yield were calculated after cleavage of

the cobalt(111) complex with L-ascorbic acid and purification on the Dowex 50W-X8 resin.

and the organic phase (Org3) which, after the usual work up (Aq6),
gave 0.47 equiv N-benzyl B*-homophenylglycine in 90% ee (in
favour of the S enantiomer). The aqueous phases Aq3 and Aq5
could be combined (to yield ca. 1 equiv of almost rac-N-benzyl
B*-homophenylglycine) and recycled into the feeding phase of the
process. In addition, the cobalt selector (in the form of the reduced
Co* species) was recovered (85-90%), oxidised (air/AcOH) and
re-used.

Following an alternative path (see Scheme 2, lower part, and
Table 1), the aqueous phase (Aql) was extracted with 0.5 equiv
of [Co"™(R,R-1)(OAC)]; in this way, the minor component of the
mixture was complexed and the R-enantiomer (0.48 equiv) was
obtained uncomplexed in the aqueous phase (Aq3’) in 93% ee.
The organic phase (Org2’), treated in sequence with L-ascorbic
acid and Dowex W50-X8, yielded 0.47 equiv of N-Bn-B*-hPhg
in 10% ee in favour of the S-enantiomer (Aq4’). The aqueous
phase (Aq2) was subjected to extraction with [Co™(S,S-1)(OAc)]:
the aqueous phase (Aq5) gave 0.47 equiv of N-Bn-f*-hPhg in
93% ee for the S-enantiomer, while the organic phase (Org3),
after the usual treatment, gave 0.46 equiv of N-Bn-B’-hPhg in
5% ee (Aq6’). The organic phases Org2’ and Org3’ could be
combined, treated in sequence with L-ascorbic acid and Dowex
W50-X8, to yield approximately 1 equiv of almost rac-N-benzyl
B*-homophenylglycine, which could be recycled into the feeding
phase of the process.

Table 2 Iterative extraction of N-Bn-B*-hAla using [Co"™ (1)OAc]

Due to the high extraction yields of the complexation steps
and release of N-Bn-fB°-hPhg from the cobalt(ii1) complexes in
both schemes, the two methodologies are essentially equivalent in
terms of yields, separation efficiency and ease of operation.

The scope of the resolution by extraction, following the
procedure reported in Scheme 2, was then investigated with two
other N-benzyl B*-amino acids: N-benzyl f*-homoalanine (N-Bn-
B?-hAla, Table 2) and N-benzyl B*-homovaline (N-Bn-f*-hVal,
Table 3). The two cycle approach resulted in an efficient resolution
protocol (90% ee for N-Bn-f*-hAla; 93% ee for N-Bn-B*-hVal),
although the extraction yields in both cases were poorer than
those reported in Table 1 for N-Bn-B*-hPhg.

Conclusions

We have performed an efficient resolution of racemic N-benzyl
B*-amino acids by an iterative (two cycle) liquid-liquid extraction
using the chiral complex [Co™(1)(OAc)]. As a result of the first
resolution by extraction, one enantiomer predominated in the
aqueous phase, while the other enantiomer was driven into the or-
ganic phase by complexation to cobalt. Two alternative procedures
may be followed for improving the moderate ee’s resulting from the
first extraction: (a) enrichment of the major enantiomer through
a second complexation to the appropriate chiral selector, or (b)
depletion of the minor enantiomer through a second complexation

Aqueous phase* Selector (equiv)

N-Bn-B*-hAla (equiv)

% Extract. yield % Selector recovery® % ee (abs. conf.)

Aql [Co(R,R-1)(OAC)] (1.0) 1.41¢
Aq2 0.59
Aq3 [Co(S,S-1)(0OAC)] (0.7) 0.99¢
Agd 0.31/
Aq5 [Co(R.R-1)(OAC)] (0.3)  0.38°
Aq6 0.17
Aq3 [Co(R,R-1)(OAC)] (0.7) 0.97¢
Ag4 0.34
AgS [Co(S,S-1)(0AC)] (0.3) 0.39¢
Aq6 0.16/

25(S)
597 84 75 (R)
5(S)
44 85 88 (S)
65 (R)
58 83 90 (R)
36.(S)
49 82 75 (R)
83 (R)
s 84 51(S)

“See Scheme 2 for the origin of the aqueous phases. * Based on the yield of [Co"(1)] after reductive cleavage with L-ascorbic acid. ¢ Determined by chiral
HPLC analysis using a Chirobiotic T column. ¢ The absolute configuration was determined by comparison of the optical rotation with reported values
(see the Experimental section). ¢ The equiv were calculated after evaporation of the aqueous phase./ The equiv and yield were calculated after cleavage of
the cobalt(111) complex with L-ascorbic acid and purification on the Dowex 50W-X8 resin.
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Table 3 TIterative extraction of N-Bn-B*-hVal using [Co™(1)OAc]

Aqueous phase” Selector (equiv) N-Bn-f*-hVal (equiv) % Extract. yield % Selector recovery” % ee?
Aql [Co(R,R-1)(OA0)] (1.0) 1.25¢ 36 (+)
Aq2 0.66" 66/ 80 76 (—)
Aq3 [Co(S,S-1)(OAC)] (0.63) 0.72¢ 10 (—)
Ag4 0.43" 68" 83 90 (+)
Aq5 [Co(R,R-1)(OAC)] (0.33) 0.42¢ 64 (—)
Aq6 0.2l 64 80 93 (-)
Aq3¥ [Co(R,R-1)(OAC)] (0.63) 0.74¢ 80 (+)
Aq4 0.42" 67 82 40 (—)
Ag5 [Co(S,S-1)(OAC)] (0.33) 0.40° 92 (-)
Aq6 0.20 61/ 85 5(-)

“See Scheme 2 for the origin of the aqueous phases. * Based on the yield of [Co"(1)] after reductive cleavage with L-ascorbic acid. © Determined by chiral
HPLC analysis using Chirobiotic T column. ¢ The sign of the optical rotation is reported in brackets. ¢ The equiv were calculated after evaporation of the
aqueous phase.” The equiv and yield were calculated after cleavage of the cobalt(111) complex with L-ascorbic acid and purification on the Dowex S0W-X8

resin.

to the appropriate selector. The complexed amino acid were
quantitatively released by a reductive (Co™ — Co™") cleavage, using
L-ascorbic acid as the reducing agent. The release of the complexed
N-Bn-B*-AA by reductive cleavage allowed for the recovery of the
cobalt(11) selector in up to 90% yield (easily re-oxidable to Co™
with air/AcOH), thus rendering this process virtually catalytic
in the chiral cobalt complex. We are also actively investigating
the origin of the observed selectivity which, upon preliminary
inspection, appears to be governed by the relative thermodynamic
stability of the diastereomeric cobalt(iir) N-benzyl B*-amino acid
complexes, rather than by a kinetic preference for their formation.

Experimental
General remarks

Proton NMR spectra were recorded on a spectrometer operating
at 400.13 MHz. Proton chemical shifts are reported in ppm ()
with the solvent reference relative to tetramethylsilane (TMS)
employed as the internal standard (D,O ¢ 4.70 ppm, CDCl; ¢
7.26 ppm). The following abbreviations are used to describe spin
multiplicity: s = singlet, d = doublet, t = triplet, q = quartet,
m = multiplet, br = broad signal, dd = doublet of doublets.
Carbon NMR spectra were recorded on a 400 spectrometer
operating at 100.56 MHz, with complete proton decoupling.
Carbon chemical shifts are reported in ppm (J) relative to TMS
with the respective solvent resonance as the internal standard
(CDCl;, 6 77.0). Infrared spectra were recorded on a standard
FT-IR; peaks are reported in cm™'. Optical rotation values were
measured on an automatic polarimeter with a 1 dm cell at the
sodium D line. HPLC determination of the enantiomeric excesses
was carried out on a Waters 515 HPLC machine equipped with
a Waters 996 PAD diode array detector (detection wavelength
254 nm) using a chiral stationary phase (ASTEC Chirobiotic
T chiral column, 250 x 4.6 mm). High resolution mass spectra
(HRMS) were performed on a hybrid quadrupole time of flight
mass spectrometer equipped with an ESI ion source. A Reserpine
solution 100 pgul~' (about 100 counts™'), 0.1% HCOOH-CH,CN
1 : 1, was used as reference compound (Lock Mass). All com-
mercially available reagents were used as received. Benzylamine
was distilled under nitrogen immediately prior to use, and pyri-
dine was dried by distillation over CaH,. (R,R)-N,N'-Bis(3,5-di-

tert-butylsalicylidene)-1,2-cyclohexanediaminocobalt(i1), (R,R)-
[Co"(1)], and (S,S)-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediaminocobalt(ir), (S,S)-[Co"(1)], were purchased
from Sigma-Aldrich. Extractions were performed using HPLC
grade water and dichloromethane.

Synthesis of (rac)-3-benzylamino-3-phenylpropionic acid
(/V-benzyl-p*-homophenylglycine, N-Bn-§*-hPhg)

(rac)-N-Benzyl-B*-homophenylglycine was prepared according to
the method reported by Nagao ef al. as follows.® Cinnamic acid
(2.96 g, 20 mmol) and benzylamine (2.14 g, 20 mmol) were added
to dry pyridine (15 mL). The mixture was heated to 120-130 °C
under nitrogen and stirred for 1 h; the solvent was evaporated
under reduced pressure to afford a crude crystalline product.
Re-crystallization from methanol-water gave the desired product
(3.07 g, yield: 60%). '"H-NMR (D,0-NaOH): 6 = 7.45-7.12 (m,
10H, Ar-H),3.96(t,J =7.4Hz, 1H, CHN), 3.52-3.44 (AB system,
Jap = 13.2 Hz, 6, = 3.50, 63 = 3.46, 2H, CH,Ph), 2.65 (dd, J =
142Hz,J =6.7Hz, 1H,CHH),2.45(dd, J =14.2Hz,J = 8.1 Hz,
1H, CHH) ppm. "C-NMR (D,0-NaOH): § = 180.4 (CO), 142.7
(Ar-C), 139.9 (Ar-C), 129.3 (Ar-CH), 129.3 (Ar-CH), 129.2 (Ar-
CH), 128.4 (Ar-CH), 128.3 (Ar-CH), 127.9 (Ar-CH), 60.1 (CHN),
50.9 (CH,N), 45.8 (CH,) ppm. FT-IR (Nujol): v = 2854, 1469,
1375 cm™'. HRMS (ESI): calcd. for C,sH;\N,0, 256.1332 [M +
HJ*; found: 256.1331. HPLC conditions: Chirobiotic T (250 x
4.6 mm) 90 : 10 CH;OH-H,O, 1.0 mL min~', S enantiomer ¢, =
8.2 min, R enantiomer ¢, = 9.2 min.

Synthesis of (rac)-3-benzylaminobutyric acid
(NN-benzyl-p*-homoalanine, N-Bn-f*-hAla)

(rac)-N-Benzyl-B*-homoalanine was prepared according to the
method reported by Zilkha and Rivlin as follows.® To a solution of
crotonic acid (0.43 g, 5.0 mmol) in dry pyridine (15 mL) was added
benzylamine (0.53 g, 5 mmol). The mixture was heated at 120—
130 °C under an argon atmosphere for 1.5 h. On cooling, white
(rac)-N-benzyl-B*-homoalanine crystallized, which was filtered
and washed with acetone to give the desired product. Yield: 0.83 g
(86%). '"H-NMR (D,0): 0 = 7.46-7.38 (m, 5H, Ar-H), 4.24-4.14
(AB system, J s = 13.2 Hz, 0, = 4.21, o5 = 4.15, 2H, CH,Ph),
3.55-3.43 (m, 1H, CHN), 2.49 (d, J = 6.5 Hz, 2H, CH,), 1.32
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(d, J = 6.6 Hz, 3H, CH,) ppm. "C-NMR (D,0-NaOH): 6 =
178.3 (CO), 131.6 (Ar-C), 129.9 (Ar-CH), 129.8 (Ar-CH), 129.7
(Ar-CH), 51.9 (CHN), 48.4 (CH,N), 39.2 (CH,), 16.3 (CH)
ppm. FT-IR (Nujol): v = 2921, 1457, 1376 cm~'. HRMS (ESI):
calcd. for C;;H;,N,0, 194.1176 [M + H]*; found: 194.1173. HPLC
conditions: Chirobiotic T (250 x 4.6 mm) CH;OH, 0.4 mL min~',
R enantiomer ¢, = 34.6 min, S enantiomer ¢, = 38.6 min.

Synthesis of (rac)-3-benzylamino-4-methylpentanoic acid
(N-benzyl-p*-homovaline, N-Bn-p*-hVal)

N-Benzyl-B*-homovaline was prepared according to the method
reported by Williams et al. as follows.” Ethyl isobutyrylacetate
(400 pL, 2.4 mmol, 1.0 equiv) was dissolved in benzene (4 mL)
and treated with benzylamine (276 pL, 2.4 mmol, 1.0 equiv). The
mixture was heated at reflux under nitrogen with azeotropic water
removal (Dean—Stark apparatus) for 8 h. The solvent was then
evaporated, the residue dissolved in acetic acid (4 mL) and treated
with sodium cyanoborohydride (702 mg, 10.8 mmol, 4.5 equiv).
The mixture was stirred at room temperature for 2 h. The solvent
was then evaporated, the residue taken up in ether and washed
with 1 N NaOH and brine. The ethereal solution was dried
over Na,SO, and evaporated to give rac-ethyl-3-benzylamino-4-
methylpentanoate as an oil (506 mg, 82% yield over two steps).
This compound was dissolved in 2 M KOH-methanol (1.8 mL,
3.6 mmol, 1.5 equiv) and the mixture was stirred overnight at
room temperature. The resulting mixture was acidified to pH 5
with HCI-MeOH (about 1.8 mL used). Diethyl ether was added
and the precipitate was filtered off. The filtrate was evaporated to
afford N-benzyl-p*-homovaline as a hygroscopic solid. The solid
was dissolved in water and purified on a Dowex 50W-X8 resin,
eluting with 2 M NH,OH, to give pure N-benzyl-B’*-homovaline
(382 mg, 84% yield). '"H-NMR (D,0): 6 = 7.42 (s, SH, Ar-H),
4.20 (s, 2H, CH,Ph), 3.30-3.25 (m, 1H, CHN), 2.51 (dd, J =
16.8 Hz, J = 4.8 Hz, 1H, CHH), 2.36 (dd, J = 16.8 Hz, J =
7.6 Hz, 1H, CHH), 2.13-2.08 (m, 1H, CHMe,), 091 (d, J =
6.8 Hz, 3H, CH), 0.87 (d, J = 6.8 Hz, 3H, CH;) ppm. "C-NMR
(D,0): 6 = 178.7 (CO), 131.3 (Ar-C), 129.6 (Ar-CH), 129.5 (Ar-
CH), 129.3 (Ar-CH), 60.5 (CHN), 48.4 (CH,N), 32.4 (CH,), 28.2
(CHMe,), 18.3 (CH,), 15.8 (CH;) ppm. FT-IR (Nujol): v = 1632,
1562 cm™'. HRMS (ESI): calcd. for C,;H,,N,0,Na 244.1308 [M +
Na]*; found: 244.1306. HPLC conditions: Chirobiotic T (250 x
4.6 mm) 90 : 10 CH;OH-H,O, 1.0 mL min~', (+) enantiomer ¢, =
7.7 min, (—) enantiomer ¢, = 9.1 min.

Synthesis of (R,R)-N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediaminocobalt(1ir) acetate, (R,R)-[Co™ (1)(OAc)]

(R,R)-[Co™(1)(OAc)] was prepared according to a literature pro-
cedure, with slight modifications."! Glacial acetic acid (0.35 mL,
6.0 mmol) was added to a stirred solution of [Co"(1)] (180.9 mg,
0.30 mmol) in toluene (20 mL) under air. An immediate color
change from bright red to brown was observed. The solution
was stirred for a further 30 min before volatiles were removed
under reduced pressure to leave (R,R)-[Co™ (1)(OAc)] as a brown
powder, which was used directly in subsequent extractions without
further purification. Yield: 194.6 mg (98%). Spectroscopic data
were consistent with those previously reported.”

Synthesis of (S,5)-/NV,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediaminocobalt(iir) acetate, (S,S)-[Co™ (1)(OAc)]

See the procedure above as for the synthesis of (R,R)-
[Co™(1)(OAC)].

Procedure for the extraction of NV-Bn-$*-hPhg

To a solution of (R,R)-[Co™(1)(OAc)] (99.3 mg, 0.15 mmol) in
dichloromethane (40 mL) at 10 °C in a 250 mL round-bottom
flask, was added a pre-cooled (10 °C) solution of racemic N-Bn-f3*-
hPhg (76.8 mg, 0.30 mmol, 2 equiv) in H,O (80 mL). The biphasic
mixture was stirred vigorously for 24 h at 10 °C, then transferred
to a separatory funnel, the organic phase (Orgl) removed and the
aqueous phase washed once with dichloromethane (10 mL). A
small aliquot (ca. 100 pL) of the aqueous phase was removed,
filtered on a micropore filter, and the ee was determined by
chiral HPLC as described above. The aqueous phase (Aql) was
then evaporated under reduced pressure to give N-Bn-B*-hPhg
as a white powder (37.2 mg, yield: 97%, 55% ee in favour of
R enantiomer). The combined dichloromethane extracts were
washed once with H,O (10 mL). Volatiles were removed under
reduced pressure to leave the complex (R,R)-[Co™(1)(N-Bn-f3*-
hPhg)] as a green-brown powder. This was dissolved in methanol
(10 mL) and ascorbic acid (26.4 mg, 0.15 mmol) was added.” The
mixture was stirred vigorously for 15 min until a red precipitate
was formed ([Co"(1)]). The red product was filtered, washed with
methanol (10 mL) and dried under vacuum to obtain [Co"(1)]
as a red powder (81.4 mg, yield: 90%). HRMS (ESI): calcd. for
C;H;;N,0,Co 603.3360 [M]*; found: 603.3332. The combined
pale yellow methanolic filtrates were purified using Dowex 50W-
X8 resin (pre-washed with 1 M NaOH, water, | M HCI and water)
and the amino acid was eluted using 2 M ammonia to obtain
N-Bn-B*-hPhg as white powder (36.5 mg, yield: 95%, 58% ee in
favour of S enantiomer).

Procedure for the iterative extraction of NV-Bn-p*-hPhg (Scheme 2,
upper part)

To a solution of (R,R)-[Co™(1)(OAc)] (49.6 mg, 0.075 mmol) in
dichloromethane (20 mL) at 10 °C in a 100 mL round-bottom
flask, was added a pre-cooled (10 °C) solution of racemic N-Bn-f3*-
hPhg (38.6 mg, 0.15 mmol, 2 equiv) in H,O (40 mL). The biphasic
mixture was stirred vigorously for 24 h at 10 °C, then transferred
to a separatory funnel, the organic phase (Orgl) removed and the
aqueous phase (Aql) washed once with dichloromethane (10 mL).
The combined dichloromethane extracts were washed once with
H,O (10 mL).

Processing of the aqueous phase (Aql). The aqueous phases
were combined, concentrated to 40 mL and extracted again
with (S,S)-[Co™(1)(OAc)] (24.8 mg, 0.0375 mmol, 0.5 equiv)
in dichloromethane (20 mL) for 24 h at 10 °C. The biphasic
mixture was transferred to a separatory funnel, the organic phase
(Org2) removed and the aqueous phase (Aq3) washed once with
dichloromethane (10 mL). The organic phase (Org2) was washed
with water (10 mL). The aqueous phases were combined and a
small aliquot (ca. 100 pl) was removed, filtered on a micropore
filter, and the ee was determined by chiral HPLC as described
above. The aqueous phase was evaporated to dryness to obtain
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N-Bn-B*-hPhg as white powder (9.1 mg, yield: 95%, 16% ee in
favour of R enantiomer). The organic phase (Org2) was evaporated
to dryness under vacuum to yield a brown-green powder. This
was dissolved in methanol (10 mL) and treated with ascorbic acid
(6.6 mg, 0.0375 mmol) for 15 min, until a red precipitate of [Co"(1)]
was formed, which was filtered, washed with 10 mL methanol and
dried (18.2 mg, yield: 82%). The combined pale yellow methanolic
filtrates were purified on Dowex 50W-X8 resin to obtain (R)-N-
Bn-B*-hPhg as a white powder. Yield: 9.0 mg (94%).

Processing of the organic phase (Orgl). Volatiles were removed
under reduced pressure to leave the complex (R,R)-[Co™(1)(N-
Bn-f’-hPhg)] as a green-brown powder. This was dissolved in
methanol (10 mL) and ascorbic acid (13.2 mg, 0.075 mmol) was
added. The mixture was stirred vigorously for 15 min until a red
precipitate of [Co"(1)] was formed, which was filtered, washed with
10 mL methanol and dried (40.7 mg, yield: 90%). The combined
pale yellow methanolic filtrates were purified on a Dowex S0W-X8
resin. The white crude solid (18.2 mg, yield: 94%) was dissolved
in water (40 mL, Aq2), filtered and submitted to a second
extraction with (R,R)-[Co™(1)(OAc)] (24.8 mg 0.075 mmol) in
dichloromethane (20 mL) for 24 hours at 10 °C with vigorous
stirring. The biphasic mixture was then transferred to a separatory
funnel, the organic phase (Org3) removed and the aqueous phase
(Aq5) washed once with dichloromethane (10 mL). The organic
phase (Org3) was washed with water (10 mL). The aqueous phases
were combined and a small aliquot (ca. 100 puL) was removed,
filtered on a micropore filter, and the ee was determined by
chiral HPLC as described above. The aqueous phase (Aq5) was
evaporated to dryness to obtain N-Bn-f*-hPhg as white powder
(8.7mg, yield: 95%, 16% ee in favour of S enantiomer). The organic
phase (Org3) was washed with water (10 mL), and evaporated to
dryness under vacuum to yield a brown-green powder. This was
dissolved in methanol (10 mL) and treated with ascorbic acid
(6.6 mg, 0.037 mmol) for 15 minutes, until a red precipitate of
[Co"(1)] was formed, washed with 10 mL methanol and dried
(19.0 mg, yield: 85%). The combined pale yellow methanolic
filtrates were purified on Dowex S0W-X8 resin to obtain (S)-N-
Bn-B*-hPhg as a white powder. Yield: 8.6 mg (94%).

Procedure for the iterative extraction of N-Bn-f*-hPhg (Scheme 2,
lower part)

To a solution of (R,R)-[Co™(1)(OAc)] (49.6 mg, 0.075 mmol) in
dichloromethane (20 mL) at 10 °C in a 100 mL round-bottom
flask, was added a pre-cooled (10 °C) solution of racemic N-Bn-[3*-
hPhg (38.6 mg, 0.15 mmol, 2 equiv) in H,O (40 mL). The biphasic
mixture was stirred vigorously for 24 h at 10 °C, then transferred
to a separatory funnel, the organic phase (Orgl) removed and the
aqueous phase (Aql) washed once with dichloromethane (10 mL).
The combined dichloromethane extracts were washed once with
H,O (10 mL).

Processing of the aqueous phase (Aql). The aqueous phases
were combined, concentrated to 40 mL and extracted again
with (R,R)-[Co™(1)(OAc)] (24.8 mg, 0.037 mmol, 0.5 equiv)
in dichloromethane (20 mL) for 24 h at 10 °C. The biphasic
mixture was transferred to a separatory funnel, the organic phase
(Org2’) removed and the aqueous phase (Aq3’) washed once with
dichloromethane (10 mL). The combined dichloromethane ex-

tracts were washed once with H,O (10 mL). Volatiles were removed
under reduced pressure to leave the complex (R,R)-[Co™(1)(N-
Bn-f’-hPhg)] as a green-brown powder. This was dissolved in
methanol (10 mL) and ascorbic acid (6.6 mg, 0.037 mmol) was
added. The mixture was stirred vigorously for 15 min until a red
precipitate was formed ([Co"(1)]), which was filtered, washed with
10 mL methanol and dried (18.9 mg, yield: 84%). The combined
pale yellow methanolic filtrates were purified on Dowex 50W-
X8 resin to obtain N-Bn-B*-hPhg as a white powder (8.9 mg,
yield: 93%, 10% ee in favour of S enantiomer). The aqueous
phases (Aq3’) were combined and a small aliquot (ca. 100 uL) was
removed, filtered on a micropore filter, and the ee was determined
by chiral HPLC as described above. The aqueous phase was then
evaporated under reduced pressure to give (R)-N-Bn-f°-hPhg as
a white powder. Yield: 9.3 mg (96%). [a]p* = +52.1 (¢ = 0.93 in
MeOH), lit." [a]p* = +56.3 (¢ = | in MeOH), (R)-enantiomer.

Processing of the organic phase (Orgl). Volatiles were removed
under reduced pressure to leave the complex (R,R)-[Co™(1)(N-
Bn-B*-hPhg)] as a green-brown powder. This was dissolved in
methanol (10 mL) and ascorbic acid (13.2 mg, 0.075 mmol) was
added. The mixture was stirred vigorously for 15 min until a red
precipitate of [Co"(1)] was formed, which was filtered, washed with
methanol (10 mL) and dried (40.6 mg, yield: 90%). The combined
pale yellow methanolic filtrates were purified on Dowex 50W-X8
resin. The crude white solid (18.2 mg, yield: 95%) was dissolved in
water (40 mL, Aq2), filtered and submitted to a second extraction
with (S,S)-[Co™(1)(OAc)] (24.8 mg, 0.037 mmol, 0.5 equiv) in
dichloromethane (20 mL) for 24 h, at 10 °C, with vigorous stirring.
The biphasic mixture was then transferred to a separatory funnel,
the organic phase (Org3’) removed and the aqueous phase (Aq5’)
washed once with dichloromethane (10 mL). After washing the
organic phase with water (10 mL), volatiles were removed under
reduced pressure to leave the complex (S,S)-[Co™(1)(N-Bn-f*-
hPhg)] as a green-brown powder. This was dissolved in methanol
(10 mL) and ascorbic acid (6.6 mg, 0.037 mmol) was added. The
mixture was stirred vigorously for 15 min until a red precipitate of
[Co"(1)] was formed, which was washed with 10 mL methanol and
dried (19.5 mg, yield: 87%). The combined pale yellow methanolic
filtrates were purified on Dowex 50W-X8 resin to obtain N-Bn-f3*-
hPhg as a white powder (8.3 mg, yield: 92%, 5% ee in favour of R
enantiomer, Aq6’). The aqueous phases (Aq5') were combined and
a small aliquot (ca. 100 pL) was removed, filtered on a micropore
filter, and the ee was determined by chiral HPLC as described
above. The aqueous phase was then evaporated under reduced
pressure to give (S)-N-Bn-B*-hPhg as a white powder. Yield: 8.4 mg
(93%).

(S,8)-[Co™(1)(N-Bn-p*-hPhg)]. 'H-NMR (CDCL): § = 7.64
(s, 1H), 7.46 (d, J = 2.8 Hz, 1H), 7.40-7.27 (m, 7H), 7.08 (d,
J = 2.4 Hz, 1H), 6.98 (d, J = 2.4 Hz, 1H), 6.95 (d, J = 7.2 Hz,
2H), 6.59-6.55 (m, 2H), 6.27 (s, 1H), 5.18 (d, J = 10.6 Hz, 1H),
4.71-4.55 (m, 2H), 4.21-4.10 (m, 1H), 3.87 (s, 1H), 3.10 (dd, J =
17.6 Hz, J = 7.4 Hz, 1H), 3.00-2.91 (m, 1H), 2.78-2.67 (m, 2H),
1.93 (d, J = 10.4 Hz, 2H), 1.87-1.80 (m, 1H) 1.77-1.70 (m, 1H),
1.61 (s, 9H), 1.48-1.43 (m, 1H), 1.45 (s, 9H), 1.36 (s, 9H), 1.32-1.22
(m, 2H), 1.09 (s, 9H) ppm. *C-NMR (CDCL): § = 175.0, 163.8,
162.7, 161.0, 158.6, 144.8, 140.7, 140.3, 137.8, 136.7, 134.7, 130.3,
129.9, 129.4, 129.2, 128.3, 128.0, 127.7, 122.5, 120.4, 117.3, 75.5,
70.5, 55.3, 54.5, 35.7, 35.6, 34.0, 33.7, 32.9, 31.6, 31.5, 30.2, 29.7,
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28.8, 25.0, 23.9 ppm. FT-IR (Nujol): v = 3375, 3173, 2903, 2850,
1714, 1461, 1376, 1306, 1167, 1155, 970 cm™'. HRMS (ESI): caled.
for CHgN:0,Co 858.4615 [M + HJ*; found: 858.4685.

Procedure for the extraction of N-Bn-f-hAla

To a solution of (R,R)-[Co™(1)(OAc)] (99.3 mg, 0.15 mmol) in
dichloromethane (20 mL) at 10 °C in a 100 mL round-bottom
flask, was added a pre-cooled (10 °C) solution of racemic N-Bn-[3*-
hAla (58.0 mg, 0.30 mmol, 2 equiv) in H,O (15 mL). The biphasic
mixture was stirred vigorously for 24 h at 10 °C, then transferred
to a separatory funnel, the organic phase (Orgl) removed and
the aqueous phase washed once with dichloromethane (10 mL).
A small aliquot (ca. 100 uL) of the aqueous phase was removed,
filtered on a micropore filter, and the ee was determined by chiral
HPLC as described above. The aqueous phase (Aql) was then
evaporated under reduced pressure to give N-Bn-B°-hAla as a
white powder (40.6 mg, 25% ee in favour of S enantiomer). The
combined dichloromethane extracts (Orgl) were washed once with
H,O (10 mL). Volatiles were removed under reduced pressure
to leave the complex (R,R)-[Co™(1)(N-Bn-B*-hAla)] as a brown
powder, which was characterised by HRMS (ESI): calcd. for
CyHgN;0,Co 818.4277 [M + Nal*; found: 818.4289. (R,R)-
[Co™(1)(N-Bn-B*-hAla)] was dissolved in methanol (10 mL) and
ascorbic acid (26.4 mg, 0.15 mmol) was added. [Co"(1)] was
obtained as a red powder (76 mg, yield: 84%). The methanolic
filtrate was purified using Dowex S0W-X8 resin, and pure N-Bn-
B*-hAla was obtained as a white powder (17.0 mg, yield: 59%,
75% ee in favour of the R enantiomer).

Procedure for the iterative extraction of NV-Bn-p*-hAla (Scheme 2,
upper part)

Processing of the aqueous phase (Aql). Aql was extracted
again with (S,S)-[Co™(1)(OAc)] (69.5 mg, 0.105 mmol). Aq 3:
N-Bn-f*-hAla was obtained as a white powder (28.8 mg, 5% ee
in favour of S enantiomer). Org2: complex (S,S)-[Co™(1)(N-Bn-
B’-hAla)] was obtained as a brown powder, dissolved in methanol
(10 mL) and ascorbic acid (18.4 mg, 0.105 mmol) was added.
[Co"(1)] was obtained as a red powder (53.8 mg, yield: 85%). The
methanolic filtrate was purified using Dowex 50W-X8 resin, and
N-Bn-f°-hAla was obtained as a white powder (9.0 mg, yield: 44%,
88% ee in favour of S enantiomer).

Processing of the organic phase (Orgl). Pure N-Bn-f*-hAla,
obtained as a white powder (17.0 mg, yield: 59%, 75% ee in
favour of the R enantiomer) from the reductive cleavage and
work-up of Orgl, was dissolved in water (15 mL, Aq2), filtered
and submitted to a second extraction with (R,R)-[Co™(1)(OAc)]
(29.8 mg, 0.045 mmol). Aq 5: N-Bn-f’-hAla was obtained as
a white powder (11.0 mg, 65% ee in favour of R enantiomer).
Org3: (R,R)-[Co™(1)(N-Bn-f’-hAla)] was obtained as a brown
powder, which was dissolved in methanol (10 mL) and ascorbic
acid (7.9 mg, 0.045 mmol) was added. [Co"(1)] was obtained
as a red powder (22.5 mg, yield: 83%). The methanolic filtrate
was purified using Dowex 50W-X8 resin, and N-Bn-f*-hAla was
obtained as white powder (5.0 mg, yield: 58.0%, 90% ee in favour
of R enantiomer).

Procedure for the iterative extraction of /NV-Bn-B*-hAla (Scheme 2,
lower part)

To a solution of (R,R)-[Co™(1)(OAc)] (99.3 mg, 0.15 mmol) in
dichloromethane (20 mL) at 10 °C in a 100 mL round-bottom
flask, was added a pre-cooled (10 °C) solution of racemic N-Bn-
B*-hAla (58.0 mg, 0.30 mmol, 2 equiv) in H,O (15mL). The organic
phase (Orgl) and the aqueous phase (Aql) were obtained.

Processing of the aqueous phase (Aql). Aql was extracted
again with (R,R)-[Co™(1)(OAc)] (69.5 mg, 0.105 mmol). Aq 3"
N-Bn-B*-hAla was obtained as a white powder (28 mg, 36% ee
in favour of S enantiomer). Org2': (R,R)-[Co™ (1)(N-Bn-B*-hAla)]
was obtained as a brown powder, which was dissolved in methanol
(10 mL) and ascorbic acid (18.4 mg, 0.105 mmol) was added.
[Co"(1)] was obtained as a red powder (51.8 mg, yield: 82%). The
methanolic filtrate was purified using Dowex S0W-X8 resin, and
N-Bn-B’-hAla was obtained as white powder (10 mg, yield: 49%,
75% ee in favour of R enantiomer).

Processing of the organic phase (Orgl). Pure N-Bn-f’-hAla,
obtained as a white powder (17.0 mg, yield: 59%, 75% ee in
favour of the R enantiomer) from the reductive cleavage and
work-up of Orgl, was dissolved in water (15 mL, Aq2), filtered
and submitted to a second extraction with (S,S)-[Co™(1)(OAc)]
(29.8 mg, 0.045 mmol). Aq 5: N-Bn-B’-hAla was obtained as
a white powder (11.5 mg, 83% ee in favour of R enantiomer;
[a]lp* = +18.0 (¢ 0.86 in H,0); lit." [a]p* = +22.5 (¢ 1.20 in
H,0), (R)-enantiomer). Org3: (S,S)-[Co" (1)(N-Bn-B*-hAla)] was
obtained as a brown powder, which was dissolved in methanol
(10 mL) and ascorbic acid (7.9 mg, 0.045 mmol) was added.
[Co"(1)] was obtained as a red powder (22.5 mg, yield: 84%).
The methanolic filtrate was purified using Dowex 50W-X8 resin,
and N-Bn-B’-hAla was obtained as white powder (4.5 mg, yield:
52.0%, 51% ee in favour of S enantiomer).

Procedure for the extraction of N-Bn-$3-hVal

The procedure used is similar to that described above for N-
Bn-p*-hPhg. To a solution of (R,R)-[Co™(1)(OAc)] (62.9 mg,
0.095 mmol) in dichloromethane (20 mL) at 10 °C in a 100 mL
round-bottom flask, was added a pre-cooled (10 °C) solution
of racemic N-Bn-f’-hVal (42 mg, 0.19 mmol, 2 equiv) in H,O
(15 mL). The biphasic mixture was stirred vigorously for 24 h
at 10 °C, then transferred to a separatory funnel, the organic
phase (Orgl) removed and the aqueous phase washed once with
dichloromethane (10 mL). A small aliquot (ca. 100 pL) of the
aqueous phase was removed, filtered on a micropore filter, and
the ee was determined by chiral HPLC as described above.
The aqueous phase (Aql) was then evaporated under reduced
pressure to give N-Bn-B*-hVal as a white powder (26.2 mg, 36% ee
in favour of (+) enantiomer). The combined dichloromethane
extracts (Orgl) were washed once with H,O (10 mL). Volatiles
were removed under reduced pressure to leave the complex
(R,R)-[Co™(1)(N-Bn-B*-hVal)] as a brown powder, which was
characterised by HR-MS (ESI): calcd. for C,sH; N;0,Co 824.4771
[M + HJ*; found: 824.4771. (R,R)-[Co™(1)(N-Bn-B*-hVal)] was
dissolved in methanol (10 mL) and ascorbic acid (26.4 mg,
0.15 mmol) was added. [Co"(1)] was obtained as a red powder
(45.5 mg, yield: 80%). The methanolic filtrate was purified using
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Dowex 50W-X8 resin, and pure N-Bn-B*-hVal was obtained as
a white powder [13.9 mg, yield: 66%, 76% ee in favour of (—)
enantiomer].

Procedure for the iterative extraction of N-Bn-f>-hVal (Scheme 2,
upper part)

Processing of the aqueous phase (Aql). Aql was extracted
again with (S,S)-[Co™(1)(OAc)] (39.7 mg, 0.06 mmol, 0.63 equiv).
Aq 3: N-Bn-B’-hVal was obtained as a white powder (15 mg,
10% ee in favour of (—) enantiomer). Org2: complex (S,S)-
[Co™(1)(N-Bn-B*-hVal)] was obtained as a brown powder, dis-
solved in methanol (10 mL) and ascorbic acid (10.6 mg, 0.06 mmol)
was added. [Co"(1)] was obtained as a red powder (30.1 mg, yield:
83%). The methanolic filtrate was purified using Dowex 5S0W-X8
resin, and N-Bn-f*-hVal was obtained as a white powder [9.0 mg,
yield: 68%, [a]p** = +31.9, ¢ 0.78 in MeOH, 90% ee in favour of
(+) enantiomer].

Processing of the organic phase (Orgl). Pure N-Bn-f’-hVal,
obtained as a white powder [13.9 mg, yield: 66%, 76% ee in
favour of the (—) enantiomer] from the reductive cleavage and
work-up of Orgl, was dissolved in water (15 mL, Aq2), filtered
and submitted to a second extraction with (R,R)-[Co™(1)(OAc)]
(21.2 mg, 0.032 mmol). Aq 5: N-Bn-B*-hVal was obtained as a
white powder [9.0 mg, 64% ee in favour of (—) enantiomer]. Org3:
(R,R)-[Co"™(1)(N-Bn-B*-hVal)] was obtained as a brown powder,
which was dissolved in methanol (10 mL) and ascorbic acid
(5.6 mg, 0.032 mmol) was added. [Co"(1)] was obtained as a red
powder (15.8 mg, yield: 80%). The methanolic filtrate was purified
using Dowex 50W-X8 resin, and N-Bn-f*-hVal was obtained as
white powder [4.5 mg, yield: 64%, [a]p** = —32.0, ¢ 0.34 in MeOH,
93% ee in favour of (—) enantiomer].

Procedure for the iterative extraction of V-Bn-p*-hVal (Scheme 2,
lower part)

Processing of the aqueous phase (Aql). Aql was extracted
again with (R,R)-[Co™(1)(OAc)] (39.7 mg, 0.06 mmol, 0.63 equiv).
Aq 3: N-Bn-P’-hVal was obtained as a white powder (15.5 mg,
[alp* = +28.5, ¢ 0.80 in MeOH, 80% ee in favour of (+)
enantiomer]. Org2': complex (R,R)-[Co"(1)(N-Bn-B*-hVal)] was
obtained as a brown powder, dissolved in methanol (10 mL)
and ascorbic acid (10.6 mg, 0.06 mmol) was added. [Co"(1)] was
obtained as a red powder (29.6 mg, yield: 82%). The methanolic
filtrate was purified using Dowex 50W-X8 resin, and N-Bn-*-
hVal was obtained as a white powder [8.9 mg, yield: 67%, 40% ee
in favour of (—) enantiomer].

Processing of the organic phase (Orgl). Pure N-Bn-f’-hVal,
obtained as a white powder [13.9 mg, yield: 66%, 76% ee in
favour of the (—) enantiomer] from the reductive cleavage and
work-up of Orgl, was dissolved in water (15 mL, Aq?2), filtered
and submitted to a second extraction with (S,S)-[Co™(1)(OAc)]
(21.2 mg, 0.032 mmol). Aq 5: N-Bn-f*-hVal was obtained as a
white powder [8.5 mg, [a]p** = —32.6, ¢ 0.51 in MeOH, 92% ee in
favour of (—) enantiomer]. Org3’: (S,S)-[Co™ (1)(N-Bn-B*-hVal)]
was obtained as a brown powder, which was dissolved in methanol

(10 mL) and ascorbic acid (5.6 mg, 0.032 mmol) was added.
[Co"(1)] was obtained as a red powder (16.4 mg, yield: 85%).
The methanolic filtrate was purified using Dowex S0W-X8 resin,
and N-Bn-f’-hVal was obtained as white powder [4.4 mg, yield:
61%, 5% ee in favour of (—) enantiomer].

Attribution of the absolute configuration to N-Bn-B*-hVal: by
analogy with the complexation selectivity shown for N-Bn-f*-
hPhg and N-Bn-f*-hAla, we attribute to (+)-N-Bn-B*-hVal the (R)
absolute configuration: [a]p** = +35.6, ¢ 0.80 in MeOH, 100% ee
in favour of (R)-enantiomer.
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Catalytic asymmetric reduction reactions have long been the preserve of the transition metal catalyst.
Inspired by the myriad efficient enzyme-catalysed reduction reactions routine in biological systems,
chemists have recently begun to design chiral metal-free organocatalysts that employ synthetic
dihydropyridine NADH analogues as the hydride source with impressive results. Recent developments

in this burgeoning field are discussed.

1 Introduction

Given the prevalence of chiral methine groups in both biologically-
and pharmaceutically relevant molecules it is perhaps unsurprising
that the search for increasingly more efficient and general catalytic
methodologies for the asymmetric addition of a molecule of
hydrogen (formally or otherwise) to prochiral sp?-hybridised
substrates has remained at the forefront of catalytic asymmetric
synthesis for the last four decades' and was recognised by the
awarding of a share in the Nobel prize in 2001.>* Until recently,
benchmark homogeneous catalyst systems for enantioselective
hydrogenation/hydrogen transfer were based on the use of a
central metal ion,! e.g. Rh, Ru, Co, Ti or Zr (for example, Ir-
based catalysts are recently emerging as highly useful catalysts for
the asymmetric reduction of unfunctionalised olefins*) bound to
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a chiral (most often phosphine in the case of Rh, Ru or Ir-based
catalysts) ligand.

While transition metal catalysts for asymmetric reduction
reactions have proven spectacularly successful on the whole, in
recent times chemists have been inspired by the outstanding
efficacy of biological enzymatic systems to develop metal-free
organocatalysts™® for (inter alia) enantioselective reduction reac-
tions that rely on neither strong enthalpic substrate-metal (ion)
binding interactions nor the formation of a metal-hydride species.
Such de novo designed organocatalysts in principle hold promise
as robust, inexpensive, chemoselective and less functional group
sensitive alternatives to complement existing metal-based systems.
To date, these catalysts (with one exception) employ stoichiometric
amounts of readily available 1,4-dihydropyridine derivatives as a
mild organic ‘hydride’ source. A short monologue on this topic
appeared in 2005,” which summarised the early developments in
the field—the aim of this work is to provide an update of selected
major developments in this rapidly maturing domain.

Natural enzymatic systems routinely employ nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH,) as cofactors in a diverse array of reduction reactions
in vivo.® Westheimer and Mauzerall were the first to demonstrate
that synthetic dihydropyridine analogues of NADH could be
used to mediate direct hydrogen transfer.”! Tt was found that
1-benzyldihydronicotinamide (BDNA, 1) reduced dyestuft 2 to its
leuco base 3 with concomitant formation of pyridinium ion la
in aqueous solvent (Scheme 1). Deuterium labelling experiments
demonstrated that only a 4-deuterio-analogue of the reductant
(and not 2- or 6-deuterated variants) transferred deuterium to the
product. While 1 could not reduce pyruvic acid (5), a low yielding
hydrogen transfer from Hantzsch dihydropyridine 4'* did occur at
higher temperature, albeit in low yield."

Subsequent studies on the reduction of thioketones' indicated
that the kinetics of these reduction processes were unaffected by
either the presence of molecular oxygen or common radical traps
and that the reactions proceeded more rapidly in polar solvents
and displayed a significant kinetic isotope effect (ky/kp = 4-5)
when the dihydropyridine is labelled at C-4 with deuterium. The
authors concluded that the mechanism involves the transfer of one
‘hydride ion’. These findings later proved somewhat controversial
due to discrepancies between the magnitude of the kinetic isotope
effect and the product isotope compositions in these types of
reactions, which seemingly provided evidence for the existence of
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Scheme 1 Westheimer’s reduction of 2 and 5 with 1 and 4 respectively.

discrete intermediates along the reaction coordinate not expected
in a synchronous hydride transfer mechanism.’ While it was
later demonstrated by Bruice et al. that these anomalies can
be explained using quantum mechanical arguments and the
detection of both productive and unproductive side reactions,'
more recent incontrovertible spectroscopic evidence has confirmed
the existence of radical intermediates in some reduction processes
mediated by dihydropyridines.’® The current mechanistic picture is
complex and dependant on reaction conditions—it, however, does
seem clear that in certain cases the reaction can be described as an
electron-transfer driven process' (A, Fig. 1), which (particularly if
the molecule to be reduced is not a strong single electron oxidant'”)
is often difficult to distinguish kinetically from synchronous
hydride transfer (B, Fig. 1).*!®

In the years following Westheimer’s work, dihydropyridines®
were found to serve as mild, useful reagents capable of reduc-
ing organic substrates such as o,B-unsaturated electrophiles,®
imines,”! iminium ions,”* aldehydes,” ketones* and other func-
tional groups® in the absence of metal ions under either thermal
or Bronsted acid-catalysed conditions.

2 Asymmetric organocatalytic reductions

The design of chiral dihydropyridines for enantioselective reduc-
tion reactions has been an intensively investigated field for over
three decades, however, efforts have been strongly focussed on
reagents devised for use in conjunction with metal (usually 2+)
ions for the reduction of activated carbonyl-based substrates. For
example, Kanomata et al. reported that chiral bicyclic dihydropy-
ridine 7 reduced a-keto ester 8 to afford (R)-methyl mandelate (9)
with almost perfect enantiopurity in the presence of stoichiometric
amounts of Mg(ClO,), (Scheme 2).2%* However, such catalyst
systems (in the main) were either inactive or unselective in the

A - stepwise hydride transfer

N
He A0 He H
< Ox ‘ —
NH, NH; ,  ox
|| R ||
l}l transfer l}l
R
o] 0]
e
N transfer
I NH, . R NH, _
e | + Ox—H | + TOx—H
transfer l‘\l 'I"*'
R
B - synchronous hydride transfer
H  H 0
| | NHy| — NH, _
5 ~ | + Ox—H
! \ N+
R R R

o CHACN, 1t OH
COEt  Mg(Cloy), Ph” “CO.Et
7 (1.0 equiv.) 8 9 64%, 99% ee
Scheme 2 Kanomata’s bicyclic dihydropyridine-Mg?** system.

absence of the metal additive and as such are not within the scope
of this survey.??

While the potential synthetic utility of dihydropyridine deriva-
tives in reduction processes had been appreciated and explored
since the 19507, little regarding the corresponding metal-free
asymmetric processes was known until recent times, which have
witnessed an explosion of interest in the design of synthetic
organocatalytic systems based on enzymatic design principles.
Recent developments are summarised below and are organised
according to the class of catalyst involved.

Iminium ion catalysis

In 2000, MacMillan ef al*® demonstrated that o,B-unsaturated
aldehydes could be activated in a face-selective fashion by exposure
to the conjugate acids of chiral cyclic secondary amines such as 11
via the formation of an iminium ion 12. Since the condensation is
reversible in the presence of trace amounts of water the amine salt
could be used in substoichiometric amounts, which quickly led to
a new field commonly called ‘iminium ion catalysis’ (Fig. 2).%3!

- iminium ion more
electrophilic than the
aldehyde

o] - geminal dimethyl group
| forces the formation of
~HCI H 11 the (E)-iminium isomer
| - benzyl group shields one
olefin face

- after reaction at the alkene

10 moiety the iminium ion can
be hydrolysed to release the
catalyst

Fig. 2 Iminium ion catalysis—basic principle.
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List and co-workers were the first to report an efficient, highly
enantioselective organocatalytic reduction of a,B-unsaturated
aldehydes. In exploratory studies using an iminium ion catalysis
strategy, it was found that unsaturated aldehydes could be reduced
by 4 in the presence of catalytic amounts of simple ammonium
salts such as dibenzyl ammonium trifluoroacetate®* at room
temperature. The reaction also proceeded in the presence of cyclic
ammonium catalysts, which led to the first asymmetric variant
of the reaction promoted by chiral salt 13 (Scheme 3).** Further
optimisation of the catalyst structure and reaction conditions (10
mol% ammonium trichloroacetate catalyst 16, 1.02 equiv. of 4,
dioxane, 13 °C, 48 h) allowed the isolation of 15 in 83% yield and
94% ee. Interestingly, both 14 and its (Z)-isomer 17 (and even 1 :
1 mixtures of 14 and 17) furnished the same product enantiomer
in almost identical yield and enantioselectivity.**

@)\x m e

(20 mol%)

4 (1.1 equiv)
dioxane, rt, 12 h

~_ .0 18 (10 mol%)
-
4 H
CHCl3, -30°C, 23 h ~
19 (3:1E/2) 20 91%, 96% ee

Scheme 3 The first enantioselective organocatalytic reductions.

Very shortly after List’s initial report,*® MacMillan et al. dis-
closed the results of a very similar independent study, which found
that catalyst 18 could promote highly enantioselective reductions
of trisubstituted aldehydes (irrespective of their geometric purity)

—30 °C (Scheme 3).*

List proposed that the very convenient (in a practical sense) lack
of stereospecificity in these reactions, which allows the use of E-Z
alkene mixtures, is due to a rapid interconversion of the iminium
ion isomers 21 and 22 via enamine 23 on the hydride addition
timescale, which leads to the selective formation of (R)-15 due to
a faster addition of hydride to (E)-22 than to (Z)-21 (Scheme 4).3

j)“Bu j)‘lBu i)‘Bu
(5)-15 =- /f i ﬁ Ka_ (R)-15
k(E)>k(Z

Scheme4 Proposed mechanism of the non-stereospecific enantioselective
reduction of (E—Z)-unsaturated aldehydes.

This iminium ion catalysed reduction methodology was later ex-
panded to include more challenging ketone substrates. MacMillan
found that catalysts designed for use with enal substrates incorpo-
rating a tert-butyl group such as 16 and 18 were incompatible
with more hindered enone substrates, however, the less bulky
ammonium ion 24—which was known from a previous study*
to catalyse enantioselective Diels—Alder reactions involving cyclic
enones via iminium ion catalysis—promoted highly enantiose-
lective reduction of cyclic enones such as 25 with the fert-butyl
Hantzsch ester 27 under mild conditions (Scheme 5).%

j)ﬁ @ H H D
TcA® < ‘
'BUO OBu
_ @mo%) |
27 (11 equiv), N
oLt

Et,0,0°C,8h
25 26 85%, 96% ee

Scheme 5 Enantioselective reduction of cyclic enones using catalyst 24.

List sought a different approach to the problem associated with
the incompatibility of 16 with enone substrates. Noticing that there
was a significant contribution from the counteranion towards both
catalyst activity and selectivity, the Miillheim group designed a
new class of ammonium ion catalyst (of which 28 is representative)
in which the chiral information is incorporated in a BINOL-
derived counterion component.® Under optimised conditions,
morpholium ion 28 could catalyse the enantioselective reduction
of 14 to furnish 15 in 98% ee (the highest yet reported for this class
of substrate) and 90% yield, while the unhindered, industrially
relevant (E)-citral (29), which proved a poor substrate for use
with catalysts such as 16 and 18 (40% ee), could be reduced to
(R)-cintronellal (30) in good yield and excellent enantioselectivity.

Very shortly thereafter, List ef al. reasoned that more hindered
enone substrates would be more amenable to reaction with
less bulky primary amine-derived analogues of 28. Screening
studies subsequently identified the (S)-valine-derived material 32
as the optimum salt combination capable of promoting highly
selective reduction reactions of a variety of cyclic ketones at
elevated temperature (Scheme 6). A single example involving
an acyclic enone was also reported (84% ee). The chirality in
both ionic components of 32 are genuinely ‘matched’; analogous
catalysts derived from either glycine or the opposite antipode
of the phosphoric acid promoted reduction with moderate to
poor levels of stereoselectivity.® This ‘asymmetric counteranion
directed catalysis’ strategy appears to be a simple yet powerful
method for the tuning of an ammonium ion catalyst’s proper-
ties without necessarily requiring the catalyst’s amino unit to
be redesigned/resynthesised from scratch and should play an
important role in the design of catalysts for these reactions in
the future.

Bronsted acid catalysis of enantioselective imine reduction

Undoubtedly the most convenient organocatalytic alternative to
metal-based Lewis acids is the proton, and it has been established
for some time that reactions that proceed with a considerable
increase in basicity at a heteroatom are susceptible to the influence
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Scheme 6 ‘Asymmetric counteranion directed catalysis’.

of general acid catalysis.***' In 1998, Jacobsen et al.** pioneered
the development of highly efficient chiral (thio)urea catalysts for
enantioselective Strecker reactions, which spawned a new class of
hydrogen-bond donating catalysts for a wide range of asymmetric
addition reactions to imines.®*¢#"* However, despite the overall
success of this strategy, to the best of our knowledge it has not yet
been reported to be applicable to the corresponding organocat-
alytic asymmetric ‘hydride’ reduction reactions of imines.** At the
time of writing, it appears that these reactions are best promoted in
an enantioselective fashion using stronger chiral acids potentially
capable of the protonation of the imine prior to the formation of
the transition state (specific acid catalysis).

Singh and Batra reported the first example of an asymmetric
metal-free reduction reaction of an achiral imine in 1989.* The
benzophenone-derived imine 35 could be converted to amine 36 by
4 and a variety of chiral acids in good to excellent yields and poor
to moderate levels of enantioselectivity. Of the acids surveyed, the
hydrochloride salts of (S)-cysteine, (S)-serine and (.S)-histidine
proved to be the best additives with (S)-cysteine furnishing 36
with the highest levels of enantioselectivity (Scheme 7). It should
be noted that while this study was certainly ahead of its time, it is
also almost bereft of experimental details and as such cannot be
classified as an organocatalytic transformation as the loadings of
the acid additives utilised in these reactions are not disclosed.*

HN :
| 4
-
(S)-cysteine. HCI
benzene, reflux

35 36 55%, 62% ee

Scheme 7 The first asymmetric Bronsted-acid mediated imine reduction.

In 2004, Akiyama et al.* and Terada and Uraguchi*’ inde-
pendently developed a new class of axially chiral phosphoric
Bronsted acid catalyst (37 and 38 respectively, Fig. 3).® These
catalysts are conformationally rigid and (rather unusually) possess
a single highly acidic proton for substrate activation.* The extent
(in a spacial context) of the influence of the molecule’s chiral
axis is extended through the incorporation of aryl substituents
(the presence of which is crucial for good asymmetric induction)
adjacent to the BINOL-derived oxygen atoms. The presence of
the Lewis basic phosphoryl moiety in proximity to the acidic
proton potentially allows for the simultaneous activation of both
electrophilic and nucleophilic reaction components (bifunctional
catalysis). Compounds 37 and 38 promoted highly enantioselective
Mannich-type reactions between N-aryl- and N-Boc substituted
imines with silyl ketene acetals* and acetyl acetone.*”*

Fig. 3 Prototype phosphoric acid catalysts designed independently by
Akiyama and Terada.

These seminal studies highlighted the strong potential of
phosphoric acids for the activation of imine substrates. Soon
afterward, Rueping et al. demonstrated the first enantioselective
organocatalytic imine reduction catalysed by variants of 37-38.

Optimum catalyst 41 at 20 mol% level allowed the synthesis
of 40 from 39 with high yield and enantiopurity (Scheme 8).%"*
Both electron donating and withdrawing substituents on the
acetophenone-derived aromatic ring were well tolerated, however,
no substrates incorporating two aliphatic substituents or non-
methyl ketones were reported in this study. A specific acid catalysis
mechanism was proposed involving an initial protonation of the
substrate by the catalyst to afford ion pair 43, which undergoes
reduction by 4 to generate the amine product 44 and protonated 4a
(45), which regenerates the catalyst after a proton transfer process
(Scheme 8).

Soon afterward, List independently reported a parallel study
that identified the bulky 46 as the optimum catalyst.** The
reduction of acetophenone-derived ketimines promoted by 46 gave
improved results (80-90% yield and 80-93% ee) at lower temper-
atures compared to those obtained by Rueping.” Organocatalyst
46 was also highly active—it could be utilised at 1 mol% levels
and was shown to be compatible with an imine derived from
an aliphatic ketone. This publication also detailed an example
representing the first enantioselective organocatalytic reductive
amination reaction. Acetophenone (47) was first treated with
aniline 48 under conditions conducive to ketimine formation
followed by in situ reduction with 4 catalysed by 46. Finally,
oxidative deprotection of the PMP moiety afforded primary amine
49 in very good yield and enantiomeric excess (Scheme 9).
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4(1.4 equiv.)
—_—

41 (20 mol%),
benzene, 60 °C F

39 40 82%, 84% ee
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|
| a0 07 )\

\N Ar
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Scheme 8 Enantioselective phosphoric acid derivative-catalysed asym-
metric reduction of imines.

HZNOOMe
48

o} NH,
4 Amol. sieves,
PhMe, rt, Sh
©)J\ 2.4 (1.4 equiv.),
46 (5 mol%), 35 °C,
47 45 h, (92%) 49 88% ee

3. CAN (4.0 equiv.),
MeOH/H;0, 0 °C, (81%)

Scheme 9 The first organocatalytic asymmetric reductive amination.

Very shortly after List’s study,® MacMillan et al. published the
efficient and highly enantioselective reductive coupling of 48 and a
variety of substituted and unsubstituted acetophenones catalysed
by the triphenylsilyl-substituted catalyst 50.>* The reaction was
found to be applicable to the enantioselective reductive amination
of either aromatic or aliphatic ketones. Experimental, compu-
tational and X-ray crystallographic studies indicated that the
imine substrate for the reduction reaction must be derived from a
methyl ketone—substituents larger than methyl led to the shielding
of the ‘open’ si-face of the catalyst-bound (activated) imine in
the stereocentre-forming reaction transition state. However, this
considerable limitation of the methodology was cleverly exploited
in the enantioselective reductive amination of highly challenging
substrates such as 2-butanone (51) and the selective (mono)
reductive amination of bis-ketone 53 (Scheme 10).

Si
OMe ~
484, Ph
1) 5 A mol. sieves o

A "

50 (10 mol%), :
51 52 71%, 83% ee

CeHe, 720,40 °C N\
OMe
0
48, 4,
H

5 A mol. sieves

-

nz
;0

Sz

50 (10 mol%),
CgHg, 72 h, 40 °C

(0]
53 53 85%, 96% ee

‘Methyl":'Ethy!' reduction = 18:1

Scheme 10 Methyl vs. ethyl selectivity in reductive amination reactions
promoted by 50.

While it is obvious that aldehydes cannot undergo direct
enantioselective reduction due to the formation of an achiral
product, List’s group have discovered an interesting variation on
this theme where racemic a-branched aldehyde substrates can
furnish enantioenriched products on reductive amination via a
dynamic kinetic resolution process.” Organocatalytic reductive
amination of racemic aldehyde 54 with modified Hantzsch ester
27 at 6 °C catalysed by 46 allowed the isolation of almost
enantiopure 55 in good yield (Scheme 11). The proposed origin
of the enantioselectivity is as follows—reaction of 54 with 48
generates both enantiomers of imine 56, which rapidly equilibrate
in the presence of acid via achiral enamine 57. The chiral
catalyst then effects a highly diastereoselective reduction of (in this
case) (R)-56, which is rapidly replenished by the aforementioned
equilibration process to give a product of high enantiopurity
(Scheme 11). While this promising methodology is undoubtedly a
very useful addition to the field, it is currently limited to the use
of aromatic amines, however, aldehydes containing both aromatic
and aliphatic substituents can be employed.

48 (1.0 equiv.),
27 (1.2 equiv.),
0 5 A mol. sieves

/©/OM6

54 55 80%, 98% ee

46 (5 mol%),
CeHe, 96 h, 6 °C

Dynamic kinetic resolution - proposed mechanism

JAr He _Ar oy _Ar
48 N HN N
| (cat.) (cat.) |
54 —» —_— _ —_—
-H,0 ;

: (R)-56

(S)-56 57
27,| 27,| &
46J S 461 R
(5)-55 (R)-55

Scheme 11 Catalytic asymmetric reductive amination of aldehydes via
dynamic kinetic resolution.
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Antilla and co-workers* have recently utilised an organocat-
alytic hydride reduction process in the direct enantioselective
synthesis of protected o-amino acids. Using a VAPOL-derived
phosphoric acid (58) developed in their laboratory, readily avail-
able o-imino esters (such as 59, Scheme 12) could be efficiently and
selectively reduced to the corresponding amines with stoichiomet-
ric amounts of 4. It is notable that 58 was found to be superior
to both 50 and a small library of alternative chiral phosphoric
acid catalysts in this reaction.”” The method was general; imino
esters derived from both aromatic and aliphatic a-keto esters
could be transformed smoothly, although the authors state that
an analogous process involving in situ imino ester formation (i.e.
a reductive amination methodology) is as yet inefficient and is
selective only with aliphatic moiety-substituted starting materials.

/©/OM6
HN
| 4, PhMe, 50 °C,
OFEt 19h OEt
o 58 (5 mol%) S

59 60 93%, 96% ee

Scheme 12 Direct reductive organocatalytic synthesis of enantioenriched
protected amino acids.

Given that prior to the advent of this breakthrough enzyme-
inspired technology there was a relative dearth of catalytic
asymmetric strategies for reductive amination processes,”® the
discovery and development of these efficient and highly enan-
tioselective reactions represents a most welcome addition to the
organic chemist’s toolbox. It seems likely, as investigation in this
field intensifies, that additional improvements in substrate scope
(non-methyl ketone-derived imines, use of non-aniline coupling
partners) will add further to the utility of this already most
powerful of transformations.

Bronsted acid catalysis of enantioselective heterocycle reduction

Rueping et al® exploited the iminium ion-like behaviour of
protonated quinolines to bring about the highly enantioselective
organocatalytic synthesis of biologically important tetrahydro-
quinolines. For example, treatment of 2-substituted quinoline
61 with phosphoric acid catalyst 63 (2 mol%) and excess 4 led
to the formation of 62 in excellent yield and enantioselectivity.
The methodology was also applied to the two-step synthesis of
natural products (—)-angustureine (64), (+)-cusparine (65) and
(4)-galipinine (66) in >90% ee. It was proposed that protonation
of the quinoline substrate gives ion pair A, which undergoes
reduction by 4 to give enamine B. Protonation of B by the catalyst

gives a second quinolinium ion pair C, which is the substrate for the
subsequent stereocentre-forming reduction event (Scheme 13).%°

4 (2.4 equiv.),
benzene, 60 °C,
12h N

63 (2 mol%)

62 93%, >99% ee

Y, J
o]
©) N N
NP | | O
o on 64 66 o
I I Ar O N o

~
63 Ar = 9-phenanthryl 65 O/
| A | cat.-H
~ - ~
r;l R rlq R h|1+ R
H H _
A cat B C cat

Scheme 13 Enantioselective reduction of quinolines.

Later, the same group extended this methodology to include
pyridine derivatives®" and benzo-fused thiazines, oxazinones and
oxazines—the latter class of substrate could be reduced efficiently
using loadings more usually associated with benchmark transition
metal catalyst systems (substrate—catalyst ratio = 10000 : 1,
Scheme 14). The products of this class of reaction are of
considerable medicinal/pharmaceutical interest.®*®

X °
N/j\© 4 (1.25 equiv.), @H

benzene, 60 °C,
[N
63 (0.01 mol%)

67 68 90%, 93% ee

Scheme 14  Efficient enantioselective reduction of a benzoxazine.

Asymmetric organocatalytic domino processes involving reduction

The high stability and functional group tolerance of organocat-
alysts (generally speaking) makes their use in cascade reactions
a desirable and realistic goal.** Such organocatalytic processes to
some extent mimic the complex multistep, multienzyme catalysed
biosynthetic pathways ubiquitous in nature and offer potential
advantages over more conventional transformation—purification—
transformation etzc. strategies in terms of convenience, faster real-
time overall conversion of the starting material to the product and
(most importantly for cascades involving two or more asymmetric
processes) higher enantioselectivity (vide infra).

In 2006, MacMillan and co-workers designed asymmetric
organocatalytic cascade sequences involving the use of both
‘iminium’ and ‘enamine’ type catalysis with chiral secondary
amine promoters.® Treatment of enal 69 with 27 and catalyst 18 (as
the TCA salt) followed by subsequent reaction with electrophilic
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fluorine source 70 promoted by catalyst 11 (as the DCA salt)
furnished o-fluoroaldehyde 71 with outstanding enantioselectivity
and very good diastereoselectivity in one pot (Scheme 15). The
proposed mechanism is outlined in Scheme 15; the first catalytic
cycle consists of an iminium ion mediated asymmetric reduction
(as per Fig. 2 and Scheme 3), which generates aldehyde 75. The
addition of the second catalyst leads to the formation of enamine
77 (via iminium ion 76), a single face of which can then react
with 70 to form iminium ion 78 and (after hydrolysis) product 71.
This formal addition of HF to an alkene is remarkable in that
two seemingly quite structurally similar secondary amines can
execute two discrete tasks synergistically in a one-pot process to
afford products with two contiguous chiral centres with excellent
stereocontrol. The excellent level of catalyst (as opposed to
substrate) control in the formation of the second stereogenic centre
is obvious from the observation that a repeat of the reaction using
the opposite antipode of 11 in the second cycle (under otherwise
identical conditions gives anti-71 (62% yield, 9 : 1 syn—anti, 99%
ee) with excellent levels of enantioselectivity.®

0o
' 1. 27 (1.2 equivy,
‘ CHCl3, -20 °C, 30 h,
18 (7.5 mol%)
2. 70 (5.0 equiv.),
THF/PrOH, -10 °C,
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Scheme 15 MacMillan’s asymmetric reduction—fluorination cascade
process.

At almost the same time, List e al. reported an enantioselective
organocatalytic reductive cyclisation reaction.®”” The strategy is
similar to that outlined in the previous example except the

electrophilic component that reacts in the second catalytic cycle is
a tethered Michael acceptor and a single catalyst system is used.
Ammonium catalyst 16 (as the HCI salt) could promote first the
reduction (iminium ion catalysis using 4 as the reductant) and
then the Michael cyclisation (enamine catalysis) of substrates such
as 79 in one pot. Chemo-, regio-, enantio- and diasterocontrol
in these processes were excellent and the methodology is not
confined to aromatic substrates; analogues with tethers leading
to the formation of 5 and 6 membered ring products were also
compatible (Scheme 16).

COPh
O
& CHO

4 (1.1 equiv.),
dioxane, rt, 2-4 h,

16 (20 mol%) “CHO

79 80 98%, 15:1 anti/syn, 96% ee
_ 4 (1.1 equiv.),
(\A/\COPh dioxane, rt, 1 h, O/\coph
e
~cHo ent-18 (20 mol%) “eHO
81 82 85%, 12:1 anti/syn, 95% ee

Scheme 16 Organocatalytic asymmetric reductive Michael cyclisation.

Cordova and Zhao reported that a reductive Mannich-type
reaction is also feasible.®® Using (S)-proline derived catalyst 83
as its benzoic acid salt, enal 69 was asymmetrically reduced by
4 and then reacted with the imino ester electrophile 59 (the
limiting reagent) to give the unnatural protected amino acid 84
with excellent stereocontrol. Just as was the case in MacMillan’s
earlier study,® it was found that catalyst control in the second cycle
was excellent—the anti-diastereomer of 84 could be prepared by
simply adding (R)-proline (35 mol%) to the reaction after the
initial reduction had taken place (Scheme 17).

1. 4 (1.1 equiv.),
CHCl3, -20 °C, 63 h, : R

6o 83 (10 mol%?, ; CO,Et H Ph
2. 59 (0.34 equiv.), //: « PhCOOH
4°C, 24h (0]

83

Ph
N OTMS

84 69%, 16:1 syn/anti, 99% ee

Scheme 17 Organocatalytic reductive Mannich reaction.

List and Zhou® found that enantioenriched cyclohexylamines
could be prepared from 1,5-diketones and anilines using an
organocatalytic reductive cascade process. The reaction of dike-
tone 85 with 48 and 4 catalysed by ent-46 yielded cyclohexylamine
86 in good yield and excellent enantioselectivity (Scheme 18). It
was posited that the reaction proceeds through the acid-catalysed
formation of enamine 87, which cyclises and eliminates water
under acidic conditions to give the iminium ion substrate for the
two successive asymmetric reduction reactions. The high isolated
yields of cyclohexylamine products from these reactions indicate
that they are highly chemoselective—little ‘double’ reductive
amination was observed and the chemoselectivity (1,4- vs. 1,2-
reduction) was excellent.

Recently a complex four-component amino acid-catalysed
Knoevenagel-reduction—Robinson annulation sequence has been
developed by Ramachary and Kishor.” 1,3-Diketone 90, ben-
zaldehyde (91) and 4 were allowed to react in the presence of
(S)-proline in dichloromethane, followed by a change of solvent,
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Scheme 18 Organocatalytic reductive cascade reaction.

5 A mol. sieves,
o) ent-46 (10 mol%),

48 (1.5 equiv.)

the addition of methyl vinyl ketone (92) and a second charge of
catalyst. Under these conditions, the Wieland-Miescher ketone
analogue 93 could be prepared in moderate yield and 71% ee, along
with the corresponding hydrated product 94 and pre-annulation
substrate 95.

The authors postulated that the cascade involves an initial
Knoevenagel condensation reaction between the acidic diketone
and the aldehyde to form the electrophilic enone 96, which is
then reduced by the Hantzsch ester (it was not suggested that
this reaction is catalysed by the amine) to afford the o-substituted
product 97, which subsequently behaves as a Michael donor in
a proline-catalysed reaction with 92 (to form 95) followed by
cyclisation to give the bicyclic product (Scheme 19).”

Ph (o]
Qé
(o)
1 4¢10 iv) 93 50%, 71% ee
o .0 equiv.),
o) CH,Cly, 25 “C, 3 h, Ph @
| (S)-proline (20 mol%),
+
F’h_ 2. 92 (3.0 equiv.), £
o B0WV) g sine Gomor),  © £
90 91 25°C,5d 94 30%
)(T\/Ph\ I
o
:<?2 ‘ 95 20% é
0]
0 iminium ion o) organic ‘hydride'
catalysis reduction
Ph Ph
[¢] (¢}
96 97

Scheme 19 Four component organocatalytic cascade reaction.

(Thio)urea mediates catalysis of asymmetric organocatalytic
reductions

As mentioned earlier in the section describing enantioselective
imine reduction, the last decade has witnessed the advent of a new
class of (thio)urea-based hydrogen-bond donating catalyst pio-
neered by Curran and Kuo,” Jacobsen and Sigman*? and Schreiner
and Wittkopp™ for the activation of electrophiles incorporating
sp>-hybridised heteroatoms that undergo an increase in basicity in
the transition state of a given addition reaction.®¢"* Menche et al.

reported that thiourea could catalyse the reductive amination of
ketones** and aldehydes,***** although Schreiner and Zhang*“
have questioned some of these protocols (in particular the role
played by activated/unactivated molecular sieves), this group also
found that a more active 3,3',5,5-tetratrifluoromethyl thiocarban-
ilide catalyst (98) at 10 mol% levels was superior to thiourea as
a promoter of ald- and ketoimine reductions by 4 in the absence
of molecular sieves (Fig. 4).**¢ To date, no (thio)urea catalysed
enantioselective variants of these reductive amination processes
have appeared.

Fig. 4 3,3.,5,5-Tetratrifluoromethyl thiocarbanilide.

Inspired by the elegance and highly efficient enzymatic manipu-
lation of the NAD(P)+/NAD(P)H redox couple in living cells that
allows constant ‘regeneration’ of the stoichiometric NAD(P)H re-
ductant, our group have designed the first nicotinamide precatalyst
99 capable of both activating and reducing its substrate and that
can be employed in catalytic amounts together with an inexpensive
inorganic co-reductant in a two-phase system.™

Precatalyst 99 could efficiently reduce benzil (100) to benzoin
(101) under the reactions conditions outlined in Scheme 20.
Sodium dithionite continually reduces the oxidised pyridinium
form of the dihydropyridine precatalyst (allowing it to be used at
catalytic loadings)™ and it was shown that both binary catalyst
systems (separate thiourea and dihydropyridine catalysts) were
inferior to 99 and that the background reaction in the absence
of 99 gave only trace amounts of product. Unfortunately, while a
similar enantiopure catalyst 102 is able to bring about asymmetric
induction in this process, the product racemises under the reaction
conditions (Scheme 20).

Q O 99 (20 mol%) Q OH
NayS,04 (1.1 equiv.),
Ph Ph Na,CO; (1.4 equiv.), Ph Ph
100 1:3 (HoO/EL,0), 1t, 48 h 101 96%

using (R,R)-102

t = 15h, 29% conv., 25% ee, (R)-product
t=24h, 97% conv., 2% ee

CF;
/@\ I
A
H H _N (o}
H
2N Br
n
LN
R

Scheme 20 Organocatalytic reduction of benzil using substoichiometric
amounts of a dihydropyridine precatalyst.

(rac)-99 R=Me
(RR)-102 R=Bn

List and co-workers™ have exploited the well established
ability of suitably substituted (thio)urea derivatives to activate
nitroalkenes towards attack by nucleophiles®®** in the realisation
of the first organocatalytic asymmetric nitroolefin reduction
reaction (Scheme 21). For example, (E)-o-methyl-B-nitrosytrene
(103) underwent smooth enantioselective reduction catalysed by
105 (an analogue of a catalyst developed by Jacobsen and Taylor

3414 | Org. Biomol. Chem., 2007, 5, 3407-3417

This journal is © The Royal Society of Chemistry 2007





for the promotion of asymmetric Pictet-Spengler reactions™) to
afford 104 in excellent yield and 94% ee. The ready availability
of nitroolefin substrates and the high synthetic utility of the
nitoalkane products makes this methodology a most promising
development.

NO, 27 (1.1 equiv.),
— PhMe, 40 °C, 24-48 h,
105 (5 mol%)
103 104 97%, 94% ee
\l/ s
N -
oy
H H
e} N

Scheme 21 Organocatalytic asymmetric nitroolefin reduction.

3 Concluding remarks

While the use of dihydropyridines to reduce organic substrates
has been possible in the laboratory since the 19507, the re-
cent general appreciation of the potential advantages associated
with the design of chiral metal-free organocatalyst systems has
breathed new life into this old, well-known reaction class. The
first such metal-free asymmetric reduction was reported (and
subsequently overlooked) in 1985, however, all major progress
in this area has been made since 2004. These three years have
been an exciting period characterised by success after success
in the asymmetric dihydropyridine-mediated reduction of a,f3-
unsaturated electrophiles and imines (including the reductive
amination of ketones) in addition to the discovery of several
highly useful-looking cascade processes. More encouraging still
is the application of three diverse catalytic strategies (iminium
ion-including counterion directed-catalysis, strong Bronsted acid
catalysis and the use of hydrogen-bond donating catalysts), which
augurs well for future expansion of the scope of these reactions.
Frantic as the pace of progress has been, there is still scope for
discovery with respect to both catalyst efficiency and substrate
scope—in particular, the asymmetric reduction of simple ketones
to sec-alcohols remains outside the domain of current catalyst
technology. Regardless of future development in the field, these
organocatalytic reduction reactions (which occur under mild
conditions and do not require high pressures) already constitute
highly useful complementary technologies to their well-established
metal(ion)-mediated counterparts and they will doubtless find
considerable synthetic application in the coming years.
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We report on the use of EPR spectroscopy and spin trapping technique to detect free radical

intermediates formed in the presence of gold nanoparticles. Phosphine- and amine-protected gold

nanoparticles were found to initiate air oxidation of organic substrates containing active hydrogen
atoms, such as amines and phosphine oxides. Nanoparticles protected by stronger bound ligands (e.g.,
thiols) were inactive in these reactions. We also found that gold nanoparticles are able to abstract a
halogen atom from the halogenated compounds, presumably due to the high affinity of gold metal for

halogens. Reaction of Au nanoparticles with chloroform showed an unusual inverse isotope effect. The
trichloromethyl spin adduct was observed when Au nanoparticles were mixed with CDCl; but not with
CHCI,. This unexpected behaviour suggests that C-H bond breaking is not the rate-determining step in

Au-initiated hydrogen abstraction.

Introduction

Gold nanoparticles are an example of simple-to-make, well-
defined nanostructures, which can be used for a variety of
applications.! One area where gold particles are attracting much
interest is catalysis. Since the early reports on the remarkable
activity of supported Au nanoparticles in CO oxidation,*> many
other reactions catalysed by Au nanoparticles showed unusual
activity and/or selectivity.> Recent reports on the high activity
of homogeneous Au catalysts in such reactions as oxidations,
reductions, alkene additions, cycloisomerisations efc., further
expand the scope of potential applications of Au nanoparticle
catalysts.* Au catalysis thus became one of the fastest developing
areas in homogeneous and heterogeneous catalysis alike.

Despite the advances in Au nanoparticle catalysis, the mech-
anistic features of these reactions remain largely unexplored.
Some metal-catalysed reactions (e.g., oxidations and reductions)
are likely to proceed via formation of free radical intermediates.
Such reactions are best studied by EPR spectroscopy and spin
trapping methods. For instance, hydrogen spillover on supported
Pd catalysts was investigated in late 1990s by Mile and Maher
et al.® Although this work clearly demonstrated the potential
of EPR spectroscopy in uncovering the subtle details of the
mechanisms of the nanoparticle-catalysed reactions, there have
been virtually no further reports in this area, as highlighted in a
recent review.’

During our study of the ligand exchange reactions on the
surface of Au nanoparticles, we discovered that some of these
processes occur via a free radical mechanism.®* We detected
formation of sulfur-centred radicals in an exchange reaction
between triphenylphosphine-protected gold nanoparticles and an
alkanethiol. The formation of S-centred radicals was probably
due to the oxidation of thiol by molecular oxygen in the presence
of the gold nanoparticles.** The proposed mechanism involved
the adsorption of the oxygen on the nanoparticle surface as a

Department of Chemistry, University of York, Heslington, York, UK YO10
5DD. E-mail: ved@york.ac.uk; Fax: (+44)-1904-432516

superoxide species. Other compounds, such as hydroperoxides or
hydrides were also oxidised under the same conditions.?

Similar catalytic properties of Au nanoparticles have been
observed by Meisel et al® Exposure of amino-TEMPO to
atmospheric oxygen in the presence of Au nanoparticles led to
the formation of oxo-TEMPO (Fig. 1). The authors suggested a
mechanism which involved electron transfer from the amino group
to oxygen, with the formation of a hydroperoxide radical, leading
finally to the removal of the amino group and its replacement with
a ketone group.

old

HN N—C nanoparticies O

Fig. 1 Oxidation of amino-TEMPO by gold nanoparticles.’

In order to ascertain if formation of such free radical inter-
mediates is a general feature of the Au nanoparticle-catalysed
reactions, we used spin trapping and EPR spectroscopy to probe
other related systems. Here, we report the results of this study.
The spin adducts were obtained using DMPO and PBN spin traps
(Fig. 2).

PBN DMPO

Fig. 2 Chemical structures of the PBN and DMPO spin-traps.

Results and discussion
Oxidation of amines and phosphine oxides by gold nanoparticles

The properties of gold nanoparticles depend on their size and
on the nature or protecting ligands; the latter also determine
their solubility. We have screened a series of different types
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of nanoparticles for the ability to generate free radicals in the
presence of air and organic substrates such as thiols or amines. The
protecting ligands tried included triphenylphosphine (1.4 nm),"
butanethiol (2.5 nm),! tetraoctylammonium bromide (4.7 nm),"
citrate/chloride ions (13 nm),” dodecylamine (3.0 nm).**

The substrates used in this work were n-butylamine [as we were
interested to see if Au-catalysed oxidation of amino-TEMPO? (vide
supra) can be extended to other systems], and diphenylphosphine
oxide. Both substrates contain reactive hydrogen attached to a
heteroatom which could be abstracted by a peroxide-type species.

We found that only Au nanoparticles protected by triph-
enylphosphine and (to a lesser extent) alkylamines were able to
initiate oxidation reactions. This was also confirmed using other
organic substrates which were reported in the previous study (e.g.,
n-butanethiol, borohydride, z-butyl hydroperoxide).® The lack of
activity of the thiol-protected particles can be partially explained
by poisoning of the reactive surface with thiolate ligands. The
inactivity of the relatively large citrate-based nanoparticles is
probably due to the small surface area and low nanoparticle
concentration. Low solubility of oxygen in water can also explain
the failure to detect any free radical intermediates in reactions in
water (which were carried out in the presence of citrate-stabilised
particles).

Triphenylphosphine-protected nanoparticles, in the reaction
with butylamine in the presence of air and DMPO as a spin-
trap, led to the corresponding N-centred spin-adduct of DMPO,
well evidenced in the EPR spectrum (Fig. 3). The N-centred
radical, assigned as C;H,NH-, was also observed with the PBN
spin trap. Reaction of dodecylamine-protected Au nanoparticles
with butylamine in the presence of air and a spin trap (DMPO or
PBN) also showed the presence of N-centred radicals; however,
the intensity of the EPR peaks of the spin adducts in this case was
lower. The assignment of EPR spectra was achieved by comparing
the spectra with the genuine spin-adduct formed by oxidation of
the corresponding amine with lead dioxide or hydrazyl radicals.®**

10G

w1

Fig. 3 EPR spectrum of the C,H,NH-DMPO spin adduct in toluene.

In order to optimise the spin trapping process and observe the
highest concentration of the spin adduct, different parameters
were varied, such as absolute and relative concentration of
reactants, and reaction time. It was found that in all cases the
formation of the spin adduct was very fast (<1 min), and increasing
the reaction time did not lead to any increase in the amount of
spin adducts (as judged by the EPR intensity). The addition of

more amine after the formation of the spin-adduct also did not
increase the intensity of the EPR spectra of the spin adduct.

In the reaction of diphenylphosphine oxide with phosphine-
or amine-protected nanoparticles in the presence of DMPO or
PBN, a signal corresponding to the P-spin adduct was observed.
The radical was assigned as Ph,PO-." The spectrum assignment
was confirmed by comparison with a spectrum of an authentic
Ph,PO- radical obtained by oxidation of diphenylphosphine oxide
with either lead dioxide or hydrazyl radicals. Deoxygenation of
the reaction mixture prior to the addition of the spin traps led
to significant reduction of the EPR intensity, further confirming
that the oxidation requires the presence of molecular oxygen
(Scheme 1).

DMPO

Au, O,
RXH ——* RX R,X-DMPO

Scheme 1 Au nanoparticle-initiated oxidation of organic compounds.

Interestingly, the half-life time of the Ph,PO- spin adduct
prepared by the nanoparticle-initiated reaction was much shorter
(<1 min) than that of the same spin adduct prepared by oxidation
with lead dioxide (up to 1 h). This difference in the lifetime can only
be explained by the presence of gold nanoparticles. To confirm this,
we have added triphenylphosphine-protected Au nanoparticles to
the solution of a Ph,PO--DMPO spin-adduct which was prepared
by oxidation of the corresponding substrate with lead dioxide. A
rapid disappearance of the EPR signal was indeed observed. In the
case of a PBN spin-adduct prepared in the same way, the influence
of the addition of the gold nanoparticles was almost unnoticeable.

Rapid disappearance of the DMPO spin-adduct in the presence
of Au nanoparticles is likely to be due to a further reaction on
the Au surface, or possibly a reaction with an Au(1) or Au(iir)
species. Au(I) in particular is a strong oxidising agent and
is known to oxidise the spin-traps DMPO and PBN to form
persistent free radicals.”” Au(1) compounds are often considered
possible intermediates in the ligand exchange reaction on the
Au nanoparticle surface; hence we cannot exclude the presence
of small amounts of Au(1) either in solution or on the Au
surface. We must stress, however, that we observed no free radical
intermediates in control experiments when Au nanoparticles were
replaced by Au(1) or Au(iir) compounds.

Halogen abstraction

We noticed that in some halogenated solvents, triphenyl-
phosphine-protected gold nanoparticles were particularly unsta-
ble, aggregating and precipitating within one or two days. In
order to check if this behaviour is accompanied by formation of
any radical intermediates, we added spin traps (e.g., DMPO and
PBN) to toluene containing halogenated solvents, such as chlo-
roform, dichloromethane, carbon tetrachloride, bromobutane,
iodomethane, and chlorobenzene. In all cases except chloroben-
zene and dichloromethane, very strong EPR signals of different
spin-adducts were observed. PBN and DMPO spin traps captured
the same radicals in all reaction mixtures. Dodecylamine-protected
Au nanoparticles also gave the same results. Unlike nanoparticle-
initiated oxidation reactions (vide supra), the halogen abstraction
reaction does not depend on the presence of oxygen in the reaction
mixture, as shown by carrying out spin trapping under a nitrogen

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3504-3509 | 3505





atmosphere. Fig. 4 shows the EPR spectra of the DMPO spin
adducts with -CHCI, and -CCl;.

WHMF_J =

() (b)

10G

M

(©)

Fig. 4 EPR spectrum of the DMPO-CHCI, spin adduct prepared by
abstraction of a Cl atom from chloroform (a), DMPO-CCI; spin adduct
prepared by abstraction of a Br atom from BrCCl;(b), and PBN-CCI, spin
adduct formed by the same reaction (c).

The EPR parameters of the spin adducts formed are shown
in Table 1. The assignment (with the exception of DMPO-
CDCl,) was carried out by comparison with the literature values.
Although the ay values for all C-centred radicals are very similar,

Table 1 Hyperfine splitting constants for the DMPO and PBN spin-
adducts obtained using triphenylphosphine-protected Au nanoparticles.
Values in brackets are literature data

Substrate  Radical Spin trap  an/G ay/G ax/G

C,HNH, C,H,NH- DMPO 13.89 16.49 1.79 (ax)

PBN 14.11 2.10 —
Ph,PHO Ph,PO- DMPO 13.86 18.18 37.71 (a,)
PBN 14.20 3.09 18.73 (a,)

CCl, -CCl, DMPO 13.10 15.16 —

(13.17)'®  (15.28)" —

PBN 13.91 1.54 —

(13.60) (1.86)"  —

CHCl, -CHCl, DMPO 13.66 19.76 —

PBN 14.41 2.12 —

(14.32)" (3.03)Y —

CDCl; -CCly DMPO 13.30 15.62 —

-CDCl, 13.65 19.77 —

-CDCl, PBN 14.39 2.08 —

CH;l -CH; DMPO 14.27 20.61 —

(14.20)*  (20.80)* —

PBN 14.80 3.56 —

(14.94)% (3.63)"  —

CBrCl, -CCl, DMPO 13.14 15.17 —

PBN 13.95 1.52 —

C,H,Br -C,H, DMPO 14.17 22.34 —

PBN 14.83 3.62 —

(14.57)% (3.22*  —

the ay values showed large variation even for the PBN adducts
which enabled unambiguous assignment. The DMPO-CDCI,
spin adduct has not been reported in the literature, and we
have not been able to generate the -CDCI, radical by alternative
reactions; nonetheless, the hyperfine parameters strongly support
the assignment, and the PBN spin adduct of this radical gave a
perfect match with the literature parameters. Besides, formation
of the -CDCl, radical by halogen abstraction parallels similar
reactions for CCl,, BrCCl,, CH,I, C,H,Br.

The mechanism of halogen abstraction by the Au nanoparticles
could be explained by electron transfer from the nanoparticle to
the alkyl halide to create a radical anion which would then release
halide anion and form a carbon-centred radical. The Au nanopar-
ticle in this mechanism would become positively charged. Step-
wise charging of Au nanoparticles by electrochemical reduction—
oxidation is well known and thus support the feasibility of this
mechanism.?? Alternatively, the radicals can be formed by a direct
attack of Au nanoparticles on the alkyl halide leading to the
transfer of halogen atom (Scheme 2). This mechanism (driven
by the very high affinity of halogens for gold)*® would lead to
the formation of AuCl on the nanoparticle surface and possibly
displacement of the original ligand (e.g., triphenylphosphine).
Halogen adsorption on the nanoparticle surface then results in
particle aggregation (Scheme 2). This behaviour would explain the
poor stability of triphenylphosphine-stabilised Au nanoparticles
in some chlorinated solvents (e.g., CCl,). Although unambiguous
mechanistic conclusion is not possible, direct halogen abstraction
seems more likely.

R-Hal + — = R+ Ha,

Scheme 2 Abstraction of halogen (Hal) atoms by Au nanoparticles.

nanoparticle
aggregation

Although spin-trapping data unambiguously show that rad-
ical intermediates are formed in the Au nanoparticle-initiated
reactions, it is conceivable that these radicals are adsorbed on
the nanoparticle surface and do not exist as free species in
solution. For instance, spin adducts have been observed for some
transition metal-catalysed reactions, even though the reaction
stereochemistry ruled out formation of free radical intermediates.
This was tentatively explained by the group transfer between the
spin trap and the transition metal complex, which results in the
formation of the spin adduct.** A similar process can be envisaged
for Au nanoparticle-initiated reaction (Scheme 3).

H
nanoparticle- | _ |
adsorbed o o

radical
Scheme 3  Possible formation of spin adducts via formation of nanopar-
ticle-adsorbed radicals.

In order to test this possibility, we explored competitive trapping
of the C,H,S-, C,;H,NH- and -PPh,O radicals by a 1 : 1 mixture
of DMPO and PBN spin traps (Fig. 5). The same radicals were
generated using either of the two oxidants: diphenyl picryl hydrazyl
(DPPH), or Au nanoparticles in air. The radicals were then trapped
by the mixture of spin traps, and the ratios of the PBN-DMPO spin
adducts were calculated by simulating the experimental spectra as
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Fig.5 EPR spectrum obtained using an equimolecular mixture of DMPO
and PBN shows a mixture of DMPO-CCI; (*) and PBN-CCl; (#) spin
adducts.

a mixture of two components. The logic behind this experiment
was that DPPH-generated radicals definitely exist as free species in
solution. If nanoparticle-generated radicals are also free species,
one would expect to see exactly the same ratio of DMPO-PBN
spin adducts for DPPH and nanoparticle-generated radicals. If the
nanoparticle-generated radicals are adsorbed on the nanoparticle
surface, the ratio could be different.

The results of this competitive trapping are shown in Table 2.
It is worth noting that the selectivity of trapping depends strongly
on the nature of the radical. However, DMPO is a much better
substrate for the majority of radicals, and the DMPO spin adducts
were the predominant species in most cases.

For the N-, P- and S-centred radicals generated using Au
nanoparticles, we did not observe any PBN spin adduct. On the
other hand, PBN adducts were observed if the same radicals were
generated using DPPH (Table 2). Unfortunately, the stability of
the -PPh,O spin adducts is very limited in the presence of Au
nanoparticles, and the kinetics of the spin adduct decay are quite
complex and poorly reproducible. Therefore, even the observed
large differences between the DMPO-PBN spin adduct ratios for
DPPH and Au nanoparticle-generated radicals could in principle
be explained by the instability of the spin adducts. On the other
hand, the DMPO and PBN adducts of the nitrogen-centred radical
were quite stable in the presence of Au nanoparticles. The slightly

Table 2 Relative percentage of DMPO spin adduct in competitive
binding of radicals with a mixture of DMPO-PBN spin traps. The data
in brackets refer to DPPH-generated radicals; all other data refer to the
radicals generated using triphenylphosphine-protected gold nanoparticles

Substrate Percentage of DMPO spin adduct (%)
C,H,NH, 100 (98.8)

Ph,PHO 100 (39.4)

C,H,SH 100 (100)

CCl, 98.5

CHCl; 87.7

CDCl; 39.14/52.8"

CH;l 81.9

CBrCl, 95.4

“ For -CCl; spin-adduct. * For -CDCI, spin adduct.

different (but readily observed in the EPR spectra) DMPO-
PBN selectivity for this radical generated by reaction with Au
particles or DPPH (Table 2) therefore supports the interactions
of the free nitrogen-centred radicals with the nanoparticle surface
(Scheme 3).

Interestingly, reactions of Au nanoparticles with chloroform
and deuteriated chloroform gave unexpected results. DMPO spin
trapping in a mixture of Au nanoparticles with chloroform (either
neat or in toluene solution) gave the -CHCI, adduct as the only
EPR-active product. However, the same reaction with CDCI,
showed simultaneous formation of -CCl; and -CDCI, spin adducts,
with a ratio close to 1, as estimated by the simulation of the
experimental spectra (Fig. 6).

10G

e

Fig.6 EPR spectrum obtained from reaction of triphenylphosphine-pro-
tected Au nanoparticles and CDCl; in air. The observed spectra were
identified as a mixture of DMPO-CCI; (*) and DMPO-CDCI, (#) spin
adducts.

This result is difficult to explain. Formation of the -CCl,
radical (which is unambiguously assigned by comparison with the
literature values and authentic species generated from CCl, and
CBrCl;) can only be explained by the abstraction of the H atom
from CHCl;. This reaction (if it involves breaking of the C—H bond
in the rate-determining step) must exhibit a primary isotope effect,
e.g., it should be much faster for CHCI; than for CDCIl;. However,
we only observed -CCl; radical in the reaction of CDCl;, not with
CHC,. If the formation of -CCl; radical does not involve breaking
of the C-H/C-D bond in the rate-determining step, it should
exhibit secondary isotope effects (which can be either normal or
inverse); however, secondary isotope effects are usually small (e.g.,
0.5 < ku/kp <2) and hence cannot explain complete absence of
the -CCl; radical in the CHCl;—Au nanoparticles reaction mixture.

We have carefully considered the possibility of artefacts. The
absence of the CCl;~DMPO adduct could be explained by a
contamination in CHCI; (e.g., stabiliser). This was ruled out
by thoroughly purifying chloroform according to published
protocols.”® Additionally, a 1 : 1 mixture of CHCl; and CDCI;
showed the presence of -CCl; radical in the concentration,
consistent with theamount of CDCI; used, thus further confirming
the absence of reactive impurities in CHCI.

Another artefact could be caused by the formation of -CCl;
radical from an impurity in CDCIl; which cannot be efficiently
removed by purification (e.g., BrCCl; or CCl,). For instance, we
found that the efficiency of the formation of -CCl; adduct from
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BrCCl; is extremely high. In order to check if the formation of
radicals can be linked to the presence of impurities, we performed
the following control experiment. Two samples of the same batch
of CHCl,; were treated with H,O-NaOH and D,O-NaOH under
the same reaction conditions to obtain the samples of CHCI;
and CDCIl; with the same “handling history”.?® The formation
of CDCl; was monitored by C NMR. However, reaction of Au
nanoparticles with these two solvents (in the presence of DMPO)
confirmed that CHCI, gives only -CHCI, radical while CDCI; gives
amixture of -CCl; and -CDCI,. This apparent inverse isotope effect
is hence a genuine phenomenon which cannot be explained by the
presence of impurities. Our results thus strongly suggest that C—
H bond breaking is not the rate-determining step in the overall
hydrogen atom abstraction mechanism.

Conclusions

Triphenylphosphine-protected Au nanoparticles can activate
molecular oxygen, and the reactive species formed are capable
of abstracting a hydrogen atom from many organic molecules
including alkylamines and diarylphosphine oxides. The structure
of the free radicals thus formed was confirmed using EPR
spectroscopy and spin-trapping technique. Alkylamine-protected
Au nanoparticles are less active in the same reactions.

Reaction of phosphine or amine-protected Au nanoparticles
with compounds possessing an active halogen atom (e.g., alkyl
bromides/iodides, chloroform, tetrachloromethane) led to the
abstraction of the halogen atom by the Au nanoparticles. The
radicals thus formed were also identified using spin trapping. The
results of the competitive trapping using a mixture of two spin
traps suggest interactions between the alkylamine-derived radical
intermediate with the Au surface.

Interactions of chloroform with Au nanoparticles showed
unexpected inverse isotope effect. The -CCl; radical (presumably
formed by abstraction of a hydrogen atom from chloroform) was
observed in CDCI; but not in CHCI;. This suggests that breaking
of the C—H bond is not the rate-determining step of the hydrogen
abstraction.

Experimental section

EPR spectra were recorded at room temperature in deoxygenated
toluene, using a Jeol JES-RE1X spectrometer. The typical settings
for the EPR spectra were: frequency 9.42 GHz, power 1 mW, sweep
width 100 G, centre field 3190 G, sweep time 60 s, time constant
30 ms, modulation frequency 100 kHz, modulation width 1 G,
gain 200. The spectra simulation was carried out using WinSim
software.?’

DMPO, PBN and other chemicals were purchased from Aldrich
and used without further purification, except chloroform which
was purified as described in ref. 24. The butanethiol-,'* tetraocty-
lammonium bromide,*? citrate-,"* and dodecylamine-protected Au
nanoparticles' were prepared following literature recipes. The
butanethiol-protected nanoparticles were additionally purified by
gel permeation chromatography using BioBeads SX-1 gel and
dichloromethane as an eluent. Other nanoparticles were purified
as described in the literature recipes.

Triphenylphosphine-protected Au nanoparticles'® were pre-

pared as follows. A 1% aqueous hydrogen tetrachloroaurate
trihydrate solution (10 mL) was added to a toluene solution
(10 mL) of tetraoctylammonium bromide (160 mg) and stirred
for 5 minutes. When the gold layer had transferred to the organic
phase, triphenylphosphine (230 mg) was added under stirring.
After 2 min, a freshly prepared aqueous solution (5 mL) of NaBH,
(140 mg) was rapidly added. The organic phase immediately turned
dark brown. The reaction mixture was stirred for 3 h. The toluene
layer was separated and the solvent was removed under vacuum
at 40 °C to give a dark brown solid. The solid was redissolved
in the minimum amount of dichloromethane and purified by gel
permeation chromatography using Bio-Beads SX-1 as a stationary
phase and dichloromethane as an eluent.

The spin trapping was performed as follows: the appropriate
spin trap (0.1 mL of 0.1 M solution in toluene) was added to the
substrate (0.1 mL of 0.1 M solution in toluene for non-halogenated
substrates, or 0.1 mL of neat halogenated solvent). The resultant
mixture was then added to a solution of gold nanoparticles in
toluene (0.2 mL 2 x 10~* M). The mixture was transferred into a
glass tube and deoxygenated by bubbling nitrogen for ca. 1 min
prior to recording the EPR spectra. All experiments were carried
out at room temperature. The competitive spin trapping was
carried out in the same way using a 1 : 1 equimolar ratio of
DMPO-PBN. The spin trapping with DPPH and lead dioxide
was also used in the same way using a 0.1 mL solution of DPPH
in toluene (1 mM.) or ca. 50 mg of solid PbO,.

CDCIl; was prepared by the following procedure.** CHCl;
(5 mL) was mixed with a 1 M NaOH solution in D,O (15 mL)
at 35 °C under a N, atmosphere and the mixture was stirred
vigorously for 1.5 h. In order to increase the yield of the
deuteration, the product was again treated with NaOH in D,O for
1.5 h at 35 °C to obtain 90% isotope purity. CHCl; was prepared
by an identical procedure using H,O rather than D,O.
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The oxidative ring-opening reaction of a variety of activated
aziridines by pyridine N-oxide provided c-amino ketones or
o-amino aldehydes in good yields.

Aziridine derivatives are versatile intermediates in organic synthe-
sis because of their ability to function as carbon electrophiles.
Ring-opening reactions of aziridines with various heteroatom
nucleophiles as well as some carbon nucleophiles have been
well documented;? some other transformations of aziridines have
also been reported.® In contrast, few reports have appeared in
the literature on the direct conversion of aziridines to o-amino
carbonyl derivatives,** even though they are an important subunit
of biologically active natural products® and are also useful
intermediates in organic synthesis.®” Nozaki and Heine reported
that the direct oxidative ring-opening of aziridines in DMSO gave
a-amino ketones respectively.*** Recently, Rao and co-workers
reported that the oxidative ring-opening of aziridines by IBX in
the presence of f-CD, or by NBS combined with CAN, resulted
in a-amino ketones.** During studies on the organophosphine-
mediated transformation of aziridines and on extension of the
reaction scope,®’ we studied the conversion of aziridines to o-
amino ketones. It was found that heating the aziridines in DMSO
provided a simple synthesis of a-amino carbonyl derivatives;**
however, all reactions require DMSO as solvent. No product
resulted when 1-10 eq. of DMSO was used in several common
solvents, such as CH,Cl,, THF, MeCN, benzene, AcOEt and Et,O,
even when mixed solvents (MeCN or THF with DMSO in a1 :
1 ratio) were used. Recognizing that DM SO is an oxide of a sulfide,
we deduced that amine N-oxides should also play a similar role
in this transformation. In this communication, we would like to
report that the reaction of aziridines with a stoichiometric amount
of pyridine N-oxide afforded a-amino carbonyl compounds in
good to high yields.?

Reaction of aziridine 1b with 1.2 eq. of pyridine N-oxide 2a
in DMF at 80 °C provided the desired a-amino ketone in 60%
yield (eqn (1)). Screening of solvents showed that the reaction in
toluene gave 3b in 76% yield, while that in other solvents, such as
CH,Cl,, CH;CN, THF and '‘PrOH, gave a lower yield. Increasing
the amount of pyridine N-oxide to 2-3 eq. did not improve the
yield of product.
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Different amine oxides were also tested (Table 1). This showed
that the presence of an electron-donating group on the pyridine
ring improved the reaction rate, but not the yield (entry 2), and
that an electron-withdrawing group on the pyridine ring resulted
in very little product after 40 h (entry 3). Both quinoline and
3-methylpyridine N-oxides gave moderate yields, but collidine N-
oxide delivered a lower yield of product (entries 4 and 6 vs. entry 5)
for steric reasons. Aliphatic amine oxides provided lower yields of
a-amino ketones as well as the undesired o-amino alcohols 4 in
moderate yields (entries 7 and 8).

Using pyridine N-oxide in toluene, various aziridines were
tested, and the results are shown in Table 2. Both Ts and PhCO
substituents at the aziridine nitrogen give the desired product
(entry 4). The reaction of symmetrically disubstituted meso-
aziridines 1a and 1b afforded the corresponding a-amino ketones
in good yields (entries 1 and 2), while aziridine 1c¢ (derived
from cycloheptene) gave only a trace of product (entry 3). Both
aziridines le (derived from styrene) and 1f (derived from indene)
gave only products resulting from benzylic attack (entries 5 and
6). For aziridine 1i, reaction gave more of the benzyl-attacked
product 3i (entry 9), but for a disubstituted aziridine derived

Table 1 Oxidative ring opening of aziridine 1b with different amine

oxides”
Ts
N TsHN O TsHN OH
@ RaN-0 Toluene d .
+ - _—
8 80 °C

1b 2 3b 4
Entry  Amine N-oxide 2 Time/h Yield of 3b (%)
1 Pyridine N-oxide 24 76
2 4-Methoxypyridine N-oxide 5 75
3 4-Acetylpyridine N-oxide 40 Trace
4 3-Methylpyridine N-oxide 15 62
S Collidine N-oxide 24 41
6 Quinoline N-oxide 15 60
7 Me;N N-oxide 4 22t
8 N-Morpholine N-oxide 5 14°

“Run at 80 °C in toluene using 1.2 eq. of amine oxide. * 60% yield of
product 4 was also separated.
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Table 2 Oxidative ring-opening of aziridines using pyridine N-oxide®
Ts N

| | toluene TSHN o
N + N —_—
R1AR2 ) 80°C  rz R
1 2a 3
Entry Aziridine Time/h Product Isolated yield (%)

1

099

NCOPh

24 77
NTs o
la

48 (:/[O 76

1b NHTs
64
NTs (o]
1c

1d NHCOPh 34

Trace

5 Ts 10 o) 40
A PhJ\/NHTs3e
le
6 NTs 10 0 55
It (jié*NHTs
3f
74 T 20 K 74
sHi1 CsHaq )chHﬂ
HiC Ig NHTs &
61 39
3g 3g
ge Ts 24 CGH13YCHO CGH13\H/\NHTS 20
NHTs o
Cohd™  1h 60 40
3h 3h"
94 1[\-‘3 24 (0] NHTs 82
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“ Ratio of products was determined by '"H NMR spectroscopy.

from an aliphatic alkene, 1g, the regioselectivity of reaction
was low (entry 7). Overall, reactions of disubstituted aziridines
provided the corresponding carbonyl products in satisfactory yield
(entries 1,2,4, 6,7, and 9), but those of monosubstituted aziridines
gave lower yields accompanied by some unidentified byproducts
(entries 5 and 8).

The conversion of benzyl bromides to benzaldehydes in the
presence of amine oxides is well-documented reaction.” The
oxidative ring-opening reaction of aziridine with pyridine N-oxide

may proceed in a similar way: nucleophilic attack of amine oxide
to the aziridine gives rise to the intermediate A, proton-transfer
and elimination of pyridine then affording o-amino ketones
(Scheme 1).°

In summary, pyridine N-oxide was found to be an efficient
reagent for oxidative ring-opening of activated aziridines, pro-
viding good yields of a-amino carbonyl compounds. Further
investigations on the asymmetric version and extension of the
reaction are in progress.
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Templated self-assembly of nucleotide bolaamphiphile 1 (in which a 3'-phosphorylated thymidine
moiety is connected to each end of a long oligomethylene chain) with a 10-, 20-, 30-, or 40-meric
single-stranded oligoadenylic acid (2, 3, 4, or 5) led to the formation of right-handed helical nanofibers
in 0.1x Tris/EDTA (TE) buffer solutions. The helical pitch increased as the length of the oligoadenylic
acid template increased. DNA composed of oligoadenylic and oligocytidylic acid sequences (6, 7, and
8) also acted as templates to induce the formation of helical nanofiber structures. The diameter of the
nanofibers remained constant (6-6.6 nm) irrespective of the template used. The binary self-assembly of

1 with 4 also produced higher-order, double-stranded nanofibers.

Introduction

In biological systems such as DNA, molecular recognition be-
tween building block molecules and subsequent self-assembly
of those molecules play substantial roles. For example, DNA
molecules form a variety of structures that are based on comple-
mentary base pairing and double helix formation. Researchers in
the field of supramolecular chemistry have developed sophisticated
biomolecular systems, such as supramolecular polymers,' liquid-
crystalline assemblies,? fibers,® and tubes,* by using molecular
recognition between and self-assembly of synthetic molecules.®
These supramolecular assemblies occasionally produce hierarchi-
cal structures, such as columnar,® coiled-coil,” and membrane
structures.® In addition, researchers have found that DNA func-
tions well as a template to align organic and inorganic compounds
by means of noncovalent interactions. For example, electrostatic
interaction between anionic DNA and cationic compounds fa-
cilitates the arrangement of lipids® and metals.’® Biotinylated
oligonucleotides can act as scaffolds to make protein arrays,"
and metal-ligand interactions allow for the construction of metal
arrays in artificial DNA.”? Complementary base pairing is also
useful for organizing metal particles,’* metallosalens," crown
ethers,” and conjugated molecules.’ For example, Shinkai ez al."’
and Schenning ef al."® have reported that the one-dimensional self-
assembly of lipids and chromophores that possess complementary
hydrogen bonding sites can be templated by polyadenylic acid
[poly(A)] and by 40-meric oligothymidylic acid [dT,,], respectively.
We found that the self-assembly of bola-shaped molecules with a
complementary oligoadenylic acid [d(A),, where n = 10, 20, or
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40] template forms unique DNA-like nanofibers.’*? Although
there are many recent examples of DNA-templated systems,
little attention has been paid to the effect of the DNA-template
length on the self-assembled morphologies. Here we describe
detailed atomic force microscopy (AFM) studies of the effect of
oligonucleotide template length on the dimensions of nanofibers
self-assembled from nucleotide bolaamphiphile 1 (Scheme 1). In
particular, we focused on the how the helical pitch, diameter, and
higher-order structures of the nanofibers varied depending on the
number of bases and the sequence of oligonucleotide templates
2-8.

Results and discussion

Effect of oligoadenylic acid template length

Binary self-assembly of 1in 0.1 x Tris/EDTA (TE) buffer solutions
with single-stranded oligoadenylic acids 2-5 produced nanofiber
structures through the formation of complementary thymine—
adenine base pairs.?®?' Precise AFM analysis of the nanofibers
indicated that the helical pitch of the binary self-assembly in-
creased as the length of the oligoadenylic acid template increased.
The binary self-assembly of 1 with 2 (abbreviated 1/2, hereafter)
resulted in helical nanofiber structures 1 day after the compounds
were combined. After a week, we observed wavy nanofiber mor-
phologies with a 160 nm pitch and a 6.4 nm diameter, along with
nonwavy nanofibers (Fig. 1a). The section profile of the surface
of the wavy nanofibers showed a periodically rugged surface
with an 11 nm pitch (Fig. 2a and b), suggesting a right-handed
helical structure, which is consistent with the results obtained by
circular dichroism spectroscopy. Binary self-assembly of 1 with
3 produced similar nanofiber structures with a 6.4 nm diameter
and a periodically rugged surface with an 18 nm pitch (Fig. 1b,
2c and d). Transmission electron microscopy (TEM) revealed a
20 nm pitch for the 1/3 self-assembly prepared in water, and
this value is similar to that observed by AFM. When the template
length was increased, the helical pitches of the resulting binary
self-assemblies were 24 and 40 nm for 1/4 (Fig. 2¢ and f) and
1/5 (Fig. 2g and h), respectively. Similarly, we observed nanofiber
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Fig. 1 AFM images of (a) 1/2, (b) 1/3, (c) 1/4, and (d) 1/5 produced in
0.1x TE buffer solutions on highly oriented pyrolytic graphite (HOPG).

structures with diameters of 6.4 and 6.6 nm for 1/4 and 1/5,
respectively (Fig. 1c and d). The observed diameters for the helical
nanofibers formed from 1/2, 1/3, 1/4, and 1/5 were compatible
with the proposed structure, in which an oligoadenylic acid moiety
is hydrogen bonded to each end of the nucleotide bolaamphiphile
(molecular length = 3.5 nm), as described elsewhere.?***

UV-vis and circular dichroism (CD) spectroscopy

UV-vis and circular dichroism (CD) spectra provide much infor-
mation about the interaction between nucleobases and confor-
mation of DNA molecules.”® The CD spectra of double-stranded
polydeoxynucleotides carrying adenine-thymine repeating units
have been precisely studied and found to feature curved or
bent DNA regions that are important in biological systems.**2¢*
UV-vis and CD spectroscopic measurements of the binary self-
assemblies of 1 and oligoadenylic acids 2-5 revealed that the
geometries of the base pairs strongly depended on the length of
the DNA template used. CD spectra of the binary self-assemblies
in 0.1x TE buffer solutions showed a positive Cotton effect,
suggesting a right-handed helicity in the nucleobase moieties of
1 and oligoadenylic acids 2-5.% Interestingly, the CD patterns
depended on the length of the oligoadenylic acid used (Fig. 3a).
B-DNA predominates in cells and is formed from double-stranded
polydA-dT or polyd(A-T)-polyd(A-T).** The CD spectra of 1/2
and 1/4 were distinct from the spectrum of B-DNA.. In particular,
the CD spectrum of 1/2 gave two positive bands, at 4 = 275 and
257 nm, as well as a negative band at 1 = 244 nm with a zero
crossing at A = 255 nm. This spectral pattern closely resembles
that of double-stranded poly[d(A,T,)]-poly[d(A,T,)] (n = 3, 5,
6). In addition, this spectral pattern is attributable to the large
propeller twist® (the angle between the planes of the hydrogen-
bonded base pairs) between the base pairs. In the spectra of
1/3 and 1/5, we observed bisignated CD bands with a positive
Cotton band, a negative Cotton band, and a zero crossing at
265, 247, and 255 nm, respectively. A similar CD pattern has
been reported for a double-stranded poly[d(A,T,)]-poly[d(A,T,)],
in which the A-T base pairs have propeller twists smaller than
those of poly[d(A,T,)]-poly[d(A,T,)] (n > 2), which has longer
A-T repeating units. Furthermore, these CD spectra indicate that
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Fig.3 (a)CDand (b) UV-visspectrum of1/2,1/3,1/4,and 1/5 produced
in 0.1x TE buffer solutions at 20 °C ([1] = 2.6 x 10~ mol dm™).

1/3 and 1/5 take similar conformations in the helical nanofibers.
The CD spectrum of 1/4 gave two positive bands, at A = 297 and
260 nm, and a negative band at A = 245 nm with a zero crossing
at 4 = 255 nm, suggesting a higher-order structure, which will be
discussed later. In addition, the intensity of the absorption maxima
for 1/4 at A = 258 nm decreased by 14% relative to the intensities
of the maxima for 1/2, 1/3, and 1/5 (Fig. 3b).

The effect of the oligonucleotide template sequence

To determine how the fiber morphology depended on the se-
quences of the DNA templates, we also examined the binary self-
assemblies of 1 with oligonucleotides 6, 7, and 8, which are related
to one another. Nucleotides 6, 7, and 8 have complementary
oligoadenylic acids and noncomplementary oligocytidylic acids at
the 5'- and 3'-ends, respectively. The lengths of the complementary
and noncomplementary regions vary: 10-mer/10-mer, 10-mer/20-
mer, and 20-mer/10-mer for 6, 7, and 8, respectively. The helical
pitches of the resultant nanofibers depended on the length
of the complementary region, but not on the length of the
noncomplementary region. Binary self-assemblies 1/6 and 1/7
produced nanofiber structures with 6.1 nm diameter and 12 nm

pitch (Fig. 4a—) and with 6.0 nm diameter and 11 nm pitch
(Fig. 4d, ¢ and f), respectively; these values are similar to those
for 1/2. All the templates for these binary self-assemblies have 10
complementary adenine moieties in the base sequence. In contrast,
the binary self-assembly of 1 with oligonucleotide 8, which has 20
adenylic acids and 10 cytidylic acids, produced wavy morphology
coexisting with a stranded rope (Fig. 5i).

a)

10
v vY Y 11nm
Xy
5 12 nm 0

Fig. 4 AFM images of (a,b) 1/6 and (c) the section profile in (b). AFM
images of (d,e) 1/7 and (f) the section profile in (e).

Higher-order structures of the binary self-assemblies

When the binary self-assemblies templated by the 30-meric
oligonucleotides (4, 7, 8) were aged for several weeks, higher-order
structures of helical nanofibers with relatively longer pitches were
produced. Binary self-assembly 1/4 gave partially stranded rope
structures with a pitch of 100 nm (Fig. 5a, c, and 6). The three-
dimensional image of 1/4 revealed the right-handed helicity of
the stranded rope (Fig. 6b). Interestingly, the morphology around
the terminal region of the stranded rope was different than the
morphology of the rest of the rope: a nanofiber that was thinner
(6.4 nm) than the stranded rope (12 nm high) was observed at the
terminal region (Fig. 5c, d, and 6a). This observation indicates that
two self-assembled helical nanofibers were formed by the binary
self-assembly of 1 and 4, which resulted in the double-stranded
rope structure. We were able to determine that the periodicity was
11 nm, on the basis of the section profile along the long axis of
the stranded rope (Fig. 5e, f). Similar helical nanofibers having a
pitch of approximately 100 nm were also observed for 1/7 and 1/8
(Fig. 5g, h, and i) after the assemblies were aged for several weeks.
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Fig.5 (a,c,e) AFM images of 1/4 and (b, d, f) the corresponding section
profiles. (g) AFM image of 1/7 and (h) the section profile in (g). (i) AFM
image of 1/8 with various morphologies.

Proposed structures and binary self-assembly mechanisms

The AFM observations combined with UV-vis and CD spectra
strongly suggest that the binary self-assembly of 1 and compounds
2-8 resulted in a variety of helical nanofiber morphologies
depending on the length and sequence of the oligonucleotide used
(Table 1).

The helical pitch of the nanofibers increased as the length
of the oligoadenylic acid template increased (Table 1, Fig. 7a).

0.1 0.2 0.3 0.4um

Fig. 6 Three-dimensional images of (a) the terminal region and (b) the
center of the double-stranded rope self-assembled from 1 and 4.

Generally, the DNA double helix has a stable and robust structure
due to complementary base pairing. However, the base pairing
interaction is sometimes disrupted. A phenomenon called end
fraying has been reported, in which hydrogen bonds break and
eventually a base pair becomes free at the terminus of the helix.”
Binary self-assemblies with relatively short templates, such as 2,
can be expected to exhibit more end fraying than assemblies with

Table 1 The structural properties of the binary self-assemblies
Template Self-assembled morphology

Composition Total length® Complementary bases® Pitch/nm Diameter/nm ¢ Higher-order structure

1/2 10 10 helical fiber wavy fiber®
11 6.4 pitch = 160 nm

1/3 20 20 helical fiber —
18 6.0

1/4 30 30 helical fiber double-stranded rope”
24 6.4 pitch = 100 nm

1/5 40 40 helical fiber
40 6.6

1/6 20 10 helical fiber
12 6.1 —

1/7 30 10 helical fiber double-stranded rope#
11 6.0 pitch = 100 nm

1/8 30 20 helical fiber double-stranded rope”
—* 6.7 pitch = 99 nm

“Number of bases in the oligonucleotide template. * Number of complementary bases in the oligonucleotide template. ¢ Not determined. ¢ The diameters
of the nanofibers were estimated by section profiles. The yields of the higher-order structures were:* ~20%. " ~100%. £ ~100%. * ~20%.
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Fig.7 Schematicillustrations of the proposed structures for (a) the binary
self-assemblies of 1 and oligoadenylic acids 2-5 and (b) “end fraying” in
the nanofiber structure. The increase in the deviation angle 6 is induced by
both the increase in mobility of the nucleotide terminus and the repulsion
between the phosphate moieties.

longer templates, and this fraying should lead to more base-pair
breaking between the thymine in 1 and the adenine in 2 (Fig. 7b).
Once the hydrogen bonds between the base pairs are broken, it is
likely that the free 1 molecules become more mobile and move away
from each other because of the electrostatic repulsion between the
phosphate groups. The resulting increase in the deviation angle
0 between free 1 molecules leads to the formation of short-pitch
helical nanofibers, as observed in 1/2. Hillary et al. found that
curved DNA is bent at the oligod(A)-d(T) sequence, in which the
A-T base pairs have a large propeller twist.* Interestingly, the CD
spectrum of 1/2 suggests that there is a large propeller twist in
the A-T base pair and that the self-assembled nanofibers curve
to form wavy morphologies. The nanofibers obtained from 1/2
also have many nicks, indicating the comparative flexibility of the
fibers.

The helical nanofibers self-assembled from 1 and 4, 7, and 8
produced higher-order structures such as stranded ropes, whereas
binary self-assemblies 1/3 and 1/5 retained helical nanofiber
structures. We assume that the aging period allowed two helical
nanofibers with narrow pitches (11 nm) to self-assemble into a
double-stranded rope with a 100 nm pitch (Fig. 8). The CD
spectrum of 1/4 differs from the spectra of 1/3 and 1/5, which
suggests the different molecular orientation of the nucleobase
moiety. In addition, the hypochromicity of the absorption maxima

11nm

Fig. 8 Schematic illustration of the higher-order structure (a double-s-
tranded rope) that formed from the binary self-assembly of 1 and 4.

for 1/4 in the UV-vis spectrum (Fig. 3b) supports more effective
stacking of the nucleotide moieties.

Experimental
General

Bolaamphiphile 1 was synthesized using the phosphoramidate
method, as reported previously.”> Synthetic oligoadenylic acids
2-8 were purchased from Fasmac Co. Compound 1 was dissolved
in a 0.1x TE buffer solution by sonication for 1 h. Single-stranded
oligoadenylic acids 2-8 were added to the solution of 1, and
the resultant mixture was kept at room temperature. The final
concentrations of 1, 2, 3, 4, 5, 6, 7, and 8 were adjusted to 1.8 x
102,1.8x1073,9.0x 107%,6.0 x 10%,4.5x 107*,1.8 x 107%, 1.8 x
1073, and 9.0 x 10~* mol dm~3, respectively, in order to complex
thymine with adenine completely.

Atomic force microscopy (AFM)

A drop of each of the aqueous solutions obtained from the
binary self-assembly of 1 and 2-8 was placed on a highly oriented
pyrolytic graphite (HOPG) and dried for a few minutes. The
specimen was then washed with excess pure water and dried with
filter paper. The AFM images were obtained with a Nanoscope I11
(Veeco Instruments Inc.) using a silicon-micro cantilever (spring
constant 2 N m™', frequency ~ 70 kHz, Olympus) in a tapping
mode.

UV-vis and CD spectroscopy

UV-vis and CD spectra were measured with UV-3100 (Shimadzu
Corp.) and J-820 (JASCO Corp.) instruments, respectively, in
0.1x TE buffer solutions at 20 °C in a 0.0l cm quartz cell.
The concentrations of the binary self-assemblies were adjusted
t02.6 x 1073/2.6 x 1074, 2.6 x 1073/1.3 x 107, 2.6 x 1073/8.7 x
10-%, and 2.6 x 1073/6.5 x 10~° mol dm for 1/2, 1/3, 1/4, and
1/5, respectively. The spectra were measured 24 h after sample
preparation.

Conclusion

We analyzed the morphologies of nanofibers self-assembled from
nucleotide bolaamphiphile 1 with oligoadenylic acids of various
lengths (2-5) and various oligonucleotide sequences (6, 7, and 8).
The helical pitch of the resultant nanofibers depended strongly
on the length of template oligoadenylic acids 2-5. Slight changes
in the propeller twist, nucleobase stacking, or flexure of the
oligonucleotide were shown to influence the pitch and higher-order
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self-assembled structures of the binary self-assemblies. We hope
these results will greatly contribute to the construction and con-
trol of well-defined DNA-based nanomaterials using molecular
recognition.
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Three diastereoisomers of 3-amino-4-hydroxy-2-(hydroxymethyl)pyrrolidine have been synthesised by a
divergent route starting from trans-4-hydroxy-L-proline. Regio- and stereoselective introduction of the
3-amino and 4-hydroxyl functional groups was achieved using either a tethered aminohydroxylation
reaction or by employing intra- and intermolecular epoxide-opening strategies. Preliminary biological
data indicate that two of these novel amino pyrrolidines are moderate inhibitors of B-galactosidase.

Introduction

Glycosidase enzymes have considerable biological importance as
they are involved in a wide range of vital natural processes such as
intestinal digestion, post-translational processing of glycoproteins
and the lysosomal catabolism of glycoconjugates. Consequently,
there has been substantial interest in recent years in designing,
synthesising and testing glycosidase inhibitors, both to gain a
greater insight into the active site structures and mechanisms of
these enzymes, and to also generate new therapeutics.! Strong
selective inhibitors of glycosidic cleaving enzymes have many
potential applications and certain sugar mimics have aroused
increasing interest as potential anti-viral, anti-cancer and anti-
diabetic agents as well as agrochemicals.> Much of the effort
toward the synthesis of glycosidase inhibitors has focused on
the iminosugar family, which are sugar analogues in which the
ring oxygen has been replaced by an imino group.® The biological
activity of these compounds is thought to be due to their ability
to mimic the oxocarbenium-ion like transition state involved in
glycoside hydrolysis.

Structurally, some of the most simple iminosugars are those
based on polyhydroxylated pyrrolidines (Fig. 1). Thus, the triol
1 is a strong competitive inhibitor of a-galactosidase* whilst the
diastereoisomeric compounds 2a and 3a show only weak activity
against this enzyme but are inhibitors of a-glucosidase.*® Many
other polyhydroxylated pyrrolidines have also been studied and
shown to exhibit glycosidase inhibition. In relative contrast,
amino pyrrolidines have only received limited attention in this
area despite the fact that replacement of a hydroxyl group
with an amino substituent has been shown to significantly alter
the biological activity of the molecule. For example, the 2-
aminomethyl pyrrolidine 2b is a more potent inhibitor of o-
mannosidase than the corresponding triol 2a.° In addition, the
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characterisation data for compounds 11-19 and 25, X-ray structure for
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Fig. 1 Polyhydroxylated and amino pyrrolidine glycosidase inhibitors.

presence of the primary amine in 2b has been used to functionalise
the molecule at this position, in a combinatorial-based approach
to inhibitor discovery which has generated compounds displaying
anti-cancer activity.” Related 2-aminomethyl pyrrolidines have
also found use as ligands in analogues of the anti-cancer agent
cisplatin.®

The introduction of amine substituents directly on the pyrro-
lidine ring at either the C-3 or C-4 positions has also led to the
discovery of novel inhibitors. Thus, the syntheses of the 4-amino
pyrrolidines 3b® and 3¢' have been reported and the latter shown
to inhibit o-mannosidase with a K; (40 uM) comparable to that for
1-deoxymannojirimycin. Additionally, the 3-amino pyrrolidines
4 and 5 have been shown to inhibit sialidase and o-glucosidase
respectively.'"? Related 3-amino pyrrolidines have also been
synthesised although biological testing was not reported.'>!

The potential biological activity associated with 3-amino-4-
hydroxy pyrrolidines makes them attractive synthetic targets, espe-
cially since further derivatisation through the two amine groups is
also possible. Previously we have communicated the first synthesis
of the 3-amino analogue of 1.2 In this paper we report full
details of our original synthesis, together with an extension to our
strategy thereby allowing access to a further two diastereoisomers
of the 3-amino-4-hydroxy-2-(hydroxymethyl)pyrrolidine moiety.
In addition we also present preliminary data on the glycosidase
activity of these novel compounds.
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Results and discussion

Synthesis of (2.5,35,4R)-3-amino-4-hydroxy-2-
(hydroxymethyl)pyrrolidine (6)

Our synthetic strategy to the target amino pyrrolidines 6-8 is out-
lined in Scheme 1. We envisaged that all three stereoisomers could
be produced from the key intermediate 9, a suitably protected
2,5-dihydro-pyrrole. Thus, the all syn-isomer 6 could be accessed
using a homoallylic version of the tethered aminohydroxylation
(TA) reaction developed by Donohoe and co-workers.'® The two
anti-amino alcohols 7 and 8 could potentially be produced via
ring-opening of an epoxide such as 10, in which the key elements
would be control of both the facial selectivity of the epoxidation
step and the regioselectivity of epoxide ring-opening.

The key 2,5-dihydro-pyrrole intermediate, in the form of
homoallylic carbamate 11, was synthesised from zrans-4-hydroxy-
L-proline 12 using a modification of the route reported by Schofield
and co-workers' (Scheme 2).

Initial conversion of 12 to the corresponding ethyl ester was
followed by reaction with excess p-toluenesulfonyl chloride to
protect the amine and activate the 4-hydroxyl group giving 13
in excellent yield."” Reduction of the ethyl ester using LiBH,
(generated in situ from NaBH,-LiCl)"® produced the alcohol
14, which was converted to the carbamate 15 by reaction with
trichloroacetyl isocyanate followed by hydrolysis with potassium
carbonate.’® Nucleophilic displacement of the p-toluenesulfonate
ester by phenylselenide anion (generated from (PhSe), and
NaBH,) proceeded smoothly to give the selenide 16 in excellent
yield. Finally, oxidation of 16 resulted in spontaneous elimination
of the product selenoxide to furnish the carbamate 11 in six steps
from 12 and in 38% overall yield. It should be noted that attempts
to introduce the phenylselanyl group at earlier stages of the
synthesis were unsuccessful (Scheme 3). Thus, reaction of 13 with
phenylselenide anion gave a mixture of products from which only
the known pyrrole 17* (formation of which is facilitated by the
acidity of the C-2 proton) could be isolated in low yield. Reaction
of 14 under the same conditions did generate the corresponding
selenide 18, but the major product was the bicyclic ether 19.

With the key intermediate 11 in hand, we next turned our
attention to the TA reaction to install the syn-amino alcohol
functionality required for pyrrolidine 6 (Scheme 4). Pleasingly,
reaction of 11 under the conditions reported by Donohoe and co-
workers' led to the formation of the expected bicyclic carbamate
20 (21-40%) together with variable amounts of the isomeric
2-oxazolidinone 21 (10-28%) resulting from migration of the
carbamate group—similar migrations in the TA reaction have been

HO NH,

2?i§;~/OH
N Tethered
H Aminohydroxylation X
6

HO, TsO, TsO,
Dt (o = (o
N~ COH N~ CO.E

12 13 14

HZN\(O PhSe, HZN\\//O Ts0, HzN\(
@VO — Zjvo — O\/o
N

N N
Ts Ts Ts
1 16 15

Scheme 2 Reagents and conditions: i, SOCl,, EtOH, reflux, 98%; ii, NEt;,
TsCl, DMAP, CH,Cl,, rt, 96%; iii, NaBH,, LiCl, THF-EtOH, 0 °C, 91%;
iv, C,CCONCO, CH,Cl,, 0 °C; K,CO;, MeOH, 0 °C, 91%; v, (PhSe),,
NaBH,, THF-EtOH, reflux, 94%; vi, H,O,, pyridine, CH,Cl,, 0 °C, 52%.

TsO,

{ EEEE S
N CO,Et N CO,Et
Ts H
13 17

TsO,’ PhSe 0
o Do A

N N

Ts Ts TsN

14 18 19

Scheme 3 Reagents and conditions: i, (PhSe),, NaBH,, THF-EtOH,
reflux, 17: 10%, 18: 25%, 19: 42%.

noted elsewhere.?® The two products were readily separable by flash
column chromatography and their stereostructures confirmed by
X-ray crystallographic analysis. For reactions carried out on a
relatively large scale (i.e. > 0.5 mmol) the combined yield of 20 +
21 was consistently in the region of 50%, with recovery of ca.
40% of the starting material 11; these yields are comparable with
TA reactions for other homoallylic substrates carried out under
Donohoe and co-workers’ original conditions.'®***-2> However,
smaller scale reactions (i.e. < 0.1 mmol) were found to be much
more capricious, with overall yields for 20 + 21 varying from
4-40% suggesting incomplete turnover of the osmium catalyst
and/or decomposition of the N-chlorocarbamate intermediate
formed during the reaction.”> Whilst we did not fully explore the
equilibration between 20 and 21, preliminary evidence suggests
that the migrated product 21 is thermodynamically favoured.
Thus, longer reaction times for the TA reaction resulted in greater

HO, NH,

0 % N
7

OH

oo = [\

N
X & HO NH,

10 OH

Iz

Scheme 1
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Scheme 4  Reagents and conditions: i, NaOH, 'BuOClI, 'Pr,NEt (5 mol%),
K,0s(OH),0, (4 mol%), "PrOH-H,O (1 : 1), rt, 20: 21-40%, 21: 10-28%,
recovered 11: 38-40%; ii, LiAlH,, Et,O, reflux, 100%; iii, LiOH, H,O-
MeOH, reflux, 57%; iv, Na-NH;, —78 °C to rt, 95%; v, LiOH, H,O-
MeOH, reflux, 35%.

proportions of 21 (relative to 20) being isolated and 21 was
also isolated from the attempted reduction of 20 (vide infra). In
addition, on standing in MeOH-d,, nmr samples of 20 slowly
converted to 21 whilst the reverse transformation was not observed
under similar conditions.

Attempted reduction of the carbamate group in 20 using LiAIH,
in refluxing ether led only to quantitative conversion to 21, which
proved surprisingly resistant to reduction under these conditions.
Removal of the carbamate from 20 could be achieved by heating
with LiOH in aqueous methanol® to give 22 (this reaction could
also be carried out on a mixture of 20 and 21 to give 22 in
68% yield). Disappointingly, all efforts to remove the N-tosyl
protecting group from 22 were unsuccessful, resulting only in
decomposition. Reversal of the deprotection steps finally allowed
access to the target pyrrolidine 6. Thus, treatment of 21 with
sodium in ammonia gave 23 in excellent yield and subsequent
hydrolysis of the carbamate produced 6, which was characterised
and stored as its hydrochloride salt.

Synthesis of (25,35,4.5)-3-amino-4-hydroxy-2-
(hydroxymethyl)pyrrolidine (7)

Having successfully secured the all syn-pyrrolidine 6 we turned
our attention to the synthesis of the diastereoisomer 7, epimeric
at the C-4 position. We hoped to access the anti-amino alcohol
functionality present in 7 by means of an intramolecular epoxide
ring-opening strategy using the C-2 carbamate group to supply the
nitrogen nucleophile. The synthetic route is shown in Scheme 5.
Initial attempts at the epoxidation of 11 with mCPBA gavea 1 :
3 mixture of 24-25 in low yield together with significant quantities
(ca. 50%) of recovered starting material. The electron poor alkene
proved more amenable to epoxidation with the dioxirane generated
in situ from trifluoroacetone—oxone®, giving the same mixture of
epoxides in an excellent 98% yield. Although the epoxides proved
to be inseparable, they were assigned the relative stereochemistries
shown on the basis of their H2-H3 coupling constants (24:
J,;» =1.8 Hz; 25: J,; = 0 Hz) and comparison to literature

Ts Ts Ts
11 24 25

N
H Ts Ts
7 27 26
t v |

Scheme 5 Reagents and conditions: i, mCPBA, CH,Cl,, reflux, 31%
(24-25; 1 : 3); ii, Na,EDTA, CF;COCHj;, oxone®, NaHCO,, CH;CN,
0 °C, 98% (24-25; 1 : 3); iii, NaOH (or '‘BuOK), "PrOH, ‘BuOClI, rt, 43—
50%; iv, LIOH, H,O-MeOH, reflux, 67%; v, Na-NH,, —78 °C to rt, 41%.

values for similar systems. This assignment was confirmed by the
unambiguous synthesis of 25 via an alternative route (see ESIt)
and X-ray analysis of 26 (vide infra). Working with this mixture
of compounds we next investigated the intramolecular epoxide-
opening of the major isomer 25 to give 26.>* Whilst analogous
reactions (with N-substituted carbamates) have been successfully
carried out under either basic or Lewis acidic conditions,” we
found that treatment of 25 with a variety of reagents (e.g. NaH or
‘BuOK in refluxing THF or Me;Al in CH,Cl,) gave only recovered
starting material. In an effort to increase the acidity of the NH
proton we prepared the corresponding N-benzoyl analogue of 25
(as a 4 : 1 mixture of epoxide isomers) but this derivative also
resisted all attempts to carry out the key cyclisation reaction.

Our previous success with the TA reaction of 11 (Scheme 4),
which involves initial deprotonation of the carbamate, prompted
us to investigate this set of basic conditions next. However,
prolonged heating of 25 with NaOH in "PrOH again gave only
recovered starting material. Despite this failure, we repeated the
reaction but this time included ‘BuOCl in the basic mixture in the
hope that isolation of the N-chloro carbamate salt of 25 would
provide evidence for the formation of the carbamate anion. No
N-chloro products were isolated from this reaction, but much to
our surprise the target ring-opened product 26 was produced in
moderate yield. Subsequent optimisation of the reaction increased
the yield to 43% when carried out with the mixture of 24 and 25
(based on the 1 : 3 ratio) although none of the minor epoxide
isomer 24 could be re-isolated from the reaction. Working with the
pure epoxide 25 (synthesised by an alternative route—see ESIt)
increased the yield further to 50%. The predicted stereochemistry
of 26 was confirmed by X-ray crystallographic analysis as shown
(Fig. 2).1 The reaction could also be carried out in comparable
yields using ‘BuOK as the base.

The vital role played by the ‘BuOCI in the formation of 26 is
unclear. We speculated that the reaction may involve formation of
a N-chlorocarbamate salt as has been proposed in the mechanism

1 For the X-ray diffraction analysis of compound 26 there are two unique
molecules in the unit cell. One of the molecules is not stable to anisotropic
refinement (not shown in Fig. 2) and some atoms (C7A, O1lA, N1A, CIA,
C2A, O3A, C3A, O4A) have been refined as isotropic.
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Fig. 2 X-Ray structure for 26 (ellipsoids are shown at 50% probability).
There are two unique molecules in the asymmetric unit of which only one
is shown.

for the tethered aminohydroxylation reaction.'® However, all
attempts? to produce and isolate the N-chloro analogue of 25
were unsuccessful and thus the exact nature of the hypochlorite
involvement remains to be shown.

Deprotection of 26 was carried out as for the all syn-isomer.
Thus, hydrolysis of the carbamate group was achieved by heating
with LiOH in MeOH-H,O to give 27, but all efforts to subse-
quently remove the N-tosyl protecting group were unsuccessful.
Pleasingly, treatment of 26 with excess sodium in ammonia
resulted in clean removal of both tosyl and carbamate functional
groups to give the novel amino pyrrolidine 7, which was again
characterised and stored as its hydrochloride salt.

Synthesis of (25,3 R,4R)-3-amino-4-hydroxy-2-
(hydroxymethyl)pyrrolidine (8)

In order to synthesise the amino pyrrolidine 8 we required access
to a syn-epoxide such as the minor isomer 24 from the epoxidation
reaction discussed above. We initially explored the possibility of

8 S
@\/OR Table 1 O\/OH . @\/OH
N N N
Ts Ts Ts
. E11: R=CONH, 29 30
"L 28:R=H

Scheme 6  Reagents and conditions: i, NaOH, "PrOH, H,O, reflux, 87%.

H

@\/OH i
N
Ts

Table 1 Epoxidation of alcohol 28

Reagents Yield (%) Ratio (29-30)*
mCPBA 90 3:2

Oxone®, CF;COCH, 16 4:1
Mo(CO),, 'BuO,H 96 5:2
VO(acac),, '‘BuO,H —b —

“Determined by '"H-nmr. * Complex mixture of unidentifiable products.

hydroxyl-directed epoxidation of the alcohol 28 which could be
produced from 11 by alkaline hydrolysis (Scheme 6). Epoxidation
of 28 was explored with a number of reagents (Table 1) but in
all cases the reaction was selective for the anti-epoxide 29 over
the syn-isomer 30; in addition the two products proved to be
inseparable by chromatography. The facial selectivity seen with
28 in these reactions is in stark contrast to the results reported
for the corresponding cyclopentene analogue, where up to 90%
selectivity for the syn-epoxide can be achieved.?®

With the failure to effect selective syn-epoxidation of 28 we
turned our attention to an alternative approach as outlined in
Scheme 7. Reaction of 28 with NBS in THF-H,O generated
the bromohydrin 31 whose stereostructure was established by
X-ray analysis (Fig. 3). The selective formation of 31 again shows
the preference for the alkene in 28 to undergo reaction from
the opposite face to the C-2 substituent, producing the anti-
bromonium ion which is regioselectively attacked by water at the

Fig. 3 X-Ray structure for 31 (ellipsoids are shown at 50% probability).

(o) Br O, HO, N N3 OH
Zj\/OH L @\/O " L Z_>\/OH * d\/OH
N N N N
Ts Ts Ts Ts

28 31 [30: R=H 32 33
I
24: R=CONH,
J v
HO, NH; HO, NH;
E y B
OH -~ OH
N N
H Ts
8 34

Scheme 7  Reagents and conditions: i, NBS, THF-H,O, rt, 59%; ii, ‘BuOK, toluene, rt, 99%; iii, C CCONCO, CH,Cl,, 0 °C; then K,CO;, MeOH, 0 °C,
65%; iv, NaN;, NH,Cl, acetone-water, reflux, 32: 58%, 33: 32%; v, H,, Pd/C, THF-H,O, 97%; vi, Na-NH;, —78 °C to rt, 38%.
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C-4 position. Treatment of 31 with base gave the syn-epoxide
30, which was converted to the carbamate 24 under standard
conditions. All attempts at intramolecular epoxide ring-opening
with 24 (using the same conditions as for the transformation
25 — 26) were unsuccessful, giving only recovered starting
material or generating the hydrolysis product 30. Fortunately,
an intermolecular reaction proved much more successful and
treatment of 30 with sodium azide gave the ring-opened products
32-33 in a 2 : 1 ratio. The X-ray structure of the major isomer
32 (Fig. 4) revealed that it had arisen from nucleophilic attack
by the azide at the C-3 position. The regioselectivity observed in
this reaction may be due to the presence of unfavourable eclipsing
interactions between the C-2 and C-3 substituents in the minor
isomer 33 and the transition state leading to it. However, ring-
opening of a similar pyrrolidine syn-epoxide has been reported
to take place with preferential nucleophilic attack at the C-4
position under the same reaction conditions,"* and so the origin
of selectivity is far from clear.

Fig. 4 X-Ray structure for 32 (ellipsoids are shown at 50% probability
and some hydrogen atoms have been omitted for clarity). There are two
unique molecules in the asymmetric unit of which only one is shown.

To complete the synthesis, reduction of the azide 32 gave the
amine 34 and removal of the N-tosyl protecting group generated
the novel amino pyrrolidine 8, which was characterised and stored
as its hydrochloride salt.

Glycosidase inhibition

Inhibition assays were performed with two of the novel amino
pyrrolidines. Both 6 and 7 were moderately active against bovine
liver B-galactosidase with 57 and 52% inhibition respectively (at
1 mg ml™" of the corresponding hydrochloride salt; ca. 0.85 mM
under the assay conditions). Compound 6 also displayed 36%
inhibition of a-galactosidase (from green coffee beans) under these
conditions. No significant activity (<20% inhibition) was seen
with 6 or 7 against a variety of other glycosidase enzymes in these
preliminary screens. These activities can be compared with those
for the corresponding hydroxy pyrrolidines. Thus, triol 1 is a much
stronger inhibitor of a-galactosidase (50% inhibition at 0.2 uM)*
than the corresponding 3-amino pyrrolidine 6. The triol analogue
of 7 has been reported to be a moderate inhibitor of B-glucosidase
(K; =7.1 mM) and a-galactosidase (50% inhibition at 0.32 mM),*
whereas amino pyrrolidine 7 showed no significant activity against
these enzymes.

Conclusions

We have reported the asymmetric synthesis of 3 stereoisomers of
3-amino-4-hydroxy-2-(hydroxymethyl)pyrrolidine 6-8 by a diver-
gent route starting from trans-4-hydroxy-L-proline. Preliminary
biological testing indicates that two of these novel compounds are
moderate inhibitors of f-galactosidase. In addition, the synthetic
routes described provide access to a number of differentially
protected intermediates of 6-8 which potentially allows for further
derivatisation of the pyrrolidine core as an approach to discover
novel glycosidase inhibitors.

Experimental
General

All reactions were performed under an inert atmosphere of
nitrogen in flame dried glassware unless otherwise stated. Organic
solvents were dried by distillation from the following as required:
THF (sodium-benzophenone), diethyl ether (LiAlIH,), CH,Cl,,
MeOH and triethylamine (CaH,). All other reagents and solvents
were purified by standard literature procedures.*® Thin layer
chromatography (TLC) analysis was performed using silica gel
60 F254 aluminium TLC plates, Merck 5554. Flash column chro-
matography was carried out using sorbsil C60 silica gel. Melting
points were measured using a Kofler hotstage and are uncorrected.
Infrared (IR) spectra were collected as liquid films between NaCl
discs using a Perkin Elmer 1600 FT-IR spectrometer, IR spectra
of solids were recorded using a Perkin Elmer FT-IR spectrometer
with an ATR attachment. Fast atom bombardment (FAB) mass
spectra were recorded on a Kratos Concept 1H spectrometer
using xenon and m-nitrobenzyl alcohol as the matrix. Electrospray
(ES) mass spectra were recorded on a Micromass Quattro LC
spectrometer. High resolution mass spectrometry was measured
on a Kratos Concept 1H spectrometer using peak matching to
stable reference peaks, depending on the technique used. Optical
rotations were measured using a Perkin Elmer 341 polarimeter
at a wavelength of 598 nm. NMR spectra were recorded using
Bruker ARX 250, AM 300 or DRX 400 spectrometers. Chemical
shifts are reported in parts per million downfield from TMS and
using residual protic solvent as an internal standard. J coupling
constants are reported in Hz and the measured values are corrected
to one decimal place. *C NMR experiments were all accumulated
with proton decoupling and DEPT experiments were used to aid
carbon assignment. Where required, assignments were confirmed
by two-dimensional homonuclear ("H-'H) and heteronuclear ('H-
BC) correlation spectroscopy.

(25,35,4R)-4-Hydroxy-2,3-(oxazin-2-one)-1-(toluene-4-sulfonyl)-
pyrrolidine (20) and (25,3S,4R)-2-hydroxymethyl-3,4-(oxazol-2-
one)-1-(toluene-4-sulfonyl)pyrrolidine (21)

All but a few drops of a freshly prepared solution of aqueous
NaOH (11.4 ml, 0.08 mol dm~, 0.91 mmol) was added to a
solution of 11 (0.30 g, 1.0 mmol) in "PrOH (12.1 ml). After 5 min
"‘BuOCl (0.13 g, 1.0 mmol) was added to the reaction which was
stirred for a further 5 min before ‘Pr,NEt (0.005 g, 0.007 ml,
0.05 mmol) was added. After another 5 min period K,Os(OH),0,
(0.015 g, 0.04 mmol), dissolved in the remaining aqueous NaOH
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solution, was also added and a green colour was observed, which
slowly changed to a dark brown-black. After 2 h sodium sulphite
(0.5 g) was added and the solution stirred for 30 min. The reaction
mixture was then extracted with ethyl acetate (3 x 20 ml), the
organic layers were combined and washed with water (20 ml) and
brine (20 ml). The organic layer was dried (MgSO,) and the solvent
removed under reduced pressure. The resulting crude material
was purified by flash column chromatography on silica (1 : 99,
methanol-ethyl acetate) to give 20 (0.066 g, 21%) as a white solid
and 21 (0.091 g, 28%) as an off-white solid, together with recovered
11 (0.115 g, 38%).

Data for 20: mp 104-108 °C; [a]¥ —24.7 (¢ = 0.29 MeOH);
Vmax(s0lid)/cm™" 3260 br NH/OH), 1701 s (C=0), 1480 w, 1424 m,
1340 m, 1285w, 1157 s, 1065 m, 993 m, 769 m, 666 s; oy (300 MHz,
CD;0D) 2.45 (3H, s, Ar 4-Me), 3.23 (1H, dd, J 11.1, 6.0, HH-5),
3.45 (1H, dd, J 11.1, 6.0, HH-5), 3.73 (1H, dd, J 6.9, 4.2, H-3),
3.80 (1H, app td, J 6.0, 4.2, H-4), 4.00 (1H, ddd, J 6.9, 6.0, 3.0,
H-2),4.33 (1H, dd, J 11.4, 3.0, CHHO), 4.54 (1H, dd, J 11.4, 6.0,
CHHO),7.45(2H,d,J8.1,2 x ArH-3),7.78 2H,d, J 8.1,2 x Ar
H-2); ¢ (75 MHz, CD;0D) 22.4 (CH,), 54.2 (CH,), 54.9 (CH),
57.6 (CH), 70.0 (CH,), 71.8 (CH), 129.6 (2 x CH), 131.2 (2 x
CH), 136.1 (C), 146.7 (C), 157.8 (C); (ES) m/z (%) 313 (M + H*,
100%), 330 (65, M + NH,*); accurate mass (FAB) found 313.0858
(M + H* C;;H;N,O;S requires 313.0858)

A single crystal of 20 was obtained by recrystallisation from
CHCl,-MeOH.§

Data for 21: mp 100-102 °C; [a]y—49.0 (¢ = 1.14 MeOH);
Vmax(s0lid)/cm ™" 3289 br (NH/OH), 1730 s (C=0), 1599 m, 1404 w,
1349 m, 1242 m, 11605, 970 w; 6y (400 MHz, CD,0D): 2.45 (3H, s,
Ar 4-Me), 2.91 (1H, app td, J 9.0, 5.2, H-2), 3.06 (1H, dd, J 12.0,
5.2, HH-5), 3.66 (1H, dd, J 11.2, 9.0, CHHO), 3.72 (1H, dd, J
12.0, 0.8, HH-5), 4.25 (1H, dd, J 11.2, 5.2, CHHO), 4.35 (1H,
dd, J 9.0, 6.0, H-3), 491 (1H, ddd, J 6.0, 5.2, 0.8, H-4), 7.47
(2H, d, J 8.4, 2 x Ar H-3), 7.72 (2H, d, J 8.4, 2 x Ar H-2); J.
(100.6 MHz, CD;0D) 20.1 (CH,;), 55.8 (CH,), 58.4 (CH), 59.5
(CH,), 63.4 (CH), 76.3 (CH), 127.9 (2 x CH), 129.7 (2 x CH),
131.2(C), 144.8 (C), 160.0 (C); (ES) m/z (%): 313 (M + H*, 100%),
330 (68, M + NH,"); accurate mass (FAB) found 313.0858 (M +
H* C;;H;N,OsS requires 313.0858); anal. found C, 49.75; H, 5.16;
N, 8.81; C;3;H,N,OsS requires C, 49.99; H, 5.16; N, 8.97%.

A single crystal of 21 (together with a molecule of CHCl;) was
obtained by recrystallisation from CHCl;-MeOH.§

(25,35,4R)-3-Amino-4-hydroxy-2-hydroxymethyl-1-
(toluene-4-sulfonyl)pyrrolidine (22)

LiOH (0.036 g, 1.5 mmol) was added to a solution of 20 (0.055 g,
0.18 mmol) dissolved in MeOH (0.4 ml) and water (1.6 ml) and
the mixture was heated at reflux for 1.5 h. The solution was cooled
and the solvent removed under reduced pressure. The resulting
crude mixture was purified by flash column chromatography on
silica (20 : 80, methanol-ethyl acetate) to give 22 (0.029 g, 57%)
as a white solid; mp 132-135 °C; [a]¥ —57.6 (¢ = 2.6 MeOH);
Vma(s0lid)/cm™" 3330 w (OH/NH), 2888 w, 1599 w, 1467 w,
1341 m, 1236 w, 1152 s, 1030 m, 809 m, 675 s; oy (400 MHz,

§ CCDC reference numbers 656329-656332 and 656489. For crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/b711994a

D,0) 2.39 (3H, s, Ar 4-Me), 3.06 (1H, dd, J 8.8, 4.4, H-3), 3.28
(1H,dd, J 11.6, 3.6, HH-5), 3.38 (1H, dd, J 11.6, 1.2, HH-5), 3.69
(1H, app td, J 4.4, 2.8, H-2), 3.72 (1H, dd, J 12.4, 2.8, CHHO),
3.85(1H, dd, J 12.4, 4.4, CHHO), 3.93 (1H, ddd, J 8.8, 3.6, 1.2,
H-4), 7.44 (2H, d, J 8.0, 2 x Ar H-3), 7.72 2H, d, J 8.0, 2 x Ar
H-2); 6¢ (100.6 MHz, D,0) 20.7 (CH;), 54.4 (CH,), 58.9 (CH),
59.8 (CH,), 61.7 (CH), 70.3 (CH), 127.5 (2 x CH), 130.2 (2 x
CH), 131.3 (C), 145.7 (C); (ES) m/z (%) 287 (M + H*, 100%)), 573
(28, 2 M + H%); accurate mass (FAB) found 287.1066 (M + H*
C,,H )N, O,S requires 287.1066).

The above reaction was also carried out on a mixture of 20-21
(ca. 1:1) to give 22 in 68% yield.

(25,35,4R)-2-Hydroxymethyl-3,4-(oxazol-2-one)pyrrolidine (23)

The carbamate 21 (0.011 g, 0.036 mmol) was placed in a three
necked flask fitted with a dry ice condenser and dissolved in a
minimal amount of liquid ammonia (ca. 5 ml) at —78 °C. Sodium
metal (0.0021 g, 0.09 mmol) was then added portion-wise to
the stirring reaction mixture. After the addition of sodium was
complete the reaction was warmed to room temperature and
the liquid ammonia allowed to evaporate. The crude residue was
dissolved into water and transferred to a round bottom flask. The
water was removed under reduced pressure and the resulting crude
material was purified by flash column chromatography on silica
(25 : 75, methanol-ethyl acetate) to give 23 (0.0054 g, 95%) as a
yellow oil; [a]?) —18.5 (¢ = 0.8 MeOH); v, (film)/cm™ 3255 w
(OH/NH), 1736 s (C=0), 15585, 1406 s, 1228 w, 1097 w, 1036 m,
956 w; oy (400 MHz, CD;0OD) 2.87 (1H, dd, J 13.2, 4.8, HH-5),
2.95(1H,ddd, J7.2,6.4,4.8,H-2),3.23(1H,d, J 13.2, HH-5), 3.64
(1H, dd, J 10.8, 7.2, CHHO), 3.73 (1H, dd, J 10.8, 6.4, CHHO),
431 (1H, dd, J 7.2, 4.8, H-3), 5.12 (1H, dd, J 7.2, 4.8, H-4); J.
(100.6 MHz, CD;0D) 52.5 (CH,), 57.9 (CH), 59.6 (CH,), 61.3
(CH), 81.8 (CH), 160.8 (C); (ES) m/z (%) 159 (M + H*, 100%);
accurate mass (FAB) found 159.0770 (M + H* C,H,,N,O; requires
159.0770).

(28,3S5,4R)-3-Amino-4-hydroxy-2-(hydroxymethyl)pyrrolidine (6)

LiOH (0.025 g, 1.04 mmol) was added to a solution of 23 (0.011 g,
0.06 mmol) in MeOH (0.14 ml) and water (0.56 ml). The mixture
was heated at reflux for 1.5 h before being cooled and the solvent
was then removed under reduced pressure. The resulting crude
mixture was purified by flash column chromatography on silica
(100% methanol basified with NH;) to give 6 (0.032 g, 35%)
as an orange oil. To aid analysis dilute HCI (aq) was added to
the amine in water until the solution was pH 2-3, yielding the
corresponding hydrochloride salt of 6; v, (solid)/cm™": 3323 w
(OH/NH), 2032 w, 1393 w, 1347 w, 1151 m, 1020 m, 978 m; oy
(400 MHz, D,0) 3.49 (1H, dd, J 12.8, 3.6, HH-5), 3.54 (1H, dd, J
12.8,2.0, HH-5),4.02 (1H, dd, J 12.4, 6.0, CHHO), 4.06 (1H, dd,
J 124,48, CHHO),4.16 (1H,ddd, J 9.2,6.0,4.8, H-2), 4.24 (1H,
dd, J 9.2, 4.8, H-3), 4.79-4.81 (1H, m obscured by HOD peak,
H-4); 6. (100.6 MHz, D,0) 50.7 (CH,), 52.2 (CH), 57.1 (CH,),
58.1 (CH), 67.8 (CH); accurate mass (FAB) found 133.0975 (M +
H* CsH;3N,0, requires 133.0977).
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(2R,3S,4R)-2-Carbamoyloxymethyl-3,4-epoxy-1-(toluene-4-
sulfonyl)pyrrolidine (24) and (2R,3R,45)-2-carbamoyloxymethyl-
3,4-epoxy-1-(toluene-4-sulfonyl)pyrrolidine (25)

Na,EDTA (3.92 ml, 4 x 10~ mol dm~, 0.0015 mmol) and
trifluoroacetone (0.97 g, 0.77 ml, 8.6 mmol) were added to a
0 °C solution of 11 (0.231 g, 0.78 mmol) dissolved in acetonitrile
(12 ml). Solid NaHCO; (0.52 g, 6.3 mmol) mixed with oxone®
(2.41 g, 3.9 mmol) was then added to the solution portion-wise
over 1 h. The reaction mixture was stirred a further 2 h before
sodium sulphate (~1 g) and dichloromethane (30 ml) were added.
The mixture was filtered and the filtrate was concentrated under
vacuum to yield an inseparable 1 : 3 mixture of 24 and 25 (0.239 g,
98%). Data for isomeric mixture; minor isomer 24: oy (300 MHz,
CDCl;) 2.45 (3H, s, Ar 4-Me), 3.27 (1H, dd, J 11.7, 1.8, HH-YS),
3.65 (1H, dd, J 3.0, 1.8, H-4), 3.69 (1H, dd, J 9.3, 4.5, 1.8, H-2),
3.72 (1H, dd, J 3.0, 1.8, H-3), 3.75 (1H, d, J 11.7, HH-5), 3.14
(1H, dd, J 10.5, 9.3, CHHO), 4.73 (2H, s br, NH,), 4.84 (1H, dd,
J10.5,4.5,CHHO), 7.35 (2H, d, J 8.0, 2 x Ar H-3), 7.74 (2H, d,
J 8.0,2 x Ar H-2); d. (75 MHz, CDCl;) 21.6 (CHj;), 50.5 (CH,),
54.8 (CH), 57.7 (CH), 57.9 (CH), 63.5 (CH,), 127.8 (2 x CH),
129.9 (2 x CH), 133.5 (C), 144.2 (C), 156.1 (C). Major isomer 25:
ox (300 MHz, CDCl,) 2.43 (3H, s, Ar 4-Me), 3.53 (1H, d, J 12.9,
HH-5), 3.55 (2H, s, H-3, H-4), 3.68 (1H, d, J 12.9, HH-5), 4.07
(1H,dd, J 5.7, 4.2, H-2), 4.27 (1H, dd, J 11.4, 5.7, CHHO), 4.41
(1H, dd, J 11.4, 4.2, CHHO), 4.69 (2H, br s, NH,), 7.32 (2H, d,
J 8.0,2 x Ar H-3), 7.65 (2H, d, J 8.0, 2 x Ar H-2); . (75 MHz,
CDCl;) 19.6 (CH;), 47.2 (CH,), 52.9 (CH), 54.7 (CH,), 57.8 (CH),
62.7 (CH), 125.6 (2 x CH), 127.6 (2 x CH), 132.9 (C), 141.9 (O),
154.5 (O).

A pure sample of 25 was also produced by an alternative
synthetic route—full details are given in the ESL.{

(25,35,45)-4-Hydroxy-2,3-(oxazin-2-one)-1-(toluene-4-
sulfonyl)pyrrolidine (26)

Potassium tzert-butoxide (0.20 g, 0.66 mmol) was added to a
solution of 25 (0.200 g, 0.66 mmol; 3 : 1 mixture of isomers
25-24) dissolved in "PrOH (8 ml). The solution was stirred for
5 min, ‘BuOCI (0.073 g, 0.66 mmol) was added and the reaction
mixture was stirred for a further 2 h before the solvent was removed
under reduced pressure. The resulting crude material was purified
by flash column chromatography on silica (1 : 99, methanol-ethyl
acetate) to give 26 (0.064 g, 31%; 43% based on 25) as a white solid;
mp 216-219 °C; [a]? —115.3 (¢ = 1.04 MeOH); v,,,,(solid)/cm™
3262 br (NH/OH), 1702 s (C=0), 1596 w, 1408 w, 1341 m,
1157 s, 1065 m, 958 w; oy (300 MHz, CD;0D) 2.41 (3H, s, Ar
4-Me), 3.40 (1H, d, J 12.0, HH-5), 3.55 (1H, dd, J 12.0, 3.3,
HH-5),3.73 (1H, d, J 5.4, H-3), 3.91-3.94 (2H, br m, H-4, H-2),
4.36 (1H, d, J 12.0, CHHO), 4.67 (1H, dd, obscured by HOD
peak, J 12.0, 2.4, CHHO), 7.37 (2H, d, J 8.1, 2 x Ar H-3), 7.74
(2H, d, J 8.1, 2 x Ar H-2); ¢ (75 MHz, CD;0D) 22.4 (CH,),
56.0 (CH), 57.1 (CH,), 62.3 (CH), 69.2 (CH,), 75.2 (CH), 129.9
(2 x CH), 131.6 (2 x CH), 136.5 (C), 146.2 (C), 157.1 (C); (ES)
m/z (%) 252 (M — (OH + CONH), 100%), 313 (33, M + H*),
236 (M — (OHNHCO,)); accurate mass (FAB) found 313.0858
(M + H* C;3H;N,O5S requires 313.0858). Anal. found C, 49.82;
H, 491; N, 8.80; C;;H(N,OsS requires C, 49.99; H, 5.16; N,
8.97%.

The same procedure could be carried out with a pure sample of
25 to give 26 in 50% yield.

A single crystal of 26 was obtained by recrystallisation from
CH,Cl,-MeOH. Crystal data: C;;H (N,OsS, M = 312.34, mon-
oclinic, @ = 11.501 (3), b = 6.2268 (17), ¢ = 19.785 (6) A,
U = 1416.6 (7) A3, T = 1502) K, space group P2,, Z = 4,
absorption coefficient = 0.252 mm~', 9300 reflections measured,
4877 unique (R;, = 0.0988), absolute structure parameter = 0.1(2).
The final wR(F?) was 0.2799 for all data. CCDC deposition
number 656330.3§

(25,35,4.5)-3-Amino-4-hydroxy-2-hydroxymethyl-1-(toluene-4-
sulfonyl)pyrrolidine (27)

LiOH (0.016 g, 0.66 mmol) was added to a solution of 26 (0.026 g,
0.08 mmol) dissolved in MeOH (0.1 ml) and water (0.4 ml) and the
mixture was heated at reflux for 1.5 h. The solution was cooled and
the solvent removed under reduced pressure. The resulting crude
mixture was purified by flash column chromatography on silica
(20: 80, methanol-ethyl acetate) to give 27 (0.016 g, 68%) as a white
solid; mp 54-56 °C; [a]? —18.9 (¢ = 1.0 MeOH); v, (solid)/cm™
3361 br (NH/OH), 2944 w, 1597 m, 1402 w, 1335 m, 1090 m,
1025 m, 816 w; o4 (400 MHz, D,0) 2.44 (3H, s, Ar 4-Me), 3.02
(1H,dd, J 10.4,7.0, HH-5), 3.11 (1H, app t, J 7.0, H-3), 3.77 (1H,
dd, J 10.4, 7.0, HH-S), 3.81 (1H, ddd, J 7.0, 4.8, 3.2, H-2), 3.87
(1H, dd, J 12.4, 3.2, CHHO), 3.92 (1H, dd, J 12.4, 4.8, CHHO),
4.27 (1H, app q, J 7.0, H-4), 7.48 (2H, d, J 8.0, 2 x Ar H-3), 7.77
(2H, d, J 8.0, 2 x Ar H-2); 6 (100.6 MHz, D,0) 20.7 (CH;), 52.5
(CH,), 58.0 (CH), 60.5 (CH,), 61.3 (CH), 73.3 (CH), 127.6 (2 x
CH), 130.1 (2 x CH), 133.3 (C), 145.7 (C); (ES) m/z (%): 287
(M + H*, 100%); accurate mass (FAB) found 287.1065 (M + H*
C,,H )N, O,S requires 287.1066).

(25,35,4.5)-3-Amino-4-hydroxy-2-(hydroxymethyl)pyrrolidine (7)

The carbamate 26 (0.031 g, 0.098 mmol) was placed in a three
necked flask fitted with a dry ice condenser and dissolved in a
minimal amount of liquid ammonia (ca. 5 ml) at —78 °C. Sodium
metal (0.0056 g, 0.24 mmol) was then added portion-wise to
the stirring reaction mixture. After the addition of sodium was
complete the reaction was warmed to room temperature and
the liquid ammonia was allowed to evaporate. The crude residue
was dissolved in water and transferred to a round bottom flask.
Water was removed under reduced pressure and the resulting crude
material was purified by flash column chromatography on silica
(100% methanol) to give 7 (0.0061 g, 41%) as a yellow oil. To aid
analysis dilute HCI (aq) was added to the amine in water until the
solution was pH 2-3, yielding the corresponding hydrochloride
salt of 7. [a]y +7.8 (¢ = 0.61 MeOH) v, (solid)/cm™" 3326 w
(OH/NH), 2022 w, 1599 w, 1396 w, 1347 w, 1157 m, 1037 m,
978 m, 767 m; Jy (400 MHz, D,0) 3.36 (1H, dd, J 12.8, 4.4,
HH-5), 3.73 (1H, dd, J 12.8, 5.2, HH-5), 3.98 (1H, dd, J 12.4,
3.6, CHHO), 4.02 (1H, dd, J 7.2, 4.0, H-3), 4.07 (1H, dd, J 12.4,
3.6, CHHO)4.31 (1H,dappt, J 7.2, 3.6, H-2), 4.63-4.74 (1H, m
obscured by HOD peak, H-4); 6 (100.6 MHz, D,0) 49.6 (CH,),
56.6 (CH,), 57.1 (CH), 58.4 (CH), 71.9 (CH); (ES) m/z (%) 133
(M + H*, 100%); accurate mass (FAB) found 133.0976 (M + H*
C;H 3N, 0, requires 133.0977).
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(S)-2-Hydroxymethyl-1-(toluene-4-sulfonyl)-2,5-
dihydro-1H-pyrrole (28)

An aqueous solution of NaOH (2.2 ml of a 0.5 M solution) was
added to 11 (0.11 g, 0.37 mmol) dissolved in "PrOH (4.4 ml).
The reaction mixture was refluxed for 1 h before the solvent was
removed under reduced pressure. The resulting aqueous material
was extracted with ethyl acetate (3 x 10 ml), the organic layers
were combined, dried (MgSO,) and the solvent removed under
reduced pressure to give 28 (0.08 g, 87%) as an off-white solid;
mp 99-100 °C; [a]¥ —162.5 (¢ = 1.28 MeOH); v, (solid)/cm™
3524 (OH), 2941 w, 1595, 1492 w, 1377 m, 1334 s, 1203 w, 1155 s,
1089 m, 1036 s, 844 w, 816 s; oy (400 MHz, CDCl;) 2.42 (3H, s,
Ar 4-Me), 3.69 (1H, dd, J 11.7, 5.5, CHHO), 3.79 (1H, dd, J
11.7, 3.5, CHHO), 4.12 (1H, d app q, J 15.0, 2.2, HH-5), 4.21
(1H, dd app t, J 15.0, 5.5, 2.2, HH-5), 4.43-4.48 (1H, m, H-
2), 5.54 (1H, dq, J 6.3, 2.2, H-3), 5.71 (1H, ddd, J 6.3, 5.5,
2.2, H-4), 7.32 (2H, d, J 8.4, 2 x Ar H-3), 7.71 (2H, d, J 8.4,
2 x Ar H-2); 6. (100.6 MHz, CDCl;) 21.6 (CHj;), 56.4 (CH,),
65.8 (CH,), 69.4 (CH), 126.6 (CH), 126.8 (CH), 127.6 (2 x CH),
129.9 (2 x CH), 133.9 (C), 144.0 (C); (ES) m/z (%) 236 (M —
OH, 100%), 254 (98, M + H*), 155 (92, CH,C¢H,SO,"); accurate
mass (FAB) found 254.0851 (M + H* C,,H;(NO;S requires
254.0851).

(2R,3R,4R)-3-Bromo-4-hydroxy-2-hydroxymethyl-1-(toluene-4-
sulfonyl)pyrrolidine (31)

NBS (1.37 g, 7.70 mmol) was added to a solution of 28 (0.97 g,
3.85 mmol) in THF (27.7 ml) and water (3.18 ml) and the mixture
stirred in the dark for 4 h. The reaction mixture was diluted with
diethyl ether (50 ml) and washed with water (50 ml). The organic
layer was dried (MgSO,) and the solvent removed under reduced
pressure. The resulting crude material was purified by flash column
chromatography on silica (40 : 60, ethyl acetate—petroleum ether)
to give 31 (0.54 g, 41%) as a white solid. The yield of 31 was
increased to 0.786 g (59%) by recrystallisation of a mixed fraction
with chloroform; mp 164-168 °C; [a]) —43.6 (¢ = 1.09 MeOH);
Vo (CH,CL)/cm™" 3175 w, 2877 w, 1596 m, 1455 m, 1348 m,
1165 s, 1074 m, 1032 m, 822 m, 663 s; dy (300 MHz, CDCl;) 2.45
(3H, s, Ar 4-Me), 3.65 (2H, d, J 3.0, CH,0), 3.82 (1H, dd, J 12.0,
1.8, HH-5), 4.01 (1H, ddd, J 3.6, 3.3, 1.8, H-4), 4.08 (1H, br s,
H-3), 4.15 (1H, dd, J 12.0, 3.6, HH-5), 4.19 (1H, br s, H-2), 7.36
(2H, d, J 8.1, 2 x Ar H-3), 7.74 (2H, d, J 8.1, 2 x Ar H-2); o
(75 MHz, 300 MHz, CDCI;) 21.5 (CH;), 53.5 (CH), 55.3 (CH,),
65.0 (CH,), 71.5(CH), 77.5 (CH), 127.6 (2 x CH), 129.6 (2 x CH),
134.5 (C), 143.9 (C); (ES) m/z (%) 352 (M(*'Br) + H*, 100%),
350 (90, M(”Br) + H*); accurate mass (FAB) 350.0061 found
(M +H* C,,H;”BrNO,S requires 350.0062); anal. found C, 41.12;
H, 4.82; N, 3.82; C,,H,,BrNO,S requires C, 41.15; H, 4.60; N,
3.99%.

A single crystal of 31 was obtained by recrystallisation from
CH,Cl,-MeOH. Crystal data: C,,H,,BrNO,S, M = 350.23, or-
thorhombic, a = 7.5443 (6), b = 10.6588 (9), ¢ = 17.4366 (15) A,
U = 1402.1 (2) A%, T = 150(2) K, space group P2,2,2,, Z = 4,
absorption coefficient = 3.089 mm~', 11010 reflections measured,
2752 unique (R, = 0.0337), absolute structure parameter =
—0.003(7). The final wR(F?) was 0.0661 for all data. CCDC
deposition number 656331.§

(2R,3S,4R)-3,4-Epoxy-2-hydroxymethyl-1-(toluene-4-
sulfonyl)pyrrolidine (30)

Potassium fert-butoxide (0.062 g, 0.55 mmol) was added to a
solution of 31 (0.18 g, 0.50 mmol) in toluene (5 ml) and the reaction
mixture stirred for 2 h. The mixture was diluted with diethyl ether
(10 ml) and the organic extract washed with water (10 ml). The
organic layer was dried (MgSO,) and the solvent removed under
reduced pressure to give 30 (0.135 g, 99%) as a white solid; mp
128-131 °C; [a]y) —104.9 (¢ = 1.45 MeOH); v,,,,(CH,Cl,)/cm™
3547 m (OH), 2961 w, 2896 w, 1597 w, 1405 w, 1336 s, 1306 m,
1160 s, 1092 s, 1038 s, 864 s, 817 s, 707 m; dy (300 MHz, CDCl;)
2.33 (1H, br s, OH), 2.46 (3H, s, Ar 4-Me), 3.27 (1H, dd, J 11.7,
1.8, HH-5), 3.56 (1H, app td, J 5.2, 2.1, H-2), 3.61 (1H, dd, J 3.0,
1.8, H-4), 3.76 (1H, dd, J 3.0, 2.1, H-3), 3.80 (1H, d, J 11.7, HH-
5), 3.98 (1H, dd, J 11.7, 5.2, CHHO), 4.15 (1H, dd, J 11.7, 5.2,
CHHO), 7.36 (2H, d, J 8.1, 2 x Ar H-3),7.72 (2H, d, J 8.1, 2 x
Ar H-2); 6. (75 MHz, CDCl;) 21.6 (CHj;), 50.9 (CH,), 53.8 (CH),
58.4 (CH), 61.7 (CH), 63.0 (CH,), 127.7 (2 x CH), 129.9 (2 x
CH), 133.2 (C), 144.3 (C); (ES) m/z (%) 292 (M + Na*, 100%),
270 (49, M + H"); accurate mass (FAB) 270.0800 found (M + H*
C,H (NO,S requires 270.0800); anal. found C, 53.38; H, 5.77; N,
5.05; C,HsNO,S requires C, 53.50; H, 5.61; N, 5.20%.

(2R,3S,4R)-1-(Toluene-4-sulfonyl)-2-(carbamoyloxymethyl)-3,4-
epoxypyrrolidine (24)

The alcohol 30 (0.057 g, 0.21 mmol) was dissolved in
dichloromethane (0.45 ml) and formation of the carbamate
was achieved following the procedure described for 15 using
trichloroacetylisocyanate (0.38 g, 0.024 ml, 0.32 mmol). After
1 h TLC analysis confirmed all starting material had been
consumed. The crude material was dissolved in methanol (1 ml)
and hydrolysis was achieved using aqueous potassium carbonate
(1.28 ml, 0.5 mol dm=, 0.64 mmol). After 18 h the reaction
was worked up as before to give 24 as a white solid (0.043 g,
65%); NMR data as above. Additional data; mp 185-188 °C; [a]¥
—122.32 (¢ = 0.89 MeOH); v,,,(solid)/cm ™" 3450 w (NH,), 3355 w,
2974 w, 1698 m (C=0), 1666 s, 1599 w, 1482 w, 1414 m, 1340 s,
1156's, 1119 w, 1092 s, 855 s; (ES) m/z (%) 313 (M + H*, 100%),
252 (81, M — OCONH,); accurate mass (FAB) found 313.0859
(M + H* C3H;N,O5S requires 313.0858).

(2S,3R,4R)-3-Azido-4-hydroxy-2-hydroxymethyl-1-(toluene-4-
sulfonyl)pyrrolidine (32) and (2R,3R,45)-4-azido-3-hydroxy-2-
hydroxymethyl-1-(toluene-4-sulfonyl)pyrrolidine (33)

Sodium azide (0.12 g, 1.84 mmol) was added to a solution of
30 (0.098 g, 0.36 mmol) in acetone (10.2 ml) and water (1.3 ml).
Ammonium chloride (0.019 g, 0.84 mmol) was added and the
solution heated at reflux (80 °C) for 18 h. After cooling, acetone
was removed under reduced pressure and the resulting aqueous
layer was washed with ethyl acetate (3 x 20 ml). The organic
layers were combined, dried (MgSO,) and the solvent removed
under reduced pressure. The resulting material was purified by
flash column chromatography on silica (100% diethyl ether) to
give 32 (0.660 g, 58%) as a white solid and with 33 (0.036 g, 32%)
as a colourless oil.

Data for 32; mp 94-96 °C; [a]¥ —78.3 (¢ = 1.24 MeOH);
Vman(CH,CL)/em™" 3260 br (OH), 2927 w, 2098 s (N;), 1597 w,
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1343 m, 1239 w, 1163 s, 1089 m, 1032 s, 973 w, 823 m, 663 s; oy
(300 MHz, CDCl;) 2.46 (3H, s, Ar 4-Me), 3.33 (1H, dd, J 10.8,
4.8, HH-5), 3.54-3.60 (2H, m, H-2, HH-5), 3.83 (1H, dd, J 11.7,
2.1, CHHO), 3.92-3.95 (2H, m, H-3, H-4), 4.21 (1H, dd, J 11.7,
3.6, CHHO), 7.36 (2H, d, J 8.1, 2 x Ar H-3), 7.73 (2H, d, J 8.1,
2 x Ar H-2); d (75 MHz, CDCl,) 21.6 (CH;), 55.7 (CH,), 63.9
(CH,), 66.1 (CH), 69.5 (CH), 73.1 (CH), 127.7 (2 x CH), 129.9
(2 x CH), 132.5(C), 144.4 (C); (ES) m/z (%) 313 (M + H* 100%),
330 (42, M + NH,"); accurate mass (FAB) 313.0970 found (M +
H* C,,H;N,O,S requires 313.0971); anal. found C, 46.04; H, 5.02;
N, 17.84; C,,H (N,O,S requires C, 46.14; H, 5.16; N, 17.94%.

Data for 33 [a]) +5.2 (¢ = 0.36 MeOH); v,,,(CH,Cl,)/cm™
3269 br (OH), 2101 s (N3), 1599 m, 1328 s, 1268 m, 1151 s, 1089 s,
1031 m, 991 m, 864 m; dy (300 MHz, CDCl;) 2.46 (3H, s, Ar 4-
Me), 3.21 (1H, dd, J 11.4, 4.2, HH-5), 3.47 (1H, ddd, J 6.0, 4.2,
3.9,H-2),3.87(1H,dd, J 11.4,5.4,HH-5), 3.95-4.04 (3H, m, H-3,
H-4, CHHO), 4.26 (1H, dd, J 12.3, 3.9, CHHO), 7.36 (2H, d, J
8.1,2 x Ar H-3), 7.71 (2H, d, J 8.1, 2 x Ar H-2); d. (75 MHz,
CDCl;) 21.6 (CH;), 51.2 (CH,), 61.2 (CH), 61.9 (CH,), 64.4 (CH),
77.3 (CH), 127.6 (2 x CH), 129.9 (2 x CH), 132.9 (C), 144.4 (C);
(ES) m/z (%) 642 (2 M + NH,* 100%), 313 (68, M + H"), 330
(46, M + NH,"); accurate mass (FAB) 313.0972 found (M + H*
C,H;N,O,S requires 313.0971).

A single crystal of 32 was obtained by recrystallisation from
CHCI,. Crystal data: C,H (N,O,S, M = 312.35, monoclinic, ¢ =
7.539 (4), b = 17.643 (9), ¢ = 11.223 (5) A, U = 1468.1 (12) A3,
T = 150(2) K, space group P2,, Z = 4, absorption coefficient =
0.242 mm™', 10263 reflections measured, 5092 unique (R, =
0.1254), absolute structure parameter = 0.17(14). The final wR(F?)
was 0.1542 for all data. CCDC deposition number 656332.§

(2S,3R,4R)-3-Amino-4-hydroxy-2-hydroxymethyl-1-(toluene-4-
sulfonyl)pyrrolidine (34)

10% Palladium on charcoal catalyst (6.3 mg) was added to a
solution of 32 (0.021 g, 0.067 mmol) in THF (4 ml) and water
(2 ml). The mixture was stirred for 3 h under hydrogen at
atmospheric pressure (balloon). The reaction mixture was diluted
with THF (10 ml), filtered and the filtrate was concentrated under
reduced pressure to give 34 (0.018 g, 97%) as a white solid; mp
92-93 °C; [a]¥? —62.3 (¢ = 1.16 MeOH); v,,,,(CH,CL)/cm™" 3284
br (OH/NH), 2924 br, 1597 m, 1492 w, 1455 w, 1333 s, 1182 w,
1152's, 1089 m, 1010 m, 948 w, 812 m, 659 s; d,; (300 MHz, D,0O)
2.45(3H,s, Ar4-Me), 3.14 (1H, app t, J 5.6, H-3), 3.195-3.26 (2H,
m, HH-5, H-2), 3.49 (1H, d app t, J 9.6, 5.6, H-4), 3.53 (1H, dd,
J 10.5, 5.6, HH-5), 3.75 (1H, dd, J 12.0, 3.6, CHHO), 3.82 (1H,
J 12.0, 5.4, CHHO), 7.43 (2H, d, J 8.1, 2 x Ar H-3), 7.72 (2H,
d, J 8.1,2 x Ar H-2); ¢ (75 MHz, D,0) 20.7 (CH5;), 53.3 (CH,),
58.8 (CH), 62.0 (CH,), 67.1 (CH), 74.2 (CH), 127.4 (2 x CH),
130.3 (2 x CH), 131.5 (C), 145.8 (C); (ES) m/z (%): 111 (100%),
287 (42, M + H"); accurate mass (FAB) 287.1065 found (M + H*
C,H\y)N,O,S requires 287.1066).

(2S,3R 4R)-2-Hydroxymethyl-3-amino-4-hydroxy-pyrrolidine (8)

The tosylate 34 (0.018 g, 0.064 mmol) was placed in a three
necked flask fitted with a dry ice condenser and dissolved in a
minimal amount of liquid ammonia (ca. 5 ml) at —78 °C. Sodium
metal (0.0044 g, 0.19 mmol) was then added portion-wise to

the stirring reaction mixture. After the addition of sodium was
complete the reaction was warmed to room temperature and the
liquid ammonia was allowed to evaporate. The crude residue was
dissolved into water and transferred to a round bottom flask,
water was removed under reduced pressure and the resulting crude
material was purified by flash column chromatography on silica
(100% methanol bubbled with NHj;) to give 8 (0.0032 g, 38%) as a
clear oil. To aid analysis dilute HCI (aq) was added to the amine in
water until the solution was pH 2-3, affording the hydrochloride
salt of 8; [a]? +26.9 (¢ = 0.32 MeOH); v,,,(solid)/cm™": 3334 br
(OH/NH), 2901 br, 1599 br, 1408 w, 1102 m, 1026 m, 970 w,
922 m; oy (400 MHz, D,0) 3.38 (1H, dd, J 12.4, 4.0, HH-5), 3.61
(1H, dd, J 12.4, 4.0, HH-5), 3.60-3.62 (1H, m overlapping, H-
3), 3.81 (1H, app td, J 5.1, 4.4, H-2), 3.87 (1H, dd, J 12.0, 5.1,
CHHO), 3.97 (1H, dd, J 12.0, 4.4, CHHO), 4.56 (1H, app q, J
4.0, H-4); 6. (100.6 MHz, CD;0D) 50.2 (CH,), 56.9 (CH), 58.7
(CH,), 62.6 (CH), 72.1 (CH); (ES) m/z (%): 133 (M + H*, 100%);
accurate mass (FAB) found 133.0975 (M + H* CsH 5N, O, requires
133.0977).
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The synthesis of 3,4-alkoxythieno[2,3-b]thiophene derivatives has been developed from the readily
accessible dimethyl or diethyl 3,4-dihydroxythieno[2,3-A]thiophenedicarboxylates. The yields for the
dialkoxy derivatives were strongly dependent both on the base and the alkylating agent used for the
nucleophilic substitutions. A trimer associating the new 3,4-ethylenedioxy-thieno[2,3-b]thiophene unit
with 3,4-ethylenedioxythiophene moieties has been synthesized and electropolymerized.

Introduction

The considerable research activity developed around functional
polymeric n-conjugated systems is motivated by the high current
interest in these materials in the field of plastic electronics.! In
this area, polythiophenes have been widely investigated as the
most significant class of conjugated polymers** and, in particular
poly(3.4-ethylenedioxythiophene) (PEDOT) which has acquired
a prominent position among conducting polymers.** PEDOT
presents a unique combination of moderate band gap, low redox
potential, optical transparency in the visible spectral region for the
stable conducting oxidized state.*” Much effort has been devoted
to the derivatization of 3,4-ethylenedioxythiophene (EDOT) and
also to the design of new molecules involving the modification
of the chemical structure of the EDOT in order to develop new
functional polymers. Thus, structural changes to the EDOT core
have been achieved and consist of 1) the replacement of the
oxygen by sulfur*'? or selenium atoms," ii) modifications of the
ethylenedioxy group by grafting various functional groups or its
replacement by another alkylenedioxy bridge,>’ iii) the substitu-
tion of the ethylene bridge by a vinylene unit** or benzene core.”’

We have recently shown that 3,6-dimethoxythieno[3,2-b]-
thiophene DMThT also led to a polymer presenting low oxidation
potential and moderate band gap.”* As for PEDOT, this result
is due to the synergistic association of electronic and structural
effects of the alkoxy groups. In addition to their strong electron-
donor properties, the oxygen atoms have the propensity to give
rise to non covalent S—-O intramolecular interactions that stabilize
the planar conformation of the conjugated chain. Thus for
poly-DMThT, the self-rigidification between intrinsically rigid
thienothiophene units leads to a strong rigid character of the
polymeric chain.

CIMMA UMR CNRS 6200, Groupe SCL, Département de Chimie-
UFR Science, Université d’Angers, 2 boulevard Lavoisier, 49045, Angers,
France. E-mail: pierre. frere@univ-angers.fr; Fax: +33 241735405, Tel: +33
241735063

T Electronic supplementary information (ESI) available: Copies of 'H
NMR and *C NMR of the new compounds and structure and refinement
of 2¢. See DOI: 10.1039/b712052d

1+ CCDC reference number 656589. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b712052d

As a further step in our work concerning alkoxy-thienothio-
phene derivatives, we report here on the synthesis of a new rigid
building block based on 3,4-alkoxythieno[2,3-b]thiophene and we
present the first example of a block copolymer associating EDOT
with 3,4-ethylenedioxythieno[2,3-b]thiophene (EDOThT) units
(Chart 1). Thieno[2,3-b]thiophene is a highly stable heterocycle
which presents a central cross-conjugated double bond. As
recently demonstrated, the conjugation length of polythiophenes
can be controlled by the insertion of the non conjugated thieno-
[2,3-b]thiophene units, a fact that improves the stability of the
polymers towards atmospheric oxygen.’” The combination of
alkoxythieno[2,3-b]thiophene with EDOT is thus expected to
give a self-rigidified polymer due to the multiplication of S—
O intramolecular interactions giving the neutral state a higher
stability in air than that for PEDOT.
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Chart 1

Results and discussion
Synthesis

The 3,4-dialkoxythieno[2,3-b]thiophene derivatives were prepared
according to Scheme 1 from the readily accessible diethyl
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Scheme 1 Synthetic route to 3,4-dialkoxythieno[2,3-b]thiophene.

or dimethyl 3,4-dihydroxythieno[2,3-b]|thiophenedicarboxylates
1.2 The condensation of CS, on the anion of dimethyl or
diethyl malonate followed by the addition of chloromethylacetate
or bromoethylacetate gave 1 in 40-45% yield after acidification.
The direct bis O-alkylation of the dianion of 1 with a double
Williamson reaction followed by classical saponification and
decarboxylation steps led to the target molecules. However, the
yields of O-alkylation of compounds 1 for obtaining dialkoxy
derivatives 2 were strongly dependent both on the base and the
alkylating agent used for the nucleophilic substitutions.

Treating 1 with an excess of methyl iodide (4 equivalents) in the
presence of carbonate as base in DMF at 80 °C for 8 h led to 2a
in very low yield (less than 5%) while the starting material was
recovered in 65% yield after acidification (Scheme 2). Increasing
the time or the temperature of the reaction did not enhance the
yield and even decreased the quantity of recycled starting material
probably due to its slow degradation. Using the more reactive
trifluoromethylsulfonate alkylating agent in similar conditions
increased the yield of pure 2a to 55%. It can be noted that mono
O-alkylated derivative 4a and starting material were also observed.

/N
0 0
Mel
MeOZCmCOZMe +1
Na,CO3, DMF S S (65%)
2a
Ta (<10%)
\ o/ OH
CF3503M6
2a + 1 + Me0,C /[ N COyMe
NayCO3 DMF (55 %) (15%) S S
4a
(< 10%)
Scheme 2

The dianion of 1 was also generated by addition of two
equivalents of Bu,NOH. The following nucleophilic substitution
on methyl iodide led to a mixture of 2a and a product identified
as compound 5a in 29% and 36% yield respectively (Scheme 3).

HO OH
Me0,— | N co,Me
S S

Ta

2 equi BusNOH

8 8 g 0
MeOzcmcone -~ MeOzCMCOzMe
s~ s s~ s
A B

i Mel i Mel

o/ \o o/ 0
MeOzcmcone Meoszcone
S S S S

Za 5a

29 % 36 %

Scheme 3

The dianion of 1 can be regarded as an ambident enolate anion
present in two mesomeric forms A and B. The O-alkylation of A
leads to derivative 2a whereas the C-alkylation of B affords 5a.
The procedure recently described for 3,4-dialkoxythiophene
derivatives using 3 equivalents of triethylamine instead of carbon-
ate anion as base in the presence of a slight excess of brominated
derivatives in DMF?* led to double O-alkylation reactions in better
yields (Scheme 4 and Table 1). Hence the treatment of 1a or 1b
with two equivalents of 1,2-dibromoethane at 80 °C for 3 hours
gave compounds 2b and 2¢ in 63% and 70% yield respectively
(entry 1-2 in Table 1). When the brominated derivative is limited
to 1 equivalent, the time of reaction to observe the complete
disappearance of the starting material is longer and the yields are
lower due to the slow degradation of the anion of 1. Under similar
conditions, in presence of 4 equivalents of bromobutane (entry 3)
as alkylating agent, compound 2d was obtained in 61% yield and
derivative 5d was isolated in 9% yield. The reaction is more effective
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Table 1 Preparation of 2 by treatment of 1 with Et;N and alkyl bromide in DMF

Entry 1 Alkyl bromide (n equiv.) 24 (% yield) 5 (% yield)
1 la (R' = Me) Dibromoethane (2 equiv.) 2b (63%) —
2 1b (R' = Et) Dibromoethane (2 equiv.) 2¢ (71%) —
3 1b Bromobutane (4 equiv.) 2d (61%) 5d (9%)
“ Isolated compound.
R R? R? g o 7 o
d % d o NBS (2.2 equiv)
Et3N, DMF + R2 IS e T N—br
1= ) N ) s—~s’  CHClz, 0°C g
R%r  R'0C l COR'  R'O,C i COR!
S S S S EDOThT 9
0] 0
2 S
Pd(PPh3)4 Z/‘ﬁ\
Scheme 4 5~ ~SnBuz
(0] 0]
with dibromoethane than with bromobutane because the second S S
O-alkylation reaction involves a faster intramolecular reaction and | ) /S | S\ A
thus no side product 5 was obtained. For the same reason, in 0\\/0 4 \)o
spite of the excess of dibromoethane, the substitution with two 8
b th t ob d.
romoethane groups was not observe Scheme 6

The carboxylic acids resulting from the saponification of
compounds 2 were decarboxylated at 200 °C in quinoline under
microwave irradiation in presence of copper chromite leading to
the target molecules in 65-70% yields for the two steps (Scheme 5).

In order to develop a block copolymer associating EDOThT
with EDOT moieties, the trimer 8 was prepared according to
Scheme 6. A two-fold Stille coupling between mono stannyl-
EDOT and 2,5-dibromo-3,4-ethylenedioxythieno[2,3-b]thiophene
9, obtained in 80% yield by action of a slight excess of NBS on
EDOTRT in DMF at 0 °C, led to trimer 8 in 18% yield. Trimer 8
must be handled under nitrogen to avoid degradation.

Crystal structure of 2¢

The crystallographic structure of single crystals of 2¢ obtained
from slow evaporation of chloroform—ethanol solutions has been
analyzed by X-ray diffraction. 2¢ crystallizes in the monoclinic
P21/c¢ space group and the structure is defined from a molecule.
The structure of 2¢ (Fig. 1) reveals that the molecule is planar
except for the ethyl and ethylenedioxy groups. The ethylenedioxy
bridge presents a half-boat conformation with no disorder at
the methylene carbons. The molecules stack along the ¢ axis
with intermolecular distances of 3.73 A. Between two stacks
of molecules presenting a face to face orientation along the b

direction, close S-S contacts less than 3.65 A are observed as
indicated in Fig. 1.

Electronic properties

Cyclic voltammetry (CV) of compounds 3 was carried out in dry
acetonitrile using tetrabutylammonium hexafluorophosphate as
the supporting electrolyte. All the CV traces present an irreversible
oxidation peak over the potential range 1.28-1.31 V corresponding
to the formation of radical cations (Table 2). The oxidation
potential of 3bis lower than that of EDOT (1.5 V) measured under
the same conditions while close values are obtained between 3a
and DMThT (Table 2), thus indicating that the HOMO level of
3b is higher than that of EDOT while similar HOMO levels are
expected for 3a and DMThT."® These results are confirmed by
theoretical calculations.

Electrooxidation of compounds 3 did not lead to the for-
mation of electroactive polymer films on the anode. With 3.4-
ethylenedioxythieno[2,3-b]thiophene EDOThT (3b), recurrent po-
tential scans quickly led to the passivation of the anode (see ESIT)
probably due to the deposition of a thin insulating film.

The electronic properties of trimer 8 have been compared to
that of ter-EDOT and their molecular structures were investigated

RZ RZ
2 /
RO Quinoline, 200°C, G 0
1) NaOH 0 0 Microwave
7 | A\
2) H,SO. CU2CFO4
ZH o, T DH—com s— s
S S 3
7 3a R?=Me 65%
3b R%- R? =- CH2-CH2- 75%
3c R®=Bu 68%
Scheme 5
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Fig.1 Molecular structure (left) and packing mode (right) of 2¢ in a single crystal.

Table 2 Anodic peak potential’, calculated HOMO and LUMO? for
compounds 3a—¢, EDOT and (DMThT)

Compound E,/V HOMO/eV LUMO/eV
3a 1.31 —5.30 —0.16
EDOTAT = 3b 1.28 —5.60 —0.68

3¢ 1.30 — —

EDOT 1.50 —5.80 —0.05
DMThT 1.35 —5.33 —0.43

“5 x 107 M in 0.1 M Bu,NPF, in CH;CN, reference Ag/AgCl, v =
100 mV s~'. *HOMO/LUMO energy levels calculated by DFT method
(B3LYP/6-31 g(d,p).

theoretically by DFT calculations at the B3LYP/6-31G(d,p) level.
Table 3 lists the energy values of the HOMO and LUMO levels
and the main UV-vis and electrochemical data of trimer 8 and
ter-EDOT.

The UV-vis absorption spectrum of 8 presents a vibronic fine
structure with a 4, at 332 nm. Such a fine structure has already
been observed for oligo-EDOT*?* and the dimer of DMThT®
and is characteristic of a self-rigidification of the conjugated chain
due to non covalent S-O intramolecular interactions. Compared
to ter-EDOT?® the absorption band of 8 is blue shifted by 68 nm

indicating a decrease of the effective conjugation of the backbone
due to the central cross-conjugated double bond.

The optimized structure of trimer 8 leads to a fully planar
conformation. The coplanarity of the external EDOT moieties
with the median thienothiophene unit is associated with short
intramolecular S-O distances (2.91 A) less than the sum of the
van der Waals radii of sulfur and oxygen atoms (3.35 A). Such
short distances, already observed for optimized structures and
confirmed by X-ray structures of oligomers based on EDOT units,
are an indication of the establishment of non covalent intramolec-
ular interactions which stabilize the planar conformation of
the molecule. The highest occupied molecular HOMO orbital
and HOMO — 1 orbital are very close in energy and can be
considered as almost two degenerate levels. As shown in Fig. 2,
the molecular orbital analysis reveals the strong n-character of
the two degenerate HOMO and HOMO — 1 orbitals. The oxygen
atoms of the EDOThT unit and the inner oxygen atoms of the
EDOT moieties present a significant contribution of the atomic
orbital coefficients to the HOMO and HOMO — 1 levels of trimer
8, which indicates their participation in raising the HOMO and
HOMO — 1 levels by their electron releasing mesomeric effect.

Compared to ter-EDOT, the significantly higher HOMO-
LUMO gap, corresponding both to a decrease of the HOMO
and an increase of the LUMO energy levels, is actually associated

Table 3 UV-vis, electrochemical data® and calculated HOMO/LUMO energy levels® and gap AE? for trimer 8 and ter-EDOT

Compound Amax E. HOMO -1 HOMO LUMO LUMO + 1 AE

8 332 nm E, =08V —4.84¢V —4.73 eV —0.87eV —0.76 eV 3.86eV
E,=11V

Ter-EDOT 400 nm* E, =0.65V* —5.58 eV —4.40 eV —1.10eV +0.11 eV 3.30eV

“10~°* M in CH,CL,. * 10 M in 0.1 M Bu,NPF, in CH,Cl,, reference Ag/AgCl, v = 100 mV s~'. ‘HOMO/LUMO energy levels and gap are calculated

by DFT method (B3LYP/6-31g(d,p)). “ AE = Eiymo — Enowmo-
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9 9
HOMO (- 4.73 &V)

HOMO -1 (- 4.84 eV)

Fig. 2 Electron density contours (0.04 e bohr") and energies calculated for HOMO and HOMO -1 orbitals of 8.

with the disruption of the conjugation due to the planar cross
conjugated thieno[2,3-b]thiophene unit.

The CV of 8 performed in CH,Cl, presents two irreversible
oxidation peaks at 0.81 V and 1.13V (vs. Ag/AgCl). Compared
to ter-EDOT*?* the +150 mV anodic shift of the first oxidation
potential of 8 reflects the lower HOMO level due to a smaller
conjugation length. Application of recurrent potential scans with
a positive limit set at the second oxidation potential led to the
emergence of new redox systems at lower potentials characteristic
of straightforward electropolymerization (Fig. 3 left). By contrast
when the potential scan is limited to the first oxidation potential,
the growth of the polymers on the anode is more difficult and
the quality of the films is mediocre. Interestingly, this result
suggests the formation of a bis-cation radical state from the second
oxidation peak that enhances the electropolymerization process
(Scheme 7).

I (A)

4e-5

3e-5 A

2e-5 A

1e-5

0

-1e-5 -

-2e-5 -

-3e-5 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E (V vs Ag/AgCl)

Fig. 3

To gain a deeper insight into the charge distribution of the
dication and taking into account that the HOMO and HOMO —
1 of 8 are close in energy, calculations for the dication state
were done with the same B3LYP functional as for the neutral
state and also with the U-B3LYP method by considering singlet
and triplet states respectively. Geometric optimization with the
two methods led to fully planar systems. The open-shell triplet
dication is computed to be 11.1 kcal mol™' more stable than
the close-shell singlet dication in CH,Cl, (10.8 kcal mol™' in gas
phase). This result indicates that the second oxidation process
leads preferentially to a biradical structure for 8, thus supporting
the results of electropolymerization.

The CV trace of the resulting polymer recorded in a monomer-
free electrolytic medium exhibits clearly two reversible oxidation
peaks at 0.55 V and 0.84 V associated with the p doping of the
polymer (Fig. 3 right).

1 (A)
3e-5

2e-5 -

1e-5 1

-1e-5 1

-2e-5 T T
0.0 0.2 0.4

0.6 0.8 1.0 1.2

E (V vs Ag/AgCl)

1.4

Electropolymerization of compound 8 at 10~* M in 0.1 M Bu,NPF, in CH,Cl,, reference Ag/AgCl, v = 100 mV s~ (left). CV of film of poly-8

deposited on a Pt disk (¢ = 1 mm) in 0.1 M Bu,NPF, in CH;CN, reference Ag/AgCl, v =100 mV s~! (right).

Scheme 7
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The optical properties of the polymer have been analyzed on
a thin film electrodeposited on ITO electrodes. Fig. 4 shows the
spectral series for poly-8 while changing from the neutral state
to the fully oxidized states. The spectrum of the neutral polymer
presents a fine structure, which is an indication of the formation
of a rigid backbone with a /,, at 457 nm and a shoulder at
492 nm. The band gap of the polymer estimated from the onset
of the absorption band is 2.25 eV. The spectrum of poly-8 remains
unchanged after several hours in ambient conditions indicating a
good stability of the polymer in the neutral state.

06
A
0.5

0.4

0.3 1

0.2 1

0.1 1

0.0 1

400 500 600 700 800 900 1000 1100 1200
A (nm)

Fig. 4 Electronic absorption spectra of poly-8 deposited on ITO.

Oxidation of the polymer leads to a color change from red—
orange to deep blue with the appearance of two close bands at
640 nm and 715 nm and a broad band at 1065 nm when the
oxidation is limited to the first oxidation potential (0.5 V). After
the second oxidation potential (0.9 V), the spectrum presents
broad bands at 680 nm and 1045 nm. Consistent with the
electrochemical properties of the polymer, these optical features
should be attributed to polaron and bipolaron states. However,
further studies are required for an unequivocal assignment of these
transitions.

Conclusions

To summarize, an efficient synthesis of 3,4-alkoxythieno[2,3-b]-
thiophenes has been developed from the readily accessi-
ble diethyl or dimethyl 3,4-dihydroxythieno[2,3-b]thiophenedi-
carboxylates. The key step corresponding to the bis O-alkylation
by a double nucleophilic substitution is strongly improved by using
triethylamine as base and bromine derivatives as alkylating agents.
A trimer associating the new building block EDOThT with EDOT
moieties has been synthesized and electropolymerized. It is shown
that the grown of the polymer is favored from a bis-radical cation
structure after extraction of two electrons. Due to the disruption
of the conjugation through the thieno[2,3-b]thiophene units, the
polymer is more difficult to oxidize than PEDOT and presents
a good stability in the neutral state in ambient conditions.
Oligomers and polymers based on structures combining EDOThT
and thiophene units are potentially interesting for controlling
the electronic properties of the m-conjugated systems in view of
realizing field effect transistors or solar cells.

Experimental
General

NMR spectra were recorded with a Bruker Avance DRX 500 (‘H,
500.13 MHz and “C, 125.75 MHz) or a JEOL GSX 270 WB ('H,
270 MHz) instrument. Chemical shifts are given in ppm relative
to TMS. Cyclic voltammetry was performed in dichloromethane
solutions purchased from SDS (HPLC grade). Tetrabutylammo-
nium hexafluorophosphate (0.1 M as supporting electrolyte) were
purchased from Fluka and used without purification. Solutions
were deaerated by nitrogen bubbling prior to each experiment
which was run under a nitrogen atmosphere. Experiments were
done in a one-compartment cell equipped with a platinum working
microelectrode (@ = 1 mm) and a platinum wire counter electrode.
An Ag/AgCl electrode checked against the ferrocene/ferricinium
couple (Fc/Fc*) before and after each experiment was used as
reference. Electrochemical experiments were carried out with a
PAR 273 potentiostat with positive feedback.

Synthetic procedures

Diethyl and dimethyl 3,4-dihydroxythieno|2,3-b]thiophenedi-
carboxylates 1a and 1b. These compounds have been synthesized
by adapting procedure described by Gompper et al.*

Dimethyl malonate (0.1 mol, 11.72 mL) was added dropwise
to a solution of 8 g of NaNH, (0.2 mol) in 120 mL of DMF at
0 °C under inert atmosphere. After allowing to warm to room
temperature, 6 mL of CS, then 18 mL of methyl chloroacetate
(0.2 mol) were added dropwise and the mixture was warmed
at 80 °C for 15 min before adding dropwise 24 g of sodium
methanolate in 100 mL of MeOH. The mixture was heated at 80 °C
for 30 min, then after cooling at room temperature, addition of
250 mL of HC1 (3 M) allowed the precipitation of a crude product.
The solid is filtered and dried to give 13.8 g of 1a as a brown solid
(47% yield).

la: Mp = 222 °C (decomp.). '"H NMR (CDCl;): 6 = 3.93 (s,
6H), 10.15 (s, 2H). MS (ET) 288 [M+°].

Compound 1b was prepared by using the same synthetic
procedure with diethyl malonate and ethyl bromoacetate. 1b was
obtained as a brown solid (45% yield).

1b: Mp = 158 °C (decomp.). '"H NMR (CDCl;): 6 = 1.35 (4,
3J = 7.3 Hz, 6H), 4.33 (q, *J = 7.3 Hz, 4H), 10.05 (s, 2H, OH).
MS (ED) 316 [M*°].

Dimethyl 3,4-dimethoxythieno|2,3-b|thiophenedicarboxylate 2a.

Method A. From sodium carbonate as base and CF;SO;Me as
alkylating agent.

16.65 g of Na,CO; (0.157 mol) were added to a solution of 4.53 g
(15.7 mmol) of 1a in 150 mL of DMF. After 15 min of stirring at
room temperature, 8§ mL of CF;SO;Me (70.7 mmol) were added
and the mixture was stirred overnight at room temperature. The
mixture was poured into 400 mL of a solution of HCl (2 M)
to give a white precipitate. The solid was filtered and then was
washed twice with water. The crude product was purified by
recrystallization in MeOH to give 2.75 g of 2a (55% yield).

Method B. from Bu,NOH as base and methyl iodide as
alkylating agent.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3442-3449 | 3447





To a solution of 288 mg of 1a (1 mmol) in 3 mL of DME,
2 mL of a solution of BuyNOH 1 M (2 mmol) in MeOH were
added dropwise. After 5 min stirring 0.3 mL of methyl iodide was
added then the mixture was stirred at 60 °C overnight. 10 mL of
a solution of H,SO, (10%) were added then the aqueous phase
was extracted with ethyl acetate (2 x 20 mL) and the organic
phase was dried over MgSO,. Removal of the solvent at reduced
pressure and purification by chromatography on silica gel (eluent:
CH,Cl,) afforded 90 mg of compound 2a (29% yield) and 114 mg
of compound 5a (36% yield).

2a: White solid. Mp = 178 °C. '"H NMR (CDCl;): 6 = 3.89 (s,
6H), 4.09 (s, 6H). "C NMR (CDCl;): 6 = 52.26, 63.26, 118.85,
133.43, 143.09, 155.21, 161.30. MS (EI) 316 [M**]. C;,H,,0,S..

5a: Brown oil. "H NMR (CDCl;): 6 = 1.88 (s, 3H), 3.75 (s, 3H),
3.86 (s, 3H), 4.21 (s, 3H). "C NMR (CDCly): 6 = 21.61, 52.22,
53.74,63.24,69.33,116.01, 128.22, 157.39, 160.95, 168.74, 169.15,
188.96. MS (EI) 316 [M*°].

Dimethyl 3,4-ethylenedioxythieno[2,3-b]thiophenedicarboxylate
2b. To a suspension of 1.9 g (6.59 mmol) of 1a in 40 mL of
DMF were successively added 2.75 mL of Et;N (19.8 mmol) then
1.14 mL of dibromoethane (13.2 mmol). The mixture was stirred
for 8 h at 80 °C. After cooling at room temperature, 100 mL of
a solution of HCI (4 M) were added and a precipitate appeared.
The solid was filtered, washed twice with water then with MeOH
to give 1.31 g of 2b (63% yield).

2b: White solid. Mp > 260 °C. '"H NMR (CDCl;): 6 = 3.89 (s,
6H), 4.72 (s, 6H). The solubility is too low to do *C NMR. MS
(ED) 314 [M*"].

Diethyl 3,4-ethylenedioxythieno[2,3-b]thiophenedicarboxylate
2¢. To a suspension of 1.5 g (4.74 mmol) of 1b in 30 mL of
DMF were successively added 2.0 mL of Et;N (14.2 mmol) then
0. 83 mL of dibromoethane (9.2 mmol). The mixture was stirred
8 h. at 80 °C. After cooling at room temperature, 100 mL of a
solution of HCI (4 M) were added and a precipitate appeared.
The solid was filtered, washed twice with water then with MeOH
to give 1.16 g of 2¢ (70% yield).

2¢: White solid. Mp >260 °C. '"H NMR (CDCl;): 6 = 1.35 (t,
3J = 17.15 Hz, 6H), 4.33 (q, °*J = 7.15 Hz, 4H), 4.72 (s, 4H). *C
NMR (CDCL): 6 = 14.39, 61.06, 74.20, 110.31, 129.20, 143.29,
153.49, 161.10. MS (ET) 342 [M*"].

Diethyl 3,4-dibutoxythieno|2,3-b]thiophenedicarboxylate 2d.
To a suspension of 0.5 g (1.58 mmol) of 1b in 10 mL of DMF
were successively added 0.7 mL of Et;N (5 mmol) and 0.7 mL
of bromobutane (6.3 mmol). The mixture was stirred 12 h. at
80 °C. After cooling at room temperature, 80 mL of a solution
of HCI (4 M) were added then the aqueous phase was extracted
with ethyl acetate (2 x 20 mL) and the organic phase was dried
over MgSO,. Removal of the solvent at reduced pressure and
purification by chromatography on silica gel (eluent: CH,Cl,—PE,
2 : 1) afforded 410 mg of compound 2d (61% yield) and 60 mg of
compound 5d (9% yield).

2d: White solid. Mp = 155 °C. '"H NMR (CDCl;): 6 = 0.96 (t,
3J =7.5Hz, 6H), 1.38 (t,°J = 7.15 Hz, 6H), 1.48 (m, *J = 7.5 Hz,
4H), 1.81 (dt,*J =7.5Hz, *J = 6.5 Hz 4H), 4.26 (t,*J = 6.75 Hz,
4H), 4.35 (m, °J = 7.15 Hz, 4H). *C NMR (CDCl;): 6 = 13.96,
14.36, 19.02, 32.07, 61.20, 76.58, 119.22, 134.03, 142.99, 154.49,
161.12. MS (EI) 428 [M*"].

5d: Pale yellow oil. '"H NMR (CDCl,): 6 = 0.88 (t,*J = 7.0 Hz,
3H), 0.94 (t, °J = 7.5 Hz, 3H), 1.22 (t, °*J = 7.0 Hz, 3H), 1.34 (t,
3] = 7.0 Hz, 3H), 1.39-1.51 (m, 6H), 1.75 (m, 2H), 2.25 (m, 2H),
4.20 (m, 2H), 4.33 (m, 2H), 4.42 (m, 2H). MS (EI) 428 [M*"].

General procedure for the saponification of derivatives 2 and
decarboxylation of the resulting diacid

Saponification reaction. To a suspension of diester derivatives
2 (5.5 mmol) in 30 mL of EtOH was added a solution of NaOH
(40 mmol) in 30 mL of water and the mixture was heated at
80 °C overnight. The mixture was cooled in an ice bath and
acidified to pH = 1-2 with conc. H,SO, to give a precipitate.
The solid was filtered and washed with water, MeOH then
Et,0. Compounds were characterized by mass spectroscopy (M —
CO, and M — 2CO,) then the compounds were employed directly
in the subsequent decarboxylation reaction.

Decarboxylation reaction. Cr,Cu,O; (100 mg) was added to a
mixture of 250 mg of diacid in 1 mL of quinoline in a microwave
reaction vessel. The reaction was irradiated for 3 min in a CEM
microwave (7 =200 °C, P = 13 bar, power = 250 W). The mixture
was poured into 20 mL of a solution of H,SO, (2 M) and was
extracted with Et,0 (2 x 15 mL). The organic phase was washed
twice with 20 mL of water and dried over MgSO,. After removing
the solvent at reduced pressure, the crude solid was purified by
chromatography on silica gel (eluent: CH,CL,—PE, 2 : 1).

3,4-Dimethoxythieno[2,3-b]thiophene 3a: 65% yield. White
solid. Mp = 141 °C. '"H NMR (CDCl;): 6 = 3.92 (s, 6H), 6.15 (s,
2H). "C NMR (CDCly): 6 = 57.70, 97.72, 129.20, 136.03, 150.56.
MS (EI) 200 (M**). Anal. Calc. for CgH;O,S,: C, 47.98, H, 4.03;
found: C, 47.59, H, 3.92.

3.4-Ethylenedioxythieno[2,3-b]thiophene (EDOThT): 3b: 75%
yield. White solid. Mp = 174 °C. '"H NMR (CDCl;): 6 = 4.47 (s,
4H), 6.35 (s, 2H). *C NMR (CDCl;): 6 = 73.80, 101.97, 130.09,
135.30, 148.03. MS (ET) 198 (M**). Anal. Calc. for C;H(O,S,: C,
48.46, H, 3.05; found: C, 48.18, H, 2.98.

3.4-Dibutoxythieno[2,3-b]thiophene: 3¢: 63% yield. White solid.
Mp=78°C."HNMR (CDCl;):6 =0.98(t,*J =7.55Hz, 6H), 1.53
(m, 4H, *J = 7.55 Hz, *J = 7.15 Hz), 1.81 (m, 4H, *J = 7.15 Hz,
3J = 6.36 Hz), 4.01 (t, 4H, OCH,, *J = 6.36 Hz), 6.12 (s, 2H).
BC NMR (CDCly): 6 = 13.86, 19.22, 31.20, 70.03, 98.21, 130.14,
135.41, 150.09. MS (EI) 284 (M**). Anal. Calc. for C,;H,,0,S,: C,
59.12, H, 7.09; found: C, 58.67, H, 6.85.

2,5-Dibromo-3,4-diethylenedioxythieno|2,3-b|thiophene 9

Under nitrogen atmosphere, 215 mg of NBS (1.2 mmol) were
added in portions to a solution of 120 mg (0.6 mmol) of EDOThT
in 7 mL of DMF at 0 °C. The mixture was allowed to warm
to room temperature and was stirred for 12 h in the dark. The
mixture was poured into 70 mL of water and the aqueous phase
was extracted with Et,0 (2 x 25 mL) and the organic phase was
dried over MgSO,. After removing the solvent at reduced pressure,
the crude solid was purified by flash chromatography on silica gel
(eluent: CH,Cl,) to give 169 mg of 9 (80% yield).

9: Pale yellow solid. Mp decomposition from 170 °C. "H NMR
(CDClLy): 6 = 4.75 (s, 4H), *C NMR (CDCly): 6 = 73.73, 88.19,
127.43, 130.31, 145.66. MS (EI) 356 (M*").
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2,5-Bis(3,4-ethylenedioxythiophene)-3,4-diethylenedioxy-
thieno|2,3-b|thiophene 8

Brominated derivative 9 (50 mg, 0.14 mmol), 2-tributylstannyl-
3.4-ethylenedioxythiophene (0.35 mmol) and 16 mg of Pd(PPh;),
were dissolved in 3 mL of toluene and degassed several times.
The mixture was heated to 100 °C for 4 h. After cooling at room
temperature the mixture was filtered on hyflosupercel and eluted
with CH,Cl,. The organic phase was washed twice with water
then dried over MgSO,. After removing the solvent at reduced
pressure, the crude product was purified by flash-chromatography
(PE-CH,Cl,, 2 : 1) to give a pale yellow solid (12 mg, 18% yield).

8: Pale yellow solid. Mp = decomposition from 150 °C. 'H
NMR (CH,Cl,): 6 =4.21 (m, 4H), 4.31 (m, 4H), 4.62 (s, 4H), 6.25
(s, 2H). Solubility and stability are too low to do *C NMR. HRSM
calc. for C,0)H,,04S, 477.96677, found 477.96769.

Crystal data and structure refinement for compound 2¢

Data collections were performed at 293 K on an Enraf-Nonius
MACH3 four circle diffractometer equipped with a graphite
monochromator utilizing Mo-Ka radiation (1 = 0.71073 A).
The structure was solved by direct methods (SIR) and refined
on F? by full-matrix least-squares method, using SHELXL97
(G.M. Sheldrick, 1997). Non-hydrogen atoms were refined
anisotropically. The positions of hydrogen atoms were calculated.

C.H,,04S,, M, = 342.37, white prism, 0.44 x 0.07 x 0.01 mm?,
monoclinic, P12,/¢, a = 5.098(1) A, b = 14.076(2) A, ¢ =
20.831(7) A, f = 92.82 (2)° V = 1493(1) A}, Z = 4, poe =
1.52 g em—, 23362 reflections collected in the 3-26° 0 range, 2905
independent reflections from which 1522 with I > 2a(/) converged
to R =0.0851 and wR2 (all data) = 0.1718 with 201 parameters,
GOF = 1.064.
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A catalyst system, [Rh(COD)CI],-~BINAP-AgSbF, has been developed as a second-generation catalyst
for the cycloisomerization of 1,6-enynes tethered by carbon chains. Cyclopentanes and
cyclopentanones, which can contain functional groups, such as the 1,4-dienes, vinyl ether, aldehyde ezc.,
were obtained from readily available starting materials in high yields and selectivities. Both
regioselectivities and enantioselectivities are excellent: only 1,4-dienes were observed and in over 99% ee.

Introduction

Cyclopentanes and cyclopentanones are amongst the most basic
skeletons of organic molecules. Because numerous natural prod-
ucts and biologically active molecules contain these motifs, func-
tionalized cyclopentanes and cyclopentanones are obviously valu-
able building blocks for the construction of complex molecules.
The syntheses of natural products such as prostaglandins and
jasmonates illustrate the significance of developing a highly
efficient methodology for the formation of cyclopentanes and
cyclopentanones.!

Without doubt, the transition metal-catalyzed Alder-ene type
cycloisomerization of enynes is an elegant method to form these
skeletons.”® Since pioneering work was done with Pd-catalysts,
which lead to 1,3- and 1,4-dienes,”'® highly regioselective cycloi-
somerization of enynes forming 1,4-dienes, has been carried out
using Ti-,"* Ru-,"* and Rh-catalysts."** The asymmetric version
of this transformation has remained relatively unexplored and the
development of efficient catalysts for this purpose still remains a
challenge.”'*** Efforts by the Trost lab in 1989° and 1994" were
carried-out using a Pd-catalyst, chiral ligands, and chiral auxiliary
groups. Recently, Mikami et al. reported the Pd-mediated cycloiso-
merization of enynes in excellent enantioselectivities.?'>* However,
its application in forming cyclopentanes and cyclopentanones in
high enantioselectivities is still not satisfactory.*'® Fiirstner et al.
developed a beautiful cycloisomerization of enynes promoted
by an Fe-catalyst to form carbobicyclic compounds,” while
producing the enantiomerically pure carbobicyclic compounds
remains a challenge. Very recently, Nicolaou et al. showed the
potential of the Rh-catalyzed enyne cycloisomerization in the
total syntheses of platensimycin, which includes racemic and
asymmetric versions.?®?

Previously, the [Rh(diphos)Cl,-AgSbF; system for the in-
tramolecular Alder-ene reaction of 1,6-enynes was reported.!s3
Two years later, the second-generation catalyst, [Rh(COD)CI],—-
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BINAP-AgSbF, was proven to be more efficient and conve-
nient for the cycloisomerization to form lactones, lactams, and
tetrahydrofurans.®-* Herein, we communicate our results on the
highly enantioselective formation of functionalized cyclopentanes
and cyclopentanones by employing a second-generation catalyst
in the cycloisomerization of 1,6-enynes with a carbon tether.

Results and discussion

The reaction of enyne 1a in the presence of the second-generation
catalyst was examined first. It was carried out in the presence of 5
mol% [Rh(COD)CI],, 11 mol% (S)-BINAP, and 20 mol% AgSbF;.
Although the corresponding desired product can be identified
via NMR and GC, a complicated mixture was produced, from
which it was difficult to isolate the product. However, the rapid
consumption of the starting material 1a (100% conversion after
2 min reaction time) shows the high reactivity with this catalyst. We
were then pleased to find that when substrate 1b was employed in
the cycloisomerization with the second-generation catalyst using
(S)-BINAP as the ligand, the desired product 2b was obtained
exclusively in over 99% ee (Scheme 1). No 1,3-diene regioisomer
was detected in this reaction.

R'I
) X R?
Il -~ R2_[RncoDKCl, RUS
BINAP
AngF6 MeOOC COOMe
MeOOC~ “COOMe
2

1
R'=Me, R2=Me 1a (S)-BINAP complicated mixture
R'=Ph, R2=H 1b (S)-BINAP (+)-2b 84% >99% ee

Scheme 1 Rh(i)-catalyzed intramolecular Alder-ene reaction of
1,6-enynes.

Encouraged by the excellent regioselectivity and enantioselec-
tivity with the reaction of 1b shown in Scheme 1, we examined
the reaction with the substrate, allylic ether 3 (Scheme 2). A
versatile alkenyl ether will be the product if this reaction remains
regiospecific. Our result is shown in Scheme 2. The corresponding
alkenyl ether 4 was obtained in high yield and excellent ee value.

Our success in constructing cyclopentanes encouraged us to
explore the formation of cyclopentanones using a similar strategy.
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Il _~_-Z_[Rh(coD)C1)

R/b/\/z

(S)-BINAP
AgSbFg MeOOC~ ~COOMe
MeOOC~ “COOMe
3 4
R=Ph, Z=OMe 92% >99% ee

Scheme 2 Formation of functionalized cyclopentanes.

First, enyne 5 was examined as a substrate, and the results are
shown in Scheme 3. The desired product, cyclopentanone 6, was
obtained in high yield with excellent enantioselectivity in the
presence of (S)-BINAP(Scheme 3).

Ph
[(— [RR(COD)Cl,  Ph™ Ny—
BINAP o
o AgSbFg
5 6

(S)-BINAP  (-)-6 82% >99% ee

Scheme 3 Formation of functionalized cyclopentanones.

The results detailed above promoted us to further explore the
formation of functionalized cyclopentanones. The cycloisomer-
ization of 7a and 7b yielded the corresponding vinyl methyl ethers
and benzyl ether substituted cyclopentanones 9a and 9b in high
yields with over 99% ee (Scheme 4).

R
N2
I o~z [Rh(COD)CI], R/jj/\/
BINAP o
o AgSbF
7 8

91% >99% ee
92% >99% ee
(S)-BINAP (+)-8b 86%>99% ee

R=n-C4Hg Z=OMe 7a (S)-BINAP (+)-8a
7a (R)-BINAP ()-8a

R=Ph Z=0Bn 7b

Scheme 4 Formation of polyfunctionalized cyclopentanones.

The results shown in Scheme 5 demonstrate our efforts in
introducing more functional groups at the alkyne site in order
to obtain a more flexible synthetic motif. The cyclopentanones,
10a and 10b, in which both side chains are functionalized, were
formed in high yields and over 99% ee (Scheme 5).

OR
It oM [Rh(COD)CquOij/\Vome
= e ———
BINAP o
o AgSbFi
9 10
R=Me 9a (S-BINAP  (#)-10a 92% >99% ee
R=MOM 9b (S}-BINAP  (9-10b 89% >99% ee

Scheme 5 Formation of polyfunctionalized cyclopentanones.

The results of further experimentation are shown in Scheme 6.
The unprotected allylic alcohol, 11, also served as a good

C4Hg-n
I~ OHRncoD)CH, "-C4H9§j/WH
o AgSbF¢ o °
1" (S)-BINAP  (+)-(S)-12 93% >99% ee
(RFBINAP ()-R)-12  89% >99% ee

(1) NaClOo/H,0, . OMe
(+)-(5)-12 n-CeHg™ ™S
(2) (CH3)3SiCHN; o (o]

Benzene l [(PPhs)HCuls

W M
n-C4 Hg " Y OMe
OI j o}

(+)-(15,25)13 >99% ee

Scheme 6 Synthesis of dihydrojasmonate (+)-(1S5,25)-13.

substrate in the Rh-catalyzed intramolecular Alder-ene reaction.
The aldehyde-substituted cyclopentanone 12 was formed in high
yield and over 99% ee.

To demonstrate the synthetic utility of the cycloisomerization
of enynes and identify the absolute configuration of the products,
methyl dihydrojasmonate 13 was chosen as one of our target
molecules. The synthesis started from (+)-12. After mild oxidation,
methylation with (CH;);SiCHN, [(trimethylsilyl)diazomethane,
2.0 M in hexane)] and reduction using [(PPh;)HCu], in benzene,
trans-(+)-(15,25)-13 was obtained in over 99% ee and high
diastereoselectivity (trans : cis >97 : 3) from (+)-12 in 62% overall
yield. The results also revealed the absolute configuration of (+)-
12: the (S)-configuration.*

Conclusion

In summary, a highly efficient Rh(1)-catalyzed intramolecular
Alder-ene type cycloisomerization reaction of 1,6-enynes tethered
by carbon chains was developed. Polyfunctionalized cyclopen-
tanes and cyclopentanones were obtained in good yields. The
regioselectivity is specific, and only 1,4-dienes were observed as the
products. Excellent enantioselectivities were obtained in employ-
ing the commercially available BINAP as the ligand. Syntheses
of more complex biologically active molecules and mechanistic
details are currently under investigation in our laboratory and the
results will be published in due course.

Experimental
General methods

All reactions were carried out in an inert atmosphere using
standard Schlenk techniques. "H NMR and "C NMR spectra were
recorded on Bruker DPX-300, DRX-400 and AMX-360 spec-
trophotometers. 1,2-Dichloroethane was purchased from com-
mercial sources (Aldrich) and used without further purification.
All the substrates were synthesized according to the literature.’’
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General procedure for the asymmetric Alder-ene reaction catalyzed
by rhodium complexes

In a dried Schlenk tube, [Rh(COD)CI], (2.5 mg, 0.005 mmol)
and S-BINAP (6.9 mg, 0.011 mmol) were dissolved in freshly dis-
tilled 1,2-dichloroethane (1 mL), then freshly prepared substrate
(0.1 mmol) was added into the solution at room temperature
under nitrogen. After stirring for 1 min, AgSbF, (0.02 mmol)
was added into the mixture. The reaction was run at room
temperature and followed by GC or TLC. After the reaction was
complete, the reaction mixture was directly subjected to column
chromatography.

(E)-Dimethyl 3-benzylidene-4-vinylcyclopentane-1,
1-dicarboxylate (2b)

>99.0% ee, HPLC, OJ, Hex (hexane) : Iso (isopropyl alcohol) =
97:3,0.5mlmin™", 711 =25.2, 12 =28.3; S-BINAP, [a]} = +33.53,
¢=0.5, CHCL.

'H NMR (360 MHz, CDCl;) ¢ 7.38-7.23 (m, 5H), 6.24 (s, |H),
5.73-5.68 (m, 1H), 5.21-5.17 (m, 2H), 3.77 (s, 6H), 3.46-3.21 (m,
3H),2.68-2.62 (m, 1H), 2.04 (dd, J = 6.7, 13.3 Hz, 1H); *C NMR
(90 MHz, CDCl;) 6 172.46, 172.36, 143.60, 139.65, 138.08, 128.68,
126.82, 124.45, 117.25, 59.78, 53.33, 50.14, 40.14, 39.22; MS m/z:
301.1 [M* + 1]; HRMS (APCI) Caled for CH, O, (M* + 1):
301.1440; found: 301.1434.

(E)-Dimethyl 3-benzylidene-4-(( E)-2-methoxyvinyl)-
cyclopentane-1,1-dicarboxylate (4)

>99% ee, HPLC, OJ-H, Hex : Iso = 90 : 10, 254 nm, | ml min~!,
t1 =11.47, 12 = 13.58; S-BINAP, [a]5 = —15.13, ¢ = 1, CHCl,.

'H NMR (400 MHz, CDCl;) 6 7.28-7.12 (m, 5H), 6.34 (d, J =
12.6 Hz, 1H), 6.17-6.15 (m, 1H), 4.54 (dd, J = 12.6, 9.0 Hz,
1H), 3.67 (s, 6H), 3.51 (s, 3H), 3.33 (d, J = 18.6 Hz, 1H), 3.18-
3.12 (m, 2H), 2.54-2.49 (m, 1H), 1.87 (t, J = 6.3 Hz, 1H); °C
NMR (100 MHz, CDCl;) 6 172.57,172.47, 149.52, 144.99, 138.15,
128.71, 128.64, 126.73, 123.93, 104.53, 59.43, 56.57, 53.31, 44.95,
41.60, 39.14; MS m/z: 331.2 [M* + 1]; HRMS (APCI) Calcd for
CoH,;05 (M* + 1): 331.1546; found: 331.1546.

(Z)-2-Benzylidene-3-((E)-prop-1-enyl)cyclopentanone (6)

>99.9% ee, GC with Chiralselect 1000, 150 °C, 1.5 ml min~!, 711 =
98.83, 12 =101.16; S-BINAP, [a]; = —15.4, ¢ = 0.5, CHCl,,

'H NMR (400 MHz, CDCL,) § 7.84-7.80 (m, 2H), 7.37-7.29
(m, 3H), 6.56 (s, 1H), 5.65-5.61 (m, 1H), 5.43-5.37 (m, 1H),
3.44-3.40 (m, 1H), 2.42-2.16 (m, 3H), 1.77-1.71 (m, 4H); °C
NMR (100 MHz, CDCl5) 6 208.96, 142.43, 140.86, 137.92, 136.23,
134.03, 133.82, 132.54, 131.16, 51.62, 42.22, 31.13, 21.20.

(£)-3-((E)-2-Methoxyvinyl)-2-pentylidenecyclopentanone (8a)

>99% ee, GC, Chiralselect 1000, 150 °C, 1.5mlmin~', 1 = 28.646,
12 = 29.549; S-BINAP, [a]5 = +47.60, ¢ = 1, CHCl;, R-BINAP,
[a]® = —46.70, ¢ = 1, CHC],

'"H NMR (400 MHz, CDCl;) 6 6.33 (d, J = 12.6 Hz, 1H), 5.84
(dt,J =1.3,6.2Hz, 1H),4.57-4.51 (m, 1H), 3.52 (s, 3H), 3.16-3.10
(m, 1H), 2.70-2.60 (m, 2H), 2.34-2.06 (m, 3H), 1.59-1.48 (m, 1H),
1.44-1.22 (m, 4H), 0.86 (t, J = 7.1 Hz, 3H); *C NMR (100 MHz,
CDCl;) 6 208.41, 149.13, 142.74, 139.29, 105.66, 56.58, 42.73,

39.20, 31.87, 29.80, 27.81, 22.82, 14.33; MS m/z: 209.2 [M* + 1];
HRMS (APCI) Calcd for C;3H, O, (M* + 1): 209.1542; found:
209.1545.

(£)-3-((E)-2-(Benzyloxy)vinyl)-2-pentylidenecyclopentanone (8b)

>99.5% ee, HPLC, OJ-H, Hex : Iso =90 : 10, 254 nm, 1 ml min~"',
11 =748, 12 =9.69; S-BINAP, [a]5 = +55.3, c =1, CHCl,

'"H NMR (300 MHz, CDCl,) 6 7.36-7.24 (m, 5H), 6.38 (d, J =
12.6 Hz, 1H), 5.78 (dt, J = 7.6, 2.5 Hz, 1H), 4.76 (s, 2H), 4.69 (dd,
J=28.8,12.6 Hz, 1H), 3.16-3.13 (m, 1H), 2.67-2.63 (m, 2H), 2.31—
2.01 (m, 3H), 1.59-1.51 (m, 1H), 1.35-1.28 (m, 4H), 0.86 (t, J =
6.3 Hz, 3H); *"C NMR (75 MHz, CDCl;) 6 208.37, 147.80, 142.87,
139.15, 137.30, 128.92, 128.37, 127.93, 107.79, 71.75, 42.83, 39.22,
31.87,29.67,27.82,22.82, 14.36; MS m/z: 285.2 [M* + 1]; HRMS
(APCI) Calcd for C,yH,50, (M* + 1): 285.1855; found: 285.1857.

(£)-2-(2-(Methoxymethoxy)ethylidene)-3-((E)-2-
methoxyvinyl)cyclopentanone (10b)

>99% ee, GC, Chiralselect 1000, 180 °C, 1.5 mL min~!, ¢l =
28.402, 12 = 28.949; S-BINAP, [a]; = +45.60, ¢ = 1, CHCL,.

'HNMR (300 MHz, CDCl;) 6 6.38 (d, J = 12.6 Hz, 1H), 5.98-
5.94 (m, 1H), 4.75-4.53 (m, 5H), 3.54 (s, 3H), 3.46 (s, 3H), 3.23—
3.11 (m, 1H), 2.33-2.18 (m, 3H), 1.65-1.58 (m, 1H); "C NMR
(75 MHz, CDCl;) 0 208.03, 149.59, 140.26, 138.14, 104.57, 96.80,
65.73, 56.51, 55.74, 42.32, 38.65, 30.03; MS m/z: 195.1 [M* —
OCH;]; HRMS (APCI) Calcd for C; H,;s0; (M* + 1): 195.1021;
found: 195.1022.

(Z)-2-(2-Methoxyethylidene)-3-((E)-2-
methoxyvinyl)cyclopentanone (10a)

>99% ee, GC, Chiralselect 1000, 150 °C, 1.5 mL min™', ¢l =
16.728, 12 = 17.495; S-BINAP, [a]? = +36.39, ¢ = 1, CHCL.

"H NMR (300 MHz, CDCl;) 6 6.38 (d, J = 12.7 Hz, 1H), 5.97—
5.93 (m, 1H), 4.58-4.47 (m, 3H), 3.53 (s, 3H), 3.35 (s, 3H), 3.21-
3.14 (m, 1H), 2.33-2.14 (m, 3H), 1.64-1.57 (m, 1H); "C NMR
(75 MHz, CDCl;) 6 207.98, 149.36, 139.92, 138.38, 104.28, 70.23,
58.74, 56.24,42.07, 38.46, 29.82; MS m/z: 197.1 [M* + 1]; HRMS
(APCI) Calcd for C,;H;O; (M* + 1): 197.1178; found: 197.1184.

(Z£)-2-(3-Oxo0-2-pentylidenecyclopentyl)acetaldehyde (12)

>99% ee, GC, gama 225, 1.5 ml min~', 170 °C, ¢1 = 12.916, 12 =
13.226; S-BINAP, [a]Z = +4.20, ¢ = 1, CHCl;, R-BINAP, [a]5 =
—4.19, ¢ =1, CHCI;,

'"H NMR (360 MHz, CDCl,) 6 9.83 (s, 1H), 5.54 (dt, J = 2.3,
7.4 Hz, 1H), 3.22-3.20 (m, 1H), 2.70-2.49 (m, 4H), 2.34-2.16 (m,
3H), 1.57-1.47 (m, 1H), 1.39-1.20 (m, 4H), 0.87 (t, J = 7.1 Hz,
3H); “C NMR (90 MHz, CDCl;) 6 207.61, 138.05, 49.28, 38.74,
36.85, 31.85, 27.83,27.31, 22.76, 14.27; MS m/z: 195.1 [M* + 1];
HRMS (APCI) Calcd for C,H,;,0, (M* + 1): 195.1385; found:
195.1395.

(Z£)-Methyl 2-(3-oxo-2-pentylidenecyclopentyl)acetate

A solution of KH,PO, (20 mg, 0.15 mmol) and H,O, (30%;
0.01 mL, 0.1 mmol) in 0.5 mL of water was added to a
solution of (3-oxo-2-pentylidenecyclopentyl)acetaldehyde (10 mg,
0.05 mmol) in 1 mL of acetonitrile. A solution of NaClO, (80%;
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17 mg, 0.15 mmol) in 1 mL of water was then added dropwise
with ice water cooling, and the mixture was stirred at room
temperature for 24 h. After addition of a small amount of sodium
sulfite, the mixture was subject to standard work-up to provide
crude acid. The subsequent esterification of the crude acid with
(trimethylsilyl)diazomethane (2 M; 0.1 mL, 0.2 mmol) in THF—
MeOH (1:1,4mL) was allowed to stir for 1 h at room temperature.
Purification of the crude product by flash column yielded (4.5 mg,
40%) of product as a colorless residue.

'"H NMR (360 MHz, CDCl;) ¢ 5.90 (dt, J = 7.5, 2.2 Hz, 1H),
3.71 (s, 3H), 3.08-3.18 (m, 1H), 2.67-2.73 (m, 1H), 2.61 (dd, J =
15.4,5.9 Hz, 1H), 2.24-2.42 (m, 2H), 2.17-2.23 (m, 1H), 1.26-1.40
(m, 6H), 0.90 (t, J = 7.2 Hz, 3H); "C NMR (90 MHz, CDCl;)
0 207.77, 172.76, 138.05, 51.86, 39.63, 38.94, 38.46, 31.70, 27.67,
26.88,22.58, 14.13.

Methyl 2-((15,2.5)-3-0x0-2-pentylcyclopentyl)acetate (13)

[aly = +38.20, ¢ = 0.25, CHCl; >99.6% ee (detected by GC,
Chiralselect 1000, 190 °C, 2 ml min™").

'"H NMR (300 MHz, CDCl,) 6 3.68 (s, 3H), 2.66-2.58 (m, 1H),
2.37-2.11 (m, 4H), 1.84-1.75 (m, 1H), 1.60-1.19 (m, 10H), 0.90 (t,
J = 7.0 Hz, 3H); "C NMR (75 MHz, CDCl;) § 218.70, 171.65,
53.21, 50.63, 37.93, 37.06, 36.68, 31.07, 26.81, 26.21, 25.32, 21.46,
13.02.
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Second-order rate constants have been measured for reactions of Y-substituted phenyl
diphenylphosphinates (1a-h) with EtO~K* in anhydrous ethanol. A linear Bronsted-type plot is
obtained with #,, = —0.54, a typical ,, value for reactions which proceed through a concerted
mechanism. The Hammett plots correlated with ¢° and ¢~ constants are linear but exhibit many

scattered points, while the corresponding Yukawa—Tsuno plot results in excellent linear correlation with
r = 0.41. The r value of 0.41 indicates that the leaving group departs at the rate-determining step (RDS)
whether the reactions proceed through either a concerted or a stepwise mechanism. However, a stepwise
mechanism in which departure of the leaving group occurs at the RDS is excluded since the incoming
EtO~ ion is much more basic and a poorer leaving group than the leaving aryloxide. The AH* values
determined in the current reactions are strongly dependent on the nature of the substituent Y, while the
AS* values remain constant on changing the substituent Y in the leaving group, i.e., fromY =Hto Y =
4-NO, and Y = 3,4-(NO,),. These AH* and AS* trends also support a concerted mechanism.

Introduction

Certain organophosphorus compounds are widely used as pesti-
cides, neurotoxins and other biologically active substances. Thus,
there has been considerable recent and continuing interest in
phosphoryl transfer and related reactions due to their importance
in the environment, as well as in biological processes.'™* Numerous
studies have been performed to enhance the rate of decomposition
of toxic organophosphorus compounds.>*® Accordingly, a range
of methods have been developed, from use of metal ions as
Lewis acid catalysts*® to use of highly reactive o-nucleophiles.**
Various metal ions including alkali metal ions engender significant
catalytic effects in dephosphorylations of neurotoxin simulants.>*
The a-nucleophiles (e.g., oximates, HOO™ and o-iodosylbenzoate)
have also exhibited highly enhanced nucleophilicity under mild
conditions.*

However, systematic kinetic studies have been pursued much less
intensively. Therefore, mechanisms for phosphoryl transfer and
related reactions have not been completely elucidated but remain
controversial (i.e., a concerted versus a stepwise mechanism).!>1112
In a series of important studies by Williams e al., reactions
of 4-nitrophenyl diphenylphosphinate with aryloxides have been
concluded to proceed through a concerted mechanism.'" The
evidence consisted mainly of the absence of a break (or curvature)
in the Bronsted-type plot obtained for the reactions with a series
of aryloxides whose pK, values straddle the basicity of the leaving
4-nitrophenoxide.! Similarly, Hengge et al. found that reactions
of 4-nitrophenyl dimethylphosphinothioate with aryloxides also

Division of Nano Sciences and Department of Chemistry, Ewha Womans
University, Seoul, 120-750, Korea. E-mail: ihum@ewha.ac.kr; Fax: +82-2-
3277-2844; Tel: +82-2-3277-2349

T Electronic supplementary information (ESI) available: Kinetic condi-
tions and experimental results. See DOI: 10.1039/b712427a

result in a linear Bronsted-type plot with f,,. = 0.47, while those
of aryl dimethylphosphinothioates with phenoxide exhibit much
better Hammett correlation with ¢~ than ¢° constants." Their
LFER study has led them to conclude that the reaction proceeds
through a concerted mechanism. This conclusion has been further
supported by studies of the primary '*O and secondary "N kinetic
isotope effects.

On the contrary, Buncel and coworkers have shown that ¢°
constants result in much better Hammett correlation than o~
constants for alkaline ethanolysis of aryl dimethylphosphinates.®
A similar result has been reported for alkaline hydrolysis of
aryl diphenylphosphinates and imidazole catalyzed hydrolysis
of aryl diphenylphosphinates.” Thus, these reactions have been
concluded to proceed through a stepwise mechanism with a pen-
tacoordinate intermediate, in which formation of the intermediate
is the rate-determining step (RDS).2*2

We have recently shown that aminolysis of Y-substituted phenyl
diphenylphosphinates and diphenylphosphinothioates results in
better Hammett correlation with ¢° constants than with o~
constants."”® Traditionally, such a result has been interpreted as
evidence of a stepwise mechanism.'*'” However, in this case,
we concluded that the reaction proceeds through a concerted
mechanism."® This was because the Yukawa-Tsuno plots for the
same reactions exhibit significantly better correlation than the
Hammett plots correlated with ¢° constants alone."

We have extended our kinetic study to reactions of Y-substituted
phenyl diphenylphosphinates (1a—h) with ethoxide anion in anhy-
drous ethanol at various temperatures (Scheme 1). The kinetic
data have been analyzed using the dual-parameter Yukawa—
Tsuno equation together with the activation parameters (i.e.,
AH* and AS*) associated with the reactions. Application of
this combined approach permits unambiguous assignment of the
reaction mechanism here.
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o] — 0 —
1] _ 1 _
(Ph)zp—o@Y + EtO” —> (Ph),P—OEt + o—@y

1a-h

Y = H(1a), 4-Cl(1b), 3-COMe(1c), 4-COMe(1d), 4-CN(1e),
4-CHO(1f), 4-NO,(1g), 3,4-(NO,),(1h)

Scheme 1

Results and discussion

All reactions in this study obeyed pseudo-first-order kinetics.
Pseudo-first-order rate constants (k.) were determined from
the equation In(A,, — A4,) = —kgut + C. The plots of kg vs.
[EtO~K*] were linear passing through the origin, indicating that
the contribution of EtOH to k.. is negligible. Thus, the rate
law is given by eqn 1. The second-order rate constants (kgo-)
were determined from the slopes of the linear plots of kg vs.
[EtO~K*] and summarized in Tables 1 and 2. The uncertainty in
the ko~ is estimated to be less than 3% from replicate runs. Kinetic
conditions and results are detailed in the electronic supplementary
information (ESI)7.

Rate = k,[Sub], where kg = keo [EtO™K*] (1)

Effect of leaving group basicity on reactivity

As shown in Table 1, the second-order rate constant increases as
the leaving group becomes less basic, i.e., it increases from 7.51 x
10° M 's't00.170 and 21.4 M~ s as the pK, of the conjugate
acid of the leaving aryloxide decreases from 15.76 to 13.26 and
9.75, respectively. The effect of leaving group basicity on reactivity
is illustrated in Fig. 1. The Bronsted-type plot is linear with 5, =
—0.54.

Table 1 Summary of second-order rate constants for reactions of Y-
substituted phenyl diphenylphosphinates (la-h) with EtO"K* in the
presence of 18-crown-6-ether (18C6) in anhydrous EtOH at 25.0 + 0.1 °C.
[18C6]/[EtO"K*] = 5.0

Entry Y pK. (Y-PhOH)" kpo /M7 st
la H 15.76 0.00751

1b 4-Cl 14.90 0.0419

1c 3-COMe 14.64 0.0641

1d 4-COMe 13.26 0.170

le 4-CN 13.04 0.563

1f 4-CHO 12.66° 0.265

1g 4-NO, 11.98° 1.09

1h 3,4-(NO,), 9.75° 21.4

“pK, data in anhydrous ethanol were taken from ref. 18. % pK, values were
calculated from the relationship, pK, (in EtOH) = 1.30pK, (in H,0) +

2.70. (see ref. 18).

B, =-0.54+0.04
R*=0.984

log(k., M's™)

3 T T T T T T T
10 " 12 13 14 15 16 17

pK_(Y-PhOH)

Fig.1 Bronsted-type plot for reactions of Y-substituted phenyl diphenyl-
phosphinates (1a-h) with EtO~K* in the presence of 18-crown-6-ether
(18C6) in anhydrous EtOH at 25.0 + 0.1 °C. [18C6]/[EtO-K*] = 5.0.

The magnitude of the Bronsted coefficients f3,,. and f;, has been
used as a measure of reaction mechanisms including transition-
state structures of various types of reactions.'’'” It has often been
reported that f,,. (or —f.,) changes from 0.9 £ 0.1 to 0.3 £ 0.1
for reactions which proceed through a stepwise mechanism with a
change in the RDS. Hupe and Jencks found curved Bronsted-type
plots for reactions of aryl acetates with thiolate nucleophiles (i.e.,
Pre = ca. —0.9 for strongly basic leaving group but £, = —0.33
for weakly basic leaving group).”” A change in the RDS has been
suggested to be responsible for the curved Bronsted-type plots."”
The linear Bronsted-type plot with a f;, value of —0.54 obtained in
the present system is typical for reactions which proceed through
a concerted mechanism (e.g., i, = —0.52 for reactions of aryl
dimethylphosphinothioates with phenoxide' and f;, = —0.66 for
reactions of aryl diphenylphosphinate with piperidine®**). Thus,
one might suggest that the current reactions of la—h with EtO~
proceed through a concerted mechanism.

Hammett versus Yukawa—Tsuno plots

To get more conclusive information on the reaction mechanism,
Hammett plots have been constructed using ¢° and ¢~ constants in
Fig. 2A and 2B, respectively. One might expect that ¢~ constants
would result in a better Hammett correlation than ¢° constants if
the P-OAr bond rupture is involved in the RDS. On the contrary,
o° constants would exhibit a better correlation than ¢~ constants if
the P-OAr bond rupture occurs after the RDS. In fact, as shown in
Fig. 2, ¢° constants result in only slightly better Hammett correla-
tion than ¢~ constants (i.e., R* = 0.981 for ¢° and R* = 0.979 for g~
constants). Thus, one cannot obtain any conclusive information
on the reaction mechanism from these Hammett plots.

Table 2 Summary of kinetic results for reactions of phenyl diphenylphosphinates (1a), 4-nitrophenyl diphenylphosphinates (1g) and 3,4-dinitrophenyl
diphenylphosphinates (1h) with EtO~K* in the presence of 18-crown-6-ether in anhydrous EtOH at 5 different temperatures. [18C6]/[EtO~K*] = 5.0

10? kgo /M7' 57!

15.0°C 20.0°C 25.0°C 45.0°C AH*/kcal mol™' AS*/cal mol~ K~!
la 0.378 0.580 0.751 2.85 11.34+0.2 -30+1
1g 59.1 109 273 84+04 -30+1
1h 1480 2140 4680 6.5+0.2 —30+1
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p=221+0.18
| R*=0.981

p=1.60+014
R*=0.979

log (k. /M's™)
log (k. / M7s™)

Fig. 2 Correlation of log kg with ¢° (A) and o~ (B) for reactions
of Y-substituted phenyl diphenylphosphinates (1a-h) with EtO"K* in
the presence of 18-crown-6-ether in anhydrous EtOH at 25.0 & 0.1 °C.
[18C6]/[EtO"K*] = 5.0. The ¢° and ¢~ values were taken from ref. 20.

We have recently shown that the dual-parameter Yukawa—Tsuno
equation (eqn 2) is highly effective to elucidate ambiguities in reac-
tion mechanisms of phosphinyl transfer and related reactions.*!
Thus, a Yukawa-Tsuno plot has been constructed for the reactions
of 1a-h with EtO~. As shown in Fig. 3, the Yukawa—Tsuno plot
now results in an excellent correlation (i.e., R* = 0.997) with p =
1.98 and r = 0.41.

log k¥ /K" = plo° + 1o — 0°)] @

p=1.98+0.06
r=0.41
R?=0.997

N
:

log (k.o / M7's™)

0.0 05 1.0 15 20
¢’ +r(c —c°)

Fig. 3 Yukawa-Tsuno plot for reactions of Y-substituted phenyl di-
phenylphosphinates (1a-h) with EtO-K* in the presence of 18-crown-6-
ether in anhydrous EtOH at 25.0 £ 0.1 °C. [18C6]/[EtO"K*] = 5.0.

The r value in the Yukawa-Tsuno equation represents the
resonance demand of the reaction center or the extent of resonance
contribution.?? Thus, the fact that » = 0.41 in the current reactions
indicates that a partial negative charge develops on the O atom
of the leaving aryloxide in the rate-determining transition state,
which can be delocalized on the substituent Y through resonance
interaction. Accordingly, one can suggest that the departure of the
leaving group occurs definitely in the RDS in the present system
whether the reactions proceed through a concerted mechanism
with a transition-state structure similar to TS, or through a
stepwise mechanism with a pentacoordinate intermediate. For

the latter mechanism, two different transition-state structures
are possible, i.e., TS, represents the transition-state structures
in the rate-determining formation of the intermediate and TS;
applies to the rate-determining leaving group departure from the
intermediate to yield the products.

[ekm Q &
R

EtO—P- - -OAr

- | & &
EtO - = -P—OAr

/I’I',

gllll,' A
3
/l/l,,

Ph
P Ph
TSl TS2 TS3

Since leaving group departure is not advanced in TS,, it does
not bear a partial negative charge on the O atom of the leaving
ArO moiety that the r value indicates. Accordingly, TS, is not
likely to be the TS structure in this study. One can also exclude
TS; on the basis of the fact that the incoming ethoxide is much
more basic and a poorer leaving group than the leaving aryloxide.
Thus, one can suggest that the current reactions proceed through
a concerted mechanism with TS,. This is consistent with the
preceding argument on the basis of the linear Bronsted-type plot
with f,, = —0.54.

Activation parameters and reaction mechanism

To further probe the above argument, activation parameters (AH*
and AS*) have been determined from rate constants measured at 5
different temperatures for the reactions of phenyl, 4-nitrophenyl,
and 3,4-dinitrophenyl diphenylphosphinates (1a, 1g, and 1h, re-
spectively) with ethoxide ion. The kinetic results are summarized in
Table 2. The Arrhenius plots shown in Fig. 4 exhibit excellent linear
correlations, indicating that the AH* and AS* values determined
in this study are accurate and reliable.

6
] "'M
2 o:1h
1
- 9 slope: -3590
E ol intercept: 15.1
o
s e:1g
=t 21 slope: 4520
- 1a intercept: 15.2
4
\A\A\A\A\A\ A 1a
o slope: -6000
intercept: 15.3
EN

— T — T T
0.0031 0.0032 0.0033 0.0034 0.0035

1T (K™

Fig. 4 Arrhenius plots for reactions of phenyl diphenylphosphi-
nate (1a), 4-nitrophenyl diphenylphosphinate (1g) and 3,4-dinitrophenyl
diphenylphosphinate (1h) with EtO-K* in the presence of 18C6 in
anhydrous EtOH. [18C6]/[EtO-K*] = 5.0.

Importantly, Table 2 shows that AH* decreases significantly
(i.e., ca. 5 kcal mol™") on changing the substituent from H (1a)
to 3,4-(NO,), (1h) while AS* remains constant. The effect of the
substituent Y on AH* is illustrated in Fig. 5. The correlation of
AH* with ¢~ constants of the substituent Y exhibits an excellent
linearity with a large slope, indicating that AH* is strongly
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Fig. 5 Plot of AH* versus o~ constants for reactions of phenyl
diphenylphosphinate (1a), 4-nitrophenyl diphenylphosphinate (1g), and
3,4-dinitrophenyl diphenylphosphinate (1h) with EtO~K* in the presence
of 18C6 in anhydrous EtOH at 25.0 + 0.1 °C.

influenced by the electronic nature of the substituent Y. Such a
strong dependence of AH* on the substituent Y in the leaving
group can be expected only for reactions in which the departure
of the leaving group occurs in the RDS.*

The above argument is complemented by the AS* values. One
might expect that the transition state would become earlier as
the substituent Y changes from H to 3,4-(NO,), on the basis
of a normal Hammond effect.” If the current reaction proceeds
through TS,, in which the departure of the leaving group is not
advanced, AS* should be dependent mainly on the degree of bond
formation between the incoming ethoxide and the P-electrophilic
site. In this case, AS* should be less negative for the reaction of
1h (Y = 3,4-(NO,),) than for that of 1a (Y = H). However, as
shown in Table 2, the AS* value remains constant, indicating that
the reactions do not proceed through TS, or a normal Hammond
effect is not operative in the current system.

On the contrary, if the reaction proceeds through a concerted
mechanism with a transition-state structure similar to TS,, AS*
should be influenced by the degree of both bond formation and
bond rupture. In this case, one might expect that AS* would be
independent of the electronic nature of the substituent Y. This
is because the change in AS* upon bond formation would be
compensated by the change in AS* upon bond rupture, whether
the reactions proceed through an early or late transition state. In
fact, Table 2 shows that AS* remains constant upon changing
the substituent Y. Besides, the current AS* value of —30 +
1 cal mol™" K is comparable to those reported for reactions
which proceed through a concerted mechanism (e.g, AS* =
—24.8 and —36.6 cal mol™" K' for hydrolysis of 4-nitrophenyl
diethyl phosphate and ethyl phosphate, respectively,'¢ AS* = —29.3
and —34.3 cal mol™' K' for aminolysis of 2,4-dinitrophenyl
diphenylphosphinate and diphenylphosphinothioate, respectively
in 80 mol% H,0-20 mol% DMSO* and AS* = ca. —25 cal
mol~' K-! for reactions of aryl N-phenyl thiocarbamates with
benzylamines in CH;CN?**). However, the current AS* value
is much less negative than those reported for reactions which
proceed through a stepwise mechanism (e.g., AS* = ca. —60 cal
mol™' K" for pyridinolysis of aryl furan-2-carbodithioates**

and AS* = ca. —50 cal mol™' K~! for aminolysis of phenyl
cyclopropanecarboxylates in CH;CN?*), Thus, one can suggest
that the AS* values determined in the present reactions also
support a concerted mechanism.

Conclusion

We conclude that the current reactions of 1a—h proceed through a
concerted mechanism with a transition-state structure similar to
TS, on the basis of the following arguments:

(1) The linear Bronsted-type plot with f;, = —0.54 observed for
reactions of 1a—h with EtO~ is typical for reactions which proceed
through a concerted mechanism.

(2) The Yukawa—-Tsuno plot for reactions of la—h with EtO~
exhibits an excellent correlation with r = 0.41, indicating that the
departure of the leaving group occurs in the RDS.

(3) The AH* values are strongly dependent on the nature of
substituent Y in the leaving group, which is only possible when the
leaving group departure is involved in the RDS.

(4) The AS* values are ca. —30 cal mol~' K™ regardless of the
substituent Y, which also support a concerted mechanism.

Experimental
Materials

Y-substituted phenyl diphenylphosphinates (la-h) were syn-
thesized by modification of literature reported previously.'*?
EtO~K* stock solution was prepared by dissolving potassium
metal in anhydrous ethanol under nitrogen and was stored in
the refrigerator. The concentration of EtO~K* stock solution was
determined by titration with standard HCI solution. 18-Crown-6-
ether (18C6) was recrystallized from acetonitrile and dried over
P,Oy in vacuo. The anhydrous ethanol used was further dried over
magnesium and distilled under N,.

Kinetics

Kinetic studies were performed with a Scinco S-3100 UV-vis
spectrophotometer for slow reactions (¢,, >10 s) or with an Ap-
plied Photophysics DX-17 MV stopped-flow spectrophotometer
for fast reactions (¢,,, <10s) equipped with a constant temperature
circulating bath. The reactions were followed by monitoring
the appearance of the leaving aryloxide at a fixed wavelength
corresponding to the maximum absorbance (4,,,) of Y-C4H,O".

All the reactions were carried out under pseudo-first-order con-
ditions in the presence of a complexing agent, 18C6 to sequester
K* and avoid possible catalysis by K* ion (i.e., [I18C6]/[EtO"K*] =
5.0). Typically, the reaction was initiated by adding 5 pL of
a 0.02 M substrate solution in MeCN by a 10 pL gastight
syringe to a 10 mm quartz UV cell containing 2.50 mL of the
thermostated reaction mixture made up of anhydrous ethanol
and an aliquot of EtO K" stock solution. All the solutions
were transferred by Hamilton gastight syringes under nitrogen.
Generally, the concentration of EtO~K* was varied over the range
1-100 x 10~* M, while the substrate concentration was 2-4 x
10~ M. Usually 5 different concentrations of EtO-K* solution
were used to determine the kg0~ value from the slope of the linear
plot of &y vs. EtO"K* concentration.
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Products analysis

Y-substituted phenoxide was liberated quantitatively and identi-
fied as one of the reaction products by comparison of the UV-vis
spectra after the completion of the reactions with those of the
authentic samples under the same reaction conditions.
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Different synthetic methodologies for the stereocontrolled synthesis of substituted azetidines are
reported. The approach utilizes an optimized oxidation reaction of y-(phenylseleno)alkyl
arylsulfonamides, followed by the intramolecular substitution of the resulting phenylselenonyl group by

the nitrogen atom.

Introduction

Azetidines are an interesting and important class of four-
membered heterocyclic compounds because of their reactivity’
and biological activity.? The formation of the azetidine ring
from acyclic precursors is a disfavoured process compared to the
analogous construction of six-, five- and even three-membered
rings. Only a few stereospecific methods are available for their
synthesis, especially in enantiomerically pure form. Optically
active azetidines, which can find application in enantioselective
catalysis,® are generally obtained from racemic mixtures using
stoichiometric amounts of enantiomerically pure auxiliaries to
form diastereoisomeric pairs.* Enzymatic resolutions have also
been explored.® Some enantioselective syntheses of azetidines have
also been reported. Interesting examples are the intermolecular
reaction of chiral non-racemic 1,3-dihalo or 1,3-diol derivatives
with primary amines,® the intramolecular cyclization of optically
active 1,3-amino alcohols or 3-amino-1,2-diols,” the reduction of
enantiomerically pure fB-lactams® and the intramolecular alkyla-
tion of an a-amino stabilized carbanion obtained from optically
pure B-amino alcohols.” Another approach is based on a two-
step methodology involving an internal alkylation of a chiral
non-racemic haloaminohydrin' followed by debenzylation of the
resulting azetidinium salt. Enantiomerically pure 3-oxo-azetidines
can be then prepared by diazoketones, derived from N-protected
a-amino acids, through insertion of carbenoid species into the
N-H bond."

As part of our ongoing interest in the chemistry of organose-
lenium compounds we have recently observed that the se-
lenonyl group can be easily intramolecularly displaced by ni-
trogen nucleophiles thus affording nitrogen containing hetero-
cyclic compounds.’> Thus, starting from chiral non-racemic B-
hydroxyalkyl phenyl selenides 1 we effected the stereospecific
synthesis of various substituted optically active 1,3-oxazolidin-2-
ones 3. As indicated in Scheme 1, compounds 1 were transformed
into the corresponding N-benzoyl carbamate derivatives which
were oxidized to selenones 2."* These, in the presence of a base, gave
the desired compounds 3. The key step of the process is a new ring

Dipartimento di Chimica e Tecnologia del Farmaco, Sezione di Chimica
Organica, Universita di Perugia, 1-06123, Perugia, Italy. E-mail: Tiecco@
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Scheme 1 Synthesis of N-benzoyl-oxazolidin-2-ones from -hydroxyalkyl
phenyl selenides.

closure reaction which occurs by a stereospecific intramolecular
nucleophilic substitution of the selenonyl group by the nitrogen
atom of the carbamate.

A similar reaction sequence is now described for a new and
convenient stereospecific synthesis of substituted N-arenesulfonyl
azetidines 6 starting from substituted y-phenylseleno arylsulfon-
amides 4 which are oxidized to the selenones 5 and then cyclized
(Scheme 2).

RZ RZ O\\ ,/O R1 R2
R! SePh RH)vSePh yj
— — N
ArSO,NH ArSO,NH Ars0s”
4 5 6

R'= H, Me, Et, nPr, CyCH,, Bn, CH,OH, CO,Me. R2= H or OTHP
Ar =0-0O5NCgH4, p-MeCgH4

Scheme 2 Synthesis of azetidines 6 by intramolecular substitution of the
selenonyl group by a nitrogen atom.

To our knowledge a similar intramolecular substitution has
been reported only in one case, for the preparation of the
unsubstituted N-tosyl azetidine (Scheme 2: R' = R* = H, Ar = p-
Tol)."* After this report no other examples have been described
in the literature. One important step of our procedure is the
preparation of the starting sulfonamides 4, whose syntheses have
not been reported in the literature so far. In the present paper we
therefore describe some simple stereocontrolled methods to effect
the synthesis of these interesting compounds.
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Results and discussion

The required phenylseleno sulfonamides 4 were prepared by differ-
ent synthetic approaches starting from commercially available chi-
ral building blocks such as epoxides, lactones and esters or through
enantioselective processes starting from achiral compounds.

Method 1: Preparation of y-[/V-(phenylseleno)alkyl]-
arylsulfonamides 4a—c from a-amino epoxides

The first method uses as starting materials enantiomerically pure
o-amino acids which were transformed into the corresponding
a-amino epoxides. As depicted in Scheme 3 (S)-a-amino acids 7
were efficiently converted into the corresponding enantiopure N-
Boc a-amino aldehydes 8 according to the procedures described
in the literature.'>'® These were treated with dimethyl sulfoxonium
methylide, according to the procedure described by Ashton et al.,"”
to afford the epoxides 9a,b as 4 : 1 syn—anti mixtures (as deter-
mined by '"H NMR!%8) of two diastereoisomers which could
not be separated. Regiospecific opening of these mixtures with
phenylselenolate anions' provided the corresponding mixtures
of the two [-hydroxyselenides 10a,b in good yields. The B-

¢}
R1__CO,H i R! i
—— H

NH, NHBoc

7 8
OTHP

. 1
10 iv \ R SePh
NsNH
4a-c

R'= Et, CyCH,, Bn

hydroxyselenide 10c was directly prepared from the commer-
cially available enantiomerically enriched epoxide 9¢ (98% ee).
After deprotection of 10a—c¢ and reprotection of the amino
group as 2-nitrobenzenesulfonyl (nosyl) derivatives, the interme-
diate alcohols were directly converted into the corresponding
tetrahydropyranyl derivatives of substituted y-[N-(phenylseleno)
alkyl]arylsulfonamides 4a—c (Scheme 3).

Cyclizations of y-|/V-(phenylseleno)alkyl]arylsulfonamides 4a—c to
azetidines 6a—c

The oxidations of selenides 4a—c into the selenones 5a—c were
carried out in THF at room temperature with an excess of m-
chloroperoxybenzoic acid and in the presence of potassium hydro-
genphosphate according to our previously reported method.' The
selenone intermediates'? were not isolated but directly cyclized to
the azetidines 6a—c by addition of powdered potassium hydroxide.
After the usual workup, evaporation of the solvent afforded the
crude N-nosyl azetidines 6a—c which were finally deprotected to
give the N-nosyl-3-azetidinols 11a—c in satisfactory overall yields
(Scheme 3 and Table 1).

o OH
R! ii R! SePh
NHBoc NHBoc
9 10
R! OTHP R! OH
D RN
N N
Ns” Ns”
6a-c 11a-c

Scheme 3  Reagents and conditions: (i) see ref. 16; (ii) Me;SO*I~ (1.2 equiv.), NaH (1.1 equiv.), DMSO, 25 °C, 4 h; (iii) PhSeSePh (0.5 equiv.), NaBH,
(1.0 equiv.), EtOH, 40 °C, 5 h; (iv) H,SO, (10.0 equiv.), dioxane, 25 °C, 1 h; (v) NsCl (1.4 equiv.), Et;N (1.4 equiv.), CH,Cl,, 0 °C — 25°C, 14 h, then DHP
(1.2 equiv.), TsOH-H,O (0.01 equiv.), CH,Cl,, 25 °C, 20 h; (vi) MCPBA (4 equiv.), K,HPO, (5 equiv.), THF, 25 °C, 3 h, then KOH (7.5 equiv.), 25 °C,
6 h; (vii) TsOH-H,O (0.05 equiv.), MeOH, 25 °C, 16 h. Ns = 2-nitrobenzenesulfonyl; DHP = 3.4-dihydro-2 H-pyran; MCPBA = 3-chloroperoxybenzoic
acid; Ts = 4-toluenesulfonyl.

Table 1 Preparation of azetidine alcohols 11a—c from o-amino epoxides 9

Entry* Epoxy amide 9 N-Arylsulfonyl selenides 4 Yields (%)* Azetidines 11 Yields (%0)
a /\I/<? OTHP 74 CeH”/\jOH 61
C.H SePh
6111 I C6H11/\|)\/ /N

°e NsNH Ns

b o OTHP 86 OH 56
/\|/<] /\l)\/seph /\j
NHBoc N
NsNH Ns
c o e OTHP 71 Bn (OH 50
\I/\] Bn.__~_ _-SePh
NHBoc \|/\/ N
NsNH Ns

“The products reported in entries a and b are 4 : 1 mixtures of two diastereoisomers. Only the major diastereoisomer is indicated. * Yields calculated from
the starting hydroxy selenides 10. © Yields of the overall oxidation—cyclization—deprotection process.
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Obviously the azetidine alcohols 11a and 11b were obtained as
4 : 1 mixtures of two diastereoisomers which could not be separated
by column chromatography. Compound 11c¢ was instead obtained
as a single enantiomer (98% ee). The nosyl group can be easily
removed,?! which increases the importance of the present method
for the synthesis of optically active azetidines.

Method 2: Preparation of y-|/V-(phenylseleno) alkyl]arylsulfona-
mides 4d-f from y-lactones and cyclization to azetidines 6d—f

The second synthetic approach to obtain the other sulfonamides
necessary for the present investigation is indicated in Schemes 4
and 5.

Enantiomerically enriched (98% ee) homoserine lactone hy-
drobromide 12 was protected as N-tosyl derivative 13 and then
subjected to ring opening by phenylselenolate anion in DMF.> The
resulting acid was directly treated with diazomethane to give the
sulfonamide 4d. After the oxidation—cyclization procedure shown
above, the azetidine ester 6d was obtained in moderate yield (44%).
The physical properties of this compound were identical to those
already described in the literature.” Compound 6d is the precursor
of L-azetidine-2-carboxylic acid (L-Aze) which, because of its
constrained o-amino acid structure, has found many applications
in pharmaceutical® and in synthetic chemistry.”® The low yield
of 6d is probably due to the hydrolysis of the ester group by the
hydroxide ion employed in the cyclization step. In fact, when the
cyclization was performed on the tetrahydropyranyl derivative

4e, synthesized from 4d by reduction of the ester group, the
known azetidine alcohol 6e* was obtained in better yield (62%)
(Scheme 4).

The simple y-lactone 15 also can be employed as a precursor
for a stereoselective synthesis of azetidines. Alkylation of 15
afforded the racemic o-benzyl-y-lactone 16 (Scheme 5). The
lithium enolate of 16 was enantioselectively protonated® with
the chiral proton source R-pantolactone at —78 °C in THF. The
optically active lactone 16 was obtained in a 61 : 39 enantiomeric
ratio as determined by HPLC on a chiral stationary phase. The
predominant R configuration was indicated by the sign of the
specific optical rotation.?® Compound 16 was then subjected to
ring opening by phenylselenolate anion in DMF?** to afford the
acid 17.

Through the simple steps described below, the acid 17 was trans-
formed into the required y-[N-(phenylseleno) alkyllarylsulfona-
mide 4f. Thus, the treatment of acid 17 with oxalyl chlo-
ride gave the crude acyl chloride which, with trimethylsily-
lazide in dichloromethane at 40 °C, afforded the corresponding
isocyanate.”” This was directly converted in good yield into the free
amine 18. Protection with 2-nitrobenzenesulfonyl chloride gave 4f
in good overall yield. The chiral non-racemic substituted N-nosyl-
azetidine 6f was then obtained in excellent yield after the usual
oxidation—cyclization procedure. HPLC analysis on the chiral sta-
tionary phase of 6f showed a 55 : 45 enantiomeric ratio indicating
that a decrease in the enantiomeric ratio has occurred, probably
during the Curtius rearrangement as previously observed.?

NHzHBr NHTs NHTs COMe
i i ii X iv D
&0 —_— &0 ——= = phse” "coMe —— N
o] (o] N
Ts
(8)-12 13 ad (S)-6d
NHTs NHTs E(\OH
\ H Vi H iv vii
—_— oH YL . L [
4d Phse” > phse” > OTHP N,
Ts
14 4e (S)-6e

Scheme 4  Reagents and conditions: (i) TsCl (1.2 equiv.), Et;N (2.2 equiv.), CH,Cl,, 0 °C — 25°C, 7 h, 78%; (ii) PhSeSePh (0.5 equiv.), NaBH, (1.0 equiv.),
DMEF, 100 °C, 6 h; (iii) CH,N,, Et,0, 25 °C, 5 min, 83% (two steps); (iv) MCPBA (4 equiv.), K,HPO, (5 equiv.), THF, 25 °C, 2 h, then KOH (7.5 equiv.),
25°C, 3 h, 44%; (v) LiAlH, (2.2 equiv.), THF, 0 °C, 2 h, 73%; (vi) DHP (2.0 equiv.), TSOH-H,O (0.1 equiv.), CH,Cl,, 25 °C, 18 h, 80%; (vii) TSOH-H,O
(0.05 equiv.), MeOH, 25 °C, 8 h, 62% (two steps). Ts = 4-toluenesulfonyl; MCPBA = 3-chloroperoxybenzoic acid; DHP = 3,4-dihydro-2 H-pyran.

Bn
& i i 4_/& i
0 > o 0

(0]
15 (R)-16
Bn
v /\/I\ vi
— PhSe NH, .
18 af

Bn Bn

LA /\/I\
PhSe/\/I\COZH PhSe NCO

17

Bn Bn

/\/l\ vi
PhSe NHNs

~

S

Ns
(R)-6f

Scheme 5  Reagents and conditions: (i) LDA (1.1 equiv.), THF, then BnBr (1.2 equiv.), —78 °C, 1 h, 70%,; (ii) LDA (1.1 equiv.), THF, —78 °C, then
(R)-(—)-pantolactone (2.0 equiv.), —78 °C, 10 min, 92%; (iii) PhSeSePh (0.5 equiv.), NaBH, (1 equiv.), DMF, 100 °C, 5 h, 75% (two steps); (iv) (COCl),
(1.5 equiv.), 25 °C, 5 h, then TMSN; (1.2 equiv.), CH,Cl,, 40 °C, 5 h; (v) 1 M aq. NaOH (1.1 equiv.), THEF, 100 °C, 4 h; (vi) NsClI (1.3 equiv.), Et;N
(1.3 equiv.), CH,Cl,, 0 °C — 25 °C, 5 h, 55% (four steps); (vii) MCPBA (4 equiv.), K,HPO, (5 equiv.), THF, 25 °C, 2 h, then KOH (7.5 equiv.), 25 °C,
15 h, 80%. TMSN; = trimethylsilylazide; Ns = 2-nitrobenzenesulfonyl; MCPBA = 3-chloroperoxybenzoic acid.
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Method 3: Preparation of y-|/V-(phenylseleno) alkyl]arylsulfona-
mides 4g and 4h from y-hydroxy selenides and cyclization to
azetidines 6g and 6h

A simple substrate-controlled stereospecific synthesis of azetidines
starting from easily available enantiomerically pure f-hydroxy es-
ters is illustrated in Scheme 6. Thus commercial (.S)-3-hydroxy es-
ter 19 (98% ee) was easily converted in four steps (without isolation
of the intermediates) into the y-hydroxyselenide 20 in 71% overall
yield. By reaction with phthalimide, under Mitsunobu conditions,
20 was converted into the corresponding phthalimido derivative. It
is well known that the Mitsunobu reaction occurs with complete
inversion of configuration at the stereogenic center.”” Nitrogen
deprotection of the crude phthalimide gave the corresponding
free amine which was reacted with 2-nitrobenzenesulfonyl chloride
to give the corresponding arylsulfonamide 4g (71% yield). After
the usual oxidation—cyclization procedure the optically active N-
nosyl azetidine 6g was obtained in good yield (59%). No loss of
the enantiomeric purity occurred during all these conversions as
demonstrated by the enantiomeric ratio of 6g (>99 : 1), measured
by HPLC analysis on the chiral stationary phase.

A different synthetic strategy for the preparation of optically
active y-hydroxyselenides is depicted in Scheme 7. Thus, the con-
jugate addition of benzeneselenol to the o,-unsaturated ketone 21
gave the B-phenylseleno ketone 22 in excellent yield.** Asymmetric
reduction with the reagent prepared from (S)-(—)-2-amino-3-
methyl-1,1-diphenylbutan-1-ol and borane* in THF produced
the optically active y-hydroxyselenide 23 in excellent yield but

OH . B OTHP
: i i :
/\/COZEt —_— —_— /\/\OH
(S)-19
NPhth X NsNH
vi
_—
SePh SePh
49

with low enantioselectivity. The enantiomerically enriched alcohol
23 was then converted into the arylsulfonamide 4h through its
corresponding phthalimide, as described above for the alcohol 20.
Finally oxidation of the selenium atom followed by addition of
potassium hydroxide afforded the desired azetidine 6h (70% yield)
in 56 : 44 enantiomeric ratio as demonstrated by HPLC analysis.

Conclusions

A new and convenient synthesis of substituted azetidines is pre-
sented. Different synthetic approaches to the y-(phenylseleno)alkyl
arylsulfonamides required as starting materials have also been
developed. The key step in the formation of azetidines is the ring
closure reaction which occurs by a stereospecific intramolecular
nucleophilic substitution of the selenonyl group by the nitrogen
atom of the arylsulfonamides. This reaction confirms the extremely
good leaving ability of the selenonyl group. The present procedure
favourably compares with other previously described methods.
Preliminary results indicate that the procedure described here can
also be applied to the synthesis of five- and six-membered ring
heterocyclic compounds.

Experimental

'"H NMR and “C NMR spectra were recorded on a Bruker
Avance DR 200 at 200 and 50.3 MHz, respectively; unless
otherwise specified, CDCl; was used as solvent. Chemical shifts

OH
~"geph

3

R —— —_—

20

uf

N

Ns
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Scheme 6  Reagents and conditions: (i) DHP (1.2 equiv.), TSOH-H,O (0.1 equiv.), Et,0, 25 °C, 48 h; (i) LiAIH, (2.2 equiv.), THF, 0 °C, 5 h; (iii) PhSeCN
(1.2 equiv.), PBu, (1.2 equiv.), THF, 25 °C, 8 h; (iv) TsOH-H,O (0.1 equiv.), MeOH, 25 °C, 18 h, 71% (four steps); (v) PPh; (1.4 equiv.), PhthNH
(1.4 equiv.), DIAD (1.3 equiv.), THF, 0 °C — 25 °C, 7 h; (vi) H,N-NH, (1.1 equiv.), EtOH, 110 °C, 2 h, then NsCl (1.4 equiv.), Et;N (1.4 equiv.),
CH,Cl,, 0 °C — 25 °C, 15 h, 71% (three steps); (vii) MCPBA (4 equiv.), K,HPO, (5 equiv.), THF, 25 °C, 2 h, then KOH (7.5 equiv.), 6 h, 59%. DHP =
3,4-dihydro-2 H-pyran; Ts = 4-toluenesulfonyl; PhthNH = phthalimide; DIAD = diisopropyl azodicarboxylate; Ns = 2-nitrobenzenesulfonyl; MCPBA =
3-chloroperoxybenzoic acid.
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R = -CH,CH,CH3

Scheme 7 Reagents and conditions: (i) PhSeSePh (0.6 equiv.), NaBH, (1.3 equiv.), EtOH, 25 °C, 3 h, 86%; (ii) 1 M BH; in THF (2.0 equiv.),
(S)-(—)-2-amino-3-methyl-1,1-diphenylbutan-1-ol (1.0 equiv.), 25 °C, 48 h, 87%; (iii) PPh; (1.4 equiv.), PhthNH (1.4 equiv.), DIAD (1.3 equiv.), THF,
0°C — 25°C, 14 h; (iv) H,N-NH, (1.1 equiv.), EtOH, 110 °C, 3 h; (v) NsCl (1.4 equiv.), Et;N (1.4 equiv.), CH,Cl,, 0 °C — 25 °C, 12 h, 66% (three
steps); (vi) MCPBA (4 equiv.), K,HPO, (5 equiv.), THF, 25 °C, 2 h, then KOH (7.5 equiv.), 5 h, 70%. PhthNH = phthalimide; DIAD = diisopropyl
azodicarboxylate; Ns = 2-nitrobenzenesulfonyl; MCPBA = 3-chloroperoxybenzoic acid.

This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3510-3519 | 3513





(0) are reported in parts per million (ppm) and are referenced
to tetramethylsilane (Me,Si) for '"H NMR or to the appropriate
solvent peak ("*C NMR). Coupling constants (/) are quoted in
Hertz (Hz) to the nearest 0.1 Hz. FT-IR spectra were recorded with
a Jasco model 410 spectrometer on a Diffuse Reflectance sampling
cell. Only significant absorption maxima (v,,,) are reported, and
all absorptions are reported in wavenumbers (cm™'). GC-MS
analyses were obtained with a HP-6890 gas chromatograph (HP-
SMS capillary column; 30 m x 0.25 mm i.d., film 0.25 pm)
equipped with a HP-5973 mass selective detector at an ionizing
voltage of 70 eV. For the ions containing selenium only the
peaks arising from the selenium-80 isotope are given. HPLC was
carried out using a HP 1100 system equipped with a UV/Vis
detector with the columns and solvents specified. Melting points
are uncorrected. Optical rotations were measured in a 50 mm
cell with a Jasco DIP-1000 digital polarimeter using the D-line
of sodium at the given temperature. [a], values are given in
107" deg cm?® g°'; concentrations (c¢) are quoted in g 100 mL"".
Elemental analyses were carried out on a Carlo Erba 1106
elemental analyzer. Commercial grade Et,O and CH,Cl, were
used without purification. DMF, MeOH and EtOH were dried by
using standard procedures. Reactions were monitored by thin layer
chromatography (TLC) carried out on aluminium foil sheets pre-
coated with silica (Merck silica gel 60 F,s,), which were visualized
by the quenching of UV fluorescence (/,,,254 nm) and/or by
staining with 5% w/v phosphomolybdic acid in EtOH followed
by heating. Column chromatography was performed on Merck
silica gel 60 (70-230 mesh).

The optically active epoxide 9¢, the amino y-lactone 12 and the
B-hydroxy ester 19, used as starting materials, were commercially
available and have enantiomeric excesses equal to or greater than
98%. The analytical data for compounds 10a,”* 13,* 6d.,* 6e,*
16, and 20* were in agreement with those already reported in
the literature.

Caution

Because of their potentially explosive properties, all reactions
involving azides were carried out with the appropriate protection
under a well-ventilated hood.

Preparation of the epoxides 9a and 9b

The a-amino aldehydes 8a and 8b were obtained from the
corresponding L-amino acids as reported by Luly ez al'® and
directly transformed into the epoxides 9a and 9b according to
the procedure reported in the literature.” Epoxide 9a was not
isolated but it was directly transformed into the corresponding
B-hydroxyalkyl phenyl selenide 10a.

tert-Butyl (15)-1-[(2R)-oxiran-2-yl|propylcarbamate and tert-
butyl (15)-1-[(2S)-oxiran-2-yl|propylcarbamate (9b). (1.8 g,
61%). Pale yellow oil (found: C, 59.3; H, 9.75; N, 6.6. Calc. for
C,,H;,NO;: C, 59.6; H, 9.5; N, 6.9%); mixture of diastereoisomers
syn—anti (83 : 17). syn Isomer (1S,2R): 6;,(200 MHz, CDCl;,
Me,Si)4.52 (1 H,d, J 8.5, NH), 3.88-3.70 (1 H, m, CHO), 3.07-
2.98 (1 H, m, CH,0), 2.92-2.69 (m, 1 H, CH,0), 2.64-2.55 (1 H,
m, CHN), 1.80-1.48 2 H, m, CH,), 1.46 (3 H, s, CH;), 1.44 (6 H,
s,2 x CH;)and 1.02 (3 H, t, J 7.5, CH;); 5-(50.3 MHz, CDCl;)
155.7,79.2,53.2,49.5,44.0,28.2 (3 C), 26.3, and 10.2; anti isomer

(1S,25) (distinct signals): 9, 4.64 (1 H, d, J 8.5, NH), 3.42-3.23
(1 H, m, CHO) and 0.98 (3 H, t, J 7.5, CH.); dc 155.5, 53.8, 45.9
and 9.9; m/z (E/1) 172 (13, M — CH,CH,), 158 (9%), 102 (16), 72
(36), 59 (23) and 57 (100).

Preparation of B-hydroxyalkyl phenyl selenides 10a—c

The B-hydroxyalkyl phenyl selenides 10a—c were prepared by the
regiospecific ring opening of the corresponding epoxides with
sodium phenyl selenolate in ethanol as reported in the literature.'?
Yields, physical and spectral data are reported below.

tert-Butyl (15,2R) and (15,25)-1-(cyclohexylmethyl)-2-hydroxy-
3-(phenylseleno)propylcarbamate (10a),">. (1.6 g, 19% global
yield starting from the corresponding amino acids). 82 : 18 mixture
of syn—anti diastereoisomers as determined by 'H NMR analysis.

tert-Butyl (1S,2R) and (1S5,25)-1-ethyl-2-hydroxy-3-(phenyl-
seleno)propylcarbamate (10b). (3.5 g, 97%). Yellow oil (found:
C, 53.3; H, 7.3; N, 4.3. Calc. for C,;H,sNO;Se: C, 53.6; H, 7.0; N,
3.9%); mixture of diastereoisomers syn—anti (83 : 17). syn Isomer:
0n(200 MHz, CDCl;, Me,Si) 7.60-7.42 (2 H, m, ArH), 7.32-7.20
(3H,m, ArH),4.75(1 H,d, J9.3,NH), 3.74-3.35(2H, m, CHO
and CHN), 3.12 (1 H, dd, J 12.9 and 3.8, CH,SeAr), 2.93 (1 H,
dd, J 12.9, 9.5, CH,SeAr), 2.84 (1 H, d, J 2.9, OH), 1.70-1.45
(2H, m, CH,CH;), 1.43 (9 H,s,3 x CH;)and 0.91 3H,t,J 6.9,
CH,CH.,); 5-(50.3 MHz, CDCl;) 156.3, 132.8 (2 C), 129.0 (2 O),
128.9, 127.1, 79.1, 70.7, 55.2, 34.4, 28.2 (3 C), 25.9 and 10.6; anti
isomer (distinct signals): oy 4.69 (1 H,d, J 9.3, NH),2.73 (1 H, d,
J3.0,0H)and 0.93 (3 H,t,J 7.1, CH,);dc 72.9, 56.2, 34.8, 22.6
and 10.4.

tert-Butyl (15,25)-1-benzyl-2-hydroxy-3-(phenylseleno)propyl-
carbamate (10c). (1.5 g, 98%). Pale yellow solid, mp 139-141 °C;
[ally —11.8 (¢ 1.96 in CHCL,); found: C, 59.8; H, 6.95; N, 3.0. Calc.
for C, H,;NO;Se: C, 60.0; H, 6.5; N, 3.3%; 6,(200 MHz, CDCl;,
Me,Si) 7.63-7.50 (2 H, m, ArH), 7.36-7.12 (8 H, m, ArH), 4.62
(1H,d,J 7.8, NH), 4.04-3.68 (2 H, m, CHO and CHN), 3.30-
3.12 (1 H, m, CH,SeAr), 3.10 (1 H, brs, OH), 3.09-2.75 (3 H, m,
CH,SeAr and CH,Ar) and 1.35 (9 H, s, 3 x CH;); 0(50.3 MHz,
CDCl;) 155.8, 137.8, 134.2, 133.1 (2 C), 129.4, 129.3, 128.4 (2 C),
127.4,126.4 (2 C), 123.5,79.7,72.2, 55.7,35.8,33.5and 28.2 (3 C).

Preparation of O-protected y-[/NV-(phenylseleno)alkyl]-2-
nitrobenzenesulfonamides 4a—c. General procedure

A solution of B-hydroxyalkyl phenyl selenide 10c¢ (1.50 g,
3.56 mmol) in 12 : 1 dioxane-H,SO, (26 mL) was stirred at
room temperature for 1 h. The reaction was then quenched by
careful addition of powdered sodium hydroxide (5.80 g, 145 mmol)
and 8 mL of H,O. The reaction mixture was then extracted
with diethyl ether (3 x 10 mL) and the combined organic layers
were dried over sodium sulfate and then evaporated. The crude
residue was dissolved in dry CH,Cl, (30 mL) at 0 °C. To this
solution were added triethyl amine (0.69 mL, 4.98 mmol) and 2-
nitrobenzenesulfonyl chloride (1.10 g, 4.98 mmol). The mixture
was warmed to room temperature and stirred for 14 h. A 7%
solution of hydrochloric acid (50 mL) and CH,Cl, (30 mL) was
then added. The layers were separated, and the aqueous layer
was extracted with CH,Cl, (2 x 20 mL). The combined organic
layers were dried over sodium sulfate, filtered and concentrated
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in vacuo. The crude residue was dissolved in dry Et,O (30 mL)
and 3,4-dihydro-2H-pyran (0.40 mL, 4.2 mmol) was added. p-
Toluenesulfonic acid monohydrate (190 mg, 1 mmol) was added
to this solution which was then stirred at room temperature for
21 h. The mixture was concentrated under reduced pressure and
the residue was purified by column chromatography on silica gel
(Et,0 40% in light petroleum) to give 4c. By the same procedure
4a and 4b were prepared. Yields, as well as physical and spectral
data are reported below.

N-{(18,2R) and (15,2.5) 1-(Cyclohexylmethyl)-3-(phenylseleno)-
2-[(2R*)-tetrahydro-2H -pyran-2-yloxy|propyl } -2-nitrobenzene-
sulfonamide (4a). (1.4 g, 74%). Colourless oil (found: C, 54.9;
H, 5.7; N, 5.1. Calc. for C,,H;\N,O(SSe: C, 54.45; H, 6.1; N,
4.7%); 4 : 1 mixture of four stereoisomers. Only the signals of the
syn isomer are indicated below. syn Isomer: 1 : 1 mixture of two
diastereoisomers. 0 (200 MHz, CDCl;, Me,Si) 8.30-8.20 (2 H, m,
ArH), 7.95-7.80 (4 H, m, ArH), 7.78-7.63 (2 H, m, ArH), 7.50—
7.32 (4 H, m, ArH), 7.30-7.15 (6 H, m, ArH), 5.67 (1 H,d, J 9.2,
NH), 5.61 (1 H,d, J 8.8, NH), 4.62-4.48 (2 H, m, 2 x OCHO),
421-3.67 (4 H, m, 2 x CHO and 2 x CHN), 3.62-3.28 (4 H,
m, 2 x CH,0), 3.07-2.64 (4 H, m, 2 x CH,SeAr) and 1.95-0.60
(38 H, m, 2 x CH and 18 x CH,); 6.(50.3 MHz, CDCl;) 147.4
(20), 136.6 (2 C), 135.0, 134.8, 133.3, 132.9, 132.7, 132.4, 132.2,
132.1, 131.4 (2 C), 130.3, 130.2, 129.5 (2 C), 129.0 (2 C), 126.9,
126.6, 125.1, 125.0, 101.1, 97.5, 79.9, 75.7, 63.0, 62.9, 53.9, 53.1,
40.8, 39.9, 33.7, 33.5, 33.1, 33.0, 32.9, 32.8, 31.0, 30.7, 27.9, 27.7,
26.1,25.8 (2 C), 25.3,25.2,25.0, 19.6, 19.5 and 19.4 (2 C).

N-{(158,2R) and (1S5,2S) 1-Ethyl-3-(phenylseleno)-2-[(2R*)-
tetrahydro-2H -pyran-2yloxy |propyl } - 2-nitrobenzenesulfonamide
(4b). (1.6 g, 86%). Colourless oil (found: C, 50.3; H, 5.2; N, 5.0.
Calc. for C,,H»xN,0,SSe: C, 50.1; H, 5.35; N, 5.3%); 4 : 1 mixture
of four stereoisomers. Only the signals of the syn isomer are
indicated below. syn Isomer: 1 : 1 mixture of two diastereoisomers.
0x(200 MHz, CDCl;, Me,Si) 8.22-8.10 (2 H, m, ArH), 7.88-7.76
(2 H, m, ArH), 7.74-7.61 (4 H, m, ArH), 7.50-7.32 (4 H, m,
ArH), 7.28-7.15 (6 H, m, ArH), 5.78 (1 H, d, J 8.2, NH), 5.75
(1 H,d,J9.1, NH), 4.60-4.50 (2 H, m, 2 x OCHO), 3.99-3.56
(6 H, m, 2 x CHO, 2 x CHN and CH,0), 3.52-3.35 (2 H, m,
CH,0),3.31 (1 H,dd, J 12.8 and 3.7, CH,SeAr), 2.97 (1 H,dd, J
12.8 and 5.3, CH,SeAr), 2.73 (1 H, dd, J 12.7 and 8.0, CH,SeAr),
2.62 (1 H, dd, J 12.7 and 10.1, CH,SeAr), 1.89-1.32 (16 H, m,
8 x CH,), 0.81 3 H, t,J 7.5, CH,CH;) and 0.80 3 H, t, J 7.3,
CH,CH>);0(50.3 MHz, CDCl;) 151.2,150.1, 135.5, 135.3, 133.2,
133.1, 132.9,132.8 (2 C), 132.4, 132.3, 131.4, 130.4, 130.3, 129.7,
129.6, 129.2 (2 C), 129.1, 127.1, 126.7, 125.1(2 C), 124.8, 101.4,
97.7,79.1,75.2, 63.6, 63.0, 58.4, 57.5, 30.8, 30.7, 28.0 (2 C), 26.8,
26.1,25.1(2 C), 20.0, 19.6, 10.6 and 10.3.

N-{(1S,25)-1-Benzyl-3-(phenylseleno)-2-[(2R*)-tetrahydro-2 H-
pyran-2-yloxy]-propyl }-2-nitrobenzenesulfonamide (4¢c). (1.5 g,
71%). Pale yellow oil (found: C, 55.3; H, 4.6; N, 4.5. Calc.
for C,H;N,0,SSe: C, 55.0; H, 5.1; N, 4.75%); mixture of
diastereoisomers (95 : 5). Major isomer: 64(200 MHz, CDCl;,
Me,Si) 7.75-7.64 (2 H, m, ArH), 7.60-7.12 (8 H, m, ArH),
7.02-6.82 (4 H, m, ArH), 4.63-4.44 (1 H, m, OCHO), 4.30-3.40
(5 H, m, NH, CHO, CHN and CH,0), 3.13 (1 H, dd, J 12.70
and 8.3, CH,SeAr),2.96 (1 H, dd, J 12.7 and 5.7, CH,SeAr), 2.89

(1 H,dd, J 14.0 and 4.4, CH,Ar), 2.72 (1 H, dd, J 14.0 and 10.0,
CH,Ar) and 1.95-1.46 (6 H, m, 3 x CH,); 6(50.3 MHz, CDCl;)
146.6, 137.5, 135.1, 132.5, 132.4 (2 C), 132.1, 130.0, 129.6, 129.2
(2C), 129.1, 129.0, 128.8, 127.7, 126.7, 126.1, 124.5, 102.3, 84.7,
65.1, 59.5, 35.2, 30.9, 30.4, 24.5, and 21.3.

Typical procedure for the conversion of y-|/NV-(phenylseleno)alkyl]-
arylsulfonamides into /V-aryl-azetidines

Commercial m-chloroperoxybenzoic acid (0.40 g, 2.36 mmol) was
added to a mixture of 4¢ (0.35 g, 0.59 mmol) and powdered
potassium hydrogenphosphate (0.51 g, 2.95 mmol) in tetrahy-
drofuran (15 mL) at room temperature. The resulting mixture
was stirred and the progress of the reaction was monitored by
TLC. When the selenide was completely consumed (3 h) powdered
potassium hydroxide (0.24 g, 4.42 mmol) was added and stirring
was continued until the selenone was consumed (6 h). The mixture
was then diluted with water (30 mL) and extracted with diethyl
ether (3 x 20 mL). The combined organic layers were dried over
sodium sulfate and evaporated. The crude product was dissolved
in MeOH (20 mL) and p-toluenesulfonic acid monohydrate
(19 mg, 0.10 mmol) was added. This solution was then stirred
at room temperature for 16 h. This final deprotection treatment
was effected only to obtain products 11a—c. The mixture was
concentrated under reduced pressure and the residue was purified
by column chromatography on silica gel using a mixture of Et,0—
light petroleum (70 : 30) as eluant to give 11¢. Yields, physical and
spectral data of the new compounds are reported below.

(285,35%)-2-(Cyclohexylmethyl)-1-[(2nitrophenyl)sulfonyl] aze-
tidine-3-ol (11a). (0.26 g, 61%). Colourless oil (found: C, 54.5;
H, 6.6; N, 7.6. Calc. for C,sH,,N,O;S: C, 54.2; H, 6.25; N, 7.9%);
Vo /cm™' 3528, 2923, 1558, 1371 and 1167; 82 : 18 mixture of
two diastereoisomers. Major isomer: d;(200 MHz, CDCl;, Me,Si)
8.06-7.92 (1 H,m, ArH), 7.80-7.60 (3 H, m, ArH), 4.65-4.45 (1 H,
m,CHO),4.33(1H,dd,J9.5and 6.5, CH,N), 3.73(1 H,dd, J 9.5
and 2.8, CH,N), 3.45-3.33 (1 H,m, CHN), 2.22 (1 H, s, OH) and
1.85-0.75 (13 H, m, CH and CH,); 0-(50.3 MHz, CDCl,) 148.3,
133.8, 131.8, 131.6, 130.6, 124.1, 68.4, 63.4, 58.8, 35.6, 34.2, 33.2,
33.0 and 25.6 (3 C); minor isomer (distinct signals): 6.(50.3 MHz,
CDCl;) 133.3, 132.9, 130.8, 125.2, 73.2, 66.7, 58.2, 33.9 and 32.6;
m/z (E/I) 311 (47, M — 43), 215 (20%), 186 (100), 109 (18), 83
(19) and 55 (11).

(25,35%)-3-Ethyl-1-[(2-nitrophenyl)sulfonyl]azetidine-3-ol (11b).
(0.2 g, 56%). White solid, mp 118-121 °C (found: C, 46.0; H,
5.35; N, 9.5. Calc. for C;;H;,N,O;S: C, 46.15; H, 4.9; N, 9.8%);
Vmax/CM™' 3431, 2963, 1547, 1352 and 1164; 83 : 17 mixture of
diastereoisomers. Major isomer: 6y4(200 MHz, CD;0D, Me,Si)
8.08-7.97 (1 H, m, ArH), 7.88-7.79 (3 H, m, ArH), 4.38 (1 H,
dd, J 6.8 and 3.3, CHO), 4.34-4.22 (1 H, m, CHN), 4.24 (1 H,
dd, J 9.2 and 6.8, CH,N), 3.73 (1 H, dd, J 9.2 and 3.3, CH,N),
2.09-1.64 (2 H, m, CH,CH;) and 0.90 3 H, t, J 7.5, CH,CH);
0¢(50.3 MHz, CD,0D) 149.6, 135.0, 132.6, 131.5, 131.0, 125.0,
72.4, 62.9, 59.3, 22.5 and 9.8; minor isomer (distinct signals):
01(200 MHz, CD;0D, Me,Si) 4.16-3.97 (2 H, m, CHO and
CH,N), 3.70-3.62 (1 H, m, CH,N) and 095 3 H, t, J 7.5,
CH,CH.); 6+(50.3 MHz, CD;0D) 148.2, 131.7, 76.4, 65.6, 58.8,
26.9 and 8.5.
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(25,3R)-2-Benzyl-1-|(2-nitrophenyl)sulfonyl]azetidin-3-ol (11c).
(0.1 g, 50%). Pale yellow oil (found: C, 54.8; H, 4.9; N, 7.6. Calc.
for C;sH;sN,OsS: C, 55.2; H, 4.6; N, 8.0%); [a] 118.5 (¢ 1.31 in
CHCly); vy /cm™" 3470, 2894, 1540, 1349 and 1162; 0,(200 MHz,
CDCl;, Me,Si) 7.95-7.85(1 H, m, ArH), 7.78-7.61 (3 H, m, ArH),
7.35-7.17(SH, m, ArH),4.42 (1 H, dt, J 8.8 and 5.2, CHN), 4.24
(1H,dt,J6.7and 5.2, CHO),4.06 (1 H,dd, J 8.1 and 6.7, CH,N),
3.72 (1 H, dd, J 8.1 and 5.2, CH,N), 3.21 (1 H, dd, J 13.8 and
5.2, CH,Ar),2.96 (1 H,dd, J 13.8 and 8.8, CH,Ar) and 2.05 (1 H,
brs, OH); 0.(50.3 MHz, CDCl;) 148.6, 135.6, 134.1, 131.8, 130.9,
129.7,129.4 (2 C), 128.5 (2 C), 126.7, 124.1, 74.1, 65.1, 58.0 and
39.3.

Methyl  (S)-2-{[(4-methylphenyl)sulfonyl]amino }-4-(phenyl-
seleno)butanoate (4d). Compound 13 was prepared in 78% yield
by standard acylation procedure® from commercially available
(S)-(—)-a-amino-y-butyrolactone hydrobromide 12. Ester 4d
was synthesized by cleavage of the corresponding lactone 13
with sodium phenyl selenolate in refluxing DMF* followed
by treatment of the crude acid with an ethereal solution of
diazomethane. Purification by column chromatography on silica
gel using a mixture of Et,O-light petroleum (60 : 40) as eluant
gave 4d (2.8 g, 83%) as a pale yellow solid, mp 66-67 °C; [a]¥
4.1 (¢ 1.65 in CHCl,); (found: C, 50.5; H, 5.2; N, 3.0. Calc. for
C3H, NO,SSe: C, 50.7; H, 4.9; N, 3.3%); 0x(200 MHz, CDCl;,
Me,Si) 7.76-7.67 (2 H, m, ArH), 7.48-7.36 (2 H, m, ArH),
7.34-7.21 (5 H, m, ArH), 5.31 (1 H, d, J 9.0, NH), 4.06 (1 H,
ddd, J 9.0, 8.3 and 4.8, CHN), 3.49 (3 H, s, OCHy), 3.01-2.73
(2 H, m, ArSeCH,), 2.42 3 H, s, CH;) and 2.17-1.84 (2 H, m,
CH,); 6:(50.3 MHz, CDCl;) 171.5, 143.6, 136.3, 132.7 (2 O),
129.5 (2 C), 129.0, 128.9 (2 C), 127.1 (2 C), 127.0, 55.3, 52.4,
33.5, 22.7 and 21.4; m/z (E/I) 427 (M*, 11%), 272 (29), 210
(13), 185 (14), 157 (33), 155 (60), 114 (73), 91 (100), 65 (15) and
56 (24).

The oxidation—cyclization reaction of 4d was effected as re-
ported above for 4a—¢. After purification by column chromatog-
raphy on silica gel (CH,Cl, as eluant), the azetidine ester (5)-6d
(0.1 g, 44%) was obtained.

N-[(15)-1-(Hydroxymethyl)-3-(phenylseleno)propyl]-4-methyl-
benzenesulfonamide (14). To a solution of the ester 4d (1.30 g,
3.04 mmol) in THF (30 mL), lithium aluminium hydride (6.7 mL,
1.0 M in THF, 6.70 mmol) was added dropwise at 0 °C. After
2 h the reaction was quenched by addition of water (5 mL). The
mixture was partitioned between saturated aq. NH,Cl (30 mL)
and Et,O (40 mL), and the layers were separated. The aqueous
layer was extracted with Et,O (2 x 20 mL), and the combined
organic layers were washed with brine, dried over sodium sulfate,
filtered and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (gradient: 3-20% MeOH in
CH,Cl,) to give 14 (0.9 g, 73%) as a white solid, mp 92 °C; [a]7
—1.15 (¢ 1.50 in CHCl,); (found: C, 51.0; H, 5.5; N, 3.2. Calc. for
C;H, NO;SSe: C, 51.25; H, 5.3; N, 3.5%); vy /cm™' 3318, 2935,
1435, 1322 and 1155;6,4(200 MHz, CDCl;, Me,Si) 7.82-7.70 (2 H,
m, ArH), 7.40-7.27 (TH, m, ArH), 5.39 (1 H, d, J 8.0, NH), 3.63—
3.32 (3 H, m, CHN and CH,0H), 2.85-2.53 (2 H, m, ArSeCH,)
2.48 (1 H, brs, OH) 2.40 (3 H, s, CH;) and 1.85-1.70 (2 H, m,
CH,);0.(50.3 MHz, CDCl;) 143.6, 137.5,132.5(2 C), 129.8 (2 C),
129.6, 129.0 (2 C), 127.0 (2 C), 126.9, 64.5, 55.2, 31.9, 23.5 and

21.5; m/z (E/T): 399 (M*, 18%) 242 (13), 197 (47), 171 (19), 155
(61), 91 (100), 77 (12) and 56 (29).

4-Methyl-N-((1.5)-3-(phenylseleno)-1-{[(2.5%)-tetrahydro-2H -
pyran-2-yloxy|methyl } propyl)benzenesulfonamide (4e). The alco-
hol 14 (0.30 g, 0.75 mmol) was dissolved in dry CH,Cl,
(10 mL) and 3,4-dihydro-2H-pyran (0.14 mL, 1.50 mmol) and p-
toluenesulfonic acid monohydrate (19 mg, 0.1 mmol) were added.
The resulting mixture was stirred at room temperature for 18 h
and then concentrated under reduced pressure. The residue was
purified by column chromatography on silica gel using a mixture
of Et,O-light petroleum (40 : 60) as eluant to give 4e (0.3 g,
80%) as a colourless oil (found: C, 54.55; H, 6.3; N, 2.7. Calc.
for C,,H,,NO,SSe: C, 54.8; H, 6.1; N, 2.9%); 1 : 1 mixture of two
diastereoisomers. 03(200 MHz, CDCl;, Me,Si) 7.80-7.69 (4 H, m,
ArH), 7.48-7.37 (4 H, m, ArH), 7.32-7.14 (10 H, m, ArH), 5.58
(1H,d,J8.0,NH), 520 (1 H,d,J 8.1, NH), 492-4.84 (1 H, m,
OCHO), 4.61-4.50 (1 H, m, OCHO), 4.36-4.25 (2 H, m, CHN),
4.08-3.60 (3 H, m, 2 x CH,0), 3.59-3.29 (5 H, m, 2 x CH,0),
3.22-3.10 (1 H, m, ArSeCH,), 3.01-2.72 (3 H, m, 2 x ArSeCH,)
2.40 (6 H, s, CH;), 1.99-1.28 (12 H, m, 6 x CH,) and 0.94-0.76
(4 H, m, 2 x CH,); 6(50.3 MHz, CDCl;) 143.2, 143.1, 138.0,
137.9, 132.5 (2 C), 1324 (2 C), 129.5 (6 C), 128.9 (4 O), 127.0
(4 C), 126.8, 126.7, 100.0, 99.0, 70.2, 68.5, 63.1, 62.4, 53.4, 53.3,
33.0 (2 ©), 30.4, 30.3, 25.1, 25.0, 23.7, 23.6, 21.4 (2 C), 19.8 and
19.3.

The oxidation—cyclization reaction of 4e was effected as re-
ported for 4a—c and afforded, after purification by column
chromatography on silica gel (gradient: 80-100% Et,O in light
petroleum), the optically active azetidine alcohol (S)-6e (0.1 g,
62%).

3-Benzyldihydrofuran-2(3H)-one (16). To a round-bottom
flask equipped with a dropping funnel, diisopropylamine
(0.57 mL, 4.40 mmol) in 30 mL of THF was added at —78 °C
and the solution was treated with the equivalent amount of n-
butyllithium (2.75 mL, 1.6 M in hexane, 4.40 mmol). To this
solution the y-butyrolactone 15 (0.31 mL, 4.0 mmol) was added
followed by addition of benzyl bromide (0.57 mL, 4.80 mmol) in
5 ml of THF after 20 minutes. Stirring was continued at —78 °C
for 1 h and the reaction was then quenched with saturated aq.
NH,CI solution, extracted with Et,O (2 x 30 mL), dried over
sodium sulfate, filtered and evaporated. Purification by column
chromatography on silica gel (gradient: 50-70% Et,O in light
petroleum) gave the o-benzyl lactone 16 (0.5 g, 70%) as a pale
yellow oil; m/z (E/1): 176 (M*, 85%), 147 (100), 104 (44), 91 (99),
77 (12) and 65 (21).

(2R)-2-Benzyl-4-(phenylseleno)butanoic acid (17)

The lithium enolate of 22 (generated with LDA in THF at —78 °C)
was protonated with a chiral proton source (R-pantolactone) as
reported in the literature® to give (R)-16 in 92% yield; [a]Z —12.6
(¢ 2.42 in CHClL;); HPLC analysis (Chiracel OD-H column, 250 x
4.6 mm, Daicel, 4% 2-propanol in hexane, flow rate | mL min~',
UV detection at 220 nm) showed an er of 61 : 39 (#,: 27.1 min for
the minor enantiomer; ¢,: 28.5 min for the major enantiomer). The
v-lactone (R)-16 (0.64 g, 3.64 mmol) by treatment with sodium
phenyl selenolate in refluxing DMF? for 5 h and after quenching
by careful addition of hydrochloric acid (20% in water, 20 mL)
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gave the corresponding acid 17. The mixture was extracted with
EtOAc (2 x 30 mL) and the combined organic layers were washed
with brine, dried over sodium sulfate, filtered and concentrated
in vacuo. The residue was purified by column chromatography on
silica gel using a mixture of Et,O-light petroleum (50 : 50) as
eluant to give the acid 17 (1.2 g, 75%) as a pale yellow oil (found:
C, 61.0; H 5.8. Calc. for C,;H50,Se: C 61.3; H 5.4%); vy /cm™!
3026, 1704, 1437 and 1235;6,,(200 MHz, CDCl;, Me,Si) 9.92 (1 H,
brs, COOH), 7.48-7.07 (10 H, m, ArH), 3.10-2.68 (5 H, m, CH,
and CH) and 2.19-1.75 (2 H, m, CH,); J-(50.3 MHz, CDCl,)
181.1, 138.3, 132.6, 129.4, 128.9 (3 ©), 128.7 (2 C), 128.3 (2 O),
126.8, 126.4, 46.9, 37.5, 31.4 and 24.9.

N-[(1R)-1-Benzyl-3-(phenylseleno)propyl]-2-nitrobenzenesulfo-
namide (4f). Acid 17 (0.92 g, 2.75 mmol) was reacted with oxalyl
chloride (0.40 mL, 4.12 mmol) at room temperature for 5 h. The
solution was evaporated under reduced pressure. The residue was
dissolved in dry CH,Cl, (5 mL), the solvent was removed and the
residue immediately dissolved in dry CH,Cl, (4 mL) and used for
the next reaction. Freshly distilled TMSN; (1.42 mL, 3.30 mmol)
was added to this solution and the mixture was refluxed for 5 h
and then cooled to room temperature. The solvent was evaporated
under reduced pressure and the residue was dissolved in THF
(6 mL). To the stirred solution of the isocyanate, 1 N NaOH
(3 mL) was added dropwise. The mixture was heated at reflux for
4 h. After addition of Et,O (20 mL), the two phases were separated
and the aqueous layer was extracted with Et,O (2 x 10 mL). The
combined organic phases were dried (Na,SO,). Evaporation of the
solvent under reduced pressure afforded the crude amine 18 which
was acylated in the next step. The amine 18 (0.64 g, 2.1 mmol)
was dissolved in dry CH,Cl, (20 mL) at 0 °C. To this solution
triethyl amine (0.36 mL, 2.6 mmol) and 2-nitrobenzenesulfonyl
chloride (0.58 g, 2.6 mmol) were added. The mixture was warmed
to room temperature and stirred for 5 h before being partitioned
between saturated aq. NH,Cl (30 mL) and CH,Cl, (30 mL). The
two layers were separated, and the aqueous phase was extracted
with CH,Cl, (2 x 10 mL). The combined organic layers were
dried over sodium sulfate, filtered and concentrated in vacuo. The
residue was purified by column chromatography on silica gel using
amixture of EtOAc-light petroleum (20 : 80) as eluant to give the y-
[N-(phenylseleno)alkyl]arylsulfonamide 4f (0.7 g, 55%), colourless
oil (found: C, 53.6; H; 4.8; N, 5.5. Calc. for C,,H,,N,O,SSe: C,
53.9; H, 4.5; N, 5.7%); [a]; —2.3 (¢ 1.25 in CHCl,); 05(200 MHz,
CDCl;, Me,Si) 8.02-7.92 (1 H,m, ArH), 7.80-7.70 (1 H, m, ArH),
7.68-7.58 2H, m, ArH),7.47-7.33 (2H, m, ArH), 7.33-7.18 3 H,
m, ArH),7.13-6.82 (5H, m, ArH), 5.41 (1H,d, J 8.2, NH), 4.04—
3.83 (1 H, m, CHN), 3.09-2.65 (4 H, m, ArCH, and ArSeCH,)
and 2.01-1.86 (2 H, m, CH,); 6-(50.3 MHz, CDCl;) 136.6, 134.5,
133.0, 132.9, 132.8 (2 C), 130.2, 129.2, 129.1 (3 C), 129.0 (2 O),
128.2 (2 C), 126.9, 126.7, 125.3, 55.8, 41.6, 35.6 and 23.6.

(2R)-2-Benzyl-1-[(2-nitrophenyl)sulfonyl]azetidine ~ (6f). The
oxidation—cyclization reaction of 4f was carried out as reported
above for compound 4d and gave, after purification by column
chromatography on silica gel using a mixture of Et,O-light
petroleum (50 : 50) as eluant, the optically active azetidine (R)-6f
(0.2 g, 80%) as a white solid, mp 100 °C (found: C, 57.6; H, 5.0; N,
8.3. Calc. for C;sH;4sN,O,S: C, 57.8; H, 4.85; N, 8.4%); [a]5 —34.2
(¢ 2.46 in CHCL); v, /cm™' 2893, 1717, 1539, 1369 and 1162;
HPLC analysis (Chiracel OD-H column, 250 x 4.6 mm, Daicel,

8% 2-propanol in hexane, flow rate | mL min~', UV detection
at 230 nm) showed an er of 55 : 45; ¢,.: 30.6 min for the minor
enantiomer; 7,: 41.1 min for the major enantiomer; 05(200 MHz,
CDCl;, Me,Si) 7.90-7.78 (1 H, m, ArH), 7.70-7.53 (3 H, m,
ArH),7.28-7.04 (5H, m, ArH), 4.60 (1 H, ddt, / 8.9,4.7 and 8.1,
CHN), 3.90 (1 H, dt, J 8.5 and 8.4, CH,N), 3.81-3.69 (1 H, m,
CH,N), 3.11 (1 H, dd, J 13.6 and 4.7, ArCH,), 2.88 (1 H, dd, J
13.6 and 8.9, ArCH,) and 2.09-1.92 (2 H, m, CH,); 6-(50.3 MHz,
CDCl;) 148.6, 136.0, 133.7, 131.7, 130.7, 130.4, 129.2 (2 C), 128.3
(2 C), 126.5, 124.0, 64.9, 48.4, 41.9 and 21.4; m/z (E/I): 176
(56, M — 156), 147 (80), 131 (17), 117 (16), 104 (30), 91 (100) and
65 (15%).

(2S)-4-(Phenylseleno)butan-2-ol (20). To a stirred solution of
ethyl (S)-3-hydroxybutyrate 19 (I mL, 7.65 mmol) and 3.4-
dihydro-2H-pyran (0.84 mL, 9.20 mmol) in Et,O (70 mL),
TsOH-H,O (190 mg, 1 mmol) was added in one portion at room
temperature. After 48 h the mixture was chilled to 0 °C and lithium
aluminium hydride (16.5 mL, 1.0 M in THF, 16.50 mmol) was
added dropwise. After 5 h the reaction was quenched by careful
addition of water (10 mL). The mixture was partitioned between
saturated aq. NH,CI (30 mL) and Et,O (40 mL), and the two
layers were separated. The aqueous layer was extracted with Et,0
(2 x 40 mL), and the combined organic layers were washed
with brine, dried over sodium sulfate, filtered and concentrated
in vacuo. The crude product was dissolved in THF (50 mL).
Phenyl selenocyanate (1.09 mL, 8.96 mmol) and tributylphosphine
(2.2 mL, 8.96 mmol) were added at room temperature. The
resulting mixture was stirred and the progress of the reaction was
monitored by TLC. When the alcohol was completely consumed
(8 h) the reaction mixture was concentrated in vacuo. The residue
was then diluted with MeOH (50 mL) and p-toluenesulfonic acid
monohydrate (190 mg, 1 mmol) was added to the solution, which
was then stirred at room temperature for 18 h. The mixture
was concentrated under reduced pressure. Purification by column
chromatography on silica gel (gradient: 40-60% Et,O in light
petroleum) gave the optically pure y-hydroxyselenide 20%* (1.2 g,
71%) as a colourless oil; [a]5 40.6 (¢ 2.19 in CHCL,).

N-|(1R)-1-Methyl-3-(phenylseleno)propyl]-2-nitrobenzenesulfo-
namide (4g). To a stirred solution of the alcohol 20 (1.80 g,
7.83 mmol) and phthalimide (1.61, 10.90 mmol) in THF (30 mL),
triphenylphosphine (2.80 g, 10.9 mmol) was added. DIAD
(1.96 mL, 10.10 mmol) was subsequently added dropwise at
0 °C. After 7 h the reaction mixture was concentrated in vacuo, the
residue dissolved in a mixture of Et,O-light petroleum (50 : 50) and
passed through a silica gel pad. The filtrate was concentrated and
the crude phthalimide derivative was employed in the following
step. The phthalimide was dissolved in ethanol (100 mL) and
immediately treated with hydrazine hydrate (0.5 mL, 10.14 mmol).
After stirring for 2 h at 110 °C, the reaction mixture was allowed
to slowly reach room temperature and concentrated. After the
addition of CH,Cl, (50 mL) the suspension was filtered. The
filtrate was dried over sodium sulfate and evaporated. The crude
amine was dissolved in dry CH,Cl, (80 mL) at 0 °C. To this solution
triethyl amine (1.41 mL, 10.91 mmol) and 2-nitrobenzenesulfonyl
chloride (2.408 g, 10.91 mmol) were added. The mixture was
warmed to room temperature and stirred for 15 h before being
partitioned between aq. HCI (7%, 30 mL) and CH,Cl, (50 mL).
The layers were separated, and the aqueous layer was extracted
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with CH,Cl, (2 x 30 mL). The combined organic layers were
dried over sodium sulfate, filtered and concentrated in vacuo. The
residue was purified by column chromatography on silica gel using
CH,CI, as eluant and 4g (2.3 g, 71%) was obtained as a pale
yellow solid, mp 87-89 °C (found: C, 46.7; H, 4.6; N, 6.4. Calc.
for C;sH;3sN,O,SSe: C, 46.5; H, 4.4; N 6.8%); [a]Z —45.3 (¢ 1.83 in
CHCl,); 0,(200 MHz, CDCl;, Me,Si) 8.18-8.10 (1 H, m, ArH),
7.86-7.79 (1 H, m, ArH), 7.75-7.65 (2 H, m, ArH), 7.45-7.35
(2H, m, ArH), 7.31-7.19 (3 H, m, ArH), 5.18 (1 H,d, J 7.3, NH),
3.74-3.63 (1 H, m, CHN), 2.92 (1 H, ddd, J 12.4, 8.2 and 6.0,
ArSeCH,), 2.82 (1 H, ddd, J 12.4, 8.3 and 7.2, ArSeCH,), 1.90—
1.72 (2 H, m, CH,) and 1.09 (3 H, t, J 5.2, CH;); 6-(50.3 MHz,
CDCl,) 147.6, 134.5,133.4, 132.9. 132.5 (2 C), 130.6, 129.5, 129.0
(20), 126.9, 125.2, 50.9, 37.4, 23.1 and 21.5.

(2R)-2-Methyl-1-|(2-nitrophenyl)sulfonyl]azetidine (6g). The
oxidation—cyclization reaction of 4g was effected as reported above
for 4d and gave, after purification by column chromatography on
silica gel using a mixture of Et,O-light petroleum (40 : 60) as
eluant, the enantiomerically pure azetidine 6g (0.2 g, 59%) as a
white solid, mp 42 °C (found: C, 46.5; H, 5.0; N, 10.6. Calc.
for C,yH;;N,0,S: C, 46.9; H, 4.7; N, 10.9%); [a]5 —115.2 (¢ 1.09
in CHCLy); vy /cm™' 3090, 2980, 1541, 1333 and 1158; HPLC
analysis (R,R-Whelk O1 column, 250 x 4.6 mm, Merck KGaA,
4% 2-propanol in hexane, flow rate 2 mL min~', UV detection at
250 nm) showed an er > 99 : 1; ¢,: 18.7 min; 64(200 MHz, CDCl;,
Me,Si) 8.05-7.92 (1 H, m, ArH), 7.77-7.61 (3 H, m, ArH), 4.53
(1H,tq,J8.2and 6.3, CHN), 3.98 (1 H,dt,J 9.1 and 7.9, CH,N),
3.85(1H,ddd, J9.1,7.9 and 3.8, CH,N), 2.22 (1 H, dddd, J 10.8,
8.2,7.9 and 3.8, CH,), 1.96 (1 H, ddt, J 10.8, 8.2 and 7.9, CH,),
and 1.42 (3 H, d, J 6.3, CH,); 6-(50.3 MHz, CDCl;) 148.7, 133.7,
131.6, 131.1, 130.7, 124.0, 61.4, 48.4, 23.7 and 22.1; m/z (E/I):
241 (9, M — CHs), 239 (17%), 186 (100), 107 (6), 92 (6) and
56 (19).

1-(Phenylseleno)hexan-3-ol (23)

1-(Phenylseleno)hexan-3-one 22 was prepared as reported in the
literature.*® The asymmetric reduction of 22 was carried out under
the conditions employed by Itsuno and Tto.*! The crude alcohol
was purified by column chromatography on silica gel using a
mixture of Et,O-light petroleum (30 : 70) as eluant and the
optically active B-hydroxyselenide 23 (0.4 g, 87%) was obtained
as a colourless oil (found: C, 55.9; H, 7.3. Calc. for C,,H;0Se: C,
56.0; H, 7.05%); [a]3 —1.8 (¢ 1.24 in CHCl;); 0,4(200 MHz, CDCl,,
Me,Si) 7.58-7.40 (2 H, m, ArH), 7.35-7.13 3 H, m, ArH), 3.82—
3.60 (1 H, m, CHO), 3.12-2.89 (2 H, m, CH,), 1.90-1.72 (2 H,
m, CH,), 1.65 (1 H, brs, OH), 1.55-1.16 (4 H, m, CH,) and 0.91
(3 H,t J 69, CH;); 6:(50.3 MHz, CDCl;) 132.2 (2 ©), 130.1,
128.9 (2 C), 126.5,70.9, 39.3,37.2,23.9, 18.6 and 13.9; m/z (E/]):
258 (M*, 100%), 185 (21), 171 (15), 157 (54), 100 (24), 72 (74) and
55 (54).

2-Nitro-N-{1-[2-(phenylseleno)ethyl]butyl} benzenesulfonamide
(4h). Using the procedure described above for compound
20 the hydroxyselenide 23 was transformed into the y-[N-
(phenylseleno)alkyl]arylsulfonamide 4h (1.4 g, 66%) which was
obtained as a pale yellow solid, mp 75-77 °C (found: C, 48.65; H,
5.4; N, 6.1. Calc. for C,sH,,N,O,SSe: C, 48.9; H, 5.0; N, 6.35%);
[a]3 2.0 (¢ 1.02 in CHCL,); 64(200 MHz, CDCl;, Me,Si) 8.20-8.18

(1H, m, ArH),7.90-7.78 (1 H, m, ArH), 7.76-7.64 2 H, m, At H),
7.47-7.36 (2 H, m, ArH), 7.32-7.20 (3 H, m, ArH), 5.17 (1 H, d,
J 8.6, NH), 3.75-3.55 (1 H, m, CHN), 2.99-2.71 (2 H, m, CH.),
1.90-1.72 (2 H, m, CH.), 1.50-1.06 (4 H, m, CH,) and 0.79 (3 H,
t, J 7.1, CH,); 6.(50.3 MHz, CDCL,) 147.3, 134.5, 133.4, 132.7,
132.2(2C), 130.3, 129.6 (2 C), 128.9, 126.7, 125.0, 54.8, 37.0, 35.4,
32.3,18.3and 13.5; m/z (E/1): 412 (71, M — CH,CH,), 256 (54%),
227 (86), 210 (78), 173 (10), 156 (90), 108 (36), 92 (100), 72 (30)
and 56 (19).

1-|(2-Nitrophenyl)sulfonyl]-2-propylazetidine (6h). The oxi-
dation—cyclization reaction of 4h was effected as reported above for
4g and gave, after purification by column chromatography on silica
gel using a mixture of Et,O-light petroleum (40 : 60) as eluant, the
optically active azetidine 6h (0.1 g, 70%) as a colourless oil (found:
C, 50.3; H, 5.9; N, 9.7. Calc. for C,,H(N,O,S: C, 50.7; H, 5.7; N,
9.85%); [a]3 10.1 (c 0.88 in CHCLy); vy, /cm™ 2961, 1723, 1546,
1341 and 1166; HPLC analysis (Chiracel OD-H column, 250 x

4.6 mm, Daicel, 1% 2-propanol in hexane, flow rate | mL min™',

UV detection at 230 nm) showed an er of 56 : 44; t.: 66.8 min
for the minor enantiomer; #,: 71.1 min for the major enantiomer;
011(200 MHz, CDCl;, Me,Si) 8.08-7.91 (1 H, m, ArH), 7.78-7.55
(3 H, m, ArH), 442 (1 H, ddt, J 8.2, 4.6 and 4.4, CHN), 3.99
(1 H,dt, J 8.8 and 8.4, CH,N), 3.81 (1 H, ddd, J 8.8, 8.1 and 4.1,
CH,N), 2.25-1.50 (4 H, m, 2 x CH,), 1.38-1.08 (2 H, m, CH,)
and 0.89 3 H, t, J 7.3, CH,); 0-(50.3 MHz, CDCl;) 148.5, 133.8,
131.7, 130.7, 130.6, 124.0, 64.9, 48.5, 37.8, 21.8, 17.3 and 13.7;
m/z (E/1): 241 (81, M — CH;CH,CH,), 186 (100%), 98 (18) and
77 (13).
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In the process of developing a series of novel, fluorinated
biaryl ether NNRTIs, we fortuitously discovered derivative
20, which possesses excellent potency against both wild-type
and clinically relevant mutations of the reverse transcriptase
enzyme.

Introduction

Reverse transcriptase (RT) is an essential enzyme in the infectious
life cycle of HIV and inhibition of this enzyme has shown great
utility in the treatment of HIV. Unfortunately, established drugs
called non-nucleoside reverse transcriptase inhibitors (NNRTTIs),
which bind in an allosteric pocket of the enzyme, are susceptible
to viral resistance caused by single-point mutations in RT. As a
result, there is still an unmet medical need for NNRTIs that do
not suffer from rapid drug resistance.! Strategies have therefore
focussed on developing NNRTIs that retain significant activity
against the most clinically relevant mutations (particularly K103N
and Y 181C), which reduce their susceptibility to the mutant virus.

To this end we have worked on a series of biaryl ethers?
that possess intrinsically high affinity for the RT enzyme and
we desired a number of fluorinated derivatives to further build
our structure-activity relationships (SARs) within this class,
particularly with regards to their mutant profile. Fluorine imparts
many desirable characteristics into drugs as it can modulate both
the pharmacokinetic and pharmacodynamic properties of the
compound.® Incorporating fluorine into molecules selectively and
safely can represent a significant synthetic challenge and therefore
methods for the generation of fluorinated ‘fragments’ are highly
desirable. Our chemistry has focussed on the incorporation of
fluorine into the B ring of the biaryl ether, and our originally
planned targets are illustrated in Fig. 1. We discovered that during
our synthetic exploits we were able to generate a pair of isomeric
difluorinated NNRTIs (3 and 20), which possessed surprisingly
different activities.

Results and discussion

Our initial target was the non-fluorinated derivative 1, which
would allow us to assess the effect, if any, of fluorinating ring
B. 1 was prepared in three simple steps from 2-methoxy phenol
4 (Scheme 1). Arylation with commercially available 3-chloro-5-
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Fig. 1 Biaryl ether NNRTIs.
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Scheme 1 Reagents and conditions: (i) 3-chloro-5-fluoro-benzonitrile,
Cs,CO;, DMF, 80 °C, 28% (6), 100% (7); (ii) BBr;, DCM, rt, 95% (8),
78% (9); (iii) 10, K,CO;, Nal, DMF, 40 °C, 21% (1), 50% (2).

fluoro-benzonitrile provided the biaryl ether 6. Treatment with
boron tribromide revealed the phenol 8 which was subsequently
alkylated with the known chloride 10? to provide 1. The fluorinated
derivative 2 was prepared in the same manner using commercially
available 5-fluoro-2-methoxy phenol 5 as starting material. Inter-
estingly, although both 1 and 2 possess very good potency against
the wild-type enzyme (Table 1), neither is capable of inhibiting the
clinically relevant mutations K103N or Y181C to levels that are
within ten-fold of the wild-type value.

Table 1 Potency of 1 and 2 for wild-type, K103N and Y181C RT*
Compound  WtICs,/nM  K103N IC5/nM Y181C IC5,/nM
1 30 602 303
2 51 1510 533

“1Cs, values are geomeans of 3 measurements.
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We further pursued difluorinated derivative 3 to build our SAR
in this series. Using similar chemistry we planned to prepare 3
(Fig. 1) from the known phenol 12 which itself had been prepared
previously in several steps from 2,4-difluoroanisole (Scheme 2).*
This procedure relied on protecting the most acidic 3-position
of 2,4-difluoroanisole with a trimethylsilyl group. We initially
hypothesized that it may be possible to prepare intermediate
12 in a simpler manner via direct halogen-lithium exchange of
commercially available 1-bromo-3,5-difluoro-2-methoxy benzene
(17), quenching with an appropriate boronic ester followed by
oxidation with hydrogen peroxide to provide the desired phenol 12.
Previous work by Schlosser and Heiss had suggested that this route
would be feasible since treatment of 1-bromo-3,5-difluorobenzene
with n-butyl lithium at —75 °C in THF followed by CO, gives
3,5-difluorobenzoic acid in 91% yield.?

(¢]
=
OMe i OMe OMe
ii)
o - =,
F F F F F F

Si(CH,), Si(CH,),

o)
> OH
i) OMe iv) t:o""e
—_— —
F F F F
12

Scheme 2 Reagents and conditions: (i) "BuLi, THF, —78 °C then
(CH;);SiCl, 94%; (ii) "BuLi, THF, —78 °C then DMF, 46% (7 : 1 ratio
of ortho and meta-substituted aldehydes); (iii) TBAF, CF;CH,OH, THF,
43%; (iv) mCPBA, DCM then KOH aq. 64%.*

However, we were also aware of the work by Bridges ez al., which
showed that treatment of the isomeric bromide 13 (Scheme 3) with
n-butyl lithium at —78 °C followed by CO, can give a mixture of
three products depending on the choice of solvent.® In diethyl
ether, 13 gave 14 almost exclusively in 83% yield, but in THF 14,
15 and 16 were formed in a ratio of 1 : 2 : 2 respectively and in
75% total yield. In this case an autometalation mechanism was
proposed, whereby the initially formed organo-lithium can act as
a base towards unlithiated substrate, extracting the most acidic
proton (the 3-proton from the starting bromide) to give 14 and
15 upon quenching. This process consumes half an equivalent of
n-butyl lithium, the remaining half is then available to deprotonate
the reduced starting material, resulting in the formation of 16 upon
quenching with CO,.

/©:BI’ i) /©iCOOH Br
F F F F F’ ;: :F F F
13 14 COOH COOH

15 16

Scheme 3 Reagents and conditions: (i) "BuLi, THF or Et,0, —78 °C then
CO,.

Despite being a little unsure how the key step in our synthe-
sis would proceed, we decided to pursue the halogen-lithium

Table 2 Potency of 3 and 20 for wild-type, K103N and Y181C RT*

Compound  WtICs,/nM  K103N IC5/nM Y181C IC5,/nM
3 5450 67300 45100
20 4.3 12 19

“ICs, values are geomeans of 3 measurements.

exchange chemistry with commercially available bromide 17
(Scheme 4). Interestingly, treatment of 17 with n-butyl lithium
in THE, followed by a quench with triisopropyl borate and acid
hydrolysis gave boronic acid 18 exclusively. Subsequent oxidation
with hydrogen peroxide furnished the phenol 19 as the only
regioisomer (proved by COSY NMR-—see ESIT). Although we
had not originally set out to prepare this isomer, we decided to
push intermediate 19 through to the regioisomeric NNRTI using
similar chemistry to that described above (Scheme 4). Fortuitously,
derivative 20 possessed excellent potency against both wild-type
RT and the K103N and Y 181C mutants (Table 2).”

Br
OMe i OMe i) OMe
F F F F F F
17 OH

B(OH),
18 19

Cl

NC o
i) F .

H
N
(0] SN
7T
20 SO,NH,
Scheme 4 Reagents and conditions: (i) "BuLi, THF, —78 °C then
(iPrO);B then HCI aq., 43%; (ii)) H,0, aq., AcOH, THE, rt, 59%; (iii) a.
3-chloro-5-fluoro-benzonitrile, Cs,CO;, DMF, reflux, 34%, b. BBr;, DCM,
rt, 50%, c. 10, K,CO;, Nal, DMF, 40 °C, 84%.

We still desired a method of preparing our original difluorinated
isomer 3, particularly one which avoided the route outlined in
Scheme 2 to intermediate 12. Following the precedence set by
Bridges, we then repeated the halogen-lithium exchange chemistry
on bromide 17 in diethyl ether (Scheme 5). Pleasingly, treatment
of the resulting boronic acid with hydrogen peroxide provided
the desired phenol 12 exclusively. Arylation, demethylation and
alkylation follows the same chemistry described previously to

OH

12

Scheme 5 Reagents and conditions: (i) a. "BuLi, Et,0, —78 °C then
(iPrO);B then HCl aq., b. H,0, aq., AcOH, THF, rt, 62% over two steps;
(i1) a. 3-chloro-5-fluoro-benzonitrile, Cs,CO;, DMF, reflux, 75%, b. BBr;,
DCM, rt, 70%, c. K,CO,, Nal, DMF, 40 °C, 40%.
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provide the difluorinated derivative 3. Interestingly, this derivative
was over 1000-fold less potent than its isomer 20 (Table 2).

Conclusions

We have developed short synthetic routes to successfully furnish
fluorinated biaryl ether NNRTIs.®* Halogen-lithium exchange
chemistry led to an alternative arrangement of substituents on ring
B of the biaryl ether, resulting in the preparation of the difluori-
nated derivative 20, which possesses excellent potency against the
wild-type RT enzyme and retains impressive activity against the
clinically relevant mutations K103N and Y181C. This fortuitous
discovery illustrates the essential role synthetic chemistry has to
play in the drug discovery/design process. Further development
of 20, and a detailed structure—function analysis of this series, is
ongoing work within our group and will be reported in due course.
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